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INTRODUCTION

Breast cancer is the leading type of cancer to affect women all over the world. In the United States alone,
breast cancer is expected to account for 32% of all new cancer cases among women. The American Cancer Society
has estimated that 184,450 new cases of breast cancer will be detected in 2008, and 40,930 of these will result in
death [1]. Early detection has proved to be the most effective technique to increase survival rates for this disease.
Screening x-ray mammography is presently the only FDA approved screening tool for early detection of breast
cancer. While it has proved to be effective, screening mammography has several limitations in trying to detect
masses and spiculations in mammograms. First, it requires that the mammograms have good contrast, which is often
difficult to achieve in women with dense breasts. Second, it uses an anatomic approach in trying to identify
abnormalities in mammograms, making it essential that the abnormality be developed enough to show masses and
calcifications clearly. This development usually comes at advanced stages of tumor growth. Finally, it has
limitations in classifying detected abnormalities as benign or malignant. Several artificial intelligence tools,
developed to classify detected lesions as benign or malignant have been investigated, but none have been FDA
approved yet. These tools, such as computer aided diagnosis (not to be confused with the FDA approved computer
aided detection systems now available), make their decisions based on morphological features such as shape, size,
texture, etc. While they are fairly effective in classifying a detected lesion as benign or malignant, their dependence
on analyzing an already visible lesion reduces their decision-making ability for lesions in very early stages of
development.

To overcome these limitations, we are developing a technique that is sensitive to metabolic changes seen
in malignant tumors during very early developmental stages. Various experiments conducted on trace elements in
the human body have shown that malignant tumors exhibit changes in trace elements concentrations during early
stages of development [2-7]. Quantifying these element concentrations, such as those of rubidium, cesium,
aluminum and antimony, could potentially enable diagnosis of breast cancer at very early stages much before the
tumor grows large enough to be detected by existing imaging techniques.

Principle
Our technique, called Neutron Stimulated Emission Computed Tomography (NSECT), uses a

spectroscopic approach to analyze changes in element concentrations at molecular levels in breast tissue [8-10].
NSECT analyzes spectral information obtained from inelastic scattering between a neutron and a target atomic
nucleus to identify the atom and determine its concentration in the tissue. Neutrons striking a stable atomic nucleus
stimulate it to emit gamma radiation which is unique to that element. Measuring the energy and quantity of the
emitted radiation allows direct determining of the emitting element concentration. Ratios of trace element
concentrations detected can then be used to classify the tissue as benign or malignant. Our preliminary data suggests
that this technique has great potential in developing into an effective screening tool for breast cancer diagnosis.

Using neutrons as the imaging radiation leads to significant concerns about patient dose. At the energies
we propose neutrons are known to damage the body 10 times more than x-rays. Reducing patient dose is a critical
task in making NSECT feasible as a diagnostic technique for breast cancer. Our preliminary experiments show that
it is possible to achieve an effective patient dose of about 15 mSv, which is comparable to the typical dose from an
abdominal CT scan. This is possible because though individual neutrons cause more tissue damage than x-rays, it
takes an immensely smaller number of neutrons to create an NSECT image than x-rays to create a CT image. A
primary objective of this project is to reduce dose further to allow NSECT to be easily accepted as a screening tool.

Reducing patient dose in NSECT will be accompanied by a reduction in detection accuracy. This project
aims at evaluating the trade-offs between patient dose and accuracy in NSECT, for 4 proposed dose-reduction
techniques, and determine the minimal values of patient dose for which accuracy in the system remains high enough
to effectively diagnose breast cancer.

The 4 different techniques proposed for dose-reduction in NSECT are a) neutron flux reduction, b)
reduction in projection spatial sampling, c) reduction in angular sampling (fewer angles), and d) using multiple
detectors. The first 3 techniques will reduce dose by reducing the amount of radiation incident on the body, while
using multiple detectors will extract maximum information from the incident radiation. It is very difficult to
evaluate the effects of each of these techniques individually using experimental NSECT studies, as these studies,
which are at present performed in a nuclear accelerator lab, are prohibitively time consuming. We propose to
approach this experiment using Monte-Carlo simulations as an alternative.



BODY

Task 1: Build a Monte Carlo simulation of the tomographic scanning system using GEANT4
(Months 1-10)
a) Simulate neutron beam source with user-defined neutron flux and neutron beam width
b) Simulate gantry with user-defined spatial and angular beam sampling rates
c) Simulate 2 types of gamma detectors under consideration with user-defined radius, efficiency and
location: bismuth germanate (BGO), and high-purity germanium (HPGe)

Status: This task has been completed exactly as proposed.

The first task of this project is to develop a simulation tool to model the interactions between incoming neutrons and
atomic nuclei as a practical alternative to evaluate the effects of dose-reduction techniques on detection accuracy.
This is performed using stochastic modeling methods in GEANT4, a high-energy-physics object-oriented Monte-
Carlo programming toolkit for simulating the passage of particles through matter. Developed by a worldwide
collaboration of about 100 scientists in Europe, Russia, Japan, Canada and the United States, GEANT4 accounts for
all the diverse interactions of particles with matter across a wide energy range. It incorporates a powerful set of
random number generators, physics units and constants, and provides all the tools required for detector simulation,
including geometry, tracking, detector response management, visualization and user interface. Its programming
package allows individual simulation of different types of user-defined “objects” such as neutron sources and
detectors composed of a single element or a mixture of elements, which can be integrated into a single module
separately through its object-oriented nature.

Preliminary experimental model: The simulation is based on the experimental model, which works as follows. A
neutron, incident on a body, travels freely along its projected path until it collides with an atomic nucleus. If the
neutron scatters inelastically with a target atomic nucleus, the nucleus gets excited into one of its quantized, higher-
energy states. This excited nucleus then rapidly decays to a lower state, emitting a gamma ray photon, whose energy
is equal to the difference between the two states. These non-overlapping energy states are well established and
unique to each element and isotope. Detection and analysis of the emitted gamma ray spectrum enables
identification of the target atom. An energy-sensitive gamma detector is used to capture the emitted gamma
photons. Tomography is performed using the translate-rotate configuration, as in first generation CT scanners, by
translating the beam horizontally through the entire sample length, then rotating the beam through a fixed angle and
repeating the process. Tomographic reconstruction of these scanned projections yields a two-dimensional slice of
element concentration and distribution in the sample. The translate-rotate geometry is appropriate for initial proof of
concept studies using phantom, specimen or small animals. Once feasibility is demonstrated, other geometries can
be used in future clinical systems.

Simulated Model: The simulated model consists of 4 parts — (a) World, (b) Neutron Source, (c) Tomographic
Gantry, and (d) Gamma Detectors. Each part has been designed as a separate GEANT4 object to facilitate
modifying individual parameters on one object independently of the others.

(a) World: GEANT4 requires creation of a finite virtual space called the ‘world’, which acts as the world for the
experiment. This world defines the virtual space within which the experiment will occur. All sources, detectors and
samples are placed in the world. Particle interactions are tracked only as long as they occur in this world, and
particles exiting the world are considered spent events. For this study, the world was defined as a cube with edge
1m, and filled with air.

(b) Neutron Source: The neutron source is created by defining a ‘GEANT4 Particle Gun’, with user defined
options for particle type and energy. For breast studies, the incident particles are set to 2.5 MeV neutrons. The gun
is placed at the left edge of the world so that every particle exiting the gun enters directly into the world to form a
neutron beam. The exit position of the particle from the gun is given a user-defined width, which determines the
width of the emitted neutron beam. GEANT4 processes each neutron as an individual event instead of a beam.
Hence to create a beam with a finite width, a random number generator is used to select the point of emission of the
individual neutron within a certain distance about the center of the gun. This distance about the gun center forms the



beam width of the emitted neutron beam. For this experiment, the beam-width was set at 1.cm. The result of the
GEANT4 *source’ object is a collection of individual neutron events distributed randomly within a 1cm width about
the gun-center, forming a 2.5 MeV neutron beam with a 1cm user-defined width.

(c) Tomographic Gantry: Tomography in NSECT is currently performed in a manner similar to first generation
CT with a stationary beam and single element detector. The phantom is translated through the beam, then rotated
through a finite angle and translated through the beam again. In the simulation, this translation-rotation is facilitated
by the tomographic gantry. The tomographic gantry is designed by creating a gantry chamber within the world,
filling it with the same material as the world (air), and placing it in the center of the world. The chamber can be
rotated to any angle from 0-180 degrees in clockwise or anticlockwise direction, and can be moved to any desired
xyz lateral position within the world. The user defines the number of translation and rotation positions along with
the translation and rotation increments. Once a phantom is created, it can simply be placed inside this gantry
chamber, and the sample can then be rotated and translated along with the gantry using gantry parameters. Typical
values for rotation and translation in breast study experiments are 15 lateral steps at 7mm intervals and 8 angles at
22.5 degree intervals.

(d) Gamma Detectors: Gamma detectors are created as solid cylinders with user-defined diameter and height. Each
cylinder is filled with one of 2 detector materials:

(i) High-purity germanium, HPGe (density= 5.32 g/cm®)

(ii) Bismuth Germanate, BGO (density= 7.13 g/cm?®, 67.1% Bi, 17.5% Ge, and 15.4% O).
The detector material is ‘sensitized’, i.e. defined to track particle interactions and record the energy deposited at
each interaction. The detector can be placed at any location in the world. In the current configuration, the detector is
modeled as a 9cm diameter cylinder with 8cm height, similar to the detectors used in the physical NSECT
experiments. The detector is placed at a backward angle of 135 degrees in the beam plane, mimicking the position
of the detector in the physical experiment where a backward angle is used to minimize damage to the detector from
forward scattered neutrons. Detector efficiency is modeled by collecting information from all events occurring in
the detector and then retaining only a required fraction of these events. For example, for a 60% efficient HPGe
detector, 100% of events will be recorded, but only 60% of these will be used to generate spectral results.

Figure 1 shows an example of this geometry with the world housing the gamma detectors and the phantom. The
target gantry is an invisible box around the ellipsoid breast phantom. The gun is an invisible source at the left edge
of the figure, emitting neutrons (shown in blue) that illuminate the breast.

Task 2: Build GEANT4 phantoms for benign and malignant breast tissue based on element concentrations
reported in various experimental studies. (Months 11-12)

Status: This task has been completed as proposed.

This task aims at designing GEANT4 phantoms of the benign and malignant breast, which will be scanned using the
simulated NSECT system. Two sets of phantoms are designed for this study — (a) Breast Phantom (b) Dose
Phantom.

(a) Breast Phantom: Breast phantoms are simulated in GEANT4 as ellipsoids of 10cm x 6 cm x 5¢cm height. The
phantom is filled with benign or malignant breast tissue, which is classified on the basis of its elemental
composition as shown in table 1 below. Apart from the regular elements found in human breast tissue, i.e.
hydrogen, oxygen, carbon and nitrogen, the breast tissue models are given trace elements in concentrations
corresponding to benign and malignant breast tissue as reported in [2-6, 11]. The density of breast tissue was
defined as 0.93 g/cm®.

(b) Dose Phantom: A separate phantom of the torso is designed to perform dose measurements. This phantom
consists of the whole torso including the breast, and accounts for the larger anatomic structures encountered by a
neutron beam when scanning a patient. The torso is modeled as a larger ellipsoid, 40cm x 30cm x 30 cm height,
similar to a human torso. The breasts are modeled as hemispheres located on one edge of the torso. As neutron dose



depends primarily on the hydrogen content of tissue, the torso and breast regions are both filled with water to
approximate the hydrogen content of the body. This phantom is sensitized to measure the energy deposited in it,
which can then be converted to an absorbed dose equivalent. As energy measurements are made within the
phantom, separate gamma detectors are not required.

Normal (%) Malignant (%)
Oxygen 61.429 61.429
Carbon 22.857 22.857
Hydrogen 12.649 12.510
Nitrogen 2.571 2.571
Chlorine 1.98E-2 2.15E-2
Sodium 1.85E-2 2E-2
Potassium 8.94E-2 1.96E-2
Iron 9.8E-3 7.85E-3
Calcium 8.29E-3 1.13E-2
Zinc 1.17E-3 1.14E-3
Bromine 7.07E-4 6.55E-4
Aluminum 6.67E-4 5.7E-4
Rubidium 5.98E-4 5.84E-4
Manganese 3.88E-5 3.16E-5
Cobalt 2.06E-5 1.98E-5
Cesium 3.27E-7 3.6E-7

Table 1: Breast tissue composition for normal and malignant models (from [12]). The percentages were
calculated by first converting dry weights to wet weights.

Figure 1. Breast phantom flanked by gamma Figure 2. Dose phantom showing the torso and the relative
detectors on either side. The black region represents position of the breasts. For dose estimation simulations,
the world, the pink region is the breast, and green the torso and breasts are all filled with water. As dose is
cylinders correspond to gamma detectors. Neutrons calculated by measuring the energy deposited in the torso
passing through the breast are shown in blue. and breasts, gamma detectors are not required.



Task 3: Integrate simulations built in tasks 1 and 2 into a single module to allow simulation of a complete
NSECT patient scan from patient irradiation to spectrum acquisition. (Months 11-12)

Status: Completed as proposed.

GEANT4 is an object oriented programming package, which allows creation of each part as an individual object.
This task integrates all the objects to create a complete simulation of the NSECT acquisition system. The phantoms
created in Task 2 were integrated with the gantry created in Task 1. While GEANT4 contains libraries for a large
number of high-energy physics interactions for a host of particles, it is left to the user to select which interactions to
model for each application.

Task 4: Determine element concentrations from simulated gamma spectra using spectral analysis and
compare with pre-defined concentration levels in simulated phantom. Months (13-15)

Status: Completed as proposed.

The breast phantom simulations built in tasks 1-3 were used to obtain quantitative estimates of the concentration
differences in the benign and malignant breast. The results, described in [12] and corroborated by the experimental
measurements in [9], demonstrated that with the currently available instrumentation hardware, NSECT has the
detection sensitivity to identify concentration changes between benign and malignant tissue. Table 1 above shows
the elemental composition of the normal and malignant breast tissue simulated in GEANT4. The
corresponding gamma spectrum obtained for this sample is shown in Figure 3. As can be observed in the
spectrum, statistically significant differences were observed primarily for three elements — ®'Br, ®’Rb and
133Cs. While several other elements were also observed in the gamma spectra, these three elements
demonstrated maximum statistical detection accuracy for identifying malignant tissue.

Figure 4 shows experimentally acquired spectra from (a) benign and (b) malignant breast tissue specimens obtained
from biopsy. The three elements noted above, *Br, ®’Rb and ***Cs, were observed to exhibit significant
concentration differences between the two specimens, thereby confirming the results of the simulation
experiments.

These two studies led to the publication of two manuscripts in peer-reviewed journals - references [9, 12].
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Figure 3. Gamma spectrum obtained from the simulated breast samples, normal and malignant, acquired with 10 million neutron events.
Statistically significant differences were observed for three elements — &Br, 8’Rb and **3Cs. While several other elements were also observed
in the gamma spectra, these three elements demonstrated maximum statistical detection accuracy. (Figure from [12]).
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Figure 4. Gamma energy spectrum from (a) benign and (b) malignant breast samples showing energy peaks for several potential
elements identified. Gamma peaks are seen for "*Ge and "“Ge from the germanium detector. Peaks with multiple potential
element matches are labeled accordingly. Statistically significant differences are observed for the three elements observed in the
simulated results— 8'Br, 8Rb and ***Cs. (Figure from [9]).

The concentration differences observed in the breast spectra in Figures 3 and 4 showed variations in microgram
guantities, which require an improvement in quantification accuracy for accurate detection of malignant tumors. In
order to identify the detection limit and accuracy of NSECT, a single-element disease model was selected to allow
the quantification process to be systematically performed by changing only a single variable. The disease model of
choice was of iron-overload in the liver, chosen for two main reasons: (a) the disorder is characterized by changes
of a single element (iron) in the diseased tissue, and (b) liver tissue has the same organ weighting factor as the
breast (i.e. 0.5), thereby allowing the dose-evaluation experiments to be generally translated to the breast.

The liver model was simulated as shown in Figure 5, comprising a torso chamber, liver chamber and high iron-
concentration lesions in the liver.

(a) Coronal Plane (b) Transverse Plane (c) Orthogonal view

Figure 5. GEANT4 simulation of the liver iron overload sample. The outline of the torso is marked by the yellow lines. The liver is shown as
a pink outline with two high concentration spherical lesions inside. Each lesion contains a different concentration of iron. The spine is visible
as a white cylindrical tube. (Figure from [13]).

The phantom was scanned with the simulation developed in Tasks 1-3 to generate a spectrum from iron as shown in
Figure 6 below.
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with background correction. The background corrected spectrum is shown as a solid black line while the original uncorrected
spectrum appears as a gray dotted line. Peaks for germanium and neutron capture on hydrogen are significantly reduced through
sample-out subtraction, while the signal peak from iron at 847 keV remains unchanged. (Figure from [13]).
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Specialized algorithms were designed for spectral analysis and tested using experimental spectra from nuclear
laboratory experiments. These algorithms were used for the following functions in spectral analysis and have been
described in the references mentioned: (a) Scatter background Correction [9, 12, 14], (b) Energy peak identification
[9, 12, 15], and (c) Compton Background Correction [9, 15].

The experiments performed in this task led to the publication of 4 peer-reviewed manuscripts [9, 12, 14, 16] and 3
conference proceedings [17-19].
Task 5: Reconstruct tomographic images using MLEM reconstruction algorithms. (Months 16-20)

Status: Completed as proposed.

Tomographic images were generated using the liver iron overload phantom described in Task 4 and reconstructed
using a maximum likelihood expectation maximization (MLEM) algorithm for emission tomography with Poisson
counting [20]. Reconstructed images are shown in Figure 7 below.

@) Simt ple (b) Reconstructed Image (iron) (c) Reconstructed image (carbon)

Figure 7. Comparison of the simulated liver iron overload sample with the corresponding reconstructed image for (b) iron and (c)
carbon. The distribution of intensities in the reconstructed image is found to be in agreement with the distribution of iron and
carbon in the original sample. (Figure from [13]).

The reconstruction algorithm was tested and validated against experimentally acquired data from a phantom of solid
iron and solid copper, shown in Figure 8. The spectral acquisition in GEANT4 is shown in Figure 9.
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(a) Physical Sample (b) Simulated Sample

Figure 8. Composite iron-copper tomographic sample used for validation of the MLEM reconstruction algorithm. The sample is
made up of copper (outer, vertical bars) and iron (inner, diagonal bars) arranged like the letter N. Each bar measures 6mm in
thickness, 60mm in height and 24mm in depth. The sample was simulated in GEANT 4 as shown in (b). (Figure from [13]).

(a) Sample aligned at the initial position of zero degree (b) Sample rotated clockwise through 22.5 degrees

Figure 9. GEANT4 tomography simulation for the composite iron-copper tomographic sample. The two views show the sample
rotated through 22.5 degrees. The orange bars correspond to copper, grey bars to iron, and the green cylinders show HPGe
detectors. The blue lines correspond to incident and scattered neutrons while green lines correspond to gamma rays created

through inelastic scatter. (Figure from [13]).

Figure 10 shows the corresponding images generated for the iron-copper sample. Figure 11 shows a line profile
comparing the simulated and experimental data, validating the efficacy of the reconstruction algorithm.

(a) Simulated (b) Experimental

Figure 10. Reconstructed images from simulated and experimental acquisition of the iron-copper sample. (Figures from [16, 21]).
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Line profiles from Simulated and Experimental Reconstructions
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Figure 11. Line profile of the intensity distribution through the simulated and experimentally reconstructed images. At half max,
the width of the left and right copper regions is seen to be 10 mm and 9 mm in the simulated image, and 9 mm and 8 mm in the
experimental image. The width of iron is seen to be 18.5 mm in the simulated image and 17 mm in the experimental image.
(Figure from [13]).

The experiments performed in this task led to the publication of 2 peer reviewed manuscripts [16, 21], a PhD thesis
[13] and a book [22].

Task 6: Evaluate simulation performance by comparing simulated gamma spectrum for multi-element
control samples with experimental data from identical real samples. (Months 21-36)

a) Evaluate and optimize detector performance to match experimental data.

b) Evaluate and optimize beam geometry and flux to match experimental acquisition.

Status: Completed as proposed.

The simulation developed and tested in tasks 1-5 was validated against experimentally obtained spectra from
several single-element samples and multi-element samples. The different elements and the corresponding
spectral images and figure numbers are listed below.

Figure 12: Thin iron sample. Figure 13: Composite sample: Fe + NaCl + KCI + H,0O. Figure 14: Mixed iron-
copper sample. The experimental spectra for all samples were acquired using the neutron beam scanning
facilities at the Triangle Universities Nuclear Laboratory (TUNL). All of the samples demonstrated excellent
match between simulated and experimental spectra, with errors ranging from 3% to 15% for different
element peaks.

Thin iron sample: Simulated vs Experimental Spectrum
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Figure 12. Comparison of simulated and experimental gamma spectra for a natural iron sample in air. The simulated spectrum is
shown as a solid red line, while the experimental spectrum is depicted by an overlaid dotted black line. Energy peaks
corresponding to the 4 most prominent excited states in **Fe can be seen at 847 keV, 1039 keV, 1238 keV and 1811 keV.
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Fe + NaCl + KCI solution in water: Simulated vs Experimental
Spectrum
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Figure 13. Comparison of simulated and experimental normalized gamma spectra for the Fe, NaCl and KCI composite sample.
The simulated spectrum is shown as a solid red line, while the experimental spectrum is depicted by an overlaid dotted black line.
Energy peaks corresponding to all 4 elements are seen in the spectra.
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Figure 14. Comparison of simulated and experimental normalized gamma spectra for the iron-copper tomography sample.
Gamma spectra from all projections are added to form this composite spectrum. The simulated spectrum is shown as a solid red
line, while the experimental spectrum is depicted by an overlaid dotted black line. Energy peaks are identified for several gamma
lines in both elements.

The experiments performed in this task led to the publication of 2 conference proceedings papers [17, 19], a PhD
thesis [13] and a book [22].

Task 7: Evaluate patient dose from the NSECT simulation software, considering cumulative neutron
and gamma effects with appropriate quality factors for particle type (neutrons/gamma) and weighting
factors for tissue type (breast). (Months 21-36)

Status: Completed as proposed.

A dose calculation technique was developed and implemented to calculate the total radiation dose from cumulative
neutron and gamma effects. This technique has been described in [16] and has been used to calculate patient dose
for breast and liver scans as shown below.

The total energy deposited in the target organ (absorbed energy) was measured using the GEANT4 simulation. The
absorbed energy was then converted to absorbed dose by factoring in the volume, mass and density of the organ.
The absorbed dose was then converted to an equivalent dose by taking into account the radiation weighting factor
for neutrons (10) and the organ weighting factor for the breast and liver (0.5 for both). An example of dose
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calculation from [16] is shown in Table 2 below. For each of these experiments, the observed doses for liver and

breast scans were well below 1 mSv.

Breast

Liver

Energy absorbed = number of

neutrons x energy deposited

Exposure volume
Density
Mass

Absorbed dose = energy absorbed

per kg of exposed tissue

Equivalent dose = Absorbed Dose x

particle weighting factor

1 % 10° neutrons x 3.74 MeV/
neutron x 1.6 x 1072 JMeV~! =
598 x 1077 ]

10 cm?
1.2gcem™
0.012 kg
598 x 10771/0.012 kg = 4.98 x
10~ Gray (J kg™h

498 x 10~F Gray x 10 = 0.498
mSv

3

1 % 10% neutrons x 5.38 MeV/
neutron * 1.6 x 10713 J MeV~! =
8.61 x 10-7 ]

30 cm?
1.2gem™
0.036 kg
8.61 x 10771/0.036 kg = 2.39 x
10~5 Gray (J kg™ 1

239 x 1075 Gray x 10 = 0.239
mSv

3

Table 2. Dose calculation for breast and liver scans (from [16]).

Task 8: Evaluate efficacy of the system in differentiating benign and malignant tissue through ROC analysis.

(Months 24-36)
Status: Completed as proposed.

A simulation was developed to model human breast tissue containing tumors with two different disease states:
benign (normal) and malignant. Element composition of the tumors was obtained from literature and has been
shown above in Table 1. The benign and malignant phantoms were scanned with a simulated 2.5 MeV neutron
beam and spectra were generated for each tissue phantom. Spectral analysis was performed to compare the detected
differences between concentrations of 10 different gamma lines for 6 different levels of neutron fluence. ROC
analysis was used to compare the detection efficacy, with the area under the curve (Az) used as the comparison
metric. The results are shown in Table 3 below.

keV 0.5
319 (.68 +0.04
:‘.‘CH
439 0.54+0.04
®co
1029 0.60+0.04
S Br
1109 0.66+0.04
Hgr
1124 0632004
Mgy
1191 0.57=0.04
gy
1538 0.64+0.04
FRb
1476 0.60+0.04
gy
1697 0.52+0.04
.iIK
2065 0.47£0.04
“7n

1

0.71+0.04

0.58+0.04

0.65+0.04

081003

0.67+0.04

0.57x0.04

0.71£0.04

0.67+0.04

0.49+0.04

0.54£0.04

Millions of Incident Neutrons

2 3 5 10
0.79x0.03 0.81£0.03 0.88+0.02 0.95£0.01
0.58=0.04 0.64=0.04 0.61=0.04 0.67+0.04
0.79x0.03 0.83+0.03 0.87+0.02 0.97£0.01
089£0.02  0.91x0.02  095:002 099001
0.67x0.04 0.67x0.04 0.81x0.03 0.89+0.02
0.58=0.04 0.64x0.04 0.64=0.04 0.74x0.03
0812003 0872002 0932002 100

0.7220.04 0.75+0,03 0.76+0.03 0.85+0.03
0.50=0.04 0.56=0.04 0.58=0.04 0.66+0.04
0542004 0582004 0602004  0.6620.04

Table 3. Elements and corresponding average and standard error for ROC Az values obtained from ROCKIT software. The values in bold are
above the significance threshold of Az = 0.85 and are considered statistically significant (from [12]).

The values in bold highlight gamma lines that satisfied the statistical significance condition (Az > 0.85).
Four elemental isotopes, ***Cs, ®'Br, "Br, and ®'Rb, were found to have the best discriminatory power to
differentiate normal from malignant tissue with neutron fluence values corresponding to clinically relevant
dose levels. The study and corresponding results have been reported in [12].

The experiments performed in this task led to the publication of 1 peer reviewed manuscript [12], .

14



Task 9: Investigate trade-offs between accuracy and dose. (Months 26-36)
Status: Completed as proposed.

The tradeoffs between accuracy and dose were investigated using the simulated phantom shown in Figure 7. The
phantom contained two lesions, each containing a different quantity of the element of interest — in this case *°Fe
(natural iron). The phantom was scanned using 16 different acquisition geometries at 5 levels of neutron fluence,
corresponding to a total of 80 different acquisition combinations. An image was reconstructed for each acquisition
to obtain the pixel value within each lesion of interest. For each combination, the pixel values within each lesion
were compared with the background to obtain an estimate of detection accuracy and compared with each other to
obtain an estimate of quantification accuracy. Detection accuracy was analyzed by generating ROC curves for each
combination of acquisition parameters, using the area under the curve (Az) as the comparison metric. Tables 4, 5
and 6 show the results from the study. For each combination of acquisition parameters, the patient radiation dose
was calculated using the method described in Table 2. The results of dose calculation are shown in Table 7.

Angular | Spatial Incident neutrons
Positions | Positions SO0000 250000 125000 75000 25000
52 1.00 1.00 0.97 £0.03 1.00 0.97 £ 004
21 51 1.00 1.00 1.00 1.00 0.91 = 0.05
26 1.00 )90 =004 [ 091 +0.05 | 0.90=0.04
13 .97 = .01 0.92+0.03 | 0.90=0.03 | 0.91 =0.05
52 100 398 =0.01 | 091 +0.04 | 0.98 =001
51 1.00 397 =002 | 090003 | 0.97 =003
12 26 100 jod =04 [ 092 =001 | 0.94 =004
13 .97 = 0.01 0.B5=0.05 | 0.85=0.03 | 0.B6=0.06
52 191 = 0.03 193 0,03 | 0.89 =005 | 0.93 =005
5l 193 = 002 )20 =004 | 0Be=0.04 | 0.91 =005
: 26 93002 | 082006 | 0BE=0.05 [ 083 =005 | 0.85=0.06
13 097 =002 | 0902004 | 0.82=0.03 | DL =005 | 079 =0.07
52 0.90=0.03 | 0.94=0.01 0.86 =005 | 08B0 =004 | (.B6 =0.05
6 51 198 =003 | 0893003 | 0.80=0.00 | 0.68=0.05 | (.63 =0.04
26 199 =002 | 08B =004 | 07 =005 | 062 =004 | 0.65=0.05
13 082005 | 0L.89=005 |0.71 =00 | 0.60=006 | 0.55=0.06

Table 4. Results of ROC analysis for the 10 mg/g lesion compared with the background. The ROC values for Az and their standard errors are
obtained from LABROC software. Values corresponding to acquisition parameter combinations that are below the detection threshold of Az
= 0.85 are shown shaded in gray (from [13]).

Angular | Spatial Incident neutrons
Positions | Positions 50000 25000 15000 10000
21 26 191 =005 (088005 (0B2=004 | 0.81=0.04
13 08204 | 0832005 |081=0.04 | D79 =004
12 26 0.89 = 0.05 0.82+=005 | 083004 [ 079 =004
13 0.B1+0.04 | 03004 | 076 +0.04 | 0.61=0.04
8 26 )Ee =0 | 079004 (0772004 | 076=005
13 0.73+0.05 | 0.66=005 | 0.65+0.05 | 0.66=0.05
6 26 0.B1+0.05 | 080005 |064=0.05 [ 0.51=0.04
13 0.72+0.05 | 0.68=005 | 0.65+0.05 | 0.49=0.04

Table 5. Results of ROC analysis for the 5 mg/g lesion compared with the normal liver background. The ROC values for Az and their
standard errors are obtained from LABROC software. VValues corresponding to acquisition parameter combinations that are below the
detection threshold of Az = 0.85 are shown shaded in gray (from [13]).
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Incident nautrons
‘E"Sg:fr 5;’03;;1&' 500000 250000 125000 75000 25000

“Value Error | Value Emor | Value Error | Value Error | Value Error

52 186 007 | 177 012 | 182 004 ( 181 010 | 146 027

24 51 1.7 010 | 162 015 )| 184 008 ( 173 0414 | 1.35 032
26 178 011 ) 162 016 | 187 0068 [ 1.70 0415 | 1.32 034

13 167 016 | 174 013|187 01 [ 174 0413 | 163 018

52 180 005 | 155 022|178 011 1686 047 | 171 014

12 51 186 007 | 152 024|175 0412 165 0417 | 154 023
26 184 Q0B | 148 025|168 045 152 020 151 025

13 168 015 142 028 | 148 026 1.37 032 | 168 016

52 185 022|124 038|125 038 080 055 08 052

8 51 180 025 ) 118 041 | 118 041 | 0BT 057 | 0B 058
26 180 025 ) 116 042 )| 118 041 ( 0B2 053 | 0BD 060

13 10 025 ) 132 034|134 033 ( 088 051 | 131 0356

52 168 016 | 136 032|158 020 148 026 | 142 026

6 51 164 018 ) 133 034 | 162 012 ( 153 023 | 148 026
26 165 018 | 135 032|152 024 (1238 031 | 1.28 035

13 1682 024 | 127 037|134 033 (147 026 | 341 070

Table 6. Ratio of pixel values within the 10 mg/g and 20 mg/g lesions. The first column shows the ratio of pixel values while the second

shaded column shows their difference from the expected value of 2 (from [13]).

;-‘-.r'; |._Iar Sp_a_tial Projections NI:‘LIF.:-FS. per Teotal neutron Dosa
Positions Positions projection fluence
24 26 624 4 12E+DE 2 5TE+08 1.6 mSv
24 26 624 2. 0BE+DE 1.28E+08 {.B4 mSv
12 26 32 4 12E+DE 1.28E+08 {.B4 mSv
B 26 208 4 12E+D6 B.5TE+DB 0.56 mSw

Table 7. Dose values for different combinations of acquisition parameters (from [13]).

The study highlighted that out of the 90 combinations analyzed through ROC analysis, only four combinations were
able to detect a 5 mg/g lesion with Az > 0.85. The combination with 8 angles and 26 projections provided sufficient
detection accuracy with minimum dose. Hence it was described as the optimal parameter combination to scan a 5

mg/g lesion inside a normal iron concentration of 0 mg/g iron.

The experiments performed in this task led to the publication of 2 conference proceedings papers [18, 23], a PhD

thesis [13] and a book [22].
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KEY RESEARCH ACCOMPLISHMENTS

Through this project we have achieved the following:

We have developed a simulation of the entire NSECT acquisition system in the GEANT4 environment. The
simulation includes gamma detectors, phantoms for benign and malignant breast tissue, phantoms for liver
iron overload, as well as a tomographic acquisition gantry. It provides a readily accessible research tool to
continue system development and evaluation without the need for a dedicated neutron beam source. The
simulation will facilitate easy optimization and customization of future clinical systems catered to specific
hospital environments and applications.

The GEANT4 simulation has been tested and validated against experimental data and is now ready to be
used for further breast specimen evaluations.

A reconstruction algorithm has been designed, tested and verified against experimental spectral data, and
has been used to generate tomographic images of phantoms with liver iron-overload.

Spectral data has been obtained from benign and malignant breast biopsy specimens as well as from several
single-element and multi-element control phantoms for validation of the GEANT4 simulations.

The principles of tomographic reconstruction have been demonstrated through experimental acquisition of a
multi-element phantom containing copper and iron. This experiment represents the first of its kind —
performing image reconstruction through neutron inelastic-scatter spectroscopy for medical applications.
An experiment demonstrating clinical application of the device has been performed for iron-overload
diagnosis. The experiment, which demonstrates the possibility of detecting clinically relevant quantities of
iron in the body at an acceptable level of radiation dose, is the first of its nature.

The work performed in this grant has led to 24 publications in peer-reviewed journals, conference proceedings,
books and book chapters (shown below). In addition, it has led to the completion of a Doctoral Thesis for the PI.

REPORTABLE OUTCOMES

This project has resulted in the following 24 publications (peer reviewed journal papers, conference proceedings,
books and book chapters, and a doctoral thesis; in chronological order). The name of the fellow (Kapadia) is
boldfaced for emphasis.

1.

Floyd CE, Bender JE, Sharma AC, Kapadia AJ, Xia JQ, Harrawood BP, Tourassi GD, Lo JY,
Crowell AS, and Howell CR, "Introduction to neutron stimulated emission computed tomography,"
Physics in Medicine and Biology, vol. 51, pp. 3375-3390, 2006. (Featured in “Yearbook of Nuclear
Medicine”, 2006)

Floyd CE, Bender JE, Harrawood BP, Sharma AC, Kapadia AJ, Tourassi GD, Lo JY, and Howell
CR, "Breast cancer diagnosis using Neutron Stimulated Emission Computed Tomography: Dose and
Count requirements,” Proceedings of SPIE Symposium on Medical Imaging, vol. 6142, pp. 597-603,
2006.

Bender JE, Floyd CE, Harrawood BP, Kapadia AJ, Sharma AC, and Jesnheck JL, "The effect of
detector resolution for quantitative analysis of neutron stimulated emission computed tomography,"
Proceedings of SPIE Medical Imaging, vol. 6142, pp. 1597-1605, 2006.

Kapadia AJ, Sharma AC, Tourassi GD, Bender JE, Howell CR, Crowell AS, Kiser MR, and Floyd
CE, "Neutron Spectroscopy of Mouse Using Neutron Stimulated Emission Computed Tomography
(NSECT)," Proceedings of IEEE Nuclear Science Symposium, Medical Imaging Conference, vol. 6,
pp. 3546-3548, 2006.

Kapadia AJ, Sharma AC, Tourassi GD, Bender JE, Howell CR, Crowell AS, Kiser MR, and Floyd
CE, "Neutron Stimulated Emission Computed Tomography (NSECT) for Early Detection of Breast
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Cancer," Proceedings of IEEE Nuclear Science Symposium, Medical Imaging Conference, vol. 6, pp.
3928-3931, 2006.

Kapadia AJ, Sharma AC, Tourassi GD, Bender JE, Howell CR, Crowell AS, Kiser MR, and Floyd
CE, "Non-Invasive Estimation of Potassium (39K) in Bovine Liver Using Neutron Stimulated
Emission Computed Tomography (NSECT)," Proceedings of IEEE Nuclear Science Symposium,
Medical Imaging Conference, vol. 4, pp. 2076-2078, 2006.

Sharma AC, Tourassi GD, Kapadia AJ, Harrawood BP, Bender JE, Crowell AS, Kiser MR, Howell
CR, and Floyd CE, "Design and Construction of a Prototype Rotation Modulation Collimator for
near-Field High-Energy Spectroscopic Gamma Imaging,” Proceedings of IEEE Nuclear Science
Symposium, Medical Imaging Conference, vol. 4, pp. 2021-2024, 2006.

Sharma AC, Tourassi GD, Kapadia AJ, Bender JE, Xia JQ, Harrawood BP, Crowell AS, Kiser MR,
Howell CR, and Floyd CE, "Development of a High-Energy Gamma Camera for Use with NSECT
Imaging of the Breast,” Proceedings of IEEE Nuclear Science Symposium, Medical Imaging
Conference, vol. 6, pp. 3925-3927, 2006.

Sharma AC, Floyd CE, Harrawood BP, Tourassi GD, Kapadia AJ, Bender JE, Lo JY, and Howell
CR, "Rotating slat collimator design for high-energy near-field imaging,” Proceedings of SPIE
Medical Imaging, vol. 6142, pp. 405-413, 2006.

Floyd CE, Sharma AC, Bender JE, Kapadia AJ, Xia JQ, Harrawood BP, Tourassi GD, Lo JY, Kiser
MR, Crowell AS, Pedroni RS, Macri RA, Tajima S, and Howell CR, "Neutron Stimulated Emission
Computed Tomography: Background Corrections," Nuclear Instruments and Methods in Physics
Research Section B, vol. 254, pp. 329-336, 2007.

Sharma AC, Tourassi GD, Kapadia AJ, Harrawood BP, Crowell AS, Kiser MR, Howell CR, and
Floyd CE, "Design and Development of a High-Energy Gamma Camera for use with NSECT
Imaging: Feasibility for Breast Imaging," IEEE Transactions on Nuclear Science, vol. 54, pp. 1498-
1505, 2007.

Sharma AC, Harrawood BP, Bender JE, Tourassi GD, Kapadia AJ, “Neutron Stimulated Emission
Computed Tomography: a Monte Carlo simulation approach,” Physics in Medicine and Biology, vol.
52, pp. 6117-31, 2007. (Featured in Physics in Medicine and Biology Highlights of 2007)

Bender JE, Kapadia AJ, Sharma AC, Tourassi GD, Harrawood BP, and Floyd CE, "Breast cancer
detection using Neutron Stimulated Emission Computed Tomography: prominent elements and dose
requirements,” Medical Physics, vol. 34, pp. 3866-3871, 2007.

Sharma AC, Tourassi GD, Kapadia AJ, Crowell AS, Kiser MR, Hutcheson A, Harrawood BP,
Howell CR, Floyd CE. “Elemental Spectrum of a Mouse Obtained via Neutron Stimulation.”
Proceedings of SPIE Medical Imaging, vol. 6510, 65100K, 2007.

Kapadia AJ, Harrawood BP, Tourassi GD, *“ A GEANT4 Simulation for Iron Overload Detection
using NSECT,” Proceedings of IEEE Nuclear Science Symposium, Medical Imaging Conference, vol.
6, pp 4604-4607, 2007.

Sharma AC, Kapadia AJ, Harrawood BP, Tourassi GD, "Optimization of a Rotating Modulation
Collimator for NSECT imaging,"” Proceedings of IEEE Nuclear Science Symposium, Medical
Imaging Conference, vol. 5, pp 3812-3815, 2007.

Kapadia AJ, Sharma AC, Bender JE, Tourassi GD, Howell CR, Crowell AS, Kiser MR, Harrawood
BP, and Floyd CE, "Neutron Stimulated Emission Computed Tomography for Diagnosis of Breast
Cancer," IEEE Transactions on Nuclear Science, vol. 55(1), pp .501-509, 2008.

Floyd CE, Kapadia AJ, Bender JE, Sharma AC, Xia JQ, Harrawood BP, Tourassi GD, Lo JY,
Crowell AS, Kiser MR, and Howell CR, "Neutron Stimulated Emission Computed Tomography of a
Multi-Element Phantom," Physics in Medicine and Biology, vol. 53, pp 2313-2326, 2008.
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19. Kapadia AJ, Tourassi GD, Sharma AC, Crowell AS, Kiser MR, Howell CR, “Experimental
detection of iron overload in liver through neutron stimulated emission spectroscopy,” Physics in
Medicine and Biology, vol 53, pp 2633-2649, 2008.

20. Kapadia AJ, Harrawood BP, Tourassi GD, “GEANT4 simulation of NSECT for detection of iron
overload in the liver,” Proceedings of SPIE Medical Imaging, vol. 6913, pp. 691309, 2008.

21. Kapadia AJ, Harrawood BP, Tourassi GD, “Validation of a GEANT4 simulation of neutron
stimulated emission computed tomography,” Proceedings SPIE Medical Imaging, vol. 6913, pp.
69133H, 2008.

22. Kapadia AJ, Gallmeier FX, Iverson EB, Ferguson PD, “Detection of Iron Overload with the ORNL
Spallation Neutron Source: an MCNPX Simulation Study”, Proceedings of IEEE Nuclear Science
Symposium, Medical Imaging Conference, pp. 4972-4975, 2008.

23. Kapadia AJ, “Evaluation of Accuracy and Patient Dose in Neutron Stimulated Emission Computed
Tomography using Simulations in GEANT4”, VDM Verlag Publishing, ISBN: 978-3-639-10855-2,
2009.

24. Kapadia AJ, Agasthya GA, Tourassi GD, “Detection of Iron Overload through Neutron Stimulated
Emission Computed Tomography: A Sensitivity Analysis Study”, Proceedings of SPIE Medical
Imaging, vol. 7258, pp. 725811, 20009.

CONCLUSION

We have developed a working simulation of the NSECT acquisition system in GEANT4. The simulation was tested
and validated against experimental data acquired using a neutron beam generated by a Van-de-Graaff accelerator
source. The simulation was then used to demonstrate the efficacy of NSECT for biological applications,
specifically, breast cancer detection and detection of iron in the liver. It provides a readily accessible research tool
to continue system development and evaluation without the need for a dedicated neutron beam source. Further, the
simulation will facilitate easy optimization and customization of NSECT clinical systems that can be catered to
specific hospital environments and applications in the future.

We demonstrated the ability of NSECT to generate quantitative tomographic images of individual elements in
multi-element phantoms including models of the human body. Results of the simulated iron quantification study
showed that it was possible to detect a 5 mg/g lesion in the liver with sufficient detection and quantification
accuracy with a radiation dose of less than 2 mSv.

The work performed in this project helped to pinpoint the next immediate research focus to continue development
of NSECT for breast cancer diagnosis - the need for improvement in detection sensitivity. We are now focusing on
developing methods to improve detection sensitivity as well as developing a portable prototype model of the
NSECT device for use in a clinical environment.

Finally, through this grant, the Pl was able to complete his PhD as well as a short post-doctoral position, and is now

an Assistant Professor at Duke University. He is continuing the development of the NSECT technique for medical
applications with an emphasis on early detection of breast cancer.
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Abstract

Neutron stimulated emission computed tomography (NSECT) is presented
as a new technique for in vivo tomographic spectroscopic imaging. A full
implementation of NSECT is intended to provide an elemental spectrum of the
body or part of the body being interrogated at each voxel of a three-dimensional
computed tomographic image. An external neutron beam illuminates the
sample and some of these neutrons scatter inelastically, producing characteristic
gamma emission from the scattering nuclei. These characteristic gamma rays
are acquired by a gamma spectrometer and the emitting nucleus is identified
by the emitted gamma energy. The neutron beam is scanned over the body in
a geometry that allows for tomographic reconstruction. Tomographic images
of each element in the spectrum can be reconstructed to represent the spatial
distribution of elements within the sample. Here we offer proof of concept for
the NSECT method, present the first single projection spectra acquired from
multi-element phantoms, and discuss potential biomedical applications.

1. Introduction

This paper presents feasibility for some of the essential components of a new approach for
biological spectroscopy and imaging. Neutron stimulated emission computed tomography
(NSECT) is presented as a spectroscopic tomographic technique in which stable nuclei in the
sample are stimulated to emit characteristic gamma rays by inelastic scattering of fast neutrons.
While a preview of this technique has been presented (Floyd et al 2004), here we present the
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full technique in detail. Section 1 will present both the physical concepts underlying NSECT
and will conclude with an overview of the experiments described in the remainder of the
paper. Section 2 will describe the specific design of the experiments conducted to acquire
the spectra from several elements. Section 3 will present gamma emission spectra for several
sample elements. Section 4 will present challenges to be overcome along with three potential
practical applications (measurement of iron concentration, diagnosis of breast cancer and
small animal spectroscopic imaging) along with a brief radiation dose computation.

1.1. Physical concepts

In concept, NSECT can be thought of as a gamma emission computed tomography (ECT)
technique where the gamma emission is from stable isotopes in the sample as they are
stimulated by inelastic scattering of neutrons from a collimated external neutron beam. Instead
of introducing a radioactive isotope into the sample and imaging its time and spatial distribution
as with ECT, we image the naturally existing distribution of stable isotopes along the path of
the stimulating neutron beam. While similar in concept, NSECT places significantly different
requirements on imaging technology than ECT. For all elements except hydrogen and helium,
the gamma energies from the stimulated emissions range from below 100 keV to 6600 ke V. All
of the stable isotopes (except H and “He) can be detected by their characteristic gamma emission
within this energy range. From this range it is obvious that standard nuclear medicine gamma
cameras are not well suited to the task of forming projection images. At the higher energies
(above 500 keV), the spatial and energy resolution of a standard gamma camera is degraded to
the point where it has little value for imaging or spectroscopy. The components of the typical
gamma camera that provides spatial localization are the position-sensitive detector crystal
(typically Nal(T1)) combined with the collimator (typically Pb). Neither of these components
are suitable for higher energies. Borrowing from experimental nuclear structure physics, a
suitable detector for gamma spectroscopy is the high purity germanium (HPGe) detector.
While spatially sensitive HPGe detectors have been constructed, the designs that have been
successful would not provide adequate energy resolution or stopping power at the high energies
ranging up to a few MeV as required by our application. Our solution is to use cylindrical
HPGe detectors to provide fine energy resolution and use the neutron beam geometry to provide
spatial resolution by defining the projection along which all gamma emission must take place.
By scanning the sample with the collimated neutron beam, we avoid the need for the collimator
and the position-sensitive detector. This approach does require longer acquisition time and
the detection efficiency of the HPGe detector is significantly lower at high energies than the
efficiency of the Nal detector at low energies. This longer acquisition time may potentially
have a negative impact on image quality due to the possibility of patient motion during the
long scan time. A solution to this problem might be to use an imaging detector rather than
the simple HPGe detector. This would acquire a two-dimensional projection image at the
set projection angle without scanning the neutron beam. For this approach, a broad neutron
beam would be used that covered the volume to be imaged. This could be an advantage as
it is difficult to collimate the neutron beam into a small size. One detector design that could
provide the two-dimensional projection image is the Compton coincidence detector (CCD)
that has been developed and evaluated for ECT applications (Singh and Doria 1983, Johnson
etal 1995, LeBlanc ef al 1998). One concern in using such a detector is the decreased detection
efficiency of the CCD approach due to the multiple coincidence requirement.

In this application, NSECT uses neutron technologies similar to some that recently have
been proposed to detect explosives and contraband in cargo containers (Evans et al 1999,
Gozani 1994, Nunes et al 2002). NSECT extends these techniques to a wider range of isotopes
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and imaging applications. This novel approach to measuring elemental concentrations in the
body is fundamentally different from other approaches that have been developed for biomedical
imaging. A low-dose beam of neutrons is scanned over the body and the distribution of nuclei
that are stimulated to emit characteristic gamma rays is reconstructed into a tomographic
image. A separate image is formed for each element where the image intensity corresponds
to the concentration of that element in the sample. To convert the detected gamma yields into
concentrations requires correction for the energy-dependent detector efficiency. The results
reported here were obtained using the neutron scattering facilities of the Triangle Universities
Nuclear Laboratory (TUNL). While the facilities of TUNL are ideal for development and
experimentation, a standalone prototype of our first-generation imaging system could be
assembled from commercially available components for a single unit cost that is less than
the cost of a complete digital chest or digital mammography x-ray system in 2005 (around
$300 000).

1.2. Overview of experiments

In this paper, we describe our initial successful experiments leading to NSECT imaging.
Here we have acquired spectra from a single projection of a potential tomographic projection
set for several phantoms. We describe the techniques for neutron beam production and
collimation, sample positioning, gamma detection and spectroscopy, background suppression,
and isotope identification. The results of these experiments support the concept for a number
of components that are required for the future realization of the potential offered by the NSECT
technique.

1.3. Relationship to other neutron techniques

The concept of using neutrons to interrogate an area to determine its content is shared by
an assortment of techniques each with its own acronym (Morgan 2000, Cohn 1980). There
are subtle differences usually associated with the physical interaction of the neutron with the
subject. The most important difference is between techniques where the neutron is captured by
the target, transmuting it into an unstable nucleus which then decays by fission or by the release
of some particle or photon, and between techniques like NSECT where the neutron scatters
from the target and stimulates release of a characteristic photon. Among the techniques that
rely on the capture of the neutron are neutron activation analysis (NAA), instrumental neutron
activation analysis (INAA), pulsed fast thermal neutron analysis (PFTNA), pulsed gamma
activation analysis (PGAA), and sometimes fast neutron analysis (FNA), pulsed fast neutron
analysis (PFNA) and fast neutron scattering analysis (FNSA). Techniques that typically use
scattering alone include FNSA and NSECT. The most widely used technique is NAA (or
INAA) which uses low-energy thermal neutrons produced in a reactor to transmute a wide
range of nuclei into unstable isotopes. This irradiation can take many hours and the subsequent
measurement of the decay energies and rates of the unstable transmuted isotopes can require
days. In comparison, NSECT uses prompt gamma emission at higher neutron energies to
provide many of the advantages and accuracy of NAA in a technique that can be implemented
for rapid in vivo elemental analysis.

2. Methods

In this section, we will describe the equipment and techniques used in preliminary NSECT
experiments. The equipment for performing NSECT has three required components: (1)
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Figure 1. Arrangement of equipment for the neutron scattering experiments. The deuteron beam
enters from the left from the accelerator and creates neutrons through the d(d,n) reaction, leaving
3He in the cell. The neutrons travel through the collimator to the sample where inelastic scattering
results in a neutron of reduced energy n’ and a gamma photon which is collected by the Ge detector
(HPGe). The pulse height of the detected signal is proportional to the energy of the gamma ray.
The placement of the HPGe is intended to minimize neutron interaction (direct or scattered) and
background gamma detection. An alternative to the simple HPGe detectors would be to use a
two-dimensional imaging detector such as a Compton coincidence detector and to illuminate the
entire sample with the neutron beam.

a neutron source, (2) a sample and (3) a gamma spectrometer. The techniques include
the following: beam size background suppression and correction both for beam-correlated
and beam-uncorrelated backgrounds; the normalization of the detected gamma flux in the
spectrometer to the incident neutron beam flux; list-mode data acquisition; identifying specific
elements from the acquired spectra. A drawing of the equipment arrangement for this scattering
experiment is shown in figure 1.

2.1. Neutron source

The first component of the NSECT system is a neutron source. The source for the neutron
beam is the d(d,n)’He fusion reaction. A pulsed deuteron beam is produced by the TUNL
accelerator with 2.8 MeV deuteron energy and is focused at the end of the beam line into a
gas cell containing 100 psi of deuterium. The deuterons fuse and a neutron beam with 6 MeV
energy is emitted. The resulting beam escapes the gas cell and is collimated by a copper
channel that passes through a thick shield wall and emerges into the scattering area. This
area is thus shielded from the flux of gammas from the neutron production reaction. Copper
was chosen for this collimator as a material with reasonable neutron attenuation that had
reasonable cost and good machining properties. While tungsten would conceptually make a
more effective collimator, the difficulties and expense of obtaining and machining such a large
channel would be prohibitive.

2.2. Sample

The second component of the NSECT system is the sample positioning. To achieve the
tomographic acquisition geometry, either the neutron source or the sample must be translated
and rotated. In this implementation, a narrow neutron beam (square profile 2 cm x 2 cm)
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was produced so that tomographic acquisition would be achieved by translating and rotating
the sample on computer controlled stages. Spatial resolution is defined by the size of the
collimated neutron beam. The pulsed and collimated neutron beam then strikes the sample.
Some of the neutrons scatter inelastically from the nuclei in the sample. The internal energy
of these nuclei becomes increased by the energy given up by the neutron. Those excited nuclei
then decay rapidly from their excited states and give off gammas whose energy is equal to
the difference between the energies of the nuclear states involved in the decay. The energies
of these states are unique to the elemental nucleus; consequently, the gamma energies are
characteristic of the emitting nucleus.

2.3. Gamma spectrometer

The third component of the NSECT system is the gamma spectrometer. Energy resolution,
required for separating gamma events from different elements, is defined by the properties
of the gamma spectrometer. For these experiments, a pair of HPGe detectors acquired the
emitted gamma flux. HPGe detectors have a nominal energy resolution of 0.1% at 1000 keV
with little change over the energy range of interest (500-6500 keV). The advantages of high-
energy resolution are somewhat offset by the poor efficiency of the HPGe detectors at high
neutron energies. The detectors were positioned at 135° on either side of the incident neutron
beam to match the maximum in the quadrupole angular distribution that is typical of most of
the transitions creating the gamma emissions from our targets of interest. With the excellent
energy resolution of the detectors, there was no overlap of the low-lying energy peaks for any
of these states and so identification was straightforward.

At higher energies, it is possible for a gamma to Compton scatter once (or several times)
in the detector and then escape leading to an underestimation of the actual gamma energy. To
reject a majority of these events, the HPGe section is surrounded by an additional detector
called a Compton shield. This is a coaxial cylinder of BGO and Nal coupled to several
photomultiplier tubes. When a gamma is detected in the shield within a certain time window
of a detection event in the HPGe, the event is rejected.

2.4. Background suppression

In addition to the characteristic gammas from the sample, this experiment acquired other
gammas that constituted an unwanted background. Two techniques are practical for removing
this background. One is a ‘sample-in—sample-out’ subtraction. The background is estimated
by removing the sample, leaving the beam on, and counting for an equivalent number of
incident neutrons. The background measured using this technique includes photons that are
emitted from naturally occurring radioactivity in the experimental area as well as photons
that are generated by the neutron beam interacting with objects other than the target. Both
of these sources of background would be present in a clinical imaging environment. The
second approach is to pulse the neutron beam (by pulsing the deuteron beam) and only
accepting photons that are detected in a time window that corresponds to the time it would
take for the neutron to be produced, travel to the sample, scatter, and the emitted gamma to
reach the detector. The time of flight (TOF) is measured between the arrival of a deuteron
pulse at the gas cell and the detection of a gamma in the detector. This TOF technique is
common in nuclear structure physics experiments. TOF is effective and efficient for laboratory
experiments where the experimental geometry and beam energies are often changed. With
TOF, the background is acquired simultaneously with the foreground and thus avoids the
separate background acquisition. In a clinical system, the sample-out technique might be
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preferred to avoid the added complexity in the experimental apparatus required by the TOF
technique. This apparatus is readily available in the TUNL facility and so is preferred for our
preliminary experiments.

2.5. Normalization

The incident neutron flux varies from run to run due to instabilities in the deuteron source.
Two techniques were used to normalize the detected gamma flux to this neutron flux. First, the
deuteron flux was monitored by collecting the charge deposited by the deuteron beam onto
the electrically isolated deuteron gas target cell. This charge was integrated over each run
and the integrated charge was automatically stored as a scalar value for each run. Second,
a neutron monitor in the form of a thin plastic scintillator was placed in the neutron beam
between the collimator and the sample and was gated by the deuteron beam pulse. The
efficiency of this detector was established at this neutron energy by a separate calibration
experiment.

To monitor beam integrity the ratio of the neutron monitor to beam current integrator
was computed for each run and was displayed in real time at the control console to facilitate
identifying difficulties with the pulse beam pickoff system. When the ratio dropped, it meant
that beam pulses were being missed. This was usually due to a drop in the beam intensity
generated at the deuteron source. When the ratio dropped by 10%, data acquisition was halted
and the acquisition for that run was discarded.

2.6. List-mode data acquisition

The data were acquired and recorded in the list mode. For each gamma event in the detector,
all parameters were recorded including the following: TOF, pulse height in the detector, and
scalar variables associated with the time of the event. From this information, the experiment
can be ‘re-played’ in software to allow post-setting of parameters such as detector bias and
TOF windows.

2.7. Identification of specific elements

Preliminary experiments were performed on phantoms made from solid C, Ca, Fe, Cu, and a
water phantom as a source of O. These samples were chosen for several reasons. C, O and Ca
are among the most prevalent elements in living bodies. C and O represent the elements with
the highest energies for their first excited states and thus represent the two elements whose
spectra are the most difficult to acquire. Fe and Cu appear in small trace quantities in the body.
They also have characteristic gamma emission at the lower end of our energy range and were
included to test our ability to acquire spectra around 600—800 keV. The form of the samples
was as follows: C, Fe, Cu, rectangular solids 6 mm x 30 mm x 60 mm; for one spectrum a
thin steel sample was used for Fe; Ca, right circular cylinder 12.5 mm radius, 40 mm height;
O was a right circular cylinder of water of 500 ml volume.

For these samples, the spectra were analysed by hand and the peaks were identified
using the databases of the National Nuclear Data Center (NNDC) at Brookhaven National
Labs (NNDC 2005). All isotopes that contribute significantly to each natural element were
considered. We chose to ignore any isotope that contributed less than 5% to the natural form
of the element. Table 1 shows the stable isotopes examined in this experiment.

For reference, table 2 lists the 16 most prevalent elements that make up the human body
along with their percentage contribution by weight. Typically, all but the four most prevalent
elements are considered trace elements.
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Table 1. Stable isotopes and natural abundances for C, O, Ca, Fe and Cu samples.

Element  Isotope(s) (%)

Carbon  12C (>98)

Oxygen 160 (>99)

Calcium  *°Ca (>96)

Iron 54Fe (6) and °Fe (92)
Copper 63Cu (69) and 65Cy 3D

Table 2. Composition of the body by weight (per cent values).

Oxygen 61.429

Carbon 22.857
Hydrogen 10.000
Nitrogen 2.571
Calcium 1.429

Phosphorus 1.114
Potassium 0.200

Sulfur 0.200
Sodium 0.143
Chlorine 0.136
Magnesium 0.027
Tron 0.006
Fluorine 0.004
Zinc 0.003
Silicon 0.001

Rubidium 0.001

The web interfaces to the NNDC were used to list the gamma emission energies from all
of the elements used in the experiments. A match was noted where the expected gamma energy
appeared as a peak in the emitted gamma energy spectrum for the appropriate sample. For
an unknown sample, the inverse process would be used: peaks noted in the energy spectrum
would be matched to the known energy emissions from all elements and those that matched
would be candidates. Some careful selection from the possible candidates would identify the
likely elements. While commercial software exists for automated spectra analysis of naturally
radioactive materials, no such software is available for spectra analysis of stable isotopes
whose gamma emission has been stimulated.

The number of target nuclei in the irradiated volume of a sample can be computed from
the fact that the emitted gamma flux is proportional to this multiplied by the incident beam
flux, taking into account the differential cross sections for each process. We monitor the
incident beam flux and measure the emitted gamma flux to solve for the number of targets.
Neutron and gamma attenuation will also affect these calculations. These effects are small for
biomedical targets.

3. Results

Here we present the gamma emission spectra acquired from several elements: carbon, calcium,
iron, copper and oxygen (water). Combined spectra for iron with oxygen (water), copper with
calcium, and iron with copper are also presented.
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Table 3. Survey of the literature range of elemental composition within rats (Kollmer et al 1972,
Carl et al 1989, Palm et al 1990, Takahashi et al 2000) and humans (Persigehl et al 1977, Yukawa
et al 1980, Milman et al 1983, Yoshinaga et al 1990, Andrasi et al 1993, Stedman and Spyrou
1995, Katoh et al 2003). All are in ug g~! dry weight. When values were listed in wet weight a
dry/wet weight ratio of 0.3 was assumed for conversion. When a range was given, it was used;
otherwise the median values are given.

Element Rat or human Liver Kidney Brain Heart Method
Al R 0.7-7.3 n/a n/a n/a ICPA, ICPM
H 8.3-83.3 9.8-136.6 14.0-75 9.0-113.3 NAA
Br R n/a n/a n/a n/a
H 9.0-13.6 49.5-62.5 4.9-5.7 14.9-17.4 NAA
Ca R 53-199 n/a 290-334 n/a AAS, ICPA, NAA
H 92.3-460 213-3198 121-1422 129-197 NAA, PIXE, ICPA
Cl R n/a n/a n/a n/a
H 3110-5720  13400-15400 2480-5460  5640-6030 NAA, PIXE
Cu R 10.7-29.9 34-49 7-16 11-13 AAS, ICPA, NAA, ICPM
H 5-289 4.6-63.6 1-35.3 <248 XFS. PIXE, NAA, ICPA
Fe R 230-1080 50-55 64-168 >1 AAS, fAAS, ICPA, NAA
H 96.6-4200  22-1393 39.6-900 19.3-850 NAA, XFS, PIXE, ICPA
K R 7233-11900 n/a n/a n/a AAS, ICPA
H 9800-1100  11100-12100 5300-13900 14 100-15200 NAA, PIXE
Mg R 570-973 n/a n/a n/a AAS, ICPA
H 121-2500 176.6-833.3  226.6-1266.6 276.6-1400 NAA, ICPA
Mn R 4.13-9.85 n/a ~1 34 AAS, ICPA, NAA, ICPM
H 3.2-20 <22.7 0.7-5.6 0.86-4.6 NAA
Mo R 1.47-4 n/a <1 n/a NAA, ICPM
H n/a n/a n/a n/a
Na R 1519-5266  n/a 5399-5941 n/a AAS, ICPA
H 30704230  10600-12800 4570-5420  5290-5470 NAA
P R 9970-12700 n/a n/a n/a ICPA
H 6166-14800 4033-10483  2700-15000 3667-8733 PIXE, ICPA
Rb R 24-32.3 n/a 14-16 n/a ICPM
H 747 3.3-44 4.5-26 4-47 NAA
Zn R 63.3-129 66-75 40-64 4042 AAS, ICPA, NAA, ICPM
H 56.6-619 30.3-434 25.3-130 16.3-265 NAA, XFS, PIXE, ICPA

AAS: flame atomic absorption spectrophotometry; fAAS: flameless atomic absorption spectrophotometry; ICPA:
inductively coupled plasma-atomic emission spectrometry; ICPM: inductively coupled plasma-mass spectrometry;
NAA: neutron activation analysis; XRF: x-ray fluorescence spectrometry; PIXE: particle induced x-ray emission
analysis.

The acquired gamma energy spectrum from a thin iron (steel) sample is shown in
figure 2. For this experiment, the background was removed using the sample-out technique.
While the energy resolution of the HPGe detectors is excellent, the efficiency decreases
rapidly with increasing gamma energy. Of the isotopes that have biological interest, '°0
exhibits the highest energy for the first excited state at 6048 keV. Even though the detector
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Figure 2. Experimental spectrum from a thin iron sample corrected for background by subtracting
a spectrum acquired with iron sample removed. Four gamma peaks from S°Fe are clearly identified:
(1) at 847 keV is the gamma from the transition from the first excited state to the ground state; (2)
at 1038 keV is the gamma from the transition from the seventh excited state at 3123 keV down to
the second excited state at 2085 keV; (3) at 1238 keV is the gamma from the transition from the
second excited state at 2085 keV down to the first excited state at 847 keV; (4) at 1811 keV is the
gamma for the transition from the third excited state at 2658 keV down to the first excited state at
847 keV.
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Figure 3. Spectrum from iron sample in water. Several states in both >*Fe and *°Fe and the first
state in '°0 can be recognized. In addition, the single and double escape peaks from '°0 are seen.

This demonstrates the full energy range of the NSECT technique when implemented with a HPGe
detector.

efficiency is low at this high energy, we were still able to acquire a spectrum from the '%0 in
a 500 ml water sample as shown in figure 3.

A spectrum from a graphite carbon sample is shown in figure 4 where the first excited
state is seen at 4.4 MeV. The amplitude is moderate for this state due to the low detector
efficiency, the low density of the target, and a relatively short acquisition time. In the spectra,
the two escape peaks can be seen at 511 and 1022 keV below the primary peak. These are



3384 CE Floyd Jr et al

Carbon Spectrum TOF Background Correction
80

80

12C 1st
excited state

single
double  *5°P° ‘

escape

40

Counts

20

1500 2000 2500 3000 3500 4000 4500 5000
Gamma Energy (keV)

500 1000

Figure 4. Spectrum from carbon sample showing gammas from the first excited state at 4438 keV
along with the single and double escape peaks at 511 and 1022 keV below the first excited state.
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Figure 5. Spectrum from “°Ca showing three characteristic emission peaks.

peaks corresponding to detection events where pair production occurs and either one or both
of the products escape from the detector.

In figure 5 the spectrum from a natural calcium sample is shown. The first three gamma
energies are easily identifiable in this spectrum.

A spectrum from a mixed sample that contains Cu and C is shown in figure 6. Here the
two elements are clearly separated with no overlap. In addition, peaks identified with the two
contributing isotopes ®*Cu and %Cu are clearly identified.

A spectrum from a mixture of Fe and Cu is shown in figure 7. Here TOF was used to
reduce the background. For each of *°Fe and ®*Cu, several transitions are identified.

4. Discussion

We have demonstrated spectroscopic acquisition of neutron stimulated gamma emission
projections from several single and multi-element phantoms. In these experiments the elements
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Figure 7. Spectrum from iron and copper mixed phantom. Several gamma peaks are identified
with transitions between states in >°Fe and %3Cu.

were clearly differentiated with no overlap. The background was low as were any obvious
contamination gamma acquisitions.

4.1. Challenges

With a biological sample, there would be several primary elements (O, C, H, N, Ca) and
a number of trace elements (P, K, S, Na, CI, Mg, Fe, F, Zn) present. Preliminary analysis
(mentioned here but not shown in section 3) of all of the states tabulated in the ENDF files for
the 14 most prevalent elements in the body (O, C, H, N, Ca, P, K, S, Na, Cl, Mg, Fe, F, Zn)
(633 states in all) indicates that with the energy resolution of HPGe, only 142 of the states
would overlap and all 13 elements (omitting H) would be easily and uniquely identified. One
potential source of interfering elements could be from pharmaceuticals (stable or radioactive
in the case of nuclear medicine examinations). We have not yet undertaken an examination of
all of the possible states in the possible elements contained in prescribed pharmaceuticals to
identify potential interfering gamma emissions. In section 2 it was mentioned that a ‘careful’
selection process was used to identify states. In practice this would mean that when a peak is
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seen, while there might be many states that are within the energy resolution width of that peak,
preference would be given to those states with some likelihood of occurring in the body. As an
example, given the 0.1% energy resolution of the HPGe detector, a state seen at 755 keV could
have an actual energy between 754.3 and 755.7 ke V. While there are 147 state transitions that
produce gamma energies in this range (considering all isotopes), only one corresponds to a
stable isotope and that is *°Ca.

4.2. Potential applications

NSECT has potential for a broad range of applications in both medical and biological research.
NSECT can provide a three-dimensional map of the spatial distribution of all elements (with
the exception of H and He) in a subject from one scan; it also offers the promise of providing
isotopic imaging of stable isotopes used as tracers. There may be considerable technological
challenges as we strive for high sensitivity at high spatial resolution. The spectral response is
already sufficient to resolve any combination of isotopes to be found in the body.

4.2.1. Cancer diagnosis. One potential use for NSECT is to detect cancer from the changes
in trace elemental composition that occur when a malignancy begins to form. All of the studies
referenced below were in vitro. Until NSECT, there has not been a technique proposed that
can perform these measurements in vivo. A difference between trace element concentrations
has been measured previously in vitro for several different cancers of the breast (Geraki et al
2002, Mussalo-Rauhamaa et al 1993, Ng et al 1997, Rizk and Sky-Peck 1984, Santoliquido
et al 1976), colon (Margalioth et al 1983, Ghadirian et al 2000, Kato et al 1999, Nelson et al
1994, Witkowski et al 1993, Xiao and Henderson 1992, Banner et al 1984, Gregoriadis et al
1983), lung (Rizk and Sky-Peck 1984), prostate (Ogunlewe and Osegbe 1989, Chirulescu
et al 1987, Bataineh et al 2002, Brys et al 1997, Zaichick et al 1997, Picurelli et al 1991,
Feustel er al 1989, Romics and Katchalova 1983, Feustel et al 1982, Habib et al 1976, Platz
et al 2002, Kubo et al 1976), kidney (Margalioth et al 1983), liver (Margalioth et al 1983,
Feustel et al 1982, Habib et al 1976, Platz et al 2002, Kubo et al 2002) stomach (Margalioth
et al 1983), urinary bladder (Margalioth er al 1983), testis (1983), and female reproductive
organs (Margalioth et al 1983). Cancer would be identified by measuring the trace element
composition of the tissue and analysing this information to identify combinations of elements
that have been associated with cancer.

4.2.2. Non-invasive measurement of iron. A second potential application of NSECT would be
to provide quantitative measurements of the iron concentration in the liver. This measurement
is important for thalassemia patients, sickle cell patients at risk for stroke, individuals with
haemochromatosis mutations, and for other patients who receive chronic blood transfusions.
The mean value for iron concentration in normal human liver is 300 ug cm~ while for
thalassemia patients it has been reported with a mean value of 3 mg cm™> (Angelucci et al
2000).

Currently, the definitive measurement of iron burden requires biopsy of the liver. This
biopsy has associated morbidity and, for most health care institutions, the biopsy material is
evaluated at a remote site with considerable delay (3—7 days) before the results are available
(Brittenham and Badman 2003, Kato ef al 1999). This delay, along with the morbidity
associated with repeated biopsy, is an obstacle for following the progress of patients obtaining
therapeutic treatments and is thus an obstacle for developing new treatments. NSECT could
provide an in vivo, non-invasive measurement of the iron concentration in the liver and would
pose no morbidity. While there would be some radiation dose associated with this procedure,
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preliminary calculations indicate that this dose would be less than that of an abdominal
CT exam.

4.2.3. Small animal spectroscopic imaging. A third potential area of application for NSECT
is to image small animals. With the development of an appropriate sized neutron beam,
NSECT could develop adequate spatial and energy resolution to provide a useful tool for
spectroscopic imaging of small animals. Table 3 shows previously detected trace element
concentrations in rats. As we begin to understand the limits to spatial resolution and noise
for NSECT reconstructed images, we will begin to evaluate a number of different roles that
NSECT could play in our efforts to understand the mechanisms, both structural and functional,
of metabolism and transport of elements in both normal and disease models.

Some of the more speculative but exciting possibilities for this technology include:
following the metabolic migration of nutrients in normal and in genetically modified mice
(these would likely be described by kinetic parameters); measuring the iron and calcium
levels in the cardiac wall; diagnosing cancer in vivo at a very early stage when the relative
concentrations of trace elements in the tissues begin to change; tagging molecules of
interest using stable rather than radioactive isotopes, imaging different proteins and other
macromolecules by stoichiometry of the relative concentrations of C, O and N within small
imaged volumes. Because of the small concentrations expected in single voxels, the most
likely presentation of the imaging data would be as concentrations in reconstructed organs or
tumours rather than in the individual voxels themselves.

4.3. Neutron radiation dose

While no studies involving human subjects are described in this paper, the description of
potential applications does imply that NSECT would eventually be applied to humans. For
this reason, it is appropriate to comment on the radiation dose that would be required to attain
a useable signal. Two factors that are beyond the scope of this paper must be estimated to
compute the dose to a subject: the fraction of incident neutrons that will deposit energy in
the subject and the average fraction of each neutron’s energy that will be deposited in the
subject. Using a Monte Carlo model of the neutron beam and of a human body (a model we
developed using the GEANT4 C++ toolkit), we have calculated these factors for a 2.5 MeV
incident neutron beam onto a human abdomen. The fraction of incident neutrons that deposit
energy in the abdomen was found to be 0.6 while the average amount of energy deposited
by each 2.5 MeV neutron was found to be 1.4 MeV. Note that these are approximate average
values. We consider a useable signal to be a peak in the background-corrected spectrum with
about 30 counts. Assuming Poisson statistics, the uncertainty on this measurement would
be +5.5 for a relative error under 20%. This is a realistic, although arbitrary, value for
the gamma yield. In a Monte Carlo model of the liver in the abdomen, the element iron
will yield a gamma peak of about 30 counts with 10 million incident neutrons in a single
projection. The absorbed energy is the average deposited energy per interacting neutron
x number of incident neutrons x fraction of incident neutrons that interact = 1.4 MeV x
107 x 0.6 = 8.4 x 10% MeV. For a 1 cm? beam area over a path through the liver with an
average length of 10 cm and for a liver density of 1.1 g cm™3, the mass of liver exposed is
0.011 kg. Convert the energy to joules as 8.4 x 10°MeV x 1.6 x 1073 (I MeV~!) = 1.34 x
10 J. The absorbed dose in Gy is then 1.34 x 107©J/0.011 kg = 1.22 x 10~* Gy. To get
the equivalent dose, multiplying by the quality factor for neutrons (10) and by the weighting
factor for the liver (0.05) gives an effective dose of 0.0061 mSv (where 1 Gy = 100 mSv).
For comparison, the average effective dose from a chest x-ray examination is 0.02 mSv, so the
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neutron dose to the liver would be equivalent to about a third of the dose of a chest radiograph.
The chest radiograph is one of the lowest dose radiological examinations that are routinely
performed and so this neutron dose is considered acceptable.

5. Conclusion

In conclusion, we have demonstrated excellent potential for NSECT as a spectroscopic imaging
technique. The sources for gamma backgrounds have been identified and corrections have
been implemented. Two isotopes each of Fe and Cu have been clearly detected and identified
from spectra obtained with natural samples. Two isotopes, '>C and '®O whose acquisition and
identification are difficult, were successfully acquired. These are difficult to acquire due to
the high gamma energies required (4438 keV for '2C and 6048 keV for '°O). Thus we have
demonstrated acquisition of characteristic gamma radiation over the entire energy range of
interest for biological imaging. The fundamental principles of NSECT have been verified
through these experiments. Future work will include acquiring a full set of tomographic
projections and reconstructing them into a fully tomographic image of the internal multi-
element distribution of a sample.
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ABSTRACT

Neutron Stimulated Emission Computed Tomography (NSECT) was evaluated as a potential technique for breast cancer
diagnosis. NSECT can form a 3D tomographic image with an elemental (isotopic) spectrum provided at each
reconstructed voxel. The target is illuminated (in vivo) by a neutron beam that scatters in-elastically producing
characteristic gamma emission that is acquired tomographically with a spectrograph. Images are reconstructed of each
element in the acquired spectrum. NSECT imaging was simulated for benign and malignant breast masses. A range of
the number of incident neutrons was simulated from 19 million to 500k neutrons. Simulation included all known primary
and secondary physical interactions in both the breast as well as in the spectrometer. Characteristic energy spectra were
acquired by simulation and were analyzed for statistically significant differences between benign and malignant breasts.
For 1 million incident neutrons, there were 61 differences in the spectra that were statistically significant (p < 0.05). Of
these, 23 matched known characteristic emission from 6 elements that have been found in the breast (Br, Cs, K, Mn, Rb,
Zn). The dose to two breasts was less than 3% of the dose of a 4 view screening mammogram. Increasing the dose to
52% of the mammogram (19 million neutrons) provided 89 significant spectral differences that matched 30 known
emissions from 7 elements that have been found in the breast (Br, Co, Cs, K, Mn, Rb, Zn). Decreasing the dose to 1.4%
(500K neutrons) eliminated all statistically significant matches to known elements. This study suggests that NSECT may
be a viable technique for detecting human breast cancer in vivo at a reduced dose compared to 4 view screening
mammography.

KEYWORDS: Novel Methods (OT), Simulation (SIM), Neutrons in Imaging

1. INTRODUCTION
This study evaluates the neutron flux and resulting dose required to diagnose breast cancer using Neutron Stimulated
Emission Computed Tomography (NSECT). Previous studies using neutron activation analysis (NNA) have
demonstrated statistically significant elevation of the concentration of up to 12 elements in malignant breast tissue
samples when compared to benign samples[1]. While NAA cannot be adapted to an in-vivo diagnostic examination,
NSECT can. In previous studies we have introduced experimental NSECT [2-6] and demonstrated tomographic
spectroscopy from multi-element phantoms [7]. In this current study we have evaluated the minimum number of incident
neutrons (in a tomographic geometry) required to reject the null hypothesis that benign and malignant breast tissues have
the same concentration of Al, Br, Ca, Cl, Co, Cs, Fe, K, Mn, Na, Rb, or Zn. We present the effective dose for exposure
of both breasts to these numbers of neutrons to help evaluate the clinical feasibility of the NSECT technique.

No other technique has been proposed to use neutrons in this manner for breast cancer diagnosis. While other neutron-
based approaches have been suggested for identification of explosives and contraband, these approaches typically
involve relatively large neutron exposures and/or long counting times and thus are unsuitable for in-vivo diagnosis.

The imaging technique described here and named NSECT represents the natural evolution of a previous technique
known as PFNA for Pulsed Fast Neutron Analysis. The primary differences are in the use of tomography and statistical
classifiers for breast cancer disease detection with NSECT.
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2. METHODS:

NSECT forms a 3D tomographic image with an elemental (isotopic) spectrum provided at each reconstructed voxel. The
target is illuminated (in vivo) by a neutron beam that scatters in-elastically producing characteristic gamma emission that
is acquired tomographically with a spectrograph. Images are reconstructed of each element in the target. While a
majority of our neutron scattering experiments have been conducted at 6 to 7.5 MeV neutron energy in a nuclear
structure accelerator laboratory (Triangle Universities nuclear Laboratory: TUNL, www.tunl.edu), our proposed clinical
implementation of NSECT would be at a neutron energy of 2.5 MeV using commercially available "neutron tube". The
commercial neutron tube forms a neutron beam via the deuteron + deuteron -> *He + neutron reaction in a sealed tube.
This is the same reaction that we use as a neutron source at TUNL. These tubes are used commercially to log petroleum
wells. For the current study, NSECT of the breast was simulated at 2.5 MeV by a Monte Carlo model that we built from
the GEANT4 C++ toolkit [8].

GEANT4 simulates materials by allowing the user to specify the percent contribution of each element and isotope in the
material. A variety of geometric shapes are available for simulating the objects with which the neutrons and gammas
interact. We modeled the uncompressed pendent breast as a cylinder of tissue with diameter 14 cm and length 10 cm.
Table 1 shows the composition of normal and malignant breast tissue. The density of benign breast tissue was modeled
as 1.01 g/cm’ while that of malignant tissue was 1.03 g/cm’ [9]. The percentage for each element was computed as
follows. The percentage for O, C, and H were taken from the IRCU report. For the trace elements, the dry weight
composition values for benign and malignant were taken from reference [1] They were converted to wet weights using
the dry/wet ratio from [1] and the densities. The total density for benign and malignant tissue was used to normalize each
trace element contribution and the percent contribution was calculated.

Table 1: Elemental composition of model of benign and malignant breast tissue.

Number Element Symbol | Benign Malignant
Composition Composition

1 Nitrogen N 2.571 2.456

2 Oxygen (0] 61.43 58.67

3 Carbon C 22.86 21.83

4 Hydrogen H 9.878 9.434

5 Aluminum Al 0.0044 0.0068

6 Bromine Br 0.0047 0.0079

7 Calcium Ca 0.0548 0.1354

8 Clorine Cl 1.306 2.583

9 Cobalt Co 0.00014 0.00024

10 Cesium Cs 0.000002 0.000004

11 Iron Fe 0.0648 0.0943

12 Potasium K 0.5912 2.357

13 Manganese Mn 0.00026 0.00038

14 Sodium Na 1.227 2.403

15 Rubidium Rb 0.0040 0.0070

16 Zinc Zn 0.0077 0.0137

A neutron beam of 1 cm? area was simulated incident on the breast model centered at the level of the malignancy.
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The gamma spectrometer was modeled as a cylinder of Germanium with density 5.32 g/cm3, radius 3.5 cm and height 9
cm. This cylinder was oriented in the plane of the neutron beam and normal to the breast cylinder axis. A majority of the
energy state transitions expected from in-elastic scattering of neutrons from the materials that comprise the breast will be
electric quadrupole transitions and thus have peaks in the gamma emission cross section at 45,135, 225, and 315 degrees
relative to the incident neutron beam and azimuthally symmetric about the axis of the beam. Because the neutron beam
scatters primarily in the forward direction and we wished to avoid scattered neutrons striking the detector, we placed the
Ge detector at 135 degrees, at a radial distance of 20 cm with its central axis pointing at the origin. This arrangement
replicates that of our laboratory experiments.

Spectra acquisition was simulated by recording every event where energy was deposited in the volume of the Ge
cylinder. Since each particle event is tracked and reported separately, this simulation was sensitive to gammas emitted by
the neutron stimulated breast, scattered neutrons themselves, and all subsequent interactions within the detector. This
approach implicitly includes pair production product escape and Compton escape effects in the Ge detector. No
Compton shield was included in the simulation. All interaction events were reported as a list mode output. After running
the GEANT4 simulation for the respective number of incident neutrons for the selected breast model, spectra were
computed by summing all energy deposited in the detector for each incident neutron. These energies were rounded to
0.1% of their value in keeping with the appropriate energy resolution of a High Purity Germanium (HPGe) detector and
a histogram was formed with bin width of 1 keV and range from 0 to 3000 keV. This range is adequate for simulating
the gamma emission from inelastically scattered neutrons having 2.5 MeV energy. This will not record the infrequent
higher energy gammas emitted as a result of slow neutron capture on some target nuclei. Exploratory simulations
demonstrated these events to occur for fewer than 1 out 200,000 incident neutrons and that they contribute a negligible
amount of energy to the total spectrum or to the absorbed dose.

To identify elements that could signal a difference between malignant and benign, we formed a difference spectrum by
subtracting the spectrum from the benign breast model and the malignant breast model and then looked for peaks that
were statistically significantly different from zero. The resulting difference spectrum for the simulation was analyzed by
comparing the energies of those peaks that were different from zero with a list of all gamma energies emitted by level
transitions in isotopes included in our breast model. These spectrum values are Poisson distributed and so their variance
is equal to their mean value. The peak values were subtracted (malignant - benign) to form a difference peak value. The
variances were added to form the variance in the difference peak value. The significance of each peak was determined
from a two-tailed t-test of the hypothesis that the difference peak value was zero. The t-test was performed using the
difference peak value and its standard deviation as calculated above. For the t-test, an arbitrary but customary cut off
value of 0.05 was accepted for the probability that the difference peak value was zero. For each number of incident
neutrons, we examined the number of peaks for which the null hypothesis was rejected.

For each of these peaks for which the null hypothesis was rejected, we attempted to identify the element that generated
the peak. We compared the energy of the peaks to the emission energy for transitions between states in the target nuclei.
These energies were obtained from a database that we assembled from the National Nuclear Database at Brookhaven
National Laboratories (www.bnl.gov). Our database is as fully comprehensive as the one at Brookhaven and includes
only the stable isotopes of those elements listed in table 1 and includes all of the excited state transitions that are
included in the BNL database. In this study we considered only states that could be excited by our neutron beam energy
of 2.5 MeV. For each number of incident neutrons, we recorded the number of peaks that were statistically significantly
different from zero, the number of these peaks that corresponded to emission gamma energies from elements in our
breast model, the number of isotopes represented by this set, the number of elements that were represented by this set,
and the identity of these elements. These are shown below in Table 2.
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The equivalent dose to a patient for each number of incident neutrons was calculated. A separate simulation was
performed to estimate the total energy deposited in the breast for incident 2.5 MeV neutrons. The value was found to be
1.4 MeV per incident (2.5 MeV) neutron on average. So the total number of neutrons was multiplied by this factor to
compute the total energy deposited in the breast. This value was converted to units of Gy by converting MeV to Joules
(1.4 MeVconverted to Joules is 2.24x10™" J/neutron) and dividing by the mass in kg of the breast that was illuminated to
acquire the spectrum. This provides the absorbed dose. To compute the equivalent dose, this absorbed dose was
multiplied by the neutron weighting factor which is 10 and by the breast weighting factor which is 0.05. The result is in
units of Sv. The mass of the breast that is illuminated is computed by multiplying the volume of the beam that intersects
the breast by the density of the appropriate breast model (benign, malignant). For the non-tomographic use of NSECT,
the central portion of the breast is illuminated which is a volume denoted by V = 10 cm’. The increased density of the
malignant region does not appreciably change the density of the breast from 1.01 g/cm® and so the mass of the region
that is illuminated is 1.01x107 kg. Divided by the mass gives 2.22x10"" Gy/neutron. Multiply by the weighting factors
equals 1.11x10™"" Sv/neutron or 1.11x10™® mSv/neutron.

3. RESULTS:
We will begin this section by showing an individual spectrum in Fig. 1 in which peaks corresponding to elements in the
breast models are evident.

Simulated Spectra for Malignant and Benign Breast Tissue
19 million Incident 2.5 MeV Neutrons
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Figure 1 Simulated NSECT spectra for malignant and benign breast tissue. There were 19 million incident neutrons each with 2.5
MeV energy. The solid curve in the background is the spectrum for the malignant tissue, The grey dashed curve in the foreground is
for the benign tissue.

Fig. 2 shows the difference spectrum obtained by subtracting the two spectra shown in Fig. 1.
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Difference Spectra: Malignant - Benign
19 million 2.5 MeV Neutrons
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Figure 2 This spectrum shows the difference between the malignant breast tissue spectrum and the benign breast tissue spectrum for
19 million incident 2.5 MeV neutrons.

Fig.3 shows the magnitude and matching element for some of the significant difference peaks.

Matching Isotopes: 50 M neutrons
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Figure 3 Plot of some energy channels for which the difference between malignant and benign yields was significant and for which
there was a match to a characteristic gamma emission from a unique element.
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Table 2

Number of 50 40 20 10 1 0.5
Neutrons

(millions)

Number of 63 40 35 64 4270 0

spectral channels
with significant
difference °

Number with 16 12 6 10 11 0
matches ©
Number of 9 7 5 5 9 0

matching isotopes®

Number of 7 5 4 3 7 0
matching
elements®
Elements uniquely | Br, Br, Br, Br, Al, Br,
corresponding to Co, Co, Co, K, | Co, Co, K,
significant Cs,K, | Cs, K, | Zn /n Mn,
differences Na, Zn Rb,

Rb, Zn

/n
Dose to two 0.0090 [ 0.0072 | 0.0036 | 0.0018 | 0.0002 | 0.00009

breasts (mSv) &

Percent of dose of a | 14% 11.2% | 5.6% 2.8% 0.28% | 0.14%
4 view
mammogram b

Table 2 As a function of (a)the number of incident neutrons, this table shows: (b)the number of spectral channels (1 keV/channel)
with a statistically significant difference between benign and malignant (note: none of these channels were adjacent), (c)the number of
these for which at least one element in our breast model had a characteristic gamma emission that matched in energy, (d)the number
distinct matches between isotope and spectral difference, (e)the number of elements for which there was a unique matching between
element and spectral difference, (f)the elements for which there was a unique matching between element and spectral difference,
(g)the dose to both breasts, (h)the percentage of the dose of a standard 4 view mammographic examination that this dose represents.

As the number of incident neutrons was decreased, the dose decreased as did the number spectral channels with
significant differences and the number of matches to known elements in the breast. For 1 million neutrons, the dose to
both breasts was less than 0.3% of a 4 view screening mammogram and 61 independent energy channels had significant
differences with 11 of these matching known characteristic emissions from 9 stable isotopes of elements: Br, Cs, K, Na,
Rb, and Zn. For 500K neutrons, there were no matches. For 50 million neutrons, (14% of the dose of the 4 view
screening mammogram), there were 63 channels with significant differences and 16 of these had matches with 7
elements.
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5. CONCLUSION
In these simulations, NSECT provided statistically significant differentiation between benign and malignant breasts at
only 0.3% of the dose of a 4 view screening mammogram. The differentiation was based on 11 significant spectral
differences (p<0.05) that matched 9 stable isotopes of 7 known elements. Increasing the dose by a factor of 50 did not
appreciably improve the diagnostic power while decreasing the dose by a factor of 2 eliminated all significant
differences. This is the first demonstration of the potential for breast cancer diagnosis using neutrons.
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Neutron Spectroscopy of Mouse Using Neutron
Stimulated Emission Computed Tomography
(NSECT)

Anuj J. Kapadia, Amy C. Sharma, Georgia D. Tourassi, Janelle E. Bender, Alexander S. Crowell, Matthew R. Kiser,
Calvin R. Howell, Carey E. Floyd Jr.

Abstract— Neutron spectroscopy is evolving as a non-invasive
technique to measure element concentration in biological tissue.
We have developed a neutron stimulated emission computed
tomography (NSECT) system that maps the elemental
composition of a body through a non-invasive scan. A neutron
beam incident on a sample energizes the sample's atomic nuclei
through inelastic scatter interactions. These energized nuclei then
spontaneously return to their ground energy states emitting the
extra energy as a characteristic gamma photon. An energy-
sensitive gamma detector is used to detect this energy and hence
identify the emitting atom. Such a technique has several
applications in both humans and small animals. Here we
demonstrate NSECT’s feasibility in scanning small animals, and
show results from a spectroscopic examination of a fixed mouse
specimen. The mouse was flushed with saline and fixed using a
gadolinium/formalin solution. Scanning was performed using a 5
MeV monochromatic neutron beam. Background was corrected
using time-of-flight correction to reduce time-uncorrelated noise
and polynomial curve-fit subtraction to remove the residual
underlying background. The emitted gammas were measured
using a high purity germanium (HPGe) clover detector. The
resulting spectrum shows various peaks corresponding to
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elements expected in this specimen such as C, Ca and Gd, several

other potential matches such as K and Zn, as well as some system

related elements such as Fe, Al and Ge from the detector. This

experiment demonstrates the ability of NSECT to obtain element

information from an intact small animal specimen through a
single non-invasive scan.

I. INTRODUCTION

EUTRON spectroscopy is evolving as a non-invasive technique
to determine element concentrations in biological tissue. We
have developed a neutron stimulated emission computed
tomography  system (NSECT) to identify element
concentrations of in-vivo tissue using inelastic scattering of
fast neutrons by target nuclei [1, 2]. A neutron incident on a
target atom often scatters inelastically with the target atomic
nucleus, exciting it to a higher unstable energy state. The
unstable nucleus then rapidly decays to its ground state,
emitting the excess energy as a characteristic gamma photon.
The energy of the gamma photon is equal to the energy
difference between the ground state and the excited state.
These energy states are well-known and quantified for most
known elements and isotopes and their energy difference
therefore serves as a signature of the emitting atom. Thus,
measuring the energy of the emitted gamma photon identifies
the emitting atom and its concentration in the tissue sample.

Il. RELEVANCE

Such a technique for spectroscopic evaluation of elements
in tissue has several applications in both humans and small
animals.

First, there are several disorders in humans which are
associated with an increase in element concentration within
the affected organ. For example, hemochromatosis which is an
iron overload disorder associated with thalassemia and sickle
cell anemia, is characterized by an increase in iron
concentration in the liver [3, 4]. Wilson’s disease shows an
increase in the concentration of copper in the liver. These
disorders both require element quantification for diagnosis,
which is currently done through a liver biopsy [5, 6]. Biopsy
is an unpleasant procedure which also has several potential
complications associated with it. Despite being the current
preferred diagnostic technique for these disorders, it has
limitations in being used widely in patients suffering from
these disorders due to its invasive nature. NSECT has the
ability to diagnose iron and copper concentration changes in



the liver through a non-invasive scan, which could
significantly reduce the need for liver biopsies.

Second, various experiments conducted on trace elements in
humans and animals have shown that changes in concentration
of trace elements are often associated with cancer in very
early stages of development [7-10]. These concentration
changes are seen in elements such as aluminum, iron, zinc,
copper, rubidium, gold, silver and antimony, and have been
observed as a pre-cursor to malignancy. Identifying the
concentrations of these elements could potentially enable
diagnosis of cancer very early, much before the tumor grows
large enough to be detected through other conventional
imaging techniques such as CT or mammography.

Finally, in small animals, NSECT’s ability to detect element
concentrations can be used to follow metabolic migration of
nutrients or in normal and genetically modified mice or drug
delivery in normal and modified tissue all without the need to
tag molecules of interest with radioactive isotope tracers.
NSECT has the ability to detect stable isotopes which occur
naturally in these molecules which eliminates the need for
radioactive tracers. It can also be used to measure iron and
calcium levels in the cardiac wall.

I1l. MOTIVATION

The first step towards imaging small animals through
NSECT is to demonstrate its feasibility in small animal
imaging. Small animals have lower concentrations of elements
such as carbon and calcium, which are otherwise found in
greater quantities in humans. Low concentrations pose a
challenge in detection due to the several reasons. The signal
from low concentrations is low, which then requires a longer
scan time to obtain adequate statistical accuracy. The
increased scan time in turn increases the background noise
and reduces the signal to noise ratio further. To demonstrate
feasibility of small animal imaging, we have scanned and
obtained a gamma spectrum from an intact biological
specimen of a fixed mouse. Here we show results from the
spectroscopic examination of the mouse and comment about
NSECT’s feasibility in imaging small animals.

IV. METHODS

This experiment was performed at the Triangle Universities
Nuclear Laboratory (TUNL) accelerator lab, on Duke
University’s campus. Since the experimental setup has been
described in detail elsewhere [1], only a brief description is
included here.

A 5 MeV monochromatic neutron beam was produced
through a 2H(d,n)°He reaction by using a Van-de-Graaf
accelerator to bombard a deuterium gas target with accelerated
deuterons. The emerging neutrons were then collimated using
copper collimators, and focused on the target mouse
specimen. A neutron flux monitor made up of a scintillator
attached to a photo-multiplier tube counted the number of
neutrons incident on the target. Two high purity germanium
(HPGe) clover detectors were used to count the gamma
photons emitted by the sample. Lead and paraffin wax blocks
were used to shield the detector from unwanted neutrons and

gammas. The detectors were calibrated against known energy
peaks from a radioactive Na source. The neutron beam
profile was measured to be cylindrical with a 6cm diameter,
corresponding to a beam area of 28.26cm?.

The mouse specimen was prepared for scanning as follows.
A freshly sacrificed mouse was flushed with saline and then
fixed for one week using a 1:10 gadolinium/formalin solution.
After flushing the fixed mouse with saline once again, it was
enclosed in a glass tube along with diluted formalin solution
and sealed. This enclosed specimen was scanned for 95
minutes with the 5 MeV monochromatic neutron beam.

A second sample of 40g H,O was then scanned to provide a
background spectrum to correct for sample-dependent
background. Hydrogen atoms in water (which forms a large
part of tissue) have the same mass as neutrons, and hence
generate a lot of neutron scatter which adds to sample-related
noise. Neutrons that scatter elastically off of the hydrogen
atoms still carry a large part of their original energy, and can
interact and generate inelastic scatter gamma photons from
other materials present in the room, such as the detectors and
sample mounting hardware. The spectrum from this water
sample was normalized to incident neutron flux and used as
background which was subtracted from the mouse spectrum.

Each spectrum was background corrected using three
correction techniques. First, time-of-flight correction was used
to reduce time-uncorrelated background noise from random
sources of activity in the beam room. Second, sample-related
scatter background was reduced by subtracting the normalized
water spectrum from the mouse spectrum. Finally, a
polynomial curve fit was used to model and subtract the
residual underlying background, which is an effect of the
detector efficiency. A photon entering the detector may not
deposit all its energy at once, but instead do so in stages,
leading to a greater energy spread over the lower energy
channels of the detector.

As this was an experiment to demonstrate feasibility, no
quantitative analysis was performed on the detected elements.
Quantitative analysis would require obtaining calibration
spectra from known quantities of element samples under
conditions similar to those of the unknown specimen (fixed
mouse in this case). Quantitative analysis has been performed
in other experiments and described elsewhere [11].

V. RESULTS

The background corrected spectrum from the fixed mouse
specimen is shown in Fig 1. Gamma peaks were observed for
various elements expected from the mouse specimen as well
as from materials expected in the system. Energy peaks were
identified for **C from tissue, “°Ca from bone, and elements
K, ZAl, ¥'Cl, *°Fe, ®zn and Mg which could potentially be
present in the specimen. The elements 2’Al and *°Fe could also
be system dependent as many components used to mount the
detectors and other hardware were made of aluminum and
iron. Energy peaks were identified for ***Gd and '*°Gd from
the 1:10 gadolinium/formalin fixing solution in the sample,



along with energy peaks from several naturally occurring
states in germanium from the HPGe detectors.

Spectrum from Fixed Mouse Specimen
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Fig.1. Gamma spectrum from a formalin fixed mouse specimen showing
peaks corresponding to excited states in various elements. Gamma peaks are
seen for *?C (escape peaks), “°Ca, *K, #Al, ¥’Cl, **Fe, ®Zn and *Mg. Gamma
peaks are also seen for "’Ge and "*Ge from the germanium detector, and ***Gd
and '°Gd from the fixing solution. Peaks with multiple potential element
matches are labeled accordingly. These spectra are shown without neutron or
gamma attenuation correction.

VI. CONCLUSION

This experiment demonstrates the ability of NSECT to
obtain an elemental map of an intact small-animal specimen
through a non-invasive scan. To cross-check the presence of
potential elements, the mouse specimen will be sent for
Neutron Activation Analysis (NAA) which will return
quantitative analyses of elements present in this individual
specimen. While a few of the dominant element peaks are
system related, peaks corresponding to elements known to be
present in the mouse specimen are also seen.

Sources of error in the system currently include high scan
time, low detection efficiency and high background noise, all
of which reduce the sensitivity of the system. Efforts are being
made to improve the overall sensitivity of the system to be
able to detect low concentration elements in the specimen.
Scan time can be reduced greatly by using commercial
neutron sources with high neutron flux, and using multiple
detectors to acquire data. These two factors will greatly reduce
the overall scan time, which in turn will reduce time-related
background noise and improve the signal to noise ratio.
Shorter scans with multiple detectors will also improve
detection efficiency and reduce patient dose.
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Neutron Stimulated Emission Computed
Tomography (NSECT) for Early Detection of
Breast Cancer

Anuj J. Kapadia, Amy C. Sharma, Georgia D. Tourassi, Janelle E. Bender, Alexander S. Crowell, Matthew R. Kiser,
Calvin R. Howell, Carey E. Floyd Jr.

Abstract— Neutron stimulated emission computed tomography
(NSECT) is being developed as a non-invasive spectroscopic
technique to determine element concentrations in the human
body. We have implemented an NSECT system that uses a beam
of high-energy neutrons to identify element concentrations in
tissue and create 2-dimensional maps of elemental distribution
through a single non-invasive tomographic scan. Neutrons scatter
inelastically with atomic nuclei in tissue, causing them to emit
characteristic gamma photons. These gamma photons are
detected and identified using an energy-sensitive gamma
detector. By measuring the energy and number of emitted
gamma photons, the system can determine the elemental
composition of the target tissue. NSECT has the advantage of
being able to detect breast cancer at very early stages compared
to anatomic screening techniques, as it detects changes in trace
element concentrations in the breast, which usually occur before
anatomical features such as tumors and micro-calcifications
appear. The tomographic scanning system eliminates the need
for breast compression and patient disrobing. The system design
can be made portable by using a commercially available portable
neutron source with a gamma detector. From our preliminary
results, NSECT shows significant promise in early diagnosis of
breast cancer. It has the potential to evolve into an easily
accessible screening modality and diagnostic technique for breast
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cancer, which can detect and identify malignant tissue in the
breast and generate a two-dimensional image through a single
non-invasive tomographic scan. Patient dose levels from NSECT
are comparable to those of screening mammography. Efforts are
under way to achieve the micro-gram sensitivity required for in-
vivo trace element detection in the breast at the lowest possible
patient dose levels. Our final goal is to implement a portable,
low-dose tomographic screening system for breast cancer which
does not require breast compression or invasive biopsies.

I. INTRODUCTION

NEUTRON stimulated emission computed tomography
(NSECT) is being developed as a non-invasive
spectroscopic technique to determine element concentrations
in the human body. We have implemented and demonstrated
the feasibility of an NSECT system that uses a beam of high-
energy fast neutrons to identify element concentrations in
tissue and create 2-dimensional maps of elemental distribution
in the tissue, all through a single non-invasive tomographic
scan [1, 2]. NSECT relies on inelastic scattering interactions
between neutrons and target atomic nuclei to obtain this
information. If a neutron incident on tissue scatters
inelastically with an atomic nucleus in the target tissue, it
excites the nucleus to a higher energy state that is often
unstable and short-lived. The unstable nucleus then rapidly
decays to its ground state from the higher energy state,
emitting the excess energy as a gamma photon. The energy of
the emitted photon is equal to the energy difference between
the two states, and can be measured by an energy-sensitive
gamma detector. As these energy states and transitions are
mostly unique to each element and isotope, an atom can be
identified by measuring the energy of the emitted gamma
photon.

Il. RELEVANCE

Non-invasive quantification of elements in the body shows
great potential in diagnosis of several disorders that are
characterized by changes in element concentration in the
affected organ or tissue. One of these disorders is breast
cancer. Several studies have shown that a change in trace
element concentration is often associated with cancer,
specifically in the breast [3-10], prostate [11] and brain [12,
13]. Breast cancer has been associated with changes in Al, Br,
Ca, Cl, Co, Cs, Cu, Fe, K, Mn, Na, Rb, Sh, Se, Zn; prostate
cancer with Ca, Cu, Fe, Mg, Ni, Zn; and brain cancer with B,
Ba, Sr, Zn. In many cancers, these element concentration
changes are seen much before morphologic changes such as



tumors and micro-calcifications develop to a point where they
can be detected by current imaging modalities. Quantifying
these element concentrations could enable in-vivo cancer
diagnosis earlier than is possible with conventional imaging
techniques, potentially increasing survival rates of patients
through early diagnosis.

Additionally, disorders such as hemochromatosis (liver iron
overload associated with thalassemia and sickle cell anemia)
and Wilson’s disease (liver copper overload), are
characterized by increased iron and copper concentration
respectively in the liver [14, 15]. These are currently
diagnosed through liver biopsy, which is an unpleasant
procedure that has several complications associated with it
[16, 17]. NSECT has the potential to diagnose liver overload
disorders through a non-invasive scan with a dose level
equivalent to that of a single abdominal CT scan.

I1l. METHODS

NSECT experiments are performed at the Triangle
Universities Nuclear Laboratory (TUNL) accelerator lab, on
Duke University’s campus. Their shielded neutron source is
an excellent source of fast neutrons (energy in MeV range)
with adequate high-flux beams, which can be collimated to
desired size and shape using swappable collimator inserts. A
brief description of the experimental setup follows.

A. Experimental Setup

A 5 MeV neutron beam is produced through a *H(d,n)*He
reaction, by bombarding a deuterium gas target with a
deuteron beam accelerated by a Van de Graaf accelerator.
This beam is collimated to a desired profile and size using
appropriate copper collimators, and focused onto the target
tissue sample. Neutron flux at the target is monitored by a
plastic scintillator attached to a photo-multiplier tube placed
between the collimator and the target. The target tissue sample
is placed on a translation-rotation stage, which enables
tomography through a first generation CT scanning technique.
The sample is first translated through a fixed number of steps,
then rotated through a fixed angular rotation and translated
again. This process is repeated for the required number of
angles. Gamma photons emitted by the sample are counted by
high purity germanium detectors (HPGe) hooked up to a data
acquisition system. These detectors are shielded from
unwanted neutrons and gammas using lead and borated
paraffin wax shielding.

B. Patient Dose

Using neutrons as the incident radiation leads to significant
concerns about patient dose. At the energies we propose,
neutrons are known to damage the body 10 times more than x-
rays. However, as it takes an immensely smaller number of
neutrons to create an NSECT image than x-rays required to
create a mammogram, it is possible to achieve dose levels
comparable to other ionizing radiation modalities. Our
preliminary experiments suggest that for breast cancer
detection, it may be possible to achieve effective patient dose

levels of approximately 15 mSv. By increasing the number of
detectors and using high-flux neutron sources to reduce scan
time, dose levels can potentially be brought down to values
comparable to screening mammography.

Dose measurements are currently done through a Geant4
simulation which models the acquisition geometry, neutron
beam characteristics and sample data. The energy deposited in
the sample is counted and used to calculate an effective dose
equivalent for the organ.

C. Current Status

Several samples have been scanned to date, ranging from
solid metals for calibration and sensitivity studies, to
biological samples such as excised breast tissue, bovine liver
and a fixed mouse specimen. These spectra have been shown
below. We have also successfully reconstructed a 2-
dimensional image from a tomographic scan of a mixed iron
and copper sample and separately identified and reconstructed
each element in the sample [18].

D. Background Correction

Background correction is generally performed using three
techniques. First, time-of-flight correction is used to reduce
time-uncorrelated background noise from random sources of
activity in the beam room. Using a pulsed deuteron beam, it is
possible to calculate the expected arrival time of gamma
photons originating from the sample through neutron inelastic
scatter. Events that occur outside this expected arrival time
window are discarded as noise events and suppressed.

Second, sample-related background is reduced by acquiring
and subtracting a sample out scan from the sample spectrum.
For solid metal samples, the sample-out scan is generally
acquired with room air in place of the metal. For biological
tissue, a sample of distilled water of equal mass as the scanned
tissue is used to generate elastic neutron scatter comparable to
that of the original tissue. Hydrogen nuclei in water (which is
a large component of biological tissue) have the same mass as
neutrons. Hence, a lot of neutron scatter is generated while
scanning a tissue sample. Scattered neutrons can interact with
other materials in the room and generate inelastic scatter
gamma photons from them. The sample-out scan is used to
estimate this background and subtract it from the sample in
spectrum.

Finally, the residual underlying background, which is an
effect of the detector efficiency, is modeled and subtracted
using a polynomial curve fit. A detected photon may not
deposit all of its energy in a single step. Instead it may do so
in several steps in the detector crystal, causing an energy
spread over the lower channels of the detector. As a result,
there is a gradual increase in photon counts over the lower
detector channels. This extra-count trend is fitted using a
polynomial curve fit and subtracted from the spectrum.

IV. RESULTS

Background corrected spectrums obtained from several
samples are shown here. Fig. 1 shows a spectrum from a



mixture of iron, potassium, sodium and chlorine in water. As
can be seen from the spectrum, peaks corresponding to Fe, Cl,
Na and K are easily distinguished from each other.

Fig. 2 shows a spectrum from bovine liver. Several
elements present in the liver were identified and their
concentrations were determined. The presence of some
elements was cross-validated through a quantitative neutron
activation analysis scan of the liver sample. The
concentrations predicted by NSECT differed from the NAA
values by 15-50% for different elements.

Fig. 3 shows a spectrum from a fixed mouse specimen.
Peaks can be seen for carbon and calcium from bone and
tissue respectively. Also seen are peaks for germanium from
the detectors and gadolinium from the fixing solution.
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Fig.1. Gamma spectrum from a KCI, NaCl and Fe solution in water
showing peaks corresponding to excited states in *K, *Na, *Cl, *Cl, *°Fe,
®Ge, and "“Ge. These spectra are shown without neutron or gamma
attenuation correction.
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Fig.2. Gamma spectrum from a bovine liver specimen showing peaks
corresponding to excited states in *K, *Na, *CI, ¥'Cl, *Fe, °Ge, and "“Ge
Gamma peaks are also seen for 2C (escape peaks) from tissue. These spectra
are shown without neutron or gamma attenuation correction.
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Fig.3. Gamma spectrum from a formalin fixed mouse specimen showing
peaks corresponding to excited states in various elements. Gamma peaks are
seen for *C (escape peaks), “°Ca, *K, #Al, ¥'Cl, **Fe, Zn and *Mg. Gamma
peaks are also seen for "’Ge and "“Ge from the germanium detector, and **Gd
and '°Gd from the fixing solution. Peaks with multiple potential element
matches are labeled accordingly. These spectra are shown without neutron or
gamma attenuation correction.

V. CONCLUSION AND FUTURE WORK

NSECT shows significant promise in early diagnosis for
patients suffering from breast cancer and several other
disorders. It has the potential to evolve into an easily
accessible screening modality and diagnostic technique for
breast cancer through the use of portable neutron sources and
portable gamma detectors. It can detect and identify malignant
tissue in the breast and generate a two-dimensional image
through a single non-invasive tomographic scan without the
need for breast compression or biopsies. TO be able to detect
concentrations of elements that are markers of cancer,
significant improvements in sensitivity are required. Efforts
are under way to achieve the micro-gram sensitivity while
maintaining the lowest possible dose level delivered to the
patient. Using high-flux sources and multiple detectors will
increase detection efficiency and reduce scan time, which will
both in turn reduce the time-dependent background and hence
increase signal to noise ratio. Increased detection efficiency
will also reduce patient dose. Our final goal is to implement a
portable, low-dose breast cancer screening system to detect
breast cancer without the need for breast compression or
invasive biopsies.
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Non-Invasive Estimation of Potassium (39K) in
Bovine Liver Using Neutron Stimulated Emission
Computed Tomography (NSECT)

Anuj J. Kapadia, Amy C. Sharma, Georgia D. Tourassi, Janelle E. Bender, Alexander S. Crowell, Matthew R. Kiser,
Calvin R. Howell, Carey E. Floyd Jr.

Abstract— Neutron stimulated emission computed tomography
(NSECT) is being developed as a non-invasive technique to
measure element concentration in in-vivo tissue at molecular
levels. We have developed a system that performs this task using
an incident neutron beam that scatters inelastically with an
atomic nucleus causing it to emit a characteristic gamma photon.
An energy-sensitive gamma detector is used to detect this energy
and identify the target atom. Here we describe an experiment to
determine the concentration of natural potassium (39K) in
bovine liver without the need for a biopsy. A 5 MeV neutron
beam was used to scan a known quantity of bovine liver to obtain
a gamma spectrum showing element concentration in the liver.
An aqueous KCI solution calibration sample was then scanned to
establish a ratio of potassium concentration to gamma counts for
the experimental setup. Counts from gamma peaks
corresponding to excited states in 39K were summed and
compared with counts from the known calibration sample, to
give the concentration of 39K in the liver. A high purity
germanium (HPGe) clover detector was used to measure the
emitted gamma energy. The results were validated through
neutron activation analysis (NAA) of the liver sample. The
concentration of 39K reported by NSECT was found to be within
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13% of the NAA result, clearly demonstrating the ability of
NSECT for non-invasive quantification of element concentration
in tissue.

I. INTRODUCTION

NEUTRON stimulated emission computed tomography
(NSECT) is being developed as a non-invasive technique
to measure element concentration in the human body. We
have developed an NSECT system that identifies element
concentrations in in-vivo biological tissue using a beam of fast
neutrons [1-3]. The basic principle of NSECT is as follows:
An incident neutron interacts with target atomic nuclei mainly
through scattering. If the scattering is inelastic, the target
nucleus gets excited to a higher energy state which is often
unstable. The unstable nucleus then rapidly decays to its
ground state, emitting the excess energy as a characteristic
gamma photon. The energy of the emitted photon is equal to
the difference between the two energy states, and is well
known and unique to most elements and isotopes. Hence, it
serves as a signature of the emitting atom and can be
measured by an energy-sensitive gamma detector to identify
the atom.

Il. RELEVANCE AND MOTIVATION

Such non-invasive quantification of elements in the body
shows great potential in diagnostic procedures associated with
several disorders in humans. For example, hemochromatosis
(liver iron overload associated with thalassemia and sickle cell
anemia) and Wilson’s disease (liver copper overload) are both
characterized by increased element concentration in the liver
[4]. Patients suffering from thalassemia and sickle cell anemia
often require weekly blood transfusions. With each
transfusion fresh iron enters the body while the old iron
remains in it. Since the body does not have an effective
method to get rid of excess iron, it starts accumulating in
various organs, especially the liver. The preferred diagnostic
procedure for liver overload disorders is liver biopsy [5, 6].
This is an unpleasant procedure that can have several potential
complications in patients. Quantification results from biopsy
suffer from a 20% margin of error in determining element
concentration in tissue. There is a need for an alternative
technique to measure hepatic element concentration non-
invasively. Here we describe an experiment to non-invasively
determine the concentration of an element in the liver.



I1l. METHODS

This experiment was performed at the Triangle Universities
Nuclear Laboratory (TUNL) accelerator lab, on Duke
University’s campus. The experimental setup has been
described in detail elsewhere [1]. A brief description follows.

A. Experimental Setup

A 5 MeV neutron beam was produced by a Van-de-Graaf
accelerator through a 2H(d,n)*He reaction, by bombarding a
deuterium gas target with a deuteron beam. This beam was
then collimated to a cylindrical profile using copper
collimators, and focused on the target bovine liver sample. A
neutron flux monitor made up of a scintillator attached to a
photo-multiplier tube counted the number of neutron particles
reaching the target. The gamma photons emitted by the sample
were counted by two high purity germanium (HPGe) clover
detectors hooked up to a data acquisition system. Lead and
borated paraffin wax shielding was used to shield the detector
from scattered neutrons and gammas. The detectors were
calibrated against known energy peaks from a radioactive
?Na source. The neutron beam profile was measured to be
cylindrical with a 6¢cm diameter corresponding to a beam area
of 28.26¢m’.

B. Samples

Three samples were prepared and scanned using this
experimental setup.

A calibration sample was prepared using an aqueous
solution of 2.5g KCI and 2.5g NaCl in 40g H,O, along with 5g
of iron powder. It was determined that 1.22g of *K was
present in the sample. This sample was scanned with the 6cm
beam to determine a ratio of potassium concentration to
gamma counts for this experimental setup.

The second sample comprised a bovine liver (392.5g) with
an unknown concentration of **K, placed inside a plastic
container. The cylindrical plastic container measured 9cm in
diameter and 7cm in height. Calculations showed that 177.7g
of liver lay in the neutron beam path. This unknown sample
was scanned using the same experimental setup to determine
its elemental concentration.

A third sample comprising 40g H,O was scanned to provide
a background spectrum to correct for sample-dependent
background. Hydrogen atoms in water have the same mass as
neutrons, and hence generate a lot of neutron scatter adding to
sample-related noise. The normalized spectrum from this
sample was used as the background which was subtracted
from the other two spectrums.

C. Background Correction

Each spectrum was background corrected using 3
techniques. First, time-of-flight correction was used to reduce
time-uncorrelated background noise from random sources of
activity in the beam room. Second, sample-related background
was reduced by subtracting the normalized water spectrum
from each of the other two spectrums. Finally, a polynomial
curve fit was used to model and subtract the residual

underlying background, which is an effect of the detector
efficiency. A photon entering the detector may not deposit all
its energy at once, but do so in stages instead, leading to an
energy spread over the low energy channels in the detector.

Background corrected spectrums obtained from the
calibration sample and bovine liver sample are shown in Fig.
1 and Fig. 2 respectively.

Calibration Spectrum : 2.5g Kcl + 2.5g NaCl + 5g Fe
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Fig.1. Gamma spectra showing peaks corresponding to excited states in
various elements detected in the calibration sample. Gamma peaks are seen for
®¥K, #Na, *Cl, ¥Cl, *Fe, “Ge, and ™Ge. These spectra are shown without
neutron or gamma attenuation correction.

Background Corrected Liver Spectrum
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Fig.2. Gamma spectra showing peaks corresponding to excited states in
various elements detected in the liver sample. Gamma peaks are identified for
all the elements seen in the calibration sample, i.e.*K, *Na, *Cl, ¥CI, *°Fe,
Ge, and "“Ge. Peaks from *K are relatively isolated from neighboring peaks
and can be used for quantification studies. These spectra are shown without
neutron or gamma attenuation correction.

The calibration sample shows peaks from energy states in
potassium (*K), sodium (*Na), chlorine (**Cl, ¥Cl), and iron
(*°Fe). Peaks corresponding to natural states in germanium are
seen from the HPGe detectors. Peaks from **K were seen to be
relatively isolated from neighboring peaks and were hence
used in this quantification study. The concentration of other



elements in the liver was too low to be detected accurately by
this system.

To calculate the concentration of potassium in the liver,
counts from energy peaks at 1130 keV and 1573 keV
corresponding to excited states in **K were summed and
normalized against neutron flux monitor counts to get a
normalized gamma count yield for both samples. Comparison
of the gamma count yield from the unknown bovine liver to
that of the calibration sample determined the concentration of
%K seen by the neutron beam in the bovine liver.

The bovine liver sample was sent for neutron activation
analysis (NAA) to determine its elemental composition and
provide an estimate of the potassium content to validate the
results of this experiment. As expected, NAA showed that the
other elements seen in the calibration sample, i.e. *K, *Na,
%cCl, ¥Cl and **Fe were present in extremely low
concentrations in the liver sample. NAA scanning was
performed on a wet sample.

IV. RESULTS AND CONCLUSION

Using the ratio of potassium concentration to gamma counts
determined for the calibration sample, the liver potassium
concentration was estimated to be 3.37 mg/g wet liver. The
NAA results estimated the potassium concentration to be 3.0
mg/g wet liver. The result obtained through NSECT was
within 13% of that reported by NAA, an accepted standard
element analysis technique. This experiment clearly
demonstrates NSECT’s ability to non-invasively estimate
element concentration in biological tissue. Efforts are being
made to improve the sensitivity of the system and detect
elements present in low concentrations. Some of the errors in
this system can be attributed to a low detection efficiency,
high noise background, neutron and gamma attenuation by the
samples, and loss of statistical accuracy due to overlapping
peaks. Detection efficiency can be improved by using multiple
detectors and high flux neutron sources, both of which will
also reduce overall scan time. While patient dose for this
experiment was calculated to be approximately 15 mSy,
increasing detection efficiency will help reduce patient dose
even further. Future work includes implementing attenuation
correction techniques for both neutron and gamma attenuation
in the sample and implementing mathematical peak-fitting
algorithms to separate overlapping energy peaks.
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Design and Construction of a Prototype Rotation
Modulation Collimator for Near-Field High-Energy
Spectroscopic Gamma Imaging

Amy C. Sharma, Georgia D. Tourassi, Anuj J. Kapadia, Brian P. Harrawood, Janelle E. Bender, Alexander S.
Crowell, Mathew R. Kiser, Calvin R. Howell, Carey E. Floyd, Jr

Abstract—  Neutron  Stimulated Emission  Computed
Tomography (NSECT) is being developed for in vive
measurement of the concentration and location of biologically
relevant elements. NSECT is a spectroscopic imaging technique
whereby the body is illuminated via high-energy neutrons that
excite elemental nuclei that then relax through characteristic
gamma radiation. This imaging technique requires high-
resolution spectroscopy, thereby eliminating the use conventional
scintillation gamma cameras. Consequently, high-purity
germanium (HPGe) semi-conductor detectors are utilized,
providing no spatial information. To obtain 2D elemental
concentration images, we are adapting high-energy solar
spectroscopy technology. A rotating modulation collimator
(RMC) consisting of two parallel-slat collimators is placed in
front of the detector to modulate the incoming signal in a manner
predicted by its geometry. Reconstruction of 2D images is feasible
by counting the number of incident gammas at each rotation
angle. The challenge is to identify a RMC geometry that allows
this method to work in the near-field environment, which has far
fewer assumptions and simplifications than the infinite focus of
solar imaging. Herein we describe construction of a prototype
RMC and experiments conducted with a radioactive *’Na point
source. These experiments verified that the RMC modulates the
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signal in manner consistent with its geometric and physical
properties.

I. INTRODUCTION

ertain elements are vital to the body and an elemental

imbalance can be a symptom or cause of certain
pathologies. Several studies have shown trace element
concentration may be able to distinguish between malignant
and benign tumors [1-7] and certain liver diseases are also
distinguished by an imbalance of copper and/or iron [2, 8].

Neutron Stimulated Emission Computed Tomography
(NSECT) is a spectroscopic imaging technique whereby the
body is illuminated via a beam of neutrons causing elemental
nuclei to become excited and emit characteristic gamma
radiation as they relax. The gamma energy spectra are
acquired in a tomographic geometry allowing reconstruction
of elemental concentration images [9].

Previously we have demonstrated the feasibility of NSECT
using first generation CT approaches by scanning phantoms
via a thin neutron beam at many different angles [10]. While
successful, the approach does not scale well and limits
resolution to the size of the neutron beam. Current gamma
cameras operate in an energy range too low for NSECT
imaging and are limited by both crystal size and collimation
[11]. Another approach would be to adapt technology used in
high-energy solar spectroscopy. A rotating modulation
collimator (RMC), consisting of two parallel-slat collimators
offset from one another, is placed in front of the detector and
modulates the incoming signal by rotating about the z-axis.
Reconstruction of 2D images is possible by counting the
number incident gammas at each collimator rotation angle, as
these modulation profiles are unique to a gamma source’s
location in space. Currently, this method is being employed to
successfully image the sun in the Reuven Ramaty High
Energy Solar Spectroscopic Imager (RHESSI) [12-15].

We previously reported on geometric modeling of the
collimator behavior based on a model developed by
Schnopper, et al [16] and Hurford, et al [12]. While this model
allowed for excellent simulation and reconstruction [17], it
does not accurately reflect the behavior of the RMC in the
near-field environment. The challenge is to identify a RMC
geometry that allows this method to work in the near-field
environment, which has far fewer assumptions and
simplifications than the infinite focus of solar imaging. To that



end we have designed and developed a prototype RMC for
testing in the near field environment.

The methods section will describe the design and
construction of a prototype RMC, experimental validation
using a radioactive point source to obtain modulation profiles
and a Monte Carlo scheme developed in Matlab to confirm the
behavior of the RMC. Results will show that adequate
modulation profiles were obtained experimentally and that
modulation behaves as predicted by the Monte Carlo
simulation. We will then discuss implications for future
research.

Figure 1. Prototype RMC, designed for flexibility. The slats and slots (A) are
made of lead and plastic respectively, and can be switched out to test different
slat and slot widths. The far bank of slats and slots can be moved along the
rails (B) to test different separation heights. The gear (C) is used to provide
rotation of the unit.

Il. METHODS

A. Prototype Construction

A prototype RMC was constructed. Aluminum extrusion
was used to build a rectangular frame. This frame contained
the two collimators, which consisted of lead slots separated by
plastic slots. A piece of plastic PVC pipe was fitted around
each end of the rectangle, and the entire unit then rested on
rollers. To rotate the RMC, a steel ring gear was fitted around
the frame and coupled to a gear fixed to a computer controlled
rotational stage. The axis of rotation of the RMC intersects the
center of the detector face.

The prototype RMC was designed for flexibility, as the
distance between the collimators can be varied, and the
collimator slats and slots can be exchanged for ones with
different thicknesses and widths (see Figure 1).

The RMC parameters chosen for this experiment were: slat
width: 0.5mm, slot width: 1.0mm, and slat height: 1.5cm. The
distance between collimators was varied (see Table I).

B. Radioactive Point Source Testing

A 17.9uCi point source of ?Na (which emits both 511keV
and 1274keV gamma rays) was positioned at various locations
on the imaging plane (located orthogonal to the face of the
detector and centered about the axis of rotation of the
detector). It was always located on the y-axis, so that the radial
distance on the image plane was equal to its y location. This
also centered the peak of the modulation profile. An HPGe
detector was placed directly behind the rear collimator of the
RMC (see Figure 2). This was connected to a multi-channel
analyzer (MCA), which counted the number of energy events
recorded at both 511 keV and 1.2 MeV. The RMC and point
source geometries are listed in Table I. For each setup,
modulation profiles were obtained by recording the number of
gammas detected in a two-minute interval at 10° intervals
between 0° and 180°, resulting in 19 measurements per setup.

TABLE |
EXPERIMENTAL SETUPS

POINT SOURCE
LOCATION (RADIUS, CM)

DISTANCE BETWEEN
SOURCE AND DETECTOR

DISTANCE BETWEEN
COLLIMATORS

40 cm 10cm 0,4,5AND6 CM
40 cm 20 cm 0,3,4AND5CM
50 cm 10cm 0,56 AND7 CM
50 CM 20 CMm 0,4,5AND 6 CM

Figure 2. Experimental setup including HPGe detector, RMC and point source
on an imaging plane (the poster board).

C. Monte Carlo Simulation

A Monte Carlo environment was developed in Matlab to
model the behavior of the RMC and detector. The collimators
were defined as four planes parallel to the x,y plane. Located
within each place were the collimator slates, with known
locations. A line was drawn from the point source (located at a
certain radius and angle on the imaging plane) to a position on
the detector face and its points of intersection with each plane
were calculated. If the intersection points coincided with a slat
or crossed a slat, the gamma ray was considered blocked and
did not reach the detector (see Figure 3). This process was
repeated for paths from the source to many points on the
detector face, assigning a value of 1 to a complete path and 0
to a blocked path. The sum of all paths was calculated for
many different collimator angles, which resulted in a
modulation profile for that point source’s location in space.
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Figure 3. Left: Collimator geometry in the x,y,z plane. Right, view along the z
axis of point source, collimators, and detector. The front and back of each
collimator face define four planes. The gamma ray traveling on the line
between the point source (PS) and a point on the detector (PD) must navigate
through each plane in order to be seen by the detector.

I1l. RESULTS/ DISCUSSION

In order to reconstruct images, the RMC must collimate the
gammas in a manner unique to their location. The more unique
this modulation profile is, the better resolution that is obtained.
Of note: the collimators do not have to attenuate all incoming
gamma rays, but rather only modulate them in a predictable
and unique manner.

Adequate modulation profiles were obtained for all RMC
configurations with the 511 keV gamma rays. Na produces
twice as many 511 keV annihilation gammas as 1.2 MeV
relaxation gammas; therefore, the lower number of counts and
increased collimator penetration by the higher energy gamma
rays resulted in less distinct modulation profiles for the 1.2
MeV gamma rays (see Figure 4).
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Figure 4. Modulation profiles obtained by the collimator with collimator
separation of 20cm and axial distance to source of 50 cm. Left: number of 511
keV gamma events (divided by two for comparison to the 1.2 MeV). Right:
number of 1.2 MeV gamma events. Note that while the "peak" in the profile
occurs in the same place, the 511 keV profiles are more distinct. Also, the
profiles become thinner as the radial distance from the axis of rotation
increases.
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The Monte Carlo simulation provided similar results, with
the same modulation profile pattern (see Figure 5). But, the
model did not account for gamma ray penetration, so the
modulation profiles were “ideal” and could not vary based on
gamma strength. Regardless, the Monte Carlo results verify
the basic shape of the modulation profiles obtained.

The radial and angular locations of the point source affect
the modulation profile. As the point source’s radial distance
from the axis of rotation increases, the modulation profiles
become thinner. As the collimator rotates the area of the
detector face that the point source can “see” varies. This area

will be a maximum when the slits of the collimator are aligned
with the angular location of the point source (Figure 5).
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Figure 5. Simulated modulation profile. Beneath the profile are the
corresponding collimator views as seen from the perspective of a point source
located on the y-axis of the imaging plane (the point source that created this
profile). The top inset depicts the location of the point source in the imaging
plane. The z-axis is pointed out of the page.

Overall, there are many lessons to be learned from the
prototype camera. The RMC geometries used in this setup
were less then ideal. The modulation profiles were wide, and
barely existent for the 1.2 MeV gamma rays. The aluminum
frame was too bulky and attenuated the gamma rays. The
small area of the first collimator limited the field-of-view. The
large steel ring gear will also interfere with measurements. All
of these limitations can be addressed in a new RMC design
including: a less bulky, less attenuating frame, a larger first
collimator and a less attenuating drive mechanism.

IVV. CONCLUSIONS

Herein, we described the design and construction of a
prototype RMC and its subsequent testing with a radioactive
point source and confirmation of the results via a Monte Carlo
simulation. To our knowledge this is the first experimental
demonstration of RMC modulation of gamma rays in the near
field. Our study provides evidence that modulation of
incoming gamma rays is feasible and does vary based on
gamma ray source location. Future work will be focused on
using this modulation knowledge to develop a model of the
RMC. This model will be used to develop and design a RMC
that adequately modulates the incoming signal in a manner
that allows reconstruction of images with reasonable
resolution. The resolution necessary depends on the final
imaging goal of the camera and NSECT has potential uses in
small animal imaging, cancer screening and liver disease
monitoring.

The design of a near field, high energy, gamma camera is a
necessary step in furthering NSECT development. In order for
NSECT to become a feasible modality a reasonably quick
imaging method must be identified. The proposed high-energy
resolution gamma camera also has other possible nuclear
medicine uses including dual-isotope imaging.
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Development of a High-Energy Gamma Camera for
use with NSECT Imaging of the Breast
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Abstract- A new imaging technique, Neutron Stimulated
Emission Computed Tomography (NSECT), is being developed
that has potential for utilization in breast cancer imaging.
NSECT is a spectroscopic imaging technique that is able to
produce elemental concentration images and previous studies
have identified differences in trace element concentrations
between malignant and benign tissues. NSECT illuminates the
body via a beam of neutrons causing elemental nuclei to become
excited and emit characteristic gamma radiation. By imaging the
gamma rays in a tomographic manner it is possible to reconstruct
elemental composition images. This method requires high-
resolution spectroscopy, thereby eliminating the use conventional
scintillation gamma cameras; in this case, spectral information is
obtained from high-purity germanium (HPGe) semi-conductor
detectors, providing only 1D spatial information. To obtain 2D
elemental concentration images, we are adapting high-energy
solar spectroscopy technology. A rotating modulation collimator
(RMC) consisting of two parallel-slat collimators is placed in
front of the detector and modulates the incoming signal in a
manner predicted by its geometry. Reconstruction of 2D images
is possible by counting the number incident gammas at each
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rotation angle. A significant challenge is presented when
attempting to modify the RMC for use in the near field and a
prototype camera has been constructed to verify the geometric
validity of a RMC for this use. Herein we present the progress to
date in the design and development of a high-energy
spectroscopic gamma camera for use with NSECT imaging of the
breast.

I. INTRODUCTION

A new imaging techniqgue - Neutron Stimulated

Emission Computed Tomography (NSECT) - is being
developed to provide elemental concentration images of the
body being interrogated. NSECT has the potential to be
utilized in breast cancer imaging in both the detection and
classification of suspicious lesions.

An NSECT image is obtained by illuminating the region of
interest via a beam of high-energy (3-5 MeV) neutrons. These
neutrons scatter inelastically off of elemental nuclei, causing
the nuclei to become excited and emit characteristic gamma
radiation. Imaging these gammas in a tomographic manner
allows for the reconstruction of elemental composition images

[1].
A. Breast Cancer Application & Innovation

Several studies have identified elemental composition
differences between malignant and benign tumors in the breast
[2-6]. NSECT has the ability to non-invasively measure and
image elemental concentrations. In the future, NSECT has the
potential to identify and map regions of the breast containing
elemental abnormalities. This could lead to one non-invasive
scan where suspicious lesions could be detected and the tissue
classified as malignant, benign or normal.

There are several advantages to NSECT imaging. Neutrons
are highly penetrating and may be more effective on dense
breasts. Imaging could be preformed in the more comfortable
“pendant breast” position. By identifying and classifying
suspicious lesions in one step, a large majority of biopsy
follow-ups could be eliminated, thereby simplifying and
speeding diagnosis and treatment.

B. Proposed Imaging System

NSECT requires high-resolution, high-energy (up to several
MeV) spectroscopy that cannot be accomplished using
conventional nuclear medicine scintillation cameras. Instead
spectral information is obtained from a large volume (7cm
diameter), single-crystal, high purity germanium (HPGe)
semi-conductor ~ detector.  These  detectors  provide
approximately 1% FWHM resolution over the energy range of



interest (300 keV - 2 MeV) [7], but provide no spatial
information. To obtain images we are adapting high-energy
space-based spectroscopic imaging technology for use in the
near field. A rotating modulation collimator (RMC) consisting
of two parallel-slat collimators is placed in front of the HPGe
detector and modulated the incident gamma flux in a manner
predicted by its geometry. Counting the number of incident
gammas at each collimator rotation angle results in a
modulation profile. Each point in the imaging plane has a
modulation profile unique to its location in space. Using the
observed gamma flux, 2D planar images can be reconstructed
[8-13]. By placing several RMC cameras at different locations
around the breast and the rotating the entire assembly, it is
possible to generate 3D volumetric elemental composition
images (see Fig. 1).

Top View:
Rotational camera assembly

Side view of patient with
rotational camera assembly
beneath table

Figure 1: Proposed breast imaging system.

Herein we will describe the progress to date in the
development of this RMC imaging system including prototype
construction and testing, Monte Carlo simulation, and
reconstruction with multiple camera views.

Il. PROGRESS TO DATE

A. Prototype RMC

A prototype RMC was built using aluminum extrusion for
the frame, lead “slats” and plastic “slots.” Rotational motion
was provided by a gear mounted on a rotational stage coupled
to a steel ring gear mounted on the frame (see Fig. 2).

.
Figure 2: Prototype RMC. The two parallel slat collimators are the striped
squares. The ring gear is coupled to a gear mounted on the rotational stage.

The RMC was placed in front of a HPGe detector and then
tested with a 17.9uCi #Na point source. Modulation profiles
were obtained with the source and the RMC placed in various
configurations. Results are depicted in Fig. 3. For more
information on this experiment and the RMC please see [14].
Of note: in order to obtain spatial information the collimators
only have to modulate the incoming gamma rays and provide
a distinct modulation profile, they do not have to provide
complete gamma attenuation.

B. Monte Carlo Simulation

A Monte Carlo simulation environment consisting of a
gamma ray point source, the two collimators and an HPGe
detector was developed in GEANT4. The same RMC and
point source configurations as those tested with the prototype
were simulated. Similar modulation profiles were obtained for
both the simulated and experimental results (see Fig. 3).
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Figure 3: Normalized experimental (green) and simulated (blue) results for a
511 keV source located 50 cm from the detector at various distances from the
axis of rotation.

C. Reconstruction with Multiple Camera Views

We have conducted several simulations of the system
geometry in Matlab and used this data to reconstruct 2D
images with the MLEM algorithm [15]. Due to the simple
modulation profiles provided by the system, multiple camera
views of the same object are necessary in order to adequately
visualize point and extended sources.  Successful
reconstruction of point and extended sources was achieved by
simulating imaging the same object from several different
locations (see Fig. 4). For further information the reader is
referred to [8, 16].
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Figure 4: Top: Reconstructed images of a simulated extended source as seen
from four different camera positions. Bottom: Original Image and image
obtained by reconstructing all four data sets simultaneously.

I1l. CONCLUSIONS / FUTURE WORK

NSECT is a novel imaging method with the potential to
distinguish between malignant and benign tissue in one non-
invasive step. Development of a high-energy high-energy-
resolution gamma camera is an essential step in the
development of NSECT. Herein, we presented out progress to
date on the development of such a camera.

The prototype camera modulated the incident gamma rays
in a manner predicted by its geometry. A Monte Carlo
simulation environment produced similar modulation results.
Development of this simulation environment allows for the
identification of suitable camera designs. In order to
successfully image the breast a camera with at least 1cm
resolution in a 15cm? field-of-view must be developed. Future
work will focus on identifying suitable camera designs that
can provide adequate images with a minimal dose.

Simulated modulation of the incident gamma rays shows
that the modulation is distinct enough to reconstruct images.
However, due to the simplistic nature of the modulation
profiles, multiple camera views are necessary. The use of
multiple cameras should also serve to reduce scanning time
and therefore reduce the dose.
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ABSTRACT

Certain elements (such as Fe, Cu, Zn, etc.) are vital to the body and an imbalance of such elements can either be a
symptom or cause of certain pathologies. Neutron Stimulated Emission Computed Tomography (NSECT) is a
spectroscopic imaging technique whereby the body is illuminated via a beam of neutrons causing elemental nuclei to
become excited and emit characteristic gamma radiation. Acquiring the gamma energy spectra in a tomographic
geometry allows reconstruction of elemental concentration images. Previously we have demonstrated the feasibility of
NSECT using first generation CT approaches; while successful, the approach does not scale well and has limited
resolution. Additionally, current gamma cameras operate in an energy range too low for NSECT imaging. However, the
orbiting Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) captures and images gamma rays over the
high-energy range equivalent to NSECT’s (3 keV to 17 MeV) by utilizing Collimator-based Fourier transform imaging.
A High Purity Germanium (HPGe) detector counts the number of energy events per unit of time, providing
spectroscopic data. While a pair of rotating collimators placed in front of the detector modulates the number of gamma
events, providing spatial information. Knowledge of the number of energy events at each discrete collimator angle
allows for 2D image reconstruction. This method has proven successful at a focus of infinity in the RHESSI application.
Our goal is to achieve similar results at a reasonable near-field focus. Here we describe the results of our simulations to
implement a rotating modulation collimator (RMC) gamma imager for use in NSECT using simulations in Matlab. To
determine feasible collimator setups and the stability of the inverse problem a Matlab environment was created that uses
the geometry of the system to generate 1D observation data from 2D images and then to reconstruct 2D images using
the MLEM algorithm. Reasonable collimator geometries were determined, successful reconstruction was achieved and
the inverse problem was found to be stable.

Keywords: imaging, neutrons, tomography, spectroscopy, image reconstruction

1. INTRODUCTION

Certain elements are vital to the body and an elemental imbalance can be a symptom or cause of certain pathologies.
Several studies have shown trace element concentration may be able to distinguish between malignant and benign
tumors in the breast, prostate and brain [1-7]. Certain liver diseases are also distinguished by an imbalance of iron
(hemochromatosis) or copper (Wilson’s Disease) [2, 8].

Elemental studies in animals have shown: decreased Cu and Fe in the brain of rats prone to seizures [9]; an increase in
trace elements in organs and tumors of mice with skin tumors [10, 11]; and a change in trace element concentrations in
the kidneys of mice with malignant ascites [12].

Current techniques for determining elemental composition of tissue samples require specific preparation of the sample
that is incompatible with in-vivo studies.

*Send correspondence to Amy C Sharma, Dept . of Biomedical Engineering, DAI Labs, 2424 Erwin Rd, Suite 302, Durham, NC
27705; anc4@duke.edu



Neutron Stimulated Emission Computed Tomography (NSECT) is a spectroscopic imaging technique whereby the body
is illuminated via a beam of neutrons causing elemental nuclei to become excited and emit characteristic gamma
radiation. The gamma energy spectra are acquired in a tomographic geometry allowing reconstruction of elemental
concentration images. Previously we have demonstrated the feasibility of NSECT using first generation CT approaches
by scanning phantoms via a thin neutron beam at many different angles. While successful, the approach does not scale
well and limits resolution to the size of the neutron beam.

Current gamma cameras operate in an energy range too low for NSECT imaging. Their performance is limited by both
crystal size and collimation. Crystals of less then 2 cm provide adequate capture for most low-energy gammas generated
in typical nuclear medicine applications, but are unable to adequately capture higher energy photons. Typical
collimators are ineffectual when used with high-energy photons, thereby limiting spatial location information.

The orbiting Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) captures and images gamma rays over
the high-energy range equivalent to NSECT’s (3 keV to 17 MeV) by utilizing Collimator-based Fourier transform
imaging. Nine High Purity Germanium (HPGe) detectors count the number of energy events per unit of time, providing
spectroscopic data. Placed in front of each detector is a pair of rotating collimators that modulate the number of gamma
events, providing spatial information. As the satellite rotates about its z-axis, the collimator pair allows between 0% and
50% of the events to reach the detector (Figure 1). Varying the size and spacing of the attenuating slates allows for
measurement of different Fourier components of the source. Knowledge of the number of energy events at each discrete
collimator angle allows for 2D image reconstruction. This method has proven successful at a focus of infinity in the
RHESSI application [13-16].

Initial Position Rotation 45° Rotation 90° Rotation 135° Rotation 180°

Figure 1. Change in event transmission as collimators rotate about the z-axis as drawn from the prospective of a source down and to
the left. Note how after one half a rotation, the collimators are aligned in their initial position.

We aim to achieve high-energy spectroscopic imaging at a near-field focus via Collimator-based Fourier transform
imaging. Current technology allows for high-energy spectroscopy at infinite focus, and relies on the subsequent
simplifications. Near-field imaging is subject to fewer assumptions and provides a significant challenge. Near-field
imaging is necessary in order to provide a practical size and geometry in order to apply NSECT to small animal imaging
and/or human tissue imaging in the laboratory or clinic.

The purpose of this study is to focus on initial attempts to solve the near-field geometric problem within a Matlab
simulated environment and to determine feasible geometries.

1.1 Rotating Modulation Collimator (RMC) Design

A RMC / HPGe detector unit is depicted in Figure 2 which defines the geometric frame of reference and the various
parameters (including: slat width, slot width, slat height, height and distance) that can be varied in order to change the
modulation of the incoming gamma rays. It should be noted that the collimators do not need to attenuate the gamma
rays completely to achieve 2D reconstruction of an image, but rather they need only to modulate the signal over the
rotational range of the collimator.
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Figure 2. Layout and dimensions of detector, RMC unit, and imaging plane containing a point source.

1.2 Geometric Parameter Estimation

As the RMC rotates about the z-axis a certain number of counts are seen by the detector at each collimator angle, 6;.
The resulting observation matrix contains the number of counts at each angle. This information is used to reconstruct a
2D image consisting of m pixels by using a probability matrix, P, which contains the probability that the counts at each
collimator angle, 6;, originated at each pixel, m, located at a location (x,y) in a plane perpendicular to the axis of rotation
in space. Schnopper, et al [17] and Hurford, et al. [13] proposed a method of determining this probability matrix based
on the geometry of the RMC / detector unit.

m

1 8
P =—|1+—cos(®
4{ T’ @)

where:
27w, cos(6, - 6,,)
A

@:

ar,
D

4
height

0, = tan™'(y/x)

7, =tan

A =tan™

Where ry, is radial distance of pixel m (located at position x,y) from the center of the 2D plane of reconstruction (the
axis of rotation of the collimator assembly passes through the origin of the x,y coordinate system). D is the z distance of
the detector from the imaging plane containing the source; p is the slot width plus slat width; height is the distance
between the two collimators; and g; is the angle of the collimator (see Figure 2 and Figure 3).
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Figure 3. Dimensions associated with reconstruction using probably estimation.
2. METHODS
2.1 Matlab simulation environment / data generation

A Matlab script was written to generate the probability matrix described above. The user entered the size of the 2D
imaging plane (FOV and pixel size), slat and slot width, slat height, height, distance to the 2D imaging plane and
number of collimator rotation angles. Using this information the probability matrix, P, was generated.

Simulated observation data was obtained by creating a 2D image where gamma sources were given the value of ‘1000’
or ‘1’ and background “0’. This 2D image was then multiplied by the probability matrix, resulting in a 1D observation
matrix (number of counts per collimator angle).

Reconstruction of images was performed using the maximum likelihood expectation maximization (MLEM) algorithm
[18]. The MLEM algorithm was run for 20 iterations on each reconstruction and utilized the same probability matrix
that was used in creating the observation data.

The following table lists the RMC parameters were chosen for testing because they are similar to those used by
RHESSI, and also easily constructed.

All RMCs had a slat width: 0.5mm, slot width: 1mm, slat height: 15mm, rotation angles: 600.

Setup 1 Setup 2 Setup 3 Setup 4 Setup 5
Distance to imaging plane | 30 cm 40cm 40cm 50 cm 50 cm
Height between collimators | 20 cm 20cm 30cm 20 cm 30cm

Table 1: Five RMC setups used for testing.

Reconstruction pixel sizes of 2 mm, 4 mm and 8 mm were tested. The FOV was chosen to be a 10 cm square ranging
from 5 cm to 15 cm in both the x and y direction. Point sources were tested at (6,6) (6,14) (10,10) (14,6) (14,14) to
measure response throughout the FOV. Four extended sources were tested: a 3.2 cm square, a 1.6 cm square, two 1.6
cm squares and a step pattern (see Figure 4)

3.2 cm square 1.6 cm square two 1.6 cm squares step pattern
5

Y (cm)
Y (cm)

15
5 10 15 5 10 15 5 10 15 5 10 15
X (cm) X(cm) X(cm) X(cm)

Figure 4. Four extended sources used to test the geometric model and subsequent reconstruction. From left to right: a 3.2 cm square, a
1.6 cm square, two 1.6 cm squares and a step pattern.



3. RESULTS/ DISCUSSION

3.1 Point Sources

Adequate reconstruction was achieved of all point sources within the field of view. The same images were achieved by
using sources with a value of *1” or “1000” except the higher numbers yielded maximum values that were increased by a
factor of 1000; for the sake of clarity only those images are shown. Figure 5 depicts the source located at (10,10) for all
setups and pixel sizes, note how the strength of the reconstruction (as signified by the “max’ number) improves as the
pixel size increases. For the 2 mm pixels a distinct ringing can been seen in the Setups 2 and 4 reconstructions, while
the other three setups yield more of a cross shaped pattern. This periodic behavior is expected because of the trigonomic
dependence of the prediction matrix.

Setup 1 Setup 2 Setup 3 Setup 4 Setup 5

max 0.42 max 0.55 max 0.64 max 1.07 max 0.43

2 mm pxels
Y (cm)

max 6.38 max 4.66 max 5.45 max 2.74 max 8.97
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X (cm) X (cm) X(cm) X(cm) X (cm)

Figure 5. Point sources located at position (10,10). Pixel sizes range from 2 mm, 4 mm, and 8 mm (top to bottom rows). While the
collimator parameters change from setup 1 to setup 5 (left to right).

3.2 Extended Sources

The results for the extended sources are shown in Figure 6 and Figure 7. Reconstruction of the 3.2 cm square source
breaks down completely for: all setups at 2 mm pixels, Setup 1 at all pixel sizes and Setup 3 at 2 mm and 4 mm pixel
sizes. But it performs adequately for the other setups, especially at 8 mm. The 1.6 cm square is better reconstructed at
all levels, except for Setup 1. The two 1.6 cm squares are resolvable in the same setups as performed well for the 3.2 cm
square. Note how phantom sources appear in some of the 2 mm images. The step pattern is only shown for the best
performing setups. Note how the step pattern is discernable in all the images, especially at the 8 mm pixel resolution
with Setup 4.
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Figure 6. Reconstruction of 3.2 cm square (top) and 1.6 cm square (bottom) for all setups. Note the 1.6 cm square is more easily
reconstructed then the 3.2 cm square.



Setup 2
minx 47 4%

5 10 15 5 10 15
X{cm) X{em)

max 57.22

10
X{em)

mitx 64.05 max 7945

15 15 1
-] 10 1% 5 10 1% 5 10 15 5 10 1% S 10 15
X{om) Xiem) X{om) X(em) X ({cm)

A) Two 1.6 cm square extended sources. Top to bottom: 2 mm, 4 mm, and 8 mm pixels. Left to right: Setup 1 through 5.

Setup 2 Setup 4 Setup 5
max 57.25 max 51.80 max 78.36
5 5
o
%
e 10 10
£
£
T
15 15 v
5 10 15 5 10 15 5 10 15
X(cm) X (cm) X (cm)
max 78.82 max 59.76 max 68.52
5
o
*
[« 8
£ 10
£
©
15 1
5 10 15 5 10 15 5 10 15
X(cm) X (cm) X (cm)

B) Step pattern extended sources. Top to bottom: 4 mm and 8 mm pixels. Left to right: Setup 2, Scwup 4, Sctup 5

Figure 7. Two 1.6 cm squares (top) and step pattern (bottom) reconstruction. Only the best Setups (2, 4 and 5) are shown in the
bottom image.



According to our data it is clear that 2 mm resolution as well as Setups 1 and 3 are not feasible designs. While
reconstruction with 8 mm pixels performs the best, images reconstructed with 4 mm pixels provide adequate results.

4. CONCLUSION

We achieved successful reconstruction using the MLEM algorithm demonstrating that the inverse reconstruction
problem has a stable, predictable solution. The simulations have identified several possible RMC / detector
configurations that are feasible to construct. Future work on this problem would include: simulation and reconstuction
of images from Monte Carlo observation data as well as actual construction and testing.
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Abstract

Neutron stimulated emission computed tomography (NSECT) is an imaging technique that provides an in-vivo tomographic spec-
troscopic image of the distribution of elements in a body. To achieve this, a neutron beam illuminates the body. Nuclei in the body along
the path of the beam are stimulated by inelastic scattering of the neutrons in the beam and emit characteristic gamma photons whose
unique energy identifies the element. The emitted gammas are collected in a spectrometer and form a projection intensity for each spectral
line at the projection orientation of the neutron beam. Rotating and translating either the body or the beam will allow a tomographic
projection set to be acquired. Images are reconstructed to represent the spatial distribution of elements in the body. Critical to this pro-
cess is the appropriate removal of background gamma events from the spectrum. Here we demonstrate the equivalence of two back-
ground correction techniques and discuss the appropriate application of each.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

This Section will describe the physical concepts behind
NSECT, followed by a description of the problem posed
by the unwanted detection of background gamma events.
Section 2 will describe two techniques for estimating and
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reducing this background. Section 3 will show spectra to
illustrate the effect of implementing these techniques. Sec-
tion 4 will present a comparison of the two background
correction techniques along with suggestions for where
each would be appropriate to use.

1.1. Physical concepts of NSECT

In previous papers, we have introduced neutron stimu-
lated emission computed tomography (NSECT) as a new
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approach for biological spectroscopy and imaging [1,2].
NSECT provides spectroscopy by stimulating nuclei in
the sample by inelastic scattering of fast neutrons. The
stimulated nuclei emit characteristic gamma rays that are
collected in a gamma spectrometer. Each neutron beam
position defines a line of integration of the emitted gammas
that are associated with known elements. By translating
and rotating the beam with respect to the body, a set of
tomographic projections is obtained. These projections
are reconstructed for each element that is acquired in the
spectrum to provide a spatial map of the elements in the
body.

While similar in concept to gamma emission computed
tomography (ECT), NSECT does not image radioactive
pharmaceuticals but instead stimulates the emission of
gammas from stable isotopes. NSECT requires different
performance from the imaging technology than ECT. For
all elements of interest, the emitted gammas have energies
ranging from less then 300 keV to greater than 6000 keV.
These energies are higher than those typically used in
nuclear medicine and thus standard gamma cameras with
lead collimation cannot provide sufficient energy or spatial
resolution. In addition, the detection efficiency of these
gamma cameras is too low for efficient imaging. For these
reasons, we chose to use high purity germanium (HPGe)
detectors that have excellent energy resolution within the
NSECT range. HPGe detectors with sufficient detection
efficiency do not report spatial information and so the spa-
tial position of a single projection path is defined by the
neutron beam position.

1.2. Unwanted background

Background events in the detected spectra introduce
errors in the quantitative accuracy of the detected number
of gamma photons acquired from the scattering sample.
This results in an error in the estimation of the concentra-
tion of the elements in the reconstructed volumes. The
background radiation is non-uniform over the energy spec-
trum and thus cannot be corrected by a simple offset. There
are several potential sources of background in these exper-
iments: beam uncorrelated photons, beam correlated
events and detector dependent background.

Beam uncorrelated photons will be from the decay of
radioactive materials in the detector area. These materials
may be naturally radioactive (such as “°K) or may have
become radioactive with a long half-life from extensive
exposure to a particle beam (such as metal in the beam
transport system and the deuterium gas cell). Photon
events from these sources will be random in time and some-
what continuous.

Beam correlated events consists of short half-life radio-
active materials, scattered photons and photons emitted
from slow neutron capture. Photons emitted by materials
that have become radioactive from exposure to the beam
but which have short half-lives will be correlated with the
beam flux itself. Many times, gamma photons created

through inelastic scattering of neutrons in the sample are
emitted along a path that initially does not intersect with
the detector. These gammas can scatter off of some object
in the experimental target area and arrive in the detector.
These events will be offset in arrival time from those events
where the gamma travels directly to the detector. While the
neutrons used in these experiments are fast with energies of
several MeV, many of these fast neutrons will scatter from
light materials such as protons in plastics and water and
thus become moderated down to thermal energies after
many collisions. The gammas emitted from slow neutron
capture reactions can have energies of many MeV and thus
can contribute to background over the entire energy spec-
trum. One example is the capture of thermal neutrons by
#Na such as is found in Nal detectors. The **Na nucleus
captures a neutron to become **Na which is unstable and
decays by emitting 1.4 and 2.8 MeV gamma photons. This
will contribute a large background in Nal detectors if they
are used in the presence of thermal neutrons. The thermal
neutron flux is correlated with the beam.

Detector dependant background comes in two forms.
The first appears as discrete lines in the spectrum. These
are caused when a photon with greater than 1022 keV of
energy creates an electron—positron pair in the detector
and one or both of these products escapes from the detec-
tor. Since each carries 511 keV of energy, these events
appear as spectral lines that are displaced by 511 keV for
a single escape and 1022 keV for a double escape. The sec-
ond appears as a continuous background that increases at
the lower energy region of the spectrum. This is due to pho-
tons that Compton scatter in the detector and then either
the photon or the scattered electron escape. Since the
energy transferred in a Compton collision is a continuous
distribution, the offset due to these events is continuous
also. Every source of photons will contribute some of this
background to the energy channels below it and so the
effect compounds at lower energy channels.

In summary, backgrounds can be considered to be of
three classes: beam-uncorrelated photons (long half-life
radioactive decay), beam-correlated events (short half-life
radioactive decay, scattered, slow capture) and detector
dependant events (electron escape, Compton scatter). In
this work, we consider two techniques for estimating and
compensating for these backgrounds. Each technique is
sensitive to all classes of backgrounds.

2. Methods

The methods for NSECT data acquisition have been
described previously [1,2] and only a brief overview will
be presented here. For these experiments, a square pulsed
beam, 7 mm on each side, of 7.5 MeV neutrons were pro-
duced from a pulsed beam of deuterons through the
2H(d,n)3He reaction. The deuterium target was a 5cm
long gas cell containing 100 psig of deuterium gas. The
neutrons passed through the end of the gas cell and
through a copper channel collimator that passed through
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a 2m thick shield wall. The wall shielded the detectors
from the large flux of gammas produced in the 2H(d,n)3He
reaction. The pulsed, collimated neutron beam emerged
from the collimator to illuminate the scattering sample.
Those nuclei along the neutron beam path in the scattering
sample which interacted inelastically with the incident neu-
trons emitted characteristic gamma photons which were
detected in HPGe detectors positioned at 135 deg on either
side of the neutron beam and at a distance of 20 cm from
the center of the scattering sample. These detectors were
equipped with anti-Compton shields composed of BGO
and Nal scintillators coupled to photomultiplier tubes. If
a gamma were to Compton scatter in the primary detector
and be captured in the shield, the coincidence of the two
events would cause the event in the HPGe detector to be
rejected. The HPGe detectors respond to gammas by pro-
ducing a current pulse that is proportional to the energy
of the detected photon. These signals were digitized and
stored in the acquisition computer event by event along
with the time of flight (TOF) for the event. This list-mode
storage allowed the timing windows to be adjusted off line
to optimize the acquisition after the experiment. To mea-
sure the TOF, the pulses in the deuteron beam were
detected just before the gas cell and were used to start a
clock to time the flight of the neutrons from the gas cell
to the scattering sample along with the time of flight of
the emitted gammas to the spectrometer. The energy gain
of the detectors was calibrated using radioactive sources
with known energy levels: '*’Cs and *Na. Gain and ana-
log-to-digital-converter (ADC) ranges were set to give
about 1 keV per channel and the exact calibration was cal-
culated from the spectral channels of the calibration peaks.
While NSECT has the capability to identify elements that
produce gamma radiation between 300 and 6000 keV, the
gamma emissions investigated in this study had energies
below 2000 keV. Thus, the calibration of the detectors with
22Na and '*’Cs was adequate for this experiment.

The iron samples used in these experiments were in the
form of a rectangular solid 6 mm thick, 30 mm wide, and
60 mm tall. All were of natural density.

Two background correction techniques are evaluated
herein. In the first, a Sample-In spectrum was acquired
with the scattering sample in the neutron beam. The sample
was then removed from the beam and an additional Sam-
ple-Out spectrum was acquired. To correct for background
the two spectra are normalized to the same incident neu-
tron flux and the Sample-Out spectrum is subtracted from
the Sample-In spectrum to produce a background-cor-
rected spectrum. In the second technique, TOF is used to
restrict the spectrum of useable photon incident events to
a window of time (True acceptance window) for which
the arrival of the photon is consistent with the required
time of flight for the neutron to reach the sample and for
the emitted photon to reach the detector. This leaves some
background in the form of photons from random sources
whose time of arrival accidentally corresponds to the True
acceptance window. This background is estimated by mea-

suring incident events in a window of the same time length
but outside the True acceptance window time. The events
in such a window correspond to the amount of background
that would have occurred in the True acceptance window.
These are subtracted to achieve a background corrected
spectrum. In Section 3, spectra are shown that correspond
to these different background estimates and to the different
correction techniques.

3. Results

The first background radiation to consider is due to nat-
urally radioactive materials in the detector region. Fig. 1
shows a spectrum acquired with sample removed and with
the beam off. This spectrum was acquired overnight (about
8 h) and demonstrates the structure and magnitude of the
beam uncorrelated naturally radioactive background in
the region of the detector.

An example of a Sample-In, Sample-Out energy
spectrum is shown in Fig. 2. The Sample-In spectra (solid
line) was obtained by illuminating a phantom constructed
of natural iron (94% °°Fe, 6% *Fe) with a beam of
7.5 MeV neutrons. The sample was removed from the
beam and the Sample-Out spectra (dashed line) was
obtained by counting for an equivalent number of incident
neutrons. Note the large magnitude of the background at
gamma energies below 600 keV. The background measured
using this technique includes beam uncorrelated photons
that are emitted from naturally occurring radioactivity in
the experimental area (Fig. 1) as well as beam correlated
photons that are generated by the neutron beam interacting
with objects other than the target and slow neutron cap-
ture. All of these sources of background would be present
in a clinical imaging environment. Fig. 3 depicts the Sam-
ple-In spectra minus the Sample-Out spectra (as shown in
Fig. 2).

The second form of background correction was imple-
mented by computing the likely TOF between the produc-
tion of the neutron pulse and the detection of an associated
scattered photon. This is done for a known neutron veloc-
ity, distance from neutron source to sample, speed of light
for the gamma and the distance from the sample to the
gamma detector. The number of incident events at each
time (TOF spectrum) is shown in Fig. 4. Examining the
TOF spectrum, it is evident that there is a large peak
between ~170 and 200 ns, the True acceptance window.
There were also a number of gamma detections at times
that were well outside this True time window. The gate
for the True acceptance window that had believable flight
times is shown as a thickened line over the peak. A gate
for a False window was set for accidental photons. This
gate occurs in a time region corresponding to non-physical
neutron and gamma velocities and was set to an equivalent
time width as that of the True acceptance window (also
shown as a thickened line in Fig. 4).

The energy spectrum for events falling within the Acci-
dental gate is shown in Fig. 5. As can be seen, there is some
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Fe Gamma Events in Accidental TOF Window

700

600

500 l
ol 1)

Natural Decay from “°K
at 1461 keV

300 V\L

Gamma Counts

200

v
|

0 200 400 600 800

100 "
0 } %wwwﬂ i s\ s

1000 1200 1400 1600 1800 2000

Gamma Energy (keV)

Fig. 1. Spectrum acquired with no beam and no sample to estimate the background photon incidents in the room from radioactive sources not associated
with the sample. This spectrum was acquired over a time of several hours to demonstrate the shape and relative size of this background.
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Fig. 2. Energy spectrum from iron sample. Two spectra are shown: the solid grey curve is the sample in the beam and the dashed curve is the sample
removed from the beam to estimate the beam-correlated background. The left figure is a complete spectrum from 0 to 2000 keV, while the right figure
zooms in on 14001600 keV. In the figure at right it is clear that the second excited state in *°Fe is present only in the Sample-In spectrum while the natural

decay line from °K is present in both spectra.

structure to the spectra. The peaks correspond to naturally
radioactive gamma emissions from objects near the
detector.

After the energy events corresponding to the accidental
TOF window are subtracted from the energy events corre-
sponding to the true TOF window, the corrected energy
spectrum is computed as shown in Fig. 6.

To illustrate that the TOF and sample subtraction meth-
ods are equivalent for estimating the background-free spec-

trum, Fig. 7 shows a comparison the two background
estimates.

The equivalence of these techniques for estimating the
background is evident from Fig. 7. The difference in the
two background spectra is because the Sample-Out spec-
trum was acquired for a longer time and the two spectra
were normalized for plotting. Subtraction of the estimated
background results in the excellent energy spectrum shown
in Fig. 6 where the signal to background ratio for the first
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Fe: Sample In, Corrected by Sample Out
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Fig. 3. Experimental spectrum from a thin iron sample. The grey line is the initial spectrum collected and the black line is the same spectrum background
corrected by subtracting a Sample-Out spectrum. Four gamma peaks from *°Fe are clearly identified: (1) at 847 keV is the gamma from the transition from
the first excited state to the ground state; (2) at 1038 keV is the gamma from the transition from the 7th excited state at 3123 keV down to the 2nd excited
state at 2085 keV; (3) at 1238 keV is the gamma from the transition from the 2nd excited state at 2085 keV down to the st excited state at 847 keV and (4)
at 1811 keV is the gamma for the transition from the 3rd excited state at 2658 keV down to the 1st excited state at 847 keV. Note the complete removal of

the background gammas from the decay of “°K at 1461 keV.
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Fig. 4. Time of flight (TOF) spectrum showing a peak for gamma events with a time window correlated with the neutron beam pulse (True Gate) and time
window set for non-physical flight times (Accidental Gate). Events falling within the Accidental Gate are not correlated with the neutron pulse.

excited state in *°Fe at 847 keV is about 33:1 compared to a
ratio of only 8:1 in the uncorrected spectrum of Fig. 2.

4. Discussion

Two techniques for background correction of spectra
acquired using the NSECT technique have been described
and have been shown to be equivalent. The TOF technique
is more convenient for laboratory experiments where
acquisition geometries and parameters are changed fre-

quently and the acquisition of separate backgrounds using
the Sample-Out technique would cost valuable acquisition
time. The Sample-Out technique is more appropriate to the
clinical environment where the acquisition geometry and
parameters do not often change and could be performed
at the beginning of the day in a manner similar to the
way gamma camera uniformity measurements are currently
performed in clinical nuclear medicine imaging divisions.
Also, the additional hardware required for the TOF imple-
mentation would add considerable complexity and cost.
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Fig. 5. The energy spectrum for those time uncorrelated events detected within the accidental TOF gate window. The structure is due to radioactive decay

of isotopes near the detector.
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Fig. 6. The energy spectra for the events arriving in the true TOF window (dashed line), and the same spectrum after background correction (solid line)

resulting from subtracting the events arriving in the accidental window.

while the neutron beam is firing regardless of the TOF.
With the TOF windowing, events are only counted during
a certain time window. Beam correlated events may change
in number depending on the TOF. But, it appears that
the background radiation measured by both techniques is

In theory, both the Sample-Out technique and the TOF
technique would adequately measure beam uncorrelated
background; however, measurement of beam correlated
background would be different between the two techniques.
The Sample-Out technique measures all events that occur
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Iron Sample-Out vs TOF Accidentals
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Fig. 7. A comparison of the background acquired with the sample removed (Sample-Out: Solid Line) and the background acquired as events with time of
flight (TOF) in the accidental window (TOF Accidentals: dashed line). It is clear that both techniques provide equivalent estimates of the background and
that either a Sample-Out measurement or a TOF technique will provide excellent background correction. The inset zooms in on counts collected in the

energy range of 400-700 keV.

similar, rendering the differences insignificant. Neither
technique can adequately correct for detector dependant
background as both electron escape and Compton scatter
increase with increased gamma photons. These increase
when a sample is present during the proper TOF interval;
therefore, this increase cannot be recreated without a sam-
ple. A small number of events occurring during the proper
TOF with a sample present are background that cannot be
filtered out regardless of technique. This is indeed a small
amount of background events as both techniques greatly
improve SNR.

In spectral analysis, true peaks are typically identified
with a certain statistical certainty. Care must be taken to
propagate the counting errors during each step in the back-
ground correction process; thereby, ensuring the accuracy
of both the counting statistics and peak identification. This
is achieved in software by maintaining a data set that
includes both the spectral information (counts at each
energy level) and its corresponding statistical uncertainty.
Each time the spectral data is modified in the background
correction process, its corresponding uncertainty must be
updated as well. This update propagates the counting error
through the entire background correction process. Enough
initial data must be obtained so that the increase in count-
ing caused by the data manipulation error does not over-
whelm the benefits gained by background reduction.

NSECT has potential for a broad range of application in
both medical and biological research by providing a three-
dimensional map of the spatial distribution of all elements

(with the exception of H and He) in a subject from one scan.
There are no fundamental physical limitations to the detec-
tion sensitivity or spatial resolution of NSECT although
there may be considerable technological challenges as we
strive for high sensitivity at high spatial resolution.

Several potential applications for NSECT were identi-
fied in a previous work [2] including: cancer detection
(based on previous work where a change in elemental con-
centration was associated with malignancy [3-27]), mea-
surements of iron overload in the liver (important for
thalassemia patients; sickle cell patients at risk for stroke;
individuals with hemochromatosis mutations, and for
other patients who receive chronic blood transfusions
[28]), and small animal imaging. The demonstration of suc-
cessful background reduction provided by the current work
is an important fist step toward realizing each of these
applications.

5. Conclusion

In conclusion, we have demonstrated excellent potential
for NSECT as a spectroscopic imaging technique. Several
sources of gamma backgrounds have been identified and
corrections have been implemented. Corrected spectra for
NSECT projection acquisition from single-element phan-
toms have been presented. The equivalence of the two
background correction techniques demonstrates that ade-
quate background correction can be efficiently conducted
in the laboratory using the TOF technique and can be



336 C.E. Floyd Jr. et al. | Nucl. Instr. and Meth. in Phys. Res. B 254 (2007) 329-336

performed effectively in the clinical setting using the Sam-
ple-Out technique.
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Abstract—A new spectroscopic imaging technique, Neutron
Stimulated Emission Computed Tomography (NSECT), is cur-
rently being developed to non-invasively and non-destructively
measure and image elemental concentrations within the body.
NSECT has potential for use in breast imaging as several studies
have shown a link between elemental concentration and tumor
status. In NSECT, a region of interest is illuminated with a high-en-
ergy (3-5 MeV) beam of neutrons that scatter inelastically with
elemental nuclei within the body. The characteristic gamma rays
that are emitted as the excited nuclei relax allow the identification
of elements and the formation of elemental composition images.
This imaging technique requires high-resolution and high-energy
gamma spectroscopy; thereby eliminating current scintillation
crystal based position sensitive gamma cameras. Instead, we
propose to adapt high-energy gamma imaging techniques used
in space-based imaging. A High Purity Germanium (HPGe)
detector provides high-resolution energy spectra while a rotating
modulation collimator (RMC) placed in front of the detector
modulates the incoming signal to provide spatial information.
Counting the number of gamma events at each collimator rotation
angle allows for reconstruction of images. Herein we report on the
design and testing of a prototype RMC, a Monte Carlo simulation
of this camera, and the use of this simulation tool to access the
feasibility of imaging a breast with such a camera. The prototype
RMC was tested with a 22Na point source and verified that the
RMC modulates the gamma rays in a predictable manner. The
Monte Carlo simulation accurately modeled this behavior. Other
simulations were used to accurately reconstruct images of a point
source located within a 10 cm cube, suggesting NSECT’s potential
as a breast imaging method.

Index Terms—Biomedical imaging, gamma camera, gamma-ray
spectroscopy, neutrons, nuclear imaging, tomography.
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1. INTRODUCTION

element concentration and certain disease states. We
are developing a new elemental composition imaging tech-
nique, Neutron Stimulated Emission Computed Tomography
(NSECT), that has potential to both identify and classify suspi-
cious lesions within the breast [1].

NSECT generates elemental composition images by illumi-
nating the region-of-interest with a high-energy (3-5 MeV)
beam of neutrons. These neutrons scatter inelastically off
the body’s elemental nuclei, exciting them and causing them
to emit characteristic gamma radiation. By detecting these
gammas with a high-spectral-resolution detector, it is possible
to identify the elements present within the sample. Furthermore,
gathering these gammas in a tomographic geometry allows for
the formation of elemental concentration images [2], [3].

Several studies have shown trace element concentration may
be able to distinguish between malignant and benign tumors in
the breast [4]-[8], possibly due to the elements’ roles in DNA
and nucleotide excision repair (e.g., As, Cd, Co, Mg and Zn) or
toxicity at high levels (e.g., Cu, Se, Sb) [5], [9]. Unfortunately,
current methods for measuring elemental concentrations are not
compatible with in vivo methods [4], [6], [10]-[18]. NSECT has
the potential to non-invasively measure and image elemental
concentrations; thereby, it has the potential to identify and map
regions of the breast containing elemental abnormalities. One
non-invasive scan could be developed to detect and classify
suspicious areas of tissue as malignant, benign or normal.
There are several possible advantages to NSECT imaging of
the breast. One, the high penetration of neutrons may be more
effective in imaging of dense breasts. Two, imaging could be
performed in the more comfortable “pendant breast” position.
Three, both identifying and classifying suspicious lesions in
one step could eliminate a large majority of follow-up exams
or biopsies, thereby simplifying and speeding diagnosis and
treatment.

NSECT requires high-resolution, high-energy (up to several
MeV) gamma spectroscopy that cannot be achieved via conven-
tional nuclear medicine scintillation cameras. The cameras op-
erate in too low of an energy range and are limited by collimator
and crystal size [19]. Instead, we currently obtain spectral infor-
mation with High Purity Germanium (HPGe) semi-conductor

SEVERAL studies have found a correlation between trace
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detectors that provide approximately 1% full width half-max-
imum (FWHM) energy resolution over the energy range of in-
terest (0.3—1.5 MeVs). HPGe detectors are the preferred choice
for high-energy spectroscopy [20]. These detectors are 7 cm di-
ameter single crystal elements and therefore provide no spatial
information. In order to obtain spatial information while still
using the single crystal HPGe detectors, we are currently inves-
tigating adapting space-based imaging technology [21]-[23]. A
rotating modulation collimator (RMC), consisting of two par-
allel slat collimators, is placed in front of the HPGe detector.
As the RMC rotates it modulates the incident gamma flux in
a manner predicted by its geometry. The modulation profile
(number of incident gammas at each RMC angle) of a single
point source is unique to that source’s location in space. Using
this property it is possible to reconstruct images by measuring
the intensity of incident gammas at each collimator rotation
angle. To reconstruct images the RMCs need only to provide
adequate modulation, not absolute collimation of gamma rays.
This collimator design has already proven functional in the far
field within the NSECT energy range of interest [24]—[28].

We recently studied the theoretical geometry of such a system
in the near field and determined a simple geometric model to
predict modulation profiles based on a point source’s location
in space [23]. This model showed that the modulation profile
from a point source in the near field is a simple peak over one
180° RMC rotation and that this modulation profile is unique to
the point source’s location in 180° of three-dimensional (3-D)
space. Three properties define the modulation profile’s shape: 1)
peak location, 2) FWHM, and 3) peak height. The peak location
in the modulation profile corresponds to the angular location of
the point source in polar coordinates. The FWHM is determined
by the distance of the point source from the axis of rotation.
When a point source is located on the axis of rotation no mod-
ulation will occur. As the point source moves farther from the
axis of rotation the peak becomes more distinct and the FHWM
decreases. The peak height depends on the source to image dis-
tance (SID), and peak height decreases according to the inverse
square law [23].

The uniqueness of a point source’s modulation profile al-
lows reconstruction of images. When a gamma producing object
(point source or extended) is viewed by the system, an observa-
tion matrix (gamma counts at each collimator angle) is obtained.
The observation matrix for an extended object can be thought
of as the sum of all the modulation profiles for each pixel com-
prising that object. To reconstruct images a probability matrix
must be generated by determining the modulation profile for
each pixel in the imaging plane. Using both the probability ma-
trix and the observation matrix, images are reconstructed with
the Maximum Likelihood Expectation Maximization (MLEM)
algorithm [29]. While one camera view is sufficient to recon-
struct a point source image, multiple camera views are neces-
sary to provide enough complementary information to recon-
struct images of extended images. For a more detailed descrip-
tion of the imaging and reconstruction method, please see [23].

The objective of this study is to design and test a prototype
camera, create a Monte Carlo simulation tool for this camera,
and use this simulation tool to assess the feasibility of imaging
the breast. The manuscript is organized as follows. The methods
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Fig. 1. Schematic of RMC camera system.

section provides an overview of the camera and its coordinate
system and then describes the design, construction and testing
of a prototype RMC to verify the near-field geometry. The sec-
tion also describes the development of a Monte Carlo simula-
tion to mimic the experimental setup. To assess the feasibility
of imaging a breast-like object, the simulation of a 10 cm % 10
cm X 10 cm field-of-view (FOV) as viewed by multiple cam-
eras is also described. The results section presents the compar-
ison between the experimental data and the simulated data to
confirm the validity of the Monte Carlo simulations. The re-
construction of simulated point sources in a volume is also pre-
sented. Finally, the discussion section summarizes the findings
of this study, lessons learned from the experiment and the fea-
sibility of breast imaging via NSECT.

II. METHODS

A. RMC Layout and Coordinate System

A schematic representation of the RMC camera is shown in
Fig. 1. The object space x,y,z coordinate system is fixed at the
detector face with the X,y plane (target plane) flush to the de-
tector face and the z-axis extending out of the detector as the
axis of rotation. The Monte Carlo simulation uses the target
plane when directing the path of gammas. The image plane is a
plane parallel to the face of the detector and positions of gamma
sources on this plane are defined by their x,y,z object space lo-
cation. The z-distance (SID) is measured from the face of the
detector to the image plane. The z-distance between the two
collimators is referred to as “height.” With the collimator slats
aligned horizontally (parallel to the x-axis), the slats are a cer-
tain “slat width” in the y-direction and have a ‘slat height’ in the
z-direction. The distance between the slats is referred to as the
“slot width.”

B. Prototype RMC Construction

A prototype RMC was constructed (Fig. 2). Extruded alu-
minum was used to build a rectangular frame. This frame held
two collimators comprised of lead slats separated by plastic
‘slots.” A piece of plastic PVC pipe was fitted around each end
of the frame, and the entire unit then rested on rollers. To rotate
the RMC, a steel ring gear was fitted around the frame and cou-
pled to a gear fixed to a computer controlled rotational stage.
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Fig. 2. Prototype RMC. A rectangular frame (A) holds the two collimators (B),
which are made of lead and plastic. These slats and slots can be switched out or
slid along the frame to test different configurations. The frame (A) is fitted inside
PVC pipe (C), which allows the RMC to roll on rollers (D). A metal ring gear
(E) attached to the frame is coupled to a plastic gear (F) mounted to a rotational
stage to provide controlled rotation.

TABLE 1
RMC TEST PARAMETERS

Constant parameters were: slat width: 0.5mm, slot width: 1.0mm, slat height:
15mm and point source energy: 0.511 MeV and 1.274 MeV. The point source
was always located along the y-axis, so the y-axis location was also a measure
of the source’s radius from the axis of rotation.

RMC Distance to Distance Between Point Source Location
Orientation  Detector (cm)  Collimators (cm) (radius, cm)
l 40 10 0.4,5and 6
2 40 20 0,3,4and 5
3 50 10 0,5,6and 7
4 50 20 0,4,5and 6

The prototype RMC was designed for flexibility, as the dis-
tance between the collimators can be varied, and the collimator
slats and slots can be exchanged for ones with different widths
and heights. Fig. 2 depicts the prototype RMC coupled to the
rotational stage.

C. Experimental Testing With Prototype RMC

To test the RMC’s ability to modulate gammarays, a 17.9 puCi
point source of >?Na (which emits both 0.511 MeV and 1.274
MeV gamma rays) was positioned at various locations within
the x,y image plane. Measurements were taken with an HPGe
detector located directly behind the rear collimator of the RMC.
The RMC orientation and point source locations are listed in
Table I. For each RMC orientation, modulation profiles were ob-
tained for four different point source locations by recording the
number of gammas detected in a two-minute timeframe at 10°
intervals between 0° and 180°, resulting in 19 measurements
per location. Fig. 3 is a picture of the experimental setup.

D. Monte Carlo Simulation

A model world consisting of a gamma-ray point source, two
collimators and a HPGe detector was developed in the GEANT4
Monte Carlo simulation package [30] (see Fig. 4). The simula-
tion setup includes collimators modeled as slats floating in space
with no structural support or separators. In reality a support
structure would be necessary, and should be constructed from

Fig. 3. Experimental setup including: HPGe detector, RMC and point source
on the image plane (the poster board).

Collimators
Point source

Height \

(0.y)

-»
Slat Height

Fig. 4. Schematic of the GEANT4 simulation with the point source, two colli-
mators, and HPGe.

material with a low-attenuation coefficient. Simulating only the
point source, slats and detector results in a less-complex and
faster-running simulation. This simulation allows for changes
to the following collimator dimensions (slat width, slot width,
slat height, distance between collimators (height), distance to
source (SID), slat material and collimator offset), as well as,
point source location and strength.

The simulation proceeds as follows:

A true gamma point source emits gammas in all directions
with only a small fraction reaching the detector. To save simu-
lation time, the gammas emitted from the point source are aimed
only in the direction of the detector. However, if they were
aimed solely at the detector face, the solid angle of the emitted
gammas would decrease as the SID increased. This solid angle
inconsistency would prevent comparison of modulation profiles
obtained for gamma sources at different locations. To ensure
that a detector located 5 cm away sees four times the number
of gammas as one located 10 cm away, the solid angle is held
constant by aiming the gammas at a “target plane” located at the
face of the detector (see Fig. 1). This target plane is increased
in size as the point source moves away from the detector and
gammas follow a path from the source to a randomly selected
location on the target plane.

To compare the GEANT4 simulations to the experimental
data, simulations were conducted with both 0.511 MeV and
1.274 MeV point sources generating 100 000 counts at each col-
limator angle from 0° to 180° in 10° increments. The simula-
tions were conducted in the same configurations as used to test
the prototype (see Table I).
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Fig. 5. Hypothetical NSECT breast imaging system with four RMC cameras
located beneath the pendant breast and a portable neutron source illumining the
breast.

Fig. 6. Four identical fields-of-view as seen by one RMC camera located at the
origin. This is equivalent to imaging one FOV with the four different RMCs.

TABLE II
PROBABILITY MATRIX SIMULATION PARAMETERS

The following parameters were constant: slat width 2 mm, slot width 2 mm,
slat height 20 mm, height 5 cm. The collimator was rotated in 5° steps and
10,000 0.511 MeV gammas generated at each angular increment. The point
source was located in 2 cm increments in the FOVs outlined below.

Dimension in x Dimension in y Dimension in SID

Quadrant Direction (cm) Direction (cm) (z) Direction (cm)
1 3to 13 3to 13 10 to20
2 -3to-13 3to 13 10 to 20
3 -3to-13 -3to-13 10 to 20
4 3to13 -3to-13 10 to 20

E. Simulation and Reconstruction of 3-D Images

A possible “pendant breast” imaging system could be setup
as in Fig. 5 with four RMC cameras located below the breast.
To demonstrate reconstruction of a 3-D FOV GEANT4 simula-
tions were conducted for a 10 cm x 10 cm x 10 cm volume (2
cm? pixels). For each pixel a GEANT4 simulation was run, gen-
erating a modulation profile for that pixel. The modulation pro-
files were then combined into a single probability matrix. Our
previous research has shown multiple camera views enhance re-
construction [23]; thus, a simulation was run for quadrant 1 and
quadrant 2 as depicted in Fig. 6. Two other camera views (quad-
rant 3 and 4) were obtained by using mirror images of calculated
quadrants. Simulation parameters are outlined in Table II.

Initially it seems counterintuitive that observation profiles
generated with mirror images of quadrant 1 and 2 would pro-
vide different information to the system. However, it can be
shown that camera views corresponding to quadrants 3 and 4
provide new information to aid in image reconstruction. This
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Fig. 7. Pixel numbers for four imaging quadrants.

is best illustrated by example. Fig. 7 depicts the pixels in the
four different FOVs used in the simulation. If a point source is
located at pixel 17, its location in space is different according
to each camera’s point of view. Thus, each camera view will
obtain a different observation profile. The four different obser-
vations contain complimentary information allowing for clearer
reconstructions.

To generate images the following procedure was followed.
First, a 3-D 6 X 6 X 6 matrix “true image” was generated by
giving point sources a value of 100 and background pixels a
value of 0. Second, for each quadrant, the true image was mul-
tiplied by the probability matrix to generate an observation ma-
trix. Finally, each observation matrix and corresponding proba-
bility matrix were fed into the MLEM algorithm for reconstruc-
tion. All four camera views were reconstructed at once. For fur-
ther detail on MLEM reconstruction with multiple camera views
please see [23].

III. RESULTS

A. Experimental Tests of the Prototype RMC

The prototype camera modulated the incoming gamma rays
in the manner predicted by the geometric model of the RMC’s
behavior [23]. No modulation was observed when the point
source was located at the axis of rotation; when the radius
increased, the modulation profiles thinned. The modulation
profiles for the 1.274 MeV gammas were less distinct than those
for the 0.511 MeV gammas. This is due to both an increased
gamma ray penetration of the lead slats and a decreased number
of gammas as *?Na produces half as many 1.274 MeV gammas
as 0.511 MeV gammas. Fig. 8 depicts modulation profiles from
RMC orientation 4 (SID 50 cm, height 20 cm) for the four
different point source locations and is representative of the
results obtained from the four different RMC orientations.

B. Monte Carlo Simulation

The Monte Carlo simulation produced similar modulation
profiles to those obtained experimentally. Accurate modeling



1502

0.511 MeV SID50 H20 1.2 MeV SIDS0 H20

4500 4500
a 4000 4000
(= “
3 £
o 3500 3 3500
g —r0
—r4
3000 3000 rs
|——r6
2500 2500 I
0 50 100 150 0 50 100 150

Collimator Angle (deg) Collimator Angle (deg)
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tation 4. For easier comparison, the number of 0.511 MeV gammas has been
halved as twice as many are produced during 2 Na decay.
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Fig. 9. Experimental versus Monte Carlo results for RMC orientation 4 (SID
50 cm, height 20 cm, gamma energy 0.511 MeV) at four different radii. There

were more experimental counts than simulated data counts, resulting in error
bars located inside the markers for the experimental data.
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Fig. 10. Side by side comparison of modulation profiles obtained by experi-
ment (*) and Monte Carlo simulation (o) for both 0.511 MeV (left) and 1.274
MeV gamma energies (right). The data is from RMC orientation 1 and the point
source located at a radius of 5 cm.

of both 0.511 MeV and 1.274 MeV gammas was achieved (see
Figs. 9 and 10).
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Fig. 11. Modulation profiles obtained by experiment (), Monte Carlo simu-
lation (o) and geometric model (- -) of a point source located at a 5 cm radius
and SID 40 cm (left) and SID 50 cm (right). The data from each SID 50 cm data
set was normalized by the maximum counts from the 40 cm data. The RMC had
the following geometry: height 10 cm, slat height 1.5 cm, slat width 0.05 cm,
and slot width 0.1 cm.

C. Comparison of Experimental and Simulated Results

In Figs. 9 and 10, visual comparisons of the experimental and
Monte Carlo results show similar profiles are obtained. Septal
penetration in both the experiment and simulation results in
less distinct modulation profiles for the 1.274 MeV gammas.
In Fig. 10 the distinct peak seen in the 0.511 MeV data is hardly
visible for the 1.274 MeV data.

The modulation profiles from the experimental, Monte Carlo
and geometric model [23] are shown in Fig. 11. The figure
shows modulation profiles for SID 40 cm and SID 50 c¢m, nor-
malized to the SID 40 counts. Note how the peaks of all three
profiles are aligned, but that only the experimental and Monte
Carlo data are similar because the geometric model is unable to
account for penetration of the lead slats. The figure also reflects
the decrease in counts that occurs when the source is moved
farther from the detector. From 40 cm to 50 cm, 1/r? decreases
36%; correspondingly, the peak counts decrease about 30%.

The geometric model predicts that no modulation will occur
when a point source is located on the axis of rotation. This
is also the maximum number of counts that can be obtained
from a point source located anywhere on a plane parallel to the
front face of the detector located a certain SID away. For each
RMC orientation in Table I, the counts were recorded for a point
source located on the axis of rotation and the average of these
counts used to normalize the modulation profiles obtained from
other point source locations at that RMC orientation. This al-
lowed numerical comparison between the simulation and exper-
imental data. The counting error was propagated through nor-
malization resulting in normalized experimental counts: E+ o,
and normalized simulated counts: S 4 gg. Count rates are con-
sidered to have an error of =0 where ¢ is defined as the square
root of the counts.

The number of overlapping data points (defined as a point
plus or minus its error) was counted for each data set and the
percentage of overlapping points calculated. For point source
locations not on the axis of rotation there were 19 data points (1
every 10°) while for sources on the axis of rotation there were
only 10 data points (1 every 20°). Better agreement was seen for
the 1.274 MeV data than the 0.511 MeV data with only 2 data
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TABLE III
SUMMARY OF COMPARISON BETWEEN MONTE
CARLO SIMULATION AND EXPERIMENTAL DATA

Percent overlap over 68% (i.e. greater than one standard deviation)
is highlighted in gray.

SID Height Radius % Overlap % Overlap
(cm) (cm) (cm) 0.5 Mev 1.2 MeV
40 10 0 80 80
4 73.7 84.2
5 63.2 894
6 21.1 15.8
40 20 0 70 70
3 36.8 94.7
4 52.6 68.4
5 57.9 78.9
50 10 0 80 90
5 63.2 84.2
6 78.9 84.2
7 52.6 473
50 20 0 100 70
4 52.6 89.4
5 68.4 78.9
6 52.6 89.4
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Fig. 12. 2-D slices of the true image. Each slice is of the X,y plane.
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Fig. 13. 2-D slices of the 3-D reconstructed volume.

sets matching below 68% (one standard deviation). Results are
shown in Table III.

D. 3-D Reconstruction

Utilizing all four camera views at once, it was possible to
reconstruct point sources located within the three-dimensional
(3-D) volume. Fig. 12 depicts two-dimensional (2-D) slices of
a point source true image and Fig. 13 shows the subsequent
reconstruction.
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IV. DISCUSSION

To adequately visualize NSECT data it is necessary to
develop a position sensitive, high energy, gamma camera. A
Monte Carlo simulation that adequately models real-world
performance is essential for developing and designing a RMC
that provides adequate modulation for image reconstruction.
Herein we described the design and construction of a prototype
camera, the development of a Monte Carlo simulation and
provided reconstructions of a point source in a 3-D volume.

A prototype RMC allowed for experimental validation of the
near-field geometric behavior [23]. The RMC modulated the
gamma rays in a predictable manner, and those modulation pro-
files were unique to the point source’s location in space, pro-
viding proof of concept for the use of RMCs in generating im-
ages from near-field high-energy gamma rays.

While the modulation profiles were wide, and barely visible
for the 1.274 MeV gamma rays, it is encouraging that modu-
lation profiles were at all visible when using 0.5 mm in width
by 15 mm in height slats. This is not a large quantity of lead,
but absolute collimation of gamma rays is not necessary to re-
construct images, just adequate modulation. If some modulation
was achieved using those slats, it should be possible to identify
reasonable collimator parameters that provide adequate modu-
lation for reconstruction and maintain reasonable camera effi-
ciency within the expected energy range of NSECT (0.3 and
1.5 MeV).

The Monte Carlo simulation produces similar modulation
profiles to those obtained experimentally. In both the experi-
mental and simulated data the modulation profiles were less
distinct for the 1.274 MeV gamma rays than for the 0.511
MeV. This is expected because higher energy gamma rays have
greater penetrating power. Additionally, a decrease in overall
counts was observed as the source was moved farther from the
detector, as expected.

While there was a visual similarity between the Monte Carlo
and experimental data, the numerical data analysis found that
the data sets for a wide range of implementation parameters
matched below one standard deviation. This indicates a less than
ideal match. There are many factors that would prevent a closer
match between the experimental and simulated data. In the pro-
totype the slats and slots were not perfectly aligned, the slots
were comprised of plastic and not air, the aluminum frame and
ring gear attenuated some of the gamma rays and the 0.511 MeV
gammas from ??Na were not from a specific point, but rather
they were generated by the annihilation reaction and therefore
have an inherent blur. Separately, all these discrepancies are ex-
pected to have minimal effects on the measured modulation pro-
files. We are currently studying the system tolerance for slat
alignment and initial results show a high tolerance for offset.
Plastic has a low attenuating effect on high-energy gammas. The
frame and gear were not in the flight path of a majority of the in-
cident gammas. The inherent annihilation blur is on the order of
millimeters. However, when all of these discrepancies are com-
bined, the net result will be experimental modulation profiles
that are slightly different from those generated in an ideally con-
figured simulation. A large majority of the mismatched camera
orientations and point source locations were with the 0.511 MeV
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gamma rays. These gammas are more likely to be modulated
than the higher energy 1.274 MeV gammas. Thus, camera ori-
entation inconsistencies are more likely to be highlighted by the
0.511 MeV gammas than the 1.274 MeV gammas.

Despite these disparities the Monte Carlo simulation environ-
ment is an adequate tool for use in identifying RMC parameters
that can be used to image gamma rays in the near field. The RMC
has eight parameters (SID, height, slat height, slat width, slot
width, field-of-view, slat alignment and slat material) that all af-
fect modulation profiles and consequently image reconstruction
quality. It is far more practical to iterate through these param-
eters in a simulation environment and establish a RMC design
that functions in the energy range of interest to provide images
feasible for clinical applications.

Once an adequate RMC orientation is identified, future gen-
erations of cameras can be constructed taking into account the
lessons learned from the prototype camera. Specifically 1) the
aluminum frame and steel ring gear were too bulky and attenu-
ated some the gamma rays and 2) the small area of the first colli-
mator limited the field-of-view. The distance of the source from
the axis of rotation is limited by the ratio of SID to height multi-
plied by the difference between the radius of the collimator and
radius of the detector face. Gamma rays from sources located
greater than this distance away from the axis of rotation would
come over the top of the first collimator and only be attenuated
by the second. Many modifications can be incorporated into the
next generation RMC design such as a less bulky, less attenu-
ating frame and drive mechanism and a larger first collimator
that permits an adequate FOV.

The RMC modulates the incident gamma rays in a manner
unique to their location in space. Although the information
recorded is only one dimensional (counts at each collimator
angle), the information contains a signal unique to a location in
three-dimensional space. Adequate reconstruction was achieved
of point sources within a 3-D volume. This reconstruction was
performed by reconstructing the entire volume at once and
not by stacking two-dimensional slices (as in traditional CT)
because the information is inherently three-dimensional.

The small volume reconstruction presented in this study,
while primitive and limited in scope, is a critical step towards
the application of NSECT to breast cancer imaging. Several
additional issues need to be addressed so that NSECT can
become a viable breast imaging tool. These issues include, but
are not limited to: dose, quantity of trace elements necessary to
distinguish between malignant and benign tissue and develop-
ment of a position sensitive gamma camera. We are currently
investigating these issues [1], [31], [32].

V. CONCLUSION

To summarize, we have built and successfully tested a pro-
totype RMC. To our knowledge, this is the first successful ex-
perimental demonstration of an RMC modulating gammas in
the near-field. Modulation was consistent with the predicted
near-field behavior.

We have also demonstrated development of a Monte Carlo
simulation that accurately models the near-field RMC behavior.
There are eight RMC variables to optimize and iteration on
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each variable in a simulation environment will help to deter-
mine how each effects gamma modulation and subsequent re-
constructed images. Use of this environment will allow us to
identify an RMC design that will produce images feasible for
clinical applications. In terms of breast imaging, we must iden-
tify an imaging configuration with an adequate FOV to image
the entire breast and resolution comparable with other nuclear-
medicine applications.

Additionally, data from the Monte Carlo environment demon-
strates that 3-D image reconstruction is possible with the RMC
concept. Imaging the elemental composition will possibly allow
identification and classification of breast tumors in one non-in-
vasive scan.

In conclusion, the design of a near field, high energy, gamma
camera is a necessary step for NSECT development and its ap-
plication as a breast imaging tool. This high-energy resolution
gamma camera also has other possible nuclear medicine uses
including dual-isotope imaging.
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Abstract

A Monte Carlo simulation has been developed for neutron stimulated emission
computed tomography (NSECT) using the GEANT4 toolkit. NSECT is a
new approach to biomedical imaging that allows spectral analysis of the
elements present within the sample. In NSECT, a beam of high-energy neutrons
interrogates a sample and the nuclei in the sample are stimulated to an excited
state by inelastic scattering of the neutrons. The characteristic gammas emitted
by the excited nuclei are captured in a spectrometer to form multi-energy
spectra. Currently, a tomographic image is formed using a collimated neutron
beam to define the line integral paths for the tomographic projections. These
projection data are reconstructed to form a representation of the distribution
of individual elements in the sample. To facilitate the development of this
technique, a Monte Carlo simulation model has been constructed from the
GEANT4 toolkit. This simulation includes modeling of the neutron beam
source and collimation, the samples, the neutron interactions within the
samples, the emission of characteristic gammas, and the detection of these
gammas in a Germanium crystal. In addition, the model allows the absorbed
radiation dose to be calculated for internal components of the sample. NSECT
presents challenges not typically addressed in Monte Carlo modeling of high-
energy physics applications. In order to address issues critical to the clinical
development of NSECT, this paper will describe the GEANT4 simulation
environment and three separate simulations performed to accomplish three
specific aims. First, comparison of a simulation to a tomographic experiment
will verify the accuracy of both the gamma energy spectra produced and the
positioning of the beam relative to the sample. Second, parametric analysis of
simulations performed with different user-defined variables will determine the
best way to effectively model low energy neutrons in tissue, which is a concern
with the high hydrogen content in biological tissue. Third, determination of
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the energy absorbed in tissue during neutron interrogation in order to estimate
the dose. Results from these three simulation experiments demonstrate that
GEANT4 is an effective simulation platform that can be used to facilitate the
future development and optimization of NSECT.

1. Introduction

This paper describes the use of the GEANT4 (Agostinelli et al 2003) toolkit to develop
Monte Carlo simulations of a new, non-destructive, spectroscopic imaging technique, neutron
stimulated emission computed tomography (NSECT) (Floyd et al 2004, 2006, 2007, Kapadia
2007). NSECT uses a beam of high-energy neutrons (2—10 MeV) to stimulate the nuclei of the
elements within a sample. Through inelastic scatter, these nuclei are excited and then decay
rapidly, each emitting their own characteristic gamma ray. Analysis of the emitted gamma
spectrum allows identification of the elements within the sample. Elemental concentration
images can be reconstructed by collecting separate gamma spectra from multiple neutron
interrogation lines within the sample. This tomographic method is similar to first-generation
CT techniques (Kapadia 2007).

The logistics of securing a neutron beam source and the time-consuming nature of
performing experiments make the development of a simulation environment a desirable design
methodology for NSECT. Monte Carlo computer simulations permit the modeling of nuclear
interactions and offer a valuable tool for the rapid design, development and testing of NSECT
materials, techniques and configurations. The GEANT#4 toolkit’s main design purpose is the
simulation of high-energy particles interacting with matter in high energy physics applications.
It was selected for NSECT Monte Carlo simulations primarily because its design encompasses
NSECT’s domain of interest: high-energy neutron interactions in matter. GEANT4 offers
many features such as geometry visualization, adjustments to the model at runtime, and user
control over tracking particles and reporting interactions. The GEANT4 toolkit is a collection
of C++ class libraries and the GEANT4 Neutron Data Libraries (G4NDL) (Agostinelli
et al 2003).

This paper will first describe the GEANT4 simulation environment created to model
the NSECT spectral interrogation and imaging process. It will then describe three models
developed in this environment: an ‘N’ phantom comprised of independent sections of iron and
copper, and two biological tissue models, one of the breast and one of the liver. Finally, three
simulations involving these models will be described: (i) a simulation to mimic an NSECT
experiment and verify the simulation environment, (ii) a simulation to determine appropriate
handling of neutron interaction with hydrogen-rich tissue and (iii) a simulation to determine
energy deposited in tissue to estimate the radiation dose. These simulations will be used to
address the following modeling issues: the relative motion between the beam line and the
sample, the effective modeling of very low energy neutrons in tissue (where hydrogen scatter
is a concern) and the measuring of energy deposited in the tissue during neutron interrogation.

2. Methods

2.1. GEANT4 environment

A GEANT4 simulation environment is established by writing C++ applications and objects
that are linked with GEANT4 libraries (CERN). We have established a common GEANT4
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Figure 1. User-defined variables necessary to describe the experimental simulation.

C++ code base that all NSECT simulation applications utilize and build upon. This base
model includes the fundamental framework of the C++ code that may be reused from one
simulation to another. Additionally, the physical processes which are modeled, such as elastic
and inelastic neutron scattering, are the same for each application.

A flexible framework has been built atop this base code that allows the user to simulate
an NSECT experimental design. This framework includes a neutron source, a sample to be
interrogated and a high purity germanium (HPGe) detector. The sample can be rotated and
translated in order to simulate tomographic acquisitions. The parameters typically specified
by the user are outlined in figure 1.

The first experiment described herein is a tomographic simulation. These simulations are
accomplished in the following manner. All logical volumes, modeling constructs designed
to hold an object or material for a model, are assigned an angle about the vertical axis and a
displacement along the horizontal axis. Along with these values, step sizes are assigned so that
the tomographic experiment can be implemented by specifying the integer angular step and
the integer lateral step. These are specified through the Messenger class, which is a class that
allows the modification of model parameters during a simulation run. To achieve tomographic
reconstruction each sample can be translated through X steps at ¥ number of angles. These
commands are input into the simulation at runtime and rebuilding is not necessary for each
configuration.

Simulations involving models of biological tissue present a problem as tissue contains an
abundance of hydrogen. Hydrogen nuclei have a high probability of elastically scattering with
an energetic neutron. The elastic scattering depletes the neutron’s energy without emitting
energy in the form of photons. As initially configured, GEANT4 has no default lower energy
limit on the tracking of a neutron. In hydrogen rich environments (such as a simulation of
neutron interactions with biological tissue) some neutrons continue to scatter elastically with
hydrogen nuclei many thousands of times until their energy becomes less than an electron volt
and they are eventually captured by a nucleus or escape from the simulation world. While this
is an accurate representation of the neutron’s behavior, a large fraction of the simulation time
is devoted to these low energy neutron events that are of little interest to NSECT research. For
example, in one simulation that tracked 1 million incident neutrons, the tracking of a single
neutron as it slowly lost energy scattering from hydrogen more than doubled the simulation
time.
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Figure 2. The ‘N’ phantom made from bars of copper (black) and iron (gray).

GEANT4 includes user-defined input variables that provide a mechanism to limit the
tracking of particles in any of the model’s logical volumes with the logical volume’s
SetUserLimit method. This method allows limits to be imposed on particles tracked within
the specified volume based on one of the following four parameters: track length, time, kinetic
energy, or remaining range. The latter two limits are applicable only to charged particles.
To limit the tracking of neutrons the GEANT4 documentation recommends the selection of
a time constraint and the second experiment described herein was conducted to determine an
acceptable setting for this variable (CERN).

Of note, the GEANT4 framework needs only to be compiled once. Models are built
with the GEANT4 release 4.6.1 using the Gnu C++ compiler built by Apple for OSX.
Environment settings are then specified as input variables at the beginning of a simulation
run. All calculations present herein are performed on a Macintosh G5 class computer running
the OSX operating system. Additionally, a correction was made to the G4NDL cross sectional
tables for Chlorine. What should have been a numerical value in the table was incorrectly
published as ‘not a number’ (NaN). This is a known problem with the table and we followed
the GEANT4 online user forum’s suggestions (CERN 2007) and replaced the ‘NaN’ with a
value of 0.0 that is consistent with neighboring values.

2.2. Experimental model environments

Three experimental models were developed for use in simulating various NSECT experiments:
an ‘N’ phantom made of copper and iron, a biological model of the breast and a biological
model of the liver. For all experiments described below the HPGe detector is modeled as a
solid cylinder of germanium, 8 cm in diameter and 10 cm long.

2.2.1. The ‘N’ phantom environment. 'The ‘N’ phantom application is designed to simulate
the experimental conditions used to tomographically image a multi-element phantom with
NSECT (Kapadia 2007). The simulated ‘N’ phantom is modeled as four rectangular solids
corresponding to the four bars used in the physical phantom. Each rectangle is 0.3 cm thick,
6.0 cm long and 2.5 cm wide. The four bars are arranged into the shape of the letter ‘N’ as
shown in figure 2. The two upright legs are constructed of copper, and the diagonal legs are
constructed of iron. Both elements are modeled in their naturally occurring isotopic ratio.
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Figure 3. View 1 (a) and view 2 (b) of the breast phantom.
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Figure 4. Coronal view (a) and transverse view (b) of the liver phantom.

This phantom was then placed in a GEANT4 model world consisting of a neutron source that
emits 7.5 MeV neutrons and an HPGe detector. The beam is modeled as a square profile with
no beam divergence. The HPGe detector is located 14 cm from the ‘N’ phantom off axis from
the beam line at 45° within the plane defining a trans-axial slice of the phantom (see figures 5
and 6). All dimensions were set to mimic the actual experimental setup.

2.2.2. The biological model environments. Two different applications were created to
simulate NSECT imaging on biological tissue, a breast model and a liver model. The primary
use of the breast model was to determine the absorbed energy in order to estimate the absorbed
dose. To simplify these dose calculations that depend on exposure volume, the breast is
modeled simply as a cylinder 14.0 cm in diameter and 10.0 cm long. It is placed in a GEANT4
world with a neutron source where the neutron energy could be specified at runtime, and
an HPGe detector. Figures 3(a) and 3(b) depict two views of the breast model environment
geometry.

The geometric design for the liver model is more complex and is formed from one cylinder
and two truncated cones (see figures 4(a) and (b)). One quarter of the volume of this assembly
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Table 1. Component table for the breast and liver. Tissue density: 1.200 g cm 3,

Breast fractional ~ Liver fractional

Element  mass (%) mass (%)
(0] 61.43 61.43
C 22.86 22.86
H 9.88 9.62
N 2.57 2.57
Ca 1.43 0.01
P 1.11 1.11
K 0.20 0.99
S 0.20 0.79
Na 0.14 0.24
Cl 0.14 0.28
Mg 0.025 0.06
Fe 0.007 0.02
F 0.004

Zn 0.003 0.01
Si 0.003

Cu 0.02

is then removed to more accurately model the shape of the human liver in the region of the
spleen. This cut-out can be seen in figure 4(a). In all figures the white ellipses show the outline
of the trunk of the body.

The elemental composition by weight for the breast and liver tissue used in the above
models is shown in table 1 (Floyd et al 2006, NIST 2007, Bender et al 2007).

In GEANT4, the model developer specifies the atomic weight and number for each
element, and then the percentage of each element within the sample. For this model, naturally
occurring isotopic abundances were used for each element. The densities of the organs were
artificially enhanced from the actual density of 1.02 gcm™ to 1.2 g cm ™ to increase the gamma
yield. The implications of this density increase are addressed in the discussion section.

2.3. Simulation experiments

2.3.1. The ‘N’ phantom experiment. Using the ‘N’ phantom environment the following
experiment was conducted to mimic the tomographic acquisition of the physical phantom in
a nuclear laboratory described in Kapadia (2007). In this experiment, a 7.5 MeV neutron
beam was created from an accelerated deuteron beam through the 2H(d,n)3He reaction and
was collimated to be 7 mm square. The sample rested on a stage which was translated and
rotated across the beam line to acquire tomographic projections. There were 11 translation
stage stops at intervals of 8 mm, at each of which there were eight rotations at intervals of
22.5°. This resulted in a total of 88 projection sets. All 88 experimental projections were also
simulated in the GEANT4 environment.

Gamma production in the sample was measured in the germanium crystal detector. Out
of all the gamma rays produced in the sample due to inelastic scattering of a neutron with a
target nucleus, only a small fraction will enter the HPGe detector. Of these gammas entering
the crystal, only a fraction will deposit their energy into the detector through one or more
interactions in the germanium crystal. The total energy deposited per gamma is the sum of
the deposited energy from each of these interactions. This information was used to generate
a gamma emission energy spectrum of the sample at each projection.
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Figure 5. Graphic output of GEANT4 depicting one projection of the simulated tomography
experiment using the ‘N’ phantom.

2.3.2. User-defined limits experiment. To determine an appropriate time limit (in ns) for
tracking the lifetime of the neutrons, we examined five output variables (runtime, number of
neutrons affected by the cap, number of detector events, energy deposited in the detector and
energy deposited in the target) for simulations of 1 million neutron histories for six different
neutron lifetime cutoffs (20, 100, 200, 500, 1000 and 2000 ns). This simulation was performed
in all three environments outlined above as each phantom had different concentrations of
hydrogen, a primary contributor to neutron inelastic scattering.

2.3.3. Estimate of the radiation dose. Simulations were conducted on the two biological
models to determine the amount of energy absorbed in the target. This value was then used to
obtain a dose estimate. Each simulation consisted of 1 million incident neutrons at 7.5 MeV
contained in a 1 cm square beam with a square profile. Energy deposited in the sample due to
both neutron and other secondary interactions (such as gamma absorption) was reported for
each incident neutron and appropriate dose calculations were then performed.

3. Results

3.1. ‘N’ Phantom

Our first simulation successfully simulated the tomography experiment. Figures 5 and 6 show
the phantom at three different projection orientations from the tomography simulation.

In figures 5 and 6, neutrons are represented by black tracks, gammas by white tracks, and
the detector by a shaded cylinder. The neutron beam (solid dark lines) enters from the left.
The ‘N’ phantom in the upper right corner is shown with the outer copper pieces shaded dark
gray and the inner iron pieces shaded lighter gray. As can be seen, most incident neutrons do
not interact with the sample and simply pass through the phantom (solid dark lines exiting to
the right of the figure). Some neutrons scatter elastically and emerge at new angles. Neutrons
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(@) (b)

Figure 6. The phantom at the second (a) and third (b) of three different projection orientations.
As seen here, most neutrons pass through the phantom without any interactions.
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Figure 7. Comparison of experimental and simulated spectra for the ‘N’ phantom.

of interest to NSECT scatter inelastically and produce gammas (white tracks). A fraction of
these gammas are then stopped in the detector.

Figure 7 shows a comparison between the experimental spectra from the tomographic
acquisition of the iron and copper phantom (dashed black line) and the GEANT4 simulation
of the same experiment (solid gray line). There is very good agreement between the two
spectra for gamma energies above 500 keV and was achieved on the first run of the simulation.
This agreement provides convincing evidence that the GEANT4 simulations are accurately
representing the experimental conditions including the majority of the sources of gamma
backgrounds for energies above 511 keV (Kapadia 2007).

Additionally, a plot of the number of iron and copper counts at each projection was
compiled to determine if the simulation environment was translating and rotating the sample
as expected. Figure 8 is a comparison between the simulation and experiment for the iron
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Figure 8. Comparison of Fe counts achieved at all projections for the experimental and simulated

N

data.

Figure 9. Reconstructed simulated data. Left: copper, center: iron, right: combined copper and
iron reconstructions.

counts obtained at each projection. While the peaks are not completely overlapping, the
shape of the data is consistent. Some variation between the simulated and experimental setup
is expected because the experimental setup is prone to minor positioning errors originating
from the finite precision of the translation stage. In reality translation is only as good as the
translation and rotation stages that are being used, while in simulation, translation is perfect.
What is important is that the modulation trend in the number of gamma events is consistent
between the experimental and simulated data.

The simulated data were then reconstructed using the maximum likelihood expectation
maximization (MLEM) algorithm (Lange and Carson 1984) which was used to reconstruct the
original experimental data described in Kapadia (2007). Figure 9 shows the resulting image
after attenuation correction (Kapadia and Floyd 2005). The ‘N’ shape is clear and consistent
with the shape of the phantom. Both the modulation profile and match in reconstructed
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Figure 10. Monte Carlo runtime as a function of neutron lifetime cutoff limit for the three different
phantoms. @— breast phantom. - liver phantom. B- ‘N’ phantom.

images confirm that a different part of the phantom is being interrogated at each projection,
and therefore the phantom is being translated through the beam.

3.2. User-defined limits

The second simulation determined the effect of user-defined limits on five different aspects of
an NSECT simulation. The first aspect examined was runtime as a function of user-selected
cutoff on the neutron lifetime. The results are shown in figure 10, where a sharply decreasing
runtime for the breast and liver models is observed as the cutoff is lowered below 100 ns.

As expected, little effect from cutoff time was seen for the hydrogen-lacking ‘N’ phantom
model, and as the cutoff was raised to 2000 ns, the runtimes increase in the hydrogen-rich
biological models. While the minimum runtime would occur at a cutoff time that is less than
the time needed for neutrons to interact with the target, this would eliminate all reactions
of interest. Therefore, the following four parameters must be considered when choosing an
optimal cutoff time.

The second aspect examined was the fraction of incident neutrons whose lifetimes were
truncated by the user limit. The results are presented in figure 11. As expected, the fraction
was high for short cutoff lifetimes and then becomes asymptotically constant for longer times.

Again, no effect is seen for the hydrogen-lacking ‘N’ phantom. This fraction would have
a maximum value of 1.0 when the cutoff time was less than that necessary for the neutrons to
interact with the target.

The third aspect examined was the effect of user-defined limits on the number of detected
events (shown in figure 12). As gamma detection follows Poisson counting statistics, the
counting error in these measurements is the standard counting error for Poisson distributions,
which is the square root of the number of events detected. For each of the data points, these
errors are within the size of the figure markers.

As expected, there is a sharp decrease in detected events as the cutoff time becomes
shorter and the number of events becomes asymptotic as the cutoff time grows.

The fourth aspect analyzed was the impact of the cutoff time on the energy deposited in
the detector (shown in figure 13). It is difficult to discern any pattern as the results are variable
depending on the type of tissue, especially below 1000 ns. The error in measuring the energy
deposited depends on the energy resolution of the detector, which is less than 1% FWHM at
7.5 MeV. This error is within the confines of the figure marker.
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Figure 11. Number of neutrons that were terminated as a result of their exceeding the user-defined
cutoff on the neutron lifetime plotted as a function of the cutoff limit.
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Figure 12. Number of detected events in the HPGe detector as a function of the cutoff on the
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Figure 14. Energy deposited in the target volume as a function of the cutoff on the neutron lifetime.

For both figures 12 and 13 there would be no events or energy deposited in the detector
if the cutoff limit was shorter than the time necessary for neutrons to interact in the target and
stimulate a gamma event.

The final aspect examined was the dependence of the energy deposited in the target as a
function of the cutoff time (shown in figure 14).

This figure shows no impact over the range of cutoff values considered and there was
no change in the energy deposited in the sample as the time was varied from 20 to 2000 ns.
Therefore, the smallest lifetime cutoff of 20 ns is enough time for the neutrons to reach, interact
and deposit their energy in the sample. Because all energy is deposited in the sample within a
small timeframe, limiting the neutron tracking lifetime should not affect the measurement of
energy deposited in the sample. Only the non-instantaneous measurement of detected events
and energy in the detector will be affected by the neutron lifetime cutoff (figures 12 and 13).

Based on the above data we have chosen to run our simulations with a cutoff time limit
of 1000 ns. This choice will be further explained in the discussion section.

3.3. Estimate of the radiation dose

The third simulation was to measure the total energy deposited in the sample and use this value
to calculate the absorbed dose to the breast and liver. Based on the results from the second
experiment, the energy deposited in the target per 7.5 MeV incident neutron is 3.74 MeV for
the breast and 5.38 MeV for the liver (see figure 14). 82% of the incident neutrons were seen
to interact in the breast while 93% were seen to interact in the liver. From this data the total
energy absorbed in the breast and the liver was calculated for 1 million incident neutrons.
Using the total energy absorbed and the exposed volume of tissue we calculate the absorbed
dose to the breast and liver. To calculate the equivalent dose, the absorbed dose is multiplied
by the particle weighting factor for neutrons (10 at 7.5 MeV) (Turner 2004). For the breast,
the equivalent dose was calculated to be 0.498 mSv. The same computation for liver found an
equivalent dose of 0.239 mSv. Table 2 shows the complete calculations. Note that these dose
calculations are limited to the target organs only, not the entire body.

4. Discussion

In order to design a functional NSECT system, a valid simulation environment must be
developed. Due to the logistics surrounding the neutron beam source and the long experimental
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Table 2. Equivalent dose to the breast and liver.

Breast

Liver

Energy absorbed = number of
neutrons x energy deposited

Exposure volume

Density

Mass

Absorbed dose = energy absorbed
per kg of exposed tissue

Equivalent dose = Absorbed Dose x
particle weighting factor

1 x 10° neutrons x 3.74 MeV/
neutron x 1.6 x 10713 JMeV~! =
598 x 1077 J

10 cm?

12gem™

0.012 kg

5.98 x 1077J/0.012 kg = 4.98 x
10~5 Gray (J kg™")

498 x 107 Gray x 10 = 0.498
mSv

1 x 10° neutrons x 5.38 MeV/
neutron % 1.6 x 10713 J MeV~! =
8.61 x 1077 J

30 cm?

12gem™3

0.036 kg

8.61 x 1077J/0.036 kg = 2.39 x
10~5 Gray (J kg™")

239 x 107 Gray x 10 = 0.239
mSv

times, it is not practical to develop a system by experimentation alone. A simulation
environment allows more rapid development and iteration on new ideas and setups.

This paper demonstrates that the GEANT4 simulation environment successfully addresses
three major concerns of modeling NSECT: positioning of the beam line relative to the sample,
effective modeling of low energy neutrons in hydrogen rich tissue and measuring the absorbed
energy to quantify the dose.

The first simulation demonstrated successful modeling of the tomographic experimental
NSECT interrogation of the ‘N’ phantom. Due to the complexity of the Monte Carlo method,
the GEANT4 toolkit and the model, it is prudent to validate the simulations with experimental
data. The simulated spectra were in close agreement with experimentally acquired spectra.
This result indicates that GEANT4 can successfully model the gamma radiation due to neutron
inelastic scattering and the subsequent detection of the gammas in the HPGe detector crystal.
Additionally, the simulated tomographic runs achieved similar modulation in the energy
spectrum as that of the experiment, indicating that the model was able to produce a neutron
beam of expected width and successfully translate the phantom through this beam. This
simulation allowed comparison of both the spectral results and the tomographic results. It also
demonstrated the toolkit’s ability to generate legitimate gamma energy spectra and to simulate
the relative position between the beam line and the sample.

The second simulation was performed to develop a solution for a challenge presented
by simulation of biological tissue. Neutrons in a hydrogen rich environment are sometimes
slowed through elastic scatter and continue to ‘drift’ within the tissue sample for very long
computation times making the simulation far too slow to be feasible. A GEANT4 modeling
feature allows the limiting of tracking time for a neutron and the imposition of tracking
limitations in order to increase the speed of the simulation. In order to determine the effect of
these cutoff times, a parametric analysis was performed on all three models and an appropriate
time limit was determined.

The results of the user-defined time limit experiments have led us to choose a limit of
1000 ns. Implementation of this limit decreased the runtime of the code in general by a
factor of over 2 and in one extreme case runtime was decreased from over a week down
to 2 h. Initially it may seem reasonable to consider cutoff values less then 1000 ns as the
cutoff appears to have little impact on energy deposited in the target (figure 14). For example,
dropping the cutoff from 1000 ns to 100 ns would decrease the runtime by up to 30% (from
8000 s to 5500 s). However, the energy deposited in the detector appears somewhat unstable
for cutoff values less than 500 ns (figure 13). Additionally, a primary limitation for interpreting
the spectra from these simulations is the small number of detected events, and as the cutoff
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time is shortened there is a slight decrease in the number of events in the detector (figure 12).
For the above reasons, the cutoff should be kept as high as practical (1000 ns).

It is important to note that the measure of energy deposited in the target did not change
based on the cutoff time (figure 14). This finding bolsters confidence that, regardless of the
chosen cutoff time, the dose calculations will remain constant. This is important because a
major benefit of simulations is the ability to determine the dose in the interrogated tissue.

In the third and final simulation both the breast and liver models were interrogated to
determine energy deposited in tissue samples during an NSECT imaging exposure. This
quantity was then used to determine the radiation dose to a specific organ that results from
a typical NSECT interrogation of biological tissue. Both dose levels were below 1 mSyv,
which is the dose delivered by a standard two-view mammogram. To decrease simulation
time, experiments in this study are performed with an artificially enhanced tissue density. An
artificially enhanced tissue density results in a larger number of neutron scattering events per
incident neutrons, and therefore fewer incident neutrons are needed to generate a significant
number of gamma rays in the energy spectrum. In reality, with normal tissue density, a larger
number of incident neutrons would be necessary to generate a significant number of counts at
spectral energy peaks. However, while increasing the number of incident neutrons from 1 to
10 million would increase the dose by a factor of 10, the dose would increase to approximately
5 mSv, which is more than a mammogram but less than a chest CT (approximately 20 mSv).

5. Conclusion

This paper has demonstrated that the GEANT4 simulation environment produces accurate
gamma spectra and effectively models tomographic translations by mimicking an NSECT
experiment. A limit on neutron tracking has been determined that does not affect integral
simulation results and this limit has been used in a simulation environment to determine
the neutron dose. The data presented herein not only demonstrate the successful modeling
of the NSECT experimental acquisition environment, but also indicate that GEANT4 is an
adequate Monte Carlo toolkit for NSECT simulation. Given this powerful tool for simulating
the NSECT environment, rapid development of NSECT as a biomedical investigational tool
is envisioned.
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Neutron stimulated emission computed tomography (NSECT) is being developed to noninvasively
determine concentrations of trace elements in biological tissue. Studies have shown prominent
differences in the trace element concentration of normal and malignant breast tissue. NSECT has
the potential to detect these differences and diagnose malignancy with high accuracy with dose
comparable to that of a single mammogram. In this study, NSECT imaging was simulated for
normal and malignant human breast tissue samples to determine the significance of individual
elements in determining malignancy. The normal and malignant models were designed with differ-
ent elemental compositions, and each was scanned spectroscopically using a simulated 2.5 MeV
neutron beam. The number of incident neutrons was varied from 0.5 million to 10 million neutrons.
The resulting gamma spectra were evaluated through receiver operating characteristic (ROC) analy-
sis to determine which trace elements were prominent enough to be considered markers for breast
cancer detection. Four elemental isotopes ( I33Cs, 81Br, 79Br, and 87Rb) at five energy levels were
shown to be promising features for breast cancer detection with an area under the ROC curve (Ay)
above 0.85. One of these elements—°'Rb at 1338 keV—achieved perfect classification at 10 mil-
lion incident neutrons and could be detected with as low as 3 million incident neutrons. Patient dose
was calculated for each gamma spectrum obtained and was found to range from between 0.05 and
0.112 mSv depending on the number of neutrons. This simulation demonstrates that NSECT has the
potential to noninvasively detect breast cancer through five prominent trace element energy levels,
at dose levels comparable to other breast cancer screening techniques. © 2007 American Associa-

tion of Physicists in Medicine. [DOI: 10.1118/1.2775669]

Key words: Monte Carlo, neutrons, tomography, gamma-ray spectroscopy, breast cancer

I. INTRODUCTION

Neutron stimulated emission computed tomography
(NSECT) is a new technique being developed to noninva-
sively image the elemental composition of tissues within the
human body.k3 When a high-energy fast neutron
(2.5-5 MeV) inelastically scatters off an atomic nucleus, the
nucleus is excited, and a gamma ray is emitted. The energy
of the gamma is characteristic of the atomic nucleus with
which it interacted. By analyzing the energy levels of the
emitted gammas when a sample is bombarded with many
neutrons, the elemental composition can be determined.
Many studies have shown there to be a difference in the
elemental composition of normal, benign, and malignant tis-
sue in humans for a large variety of cancers, including breast
cancer,4_8 prostate cancer,9 and glioblastoma multiforme. '°
To determine compositional differences, these studies have
required invasive methods such as biopsy. The NSECT tech-
nique has the potential to measure these differences nonin-
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vasively, in vivo, with a reduced dose compared to four-view
screening mammography.2

NSECT has the potential to evolve into a powerful, low-
dose screening or diagnostic technology for breast cancer.
Numerous studies using x-ray fluorescence (XRF)*'" and
neutron activation analysis (NAA)&12 have shown increased
concentrations of trace elements in malignant breast tissue
compared to adjacent normal tissue. One XRF study showed
that there were elevated levels of Fe, Cu, Zn, and K in hu-
man breast tumor tissue when compared to healthy breast
tissue.'" This study utilized fluorescence emitted from the
elements in ex vivo breast tissue samples with a synchrotron-
based system. In XRF, tissue samples remain intact and there
is direct quantification of the elements, but the system neces-
sitates the use of biopsied tissue. Another study found that
malignant breast tissue has significantly higher concentra-
tions of 12 trace elements (Al, Br, Ca, Cl, Co, Cs, Fe, K, Mn,
Na, Rb, and Zn) when compared to adjacent normal breast
tissue.'? This study employed NAA, an invasive and destruc-

© 2007 Am. Assoc. Phys. Med. 3866
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tive technique, which typically involves freeze-drying of ex-
cised breast tissue."> Because measurements were made on
dried tissue, a wet-to-dry ratio had to be implemented in
order to convert values to ones relevant in intact breast tis-
sue. Additionally, NAA renders the interrogated sample ra-
dioactive. While NAA is high in sensitivity, it lacks the abil-
ity to be translated to a low-dose in vivo method.

We present NSECT as an imaging modality that has the
potential to be translated to the clinic, due to its noninvasive
nature. NSECT is intended to provide tomographic projec-
tions by scanning a sample with a high-energy fast neutron
beam, formed via the d(d,n)*He fusion reaction. We have
already demonstrated spectroscopic acquisition over a broad
energy range that encompasses many elements of interest for
biological imaging.l The present study uses Monte Carlo
simulations and receiver operating characteristic (ROC)
analysis to investigate the performance of different elements
in differentiating malignant and normal breast tissue at ap-
preciably low-dose levels, in accordance with the As Low As
Reasonably Achievable (ALARA) concept and at levels used
in currently approved screening techniques. Before evalua-
tions can be performed on anatomic models of the breast
containing lesions and nodules with trace element concentra-
tion differences, it must be tested whether it is possible to
detect any trace element concentration changes in the pres-
ence of all the scatter noise generated by the tissue. Hence
this study is restricted to single projection spectra of models
of bulk breast tissue to investigate the feasibility of NSECT
in trace element quantification to detect breast cancer.

II. METHODS
II.LA. Monte Carlo simulations

Monte Carlo simulations were designed using GEANT4."
Bulk breast tissue was modeled as an ellipsoid 10 cm
X6 cmX5cm. Two high-purity germanium (HPGe)
detectors" were modeled as cylinders of 5.32 g/cm? density
germanium with 12 cm diameter and 5 cm height. The two
HPGe detectors flanked the breast tissue and were separated
by 11.6 cm. The neutron source was modeled in GEANT4 as a
fast neutron (2.5 MeV) beam of 1 cm? area with a square
profile, which was directed incident upon bulk breast tissue.
See Fig. 1 for a schematic of the GEANT4 setup.

In the case of neutron inelastic scattering, the nucleus is
excited and emits a characteristic gamma ray. GEANT4 deter-
mines the direction of the emitted gamma, which may then
be deposited in one of the two gamma detectors. The gamma
ray energy deposited in each detector was tabulated to form a
gamma spectrum showing energy levels and corresponding
gamma counts, or intensity. The energy was then matched to
the element with which the neutron had an interaction, which
was deduced using a lookup table from the Evaluated
Nuclear Data Files (ENDF) database.'®

Breast tissue was modeled as either being normal or ma-
lignant, with elemental compositions]2 as seen in Table I.
Despite a broad distribution of concentrations in the malig-
nant specimens from the study in which these values were
derived, the authors were able to see significantly higher
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FI1G. 1. GEANT4 setup. Two HPGe detectors flank the breast tissue. Incoming
neutrons strike at the face of the breast.

concentrations of all elements in the freeze-dried malignant
specimens in comparison with the normal ones. The normal
breast tissue was modeled with a density of 0.93 g/cm?, and
the malignant breast tissue was modeled with a density of
1.058 g/cm®, which correspond to adipose tissue and
masses, respectively.17 Over 99% of the breast tissue is com-
prised of O, C, H, and N so we used a neutron energy
(2.5 MeV) low enough to avoid excitation of O, C, and N.
The 2.5 MeV was also high enough to excite the trace ele-
ments of interest. We did see neutron capture on H, which
was easily distinguishable. The remainder of the peaks can
be attributed to excitations from the trace elements, which
are of interest because they can be linked to malignancy.
One hundred simulations of 10 million incident neutrons
were run on both the normal and malignant models. For each
simulation, a new random seed was generated, which was
different between the malignant and normal runs, so that the
runs were uncorrelated. Additionally, 100 runs each of 0.5

TABLE 1. Breast tissue composition for normal and malignant models. The
percentages were calculated by first converting dry weights to wet weights.

Normal (%) Malignant (%)

Oxygen 61.429 61.429
Carbon 22.857 22.857
Hydrogen 12.649 12.510
Nitrogen 2.571 2.571
Chlorine 1.98E-1 2.15E-1
Sodium 1.85E-1 2E-1
Potassium 8.94E-2 1.96E—-1
Iron 9.8E-3 7.85E-3
Calcium 8.29E-3 1.13E-2
Zinc 1.17E-3 1.14E-3
Bromine 7.07E-4 6.55E-4
Aluminum 6.67TE—4 S5.7TE-4
Rubidium 5.98E-4 5.84E-4
Manganese 3.88E-5 3.16E-5
Cobalt 2.06E-5 1.98E-5
Cesium 3.27E-7 3.6E-7
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FiG. 2. Spectrum of 10 million incident neutrons from the normal breast
model. The circles represent energy levels at which the counts exceeded 40
and at which the counts exceeded all counts in a +10 keV window. Labels
are provided for those peaks that matched elements found in the modeled
breast tissue.

million, 1 million, 2 million, 3 million, and 5 million inci-
dent neutrons were produced. This yielded a total of 600
spectral scans per tissue type.

11.B. Peak-identification algorithm

For each output file, the energies in keV were tabulated to
yield spectra of gamma energy and corresponding gamma
intensity. The first task was to determine whether or not the
intensity at a specific energy could be considered a peak in
the spectrum. To be called a peak, three criteria had to be
met: (1) the peak had to exceed a set minimum count level,
(2) the peak had to be larger than all other peaks in a speci-
fied window, and (3) the peak energy had to match to one of
the elements in the breast tissue model. The minimum peak
height was set to be 40 counts, which exceeded the underly-
ing noise throughout the energy range (0—2500 keV). An
iterative technique was used to optimize the window width.
Window widths were varied form +2 to +20 keV, and the
number of detected peaks was correlated with the number of
expected peaks in the simulated spectra. The best results
were seen for a window width of 10 keV. The element that
the characteristic energy represented was determined using
the ENDF tables. Figure 2 shows an example of the peak-
identification technique for one of the runs of 10 million
incident neutrons. The circles mark the energies that fit the
first two criteria, and the labels note the corresponding ele-
ment if the peak fit the third criterion.

The process of peak identification was performed on out-
put files from the 100 normal and 100 malignant simulations
for the 10 million incident neutrons level. Peak identification
was performed only for the highest incident neutron level as
a best-case scenario to identify peaks that could be detected
in the breast tissue.

II.C. ROC analysis

The detectability index was the area under the binormal
ROC curves, or A,. The significance of a peak at lower lev-
els of incident neutrons was determined by monitoring the
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degradation in the area under the ROC curve for that peak as
the number of incident neutrons was reduced. In order for a
specific energy peak to be used in the ROC analysis, more
than 50 of the 100 files for each case (normal or malignant)
had to register the given peak. The purpose of this criterion
was to focus only on the peaks found in the majority of each
tissue model. Note that as long as more than half of the files
registered the peak, the counts for all files were entered for
ROC analysis. The ROC analysis was conducted for each of
the matched energies using the counts for that energy level
from all 100 runs for normal and 100 runs for malignant as
the input data to the software, ROCKIT.'® ROCKIT uses maxi-
mum likelihood estimation to fit a binormal ROC curve to
continuously distributed data and/or categorical data."” There
were two categories for the ROC analysis: “actually nega-
tive” and “actually positive,” which respectively correspond
to normal and malignant status.

Because ROC analysis was performed on a moderately
small sample size (n=200), it was expected that A, estimates
would have a relatively large variance. To ensure that the
peaks selected had good discriminatory ability, we applied a
minimum threshold of A,=0.85.

I1.D. Dose calculations

One of the primary concerns with any potential clinical
imaging technique is the absorbed patient dose. The dose
was calculated for each run as follows. Using a separate
Monte Carlo simulation with the same parameters and setup
as described in Sec. IT A, the average energy due to both
neutron and other secondary interactions deposited in the
breast tissue per 2.5 MeV incident neutron was determined
to be 1.4 MeV.” As the neutrons irradiated a 10 cm® volume
of tissue, corresponding to a neutron beam surface of 1 cm?
over a 10 cm depth, the total irradiated mass could be calcu-
lated using the density of the breast tissue. This was then
converted into the absorbed dose, Dy g, in a tissue or organ T
due to radiation R, measured in J/kg or Sv. The equivalent
dose, Hy g, was then calculated as in Eq. (1), where wy is the
radiation weighting factor. For neutrons with energy between
2 and 20 MeV, wg=10 (Ref. 20). The effective dose, E, to
the breast tissue was calculated using Eq. (2), where wr is
the tissue weighting factor, which for breast is equal to 0.05
(Ref. 21).

Hrp=wg- Drp, (1)

E: wT'HT,R' (2)

Using the method described above, the effective dose was
estimated to be 1.12E-8 mSv/neutron.

lll. RESULTS

For the 100 normal tissue runs of 10 million incident neu-
trons, 28 energy levels were found to be peaks in over half of
the runs. For the 100 corresponding malignant runs, 30 en-
ergy levels were designated as peaks in over half of the runs.
These energy levels were queried in the ENDF tables; eight
levels in the normal model and ten levels in the malignant
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TaBLE II. Number of energy levels and corresponding elemental matches for
both the normal and malignant models. A checkmark indicates the matches
were found in over half of the output files. The number in parentheses is the
number of output files that had a match out of the total 100 files.

Normal Malignant
319 keV 133¢s | (98) | (90)
439 keV ¥Co | (100) J (100)
1029 keV 81Br | (100) |/ (99)
1109 keV 81Br | (85) | (56)
1124 keV Br (43) J(51)
1191 keV “Br J(51) J (60)
1338 keV 8Rb | (95) J(97)
1476 keV "Br 1 (79) | (61)
1697 keV 4K (49) | (54)
2065 keV 7Zn | (60) | (70)

model corresponded to elements from the breast tissue
model. All eight energy peaks from the normal model were
also found in the malignant model, suggesting that they ro-
bustly appear in the majority of tissue samples from each
population. Table II summarizes the energy levels and the
corresponding number of matches for normal and malignant
models.

A total of ten energy levels was found to be peaks in over
half the runs in either tissue model using 10 million incident
neutrons. Only these peaks were further analyzed with ROC
at the six different incident neutron levels considered in this
simulation. ROC analysis on the 60 total energy level/
incident neutron combinations yielded 12 total combinations
with ROC A,>0.85. As seen in Table III, each of these
combinations corresponded to one of five separate energy
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500K 1mill 2mill 3mill Smill
Incident Neutrons

10mill

||:|319 keV (133Cs) (11029 keV (81Br) £1108 keV (81Br) 1124 keV (79Br) 1338 keV (87Rb)

FiG. 3. ROC A, for the prominent energy levels over all incident neutron
count levels. The horizontal line at 0.85 marks the cutoff for prominence.

levels—319, 1029, 1109, 1124, and 1338 keV, representing
elements 133Cs, 81Br, 81Br, 7()Br, and 87Rb, respectively.
Aside from 1124 keV, all these prominent energy levels sat-
isfied the condition of element matching in over 50 of 100
normal and malignant output files. For 1124 keV, this con-
dition was satisfied only for the malignant tissue model. One
combination—1338 keV with 10 million incident neutrons—
yielded a perfect A, value of 1.00. Figure 3 summarizes the
mean and standard deviation of the ROC A, values as a
function of number of neutrons for all energy levels.

No discriminatory elements were found at the lowest two
incident neutron levels (0.5 million and 1 million), but ¥'Br
at 1109 keV was found to be significant at the 2 million
incident neutron level. Figure 4 shows the summation of all

TaBLE III. Elements and corresponding average and standard error for ROC Az values obtained from ROCKIT
software. The values in bold are above the significance threshold of Az=0.85 and are considered significant.

The significant error ranged from 0.01 to 0.05.

Millions of Incident Neutrons

keV 0.5 1 2 3 5 10
?3139 0.68+0.04 0.71+£0.04 0.79+0.03 0.81+0.03 0.88+0.02 0.95+0.01
C

?939 ) 0.54+0.04 0.58+0.04 0.58+0.04 0.64+0.04 0.61+0.04 0.67+0.04
C

E}102(; 0.60+0.04 0.65+0.04 0.79+0.03 0.83+0.03 0.87+0.02 0.97+0.01
Br

;11 09 0.66+0.04 0.81+0.03 0.89+0.02 0.91+0.02 0.95+0.02 0.99+0.01
Br

719124 0.63+0.04 0.67+0.04 0.67+0.04 0.67+0.04 0.81+0.03 0.89+0.02
B

71919r1 0.57+0.04 0.57+0.04 0.58+0.04 0.64+0.04 0.64+0.04 0.74+0.03
Br

;7338 0.64+0.04 0.71+0.04 0.81+0.03 0.87+0.02 0.93+0.02 1.00
Rb

719476 0.60+0.04 0.67+0.04 0.72+0.04 0.75+0.03 0.76+0.03 0.85+0.03
B

i169r7 0.52+0.04 0.49+0.04 0.50+0.04 0.56+0.04 0.58+0.04 0.66+0.04
K

37065 0.47+0.04 0.54+0.04 0.54+0.04 0.58+0.04 0.60+0.04 0.66+0.04
Zn
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FIG. 4. The 100 normal and ten malignant spectra of 10 million incident
neutrons were summed. The squares mark the energy levels found to be
highly discriminatory in the ROC analysis.

normal and malignant runs for 10 million incident neutrons
and indicates the peaks that were found to be prominent in
the ROC analysis.

The dose values calculated for the neutron count levels
that  yielded prominent elements ranged from
0.0224 to 0.112 mSv, depending on the number of incident
neutrons. For 2 million neutrons, the total dose to the volume
of breast tissue that was irradiated was only 0.0224 mSv,
which is only a fraction of the dose reported for other breast
cancer screening methods,22 and even when the number of
incident neutrons is maximized to 10 million, the dose to the
breast tissue is still low enough to indicate NSECT’s poten-
tial as a breast cancer screening technique.

IV. DISCUSSION

This simulation study demonstrates NSECT’s feasibility
to detect differences in the concentration of several discrimi-
natory trace elements that indicate cancer in breast tissue. We
have demonstrated the ability to see peaks corresponding to
elements in both the normal and malignant bulk breast tissue
model. The results indicate that four elemental isotopes,
133Cs, 81Br, 79Br, and 87Rb, are prominent in differentiating
normal from malignant tissue at neutron flux values corre-
sponding to clinically relevant dose levels. One of these el-
ements achieved perfect classification at 10 million neutrons
and was able to differentiate normal and malignant tissue at a
neutron flux as low as 3 million neutrons. As low neutron
flux directly implies low dose, these elements are vital for a
low-dose clinical implementation of NSECT for breast can-
cer detection. Further, the ability of these elements in differ-
entiating normal and malignant tissue suggests that NSECT
has the potential to be translated into a clinical breast cancer
screening modality.

The breast in this study was modeled as a bulk section of
malignant or normal breast tissue. This was done to test the
feasibility of NSECT to detect breast cancer markers in ma-
lignant tissue and determine which marker elements are most
indicative of cancer. As this feasibility has now been demon-
strated, a logical extension to this study will be to model the
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anatomy of the normal and malignant breast more accurately
to investigate the feasibility of detecting element changes
within tumors. The issue of patient-specific variability in el-
emental composition has been studied using several different
techniques, including neutron activation analysis, x-ray fluo-
rescence, and atomic absorption spectrophotometry. Al-
though these studies do indicate patient-specific variability,
they still show significant increases in elemental concentra-
tions in cancerous tissue. Therefore, patient variability does
not does not outweigh the elemental concentration differ-
ences in malignant and normal tissue. We plan to investigate
this further in the future using the NSECT technique to ana-
lyze the composition of ex vivo benign, normal, and malig-
nant tissue specimens.

Dose calculated in this study indicates that the dose from
an NSECT scan for cancer detection is only a fraction of the
dose delivered from a screening mammogram. The ROC
analysis from this simulation study suggests that cancer de-
tection can be achieved with a dose of 0.0224 mSv (2 mil-
lion incident neutrons). Although the present work calculates
the dose from a single projection image, which is not directly
comparable to the dose calculated for current high-resolution
screening technologies, NSECT shows promise as a low-
dose cancer screening technique. We could increase the num-
ber of neutrons and still be within dose guidelines, but we
used 10 million as the maximum number of incident neu-
trons for two main reasons. First, it was determined in an
earlier study that 10 000 gamma counts are required in the
detectors to obtain 5% accuracy.23 Second, 10 million inci-
dent neutrons is a computationally feasible number that pro-
vides sufficient statistical accuracy while keeping dose at a
minimum. Keeping these two factors in mind, 10 million
neutrons were considered optimal for this scan.

The dose value obtained in this study is calculated for a
model of the breast that does not account for sources of
background, which would otherwise be present in the clinical
scanning environment. Before translating this technique to
the clinic, an expansion of this study is required to determine
the performance when noise is added into the signal. Simu-
lation experiments to model the sources of noise in a clinical
environment are currently underway. This study assumes a
relatively clean, low-noise signal in detecting an element
peak, which results in a low-dose estimate. The presence of
noise in the system will raise the detection threshold, requir-
ing a larger total concentration of the element for successful
detection. Experiments to determine the detection threshold
of NSECT in both simulation and clinical environments are
being conducted.

From a detection point of view, a logical extension of this
study is to develop a fusion classifier to test whether com-
bining elements could be used to detect differences in normal
and malignant breast tissue with greater accuracy at lower
neutron fluxes. Another extension would be to perform the
same set of simulations using a benign breast tissue model to
test NSECT’s ability to distinguish malignant from benign
breast, which is of clinical interest diagnostically. We are
encouraged because our current dose estimate is only a frac-
tion of a standard mammography dose. Thus, there is plenty
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of room to increase the dosage to overcome noise and still
conduct an NSECT scan that is within clinically acceptable
dose limits.
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ABSTRACT

Several studies have shown that the concentration of certain elements may be a disease indicator. We are developing a
spectroscopic imaging technique, Neutron Stimulated Emission Computed Tomography (NSECT), to non-invasively
measure and image elemental concentrations within the body. The region of interest is interrogated via a beam of high-
energy neutrons that excite elemental nuclei through inelastic scatter. These excited nuclei then relax by emitting
characteristic gamma radiation. Acquiring the gamma energy spectrum in a tomographic geometry allows
reconstruction of elemental concentration images. Our previous studies have demonstrated NSECT’s ability to obtain
spectra and images of known elements and phantoms, as well as, initial interrogations of biological tissue. Here, we
describe the results obtained from NSECT interrogation of a fixed mouse specimen. The specimen was interrogated via
a 5MeV neutron beam for 9.3 hours in order to ensure reasonable counting statistics. The gamma energy spectrum was
obtained using two High-Purity Germanium (HPGe) clover detectors. A background spectrum was obtained by
interrogating a specimen container containing 50mL of 0.9% NacCl solution. Several elements of biological interest
including **C, *°Ca, *'P, and **K were identified with greater then 90% confidence. This interrogation demonstrates the
feasibility of NSECT interrogation of small animals. Interrogation with a commercial neutron source that provides
higher neutron flux and lower energy (~2.5MeV) neutrons would reduce scanning time and eliminate background from
certain elements.

Keywords: imaging, neutrons, tomography, spectroscopy, small animal imaging, emerging technology

1. INTRODUCTION

Previous studies on mice and rats have found that several disease states correspond to a change in elemental
concentration. In the rat brain ischemia leads to a decrease in potassium and phosphorus [1, 2] and radiation exposure
leads to a decrease in levels of chlorine, iron and zinc [2]. Mice with skin tumors had increased trace element
concentrations in both internal organs and the tumors [3, 4]. Additionally, a change in trace element concentration was
found in the kidneys of mice with malignant ascites [5].

This link between trace element concentration and diseases has also been noted in humans. Specifically in
distinguishing between malignant and benign tumors in the breast, prostate and brain [6-12].

While MRI is being explored to measure elemental concentration in vivo, it has limitations on the amount and type of
elements it can detect [13-16]. Other methods of measuring elemental concentration are invasive and not compatible
with in vivo methods [1, 9, 17-20].

We are developing a new method, Neutron Stimulated Emission Computed Tomography (NSECT), to measure and
image trace element concentrations in vivo. With this method, the body is interrogated with a beam of high energy (3-5
MeV) neutrons. When these neutrons scatter inelastically off of elemental nuclei within the body, the nuclei become
excited and relax through characteristic gamma emission. Acquiring the gamma spectrum in a tomographic manner
allows for reconstruction of elemental composition images [21].



Our previous studies have focused on NSECT’s ability to obtain spectra and images from known elements and
phantoms [21-23]. The purpose of this study was to acquire a spectrum from a fixed mouse specimen. The specimen
was interrogated for a long period (over nine hours) of time in order to obtain enough counts to identify elements with a
certain level of confidence.

2. METHODS

A mouse specimen was obtained from the Duke Center for In-Vivo Microscopy (CIVM) that had been fixed in a
gadolinium / formalin mixture and then placed in a 50mL specimen tube. To allow for a background measurement, we
obtained a similar tube filled with 50mL of 0.9% NaCl solution.

A pulsed 5MeV neutron beam was generated at Triangle Universities Nuclear Laboratory and the specimen tubes place
lengthwise in the beam (see Figure 1). In order normalize the data by the incident neutron flux, a neutron monitor was
placed in the beam in front of the sample. To measure the resultant gamma radiation, two high-purity germanium
(HPGe) clover detectors were placed at 135° and 105° relative to the beam line. For a more detailed description of the
typical NSECT interrogation setup please see [21].

HPGe Detectors

Path of
Neutron Beam

Figure 1: Photo of mouse interrogation setup. Pictured: the sample container (the background saline sample), both HPGe
detectors. The sample container is oriented to maximize the amount of sample in the neutron beam.

The mouse specimen was interrogated for a total of 9 hours and 19 minutes (2,228,758 total neutrons in monitor). The
saline tube was interrogated for a total of 4 hours and 58 min (966, 939 neutrons) and an empty room measurement was
taken for 43 min (132,844 neutrons). The gamma spectral data acquired included the number of counts obtained at each
energy level (between 0-3500 keV) segmented into time bins over the length of the neutron pulse sequence; therefore,
each spectrum contains foreground (beam on) data and background (beam off).

The spectral data was analyzed as follows. First, the time binned data was used to create a time-of-flight (TOF)
corrected spectrum for each the mouse, saline and empty room data by subtracting the beam-on from the beam-off data.
Second, the empty room and saline data set were then normalized by the number of incident neutrons and multiplied by
the number of mouse incident neutrons to allow for comparison of the spectrums. Third, two mouse spectrums were



created. One by subtracting out the TOF corrected saline data and one by subtracting out the TOF corrected empty room
data. For further information on our background correction techniques please see [22].

Finally, true peaks were identified by calculating the difference between the foreground (mouse TOF corrected
spectrum) and background (empty room or saline TOF corrected spectrum) in terms of error (D below).

FG - BG

VFG + BG

If D was above 20 for the empty room corrected mouse spectra and above 1.6 for the saline correct mouse spectra, the
peak at the gamma energy bin was considered a significant true peak. A D value of 1.6 gives a confidence interval
(calculated using the ERF error function) of 90% that the peak is actually a peak and not just noise. A larger D value
was chosen for the empty room corrected spectrum because the empty room data was collected from approximately
1/15™ of the neutron flux of the mouse spectra. Thus, a large error is introduced when the empty room spectrum is
normalized and therefore, the difference between the foreground counts (TOF corrected mouse spectrum) and
background counts (TOF corrected empty room spectrum) must be much larger in order for the peak to be considered
significant. The gamma energy peaks were then matched to elements by searching the NuDat database from National
Nuclear Data Center (NNDC) at Brookhaven National Labs [24].

3. RESULTS
Many peaks corresponding to biologically significant elements were identified within the mouse spectrum. Figures 2, 3,

4, and 5 depict both the saline and empty room corrected mouse spectrum at different energy levels (it has been broken
out for simplification of viewing).

Corrected Mouse Spectra
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Figure 2. Spectra from the mouse specimen from 0-750 keV. The thin black line is the empty room corrected spectrum while
the thick gray line is the saline corrected spectrum. Significant peaks are highlighted. "Noise" corresponds to known
spectral noise associated with the neutron interrogation setup.
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Figure 3. Spectra from the mouse specimen from 750-1200 keV. Significant peaks are highlighted.
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Figure 4. Spectra from the mouse specimen from 1200-1700 keV. Significant peaks are highlighted.
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Figure 5. Spectra from the mouse specimen from 0-750 keV. Significant peaks are highlighted. Note how the number of counts
has decreased significantly from Figure 2. As the gamma energy increases, the detectibility decreases.

Table 1 below lists the elemental composition of a human by percent. One can infer that the elemental breakdown of a
mouse would be similar. Beside each is listed the energy peaks identified within the spectra that correspond to each
element. Several peaks could correspond to more then one element, and those energy peaks are labeled with a letter.
Also, sometimes the elemental nuclei react with the incident neutron in ways other then inelastic scatter. These reactions
temporarily create unstable isotopes and their gamma de-excitation can also be detected; these peaks are also identified.

Table 1: Energy peaks corresponding to elements of biological interest.

Element % Gamma Energy Levels Detected (keV)
comp
Oxygen® 61.4% | Oxygen’s first excitation level is above the limit for a 5MeV incident
neutron
Carbon®” 22.8% | C®—169 and 2066° (double escape from 3089)
Hydrogen® 10.0% | Does not excite
Nitrogen™ 2.57% | 3383 (both a peak and a single escape from 3890)
Calcium™ 1.42% | 1344°,3361 Ca* -776

Phosphorus®’ 1.11% | 1264, 2066° P¥* —520° 972F
Potassium>” 0.20% | 1344° 1452, 2066° CI*® - 520°

Sulfer* 0.20% | 3313

Sodium® 0.14% | 2066°

Chlorine® 0.13% | 1219,1763 P%*—-520°, 972F
Magnesium™ | 0.027% | 972, 2066°, 2615

Iron>® 0.006% | 1238, 2066°

Flourine™ 0.004% | 1257, 1354

Zinc®*®® 0.003% | 2615, 3383"

Along with the biologically relevant elements, gadolinium was seen in many places within the spectra. This was
expected because of the specimen had been perfused with gadolinium.



4. DISCUSSION

Many elements of biological interest were detected via the NSECT interrogation process. These are encouraging results
because in order for NSECT to provide biologically and clinically relevant information, it is necessary for it to be able
to detect trace amounts of these elements.

A typical mouse weighs approximately 25g. That would mean that much less then 1g of most trace elements would be
present in the mouse. It is very encouraging that several peaks corresponding to trace elements were detected. To
confirm these results, the mouse has been sent away for NAA analysis, which is the gold standard spectral analysis
method.

The experiment pointed out several areas that must be improved in NSECT. The first is the lack of a simple way to
unwrap the gamma energy spectrum. There are many possible elements that emit a certain gamma radiation. This list of
possible matches can be easily narrowed down, as most of the elements that correspond to a certain gamma energy are
rare or uncommon. But, this can introduce errors into the element identification process. By interrogating the sample for
a long period of time, it is now possible to say our level of confidence in each energy peak detected, but it is still
difficult to attach a level of confidence to the certainly a peak corresponds to a specific element.

The second problem is the overlap of some gamma energy states. This is overcome because most elements produce
several characteristic gammas, and the appearance of several energy peaks that correspond to one element increases the
probability of determining that element is actually present within the sample.

Third, relevant peaks are sometimes removed when the background is subtracted out. For example, sodium will be hard
to detect when a saline solution is used as a background sample. Also, several peaks from iron correspond closely to
germanium peaks, and thus must be ignored because the gamma detectors are comprised of germanium.

To correct these uncertainties, it would be desirable to interrogate a small pure sample of each element of interest and
determine which gamma energy peaks rise above the background noise. Unfortunately, this experiment would require
an enormous amount of neutron beam time, and cannot be achieved in a simulation environment.

Using a neutron source that provides higher neutron flux and lower energy neutrons (~2.5MeV is available in most
commercial sources) would provide the means to complete the experiment proposed above, as well as, reduce scanning
time and eliminate background in two ways. First, an element will not excite unless the incident neutron is of greater
energy then its first excitation level. Carbon has a high first energy level, and only serves to clutter the spectrum as
finding that a biological sample contains carbon will provide little clinical information. Eliminating these peaks would
reduce noise from the spectra and help to focus on trace elements. Second, background counts increase in a linear
fashion, so the longer the scan time, the more background counts that are acquired. But, with a high neutron flux, true
gamma energy peaks would accrue counts at a much faster rate then background peaks; thereby, both reducing the
scanning time and the background counts.

5. CONCLUSION

The spectrum obtained from the mouse specimen is quite noisy and it is a complicated process to parse information out
of it. Still, this experiment is a positive first step in determining the biological relevance of NSECT imaging. Many
elements of biological interest were detected with a high level of certainly. While this experiment highlighted
challenges for NSECT to overcome, it also provided positive proof of concept that NSECT has the potential to be a
viable technique for nondestructive, in vivo, spectral imaging and analysis of biological tissue.
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GEANT4 Simulation of an NSECT System for Iron
Overload Detection

Anuj J. Kapadia, Amy C. Sharma, Brian P. Harrawood, Georgia D. Tourassi

Abstract- Hemochromatosis (iron overload in liver) is a
condition that causes serious consequences for the patient
through an increase in the body’s iron stores. Diagnosis of the
excess iron, which is often stored in the liver, requires an invasive
biopsy. We are developing neutron stimulated emission
computed tomography (NSECT) as a non-invasive alternative to
measure liver iron concentration to diagnose hemochromatosis.
This measurement is performed using an incident neutron beam
that scatters inelastically with iron nuclei in the liver, causing
them to emit characteristic gamma-rays. An energy-sensitive
gamma-ray detector is used to detect these gamma-rays and
quantify the iron in the liver. Preliminary experiments have
demonstrated an implementation of NSECT to quantify
concentrations of iron and potassium in bovine liver tissue. Due
to the prohibitive nature of these experiments, it is not feasible to
perform system evaluation and optimization at each step using a
nuclear accelerator. Here we describe a GEANT4 simulation of
NSECT as a feasible alternative to perform system evaluation for
iron overload diagnosis using computing resources only. The
simulation model uses a 5 MeV neutron beam to scan a human
liver phantom with induced iron overload. The liver is modeled
as a composite shape combining a half-cylinder and a
polyhedron, and is housed in a human torso filled with water.
Gamma-ray spectra are generated to show element concentration
within the liver. To determine the lower limit of iron overload
detection, the concentration of iron in the liver is reduced from
an initial high value, and the p-value of detecting peaks
corresponding to iron is calculated at each step. The lower limit
of detection is defined as the concentration at which the p-value
of peak detection exceeds 0.05. The limit of iron overload
detection from this simulation was found to be 4 mg/g, which
represents a clinically relevant value for iron overload.

1. INTRODUCTION

HEMOCHROMATOSIS (liver iron overload) is a condition that
causes serious consequences for the patient through an
increase in the body’s iron stores. The excess iron, which is
often stored in the liver, can cause extensive tissue damage,
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liver cirrhosis, cardiac failure, hepatic failure and
hepatocellular carcinoma [1]. Diagnosis of iron overload
requires an invasive biopsy [2], which is an unpleasant
procedure with several associated complications including
death. Neutron stimulated emission computed tomography
(NSECT) is being developed as a non-invasive alternative to
measure element concentration in the liver to diagnose liver
iron overload [3-5]. Preliminary experiments have
demonstrated = NSECT’s  potential in  quantifying
concentrations of iron and potassium in bovine liver tissue [4,
5]. The basic principle of NSECT is as follows: An incident
neutron that scatters inelastically with a target atomic nucleus
excites the nucleus to a higher energy state. The unstable
nucleus then rapidly decays to its ground state, emitting the
excess energy as a characteristic gamma-ray. The energy of
the emitted photon can be measured by an energy-sensitive
gamma-ray detector to identify the atom. This project aims at
developing a Monte-Carlo simulation of the NSECT system to
investigate NSECT’s ability to detect hemochromatosis.

II. MOTIVATION

Experimental investigation of NSECT’s detection
sensitivity is difficult due to the prohibitive nature of the
experiments. Each laboratory experiment requires 7 days of
beam time per sample from an accelerator source that is in
high demand by a large number of research groups. A
simulation environment will allow development and
evaluation to continue without access to the nuclear
accelerator source. This project aims at determining the limit
of detection sensitivity in determining iron overload in the
human liver.

III. METHOD

NSECT experiments are performed in the Triangle
Universities Nuclear Laboratory at Duke University. A 5 MeV
collimated neutron beam is used to scan a target liver sample
(usually bovine liver for quantification experiments). The
gamma-ray photons emitted by the liver sample are counted
by two high purity germanium (HPGe) clover detectors
hooked up to a data acquisition system. Data is acquired by
illuminating the sample with the beam and counting until
sufficient gamma events have been acquired to quantify the
element with a p-value <0.05. The system has been described
in detail elsewhere [3, 6]. A simulation of this setup was
implemented in GEANT4 as described below.

GEANT4 is an object-oriented Monte-Carlo programming
package that allows modeling of particle interactions with
matter over a wide range of energies (meV to GeV) [7]. The
simulated model consists of 3 parts — (a) Neutron Source, (b)



Gamma-ray Detectors, and (c) Liver phantom. Each part has
been designed as a separate GEANT4 object to facilitate
modifying individual parameters on one object independently
of the others. Fig 1 shows a complete simulation built by
combining each of these components.

A. Neutron Source

The neutron source was created by defining a ‘GEANT4
Particle Gun’, set to emit 5 MeV neutrons. The gun was
placed at the left edge of the world so that every particle
exiting the gun entered directly into the world, forming a
neutron beam that illuminated the target phantom. The neutron
beam was given a 1.6 cm width, similar to that used in the
physical experiment.

B. Gamma-ray Detectors

Two gamma-ray detectors were created as solid cylinders
with user-defined diameter and height, filled with high-purity
germanium (Ge density= 5.32 g/cm3). Detector dimensions
for each detector crystal were set to 10 cm diameter and 9 cm
height, modeled after each crystal of the clover detectors used
in the physical experiment. Four such detector crystals were
combined to form one complete clover detector. The detector
was sensitized to track particle interactions and record the
energy deposited at each interaction, and placed at a backward
angle of 135 degrees in the beam plane, mimicking the
position of the detector in the physical experiment where a
backward angle is used to minimize damage to the detector
from forward scattered neutrons. Detector efficiency was
modeled by collecting information from all events occurring
in the detector and then retaining only a required fraction of
these events. For example, for a 60% efficient HPGe detector,
100% of events were recorded, but only 60% of these were
used to generate spectral results.

C. Liver Phantom

The liver phantom was made up of two parts - a human
torso and a liver phantom housed in the torso. The torso was
modeled as an elliptical tube with axes 30 cm x 25 cm, and 11
cm height. The torso phantom was filled with water, to
simulate the presence of noise-generating tissue in the human
torso. The liver was modeled as a combination of an elliptical
tube and a hemisphere to form a complex shape, partially
shown in Fig 1. This liver was then placed inside the torso.
The composition of the liver was obtained from ICRU report
46 [8] as reported for a healthy human adult, and is shown in
Table 1. To simulate iron overload in the liver, the
concentration of iron was changed in steps from the initial
value of 0 to 25.0 mg/g (approximately 5 times the
concentration of clinical hemochromatosis) as shown in table
2. Gamma spectra were generated for each overloaded liver
sample, and counts for energies corresponding to iron were
identified and summed. A background noise sample was
generated by substituting the liver with water and repeating
the scan with the same number of neutron counts as used for
the liver. The p-value of detecting peaks for iron was
calculated using the t-test to compare counts at energies

corresponding to iron with the counts from the water
background. The lower limit of detection was defined as the
concentration at which the p-value exceeded 0.05.

Fig.1. GEANT4 simulation of the NSECT experiment showing the liver
(pink) inside an elliptical torso (yellow). Gamma detectors are shown in green
and gray. Incident neutrons are shown in blue and scattered particles in gray.

TABLE |
ELEMENTAL COMPOSITION OF THE LIVER PHANTOM (OBTAINED FROM
ICRU REPORT 46 [8]).

Element Normal (%)

O 71.6

C 13.9

H 10.2

N 0.3

P 0.3

S 0.3

K 0.3

Cl 0.2

Na 0.2

Fe 0.0
Density 1.06 g/cm3

IV. RESULTS

Figs. 2, 3 and 4 show the simulated spectrum from the iron
overload liver phantom with 25 mg/g, 10 mg/g and 3 mg/g Fe
concentration. Energy peaks for *°Fe are observed at 847 keV.
Peaks are also seen at energies corresponding to several states
in Ge (from the HPGe gamma detectors) and 'H from neutron
capture on hydrogen in water (2.22 MeV).

In figs. 2 and 3, the *°Fe peak at 847 keV can be seen
clearly above the wunderlying background as the iron
concentration in these phantoms is high ( > 10 mg/g).
However in fig. 4, the peak corresponding to lower iron
concentration (3 mg/g) is not clearly observed above the
underlying background.
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Fig.2. Spectrum corresponding to an iron overloaded liver
phantom with 25 mg/g Fe. Peaks are identified for *°Fe, Ge
from the detector, and 'H from water in the torso.
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Fig.3. Spectrum corresponding to an iron overloaded liver
phantom with 10 mg/g Fe. The peak from *°Fe can be detected
above background with p <0.05.
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Fig.4. Spectrum corresponding to an iron overloaded liver
phantom with 3 mg/g Fe. The peak from **Fe cannot be
detected above background with p < 0.05.

Table 2 shows the simulated measurement results of the
different iron overloaded livers scanned. The p-value of
detecting peaks corresponding to iron was seen to decrease
with decreasing iron concentration. The lowest concentration
of iron corresponding to p < 0.05 was found to be 4 mg/g Fe.

This concentration was described as the lower limit of
detection for the system using the currently available
configuration.

TABLE II
SIGNIFICANCE TESTING FOR FE PEAK COUNTS MEASURED IN THE
SIMULATED GEANT4 SPECTRA FOR DIFFERENT IRON CONCENTRATIONS.

Fe Conc t p-value
25 mg/g  4.12 0.001
10 mg/g  2.40 0.05
Smg/g 2.24 0.05
4mg/g  2.06 0.05

3 mg/g 1.89 0.1

V. CONCLUSION AND FUTURE WORK

The simulation developed here presents a feasible and valid
alternative to continue evaluation and optimization of NSECT
without the use of a nuclear accelerator. Significance testing
results demonstrate that NSECT has the potential to detect
hemochromatosis in patients with iron concentration as low as
4 mg/g. As clinical iron overload is reported for iron
concentrations between 1mg/g to 6 mg/g [1, 2], this value of
sensitivity represents a clinically significant concentration.
System sensitivity for “°Fe through experimental techniques
has been determined as 6 mg/g [6], which demonstrates the
validity of this preliminary simulation. While the simulation
presented here accounts for the neutron scatter noise generated
by the torso, there are several other sources of noise in the
experimental system, such as electronic noise in detectors and
scatter noise from objects in the experimental area that
decrease the overall sensitivity of the system. These sources
must be taken into consideration to determine the
experimental detection limit for NSECT. Work is underway to
model these sources of noise in the simulation.
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Abstract— A high-energy gamma camera design is being
developed for use with Neutron Simulated Emission Computed
Tomography (NSECT). NSECT is a spectroscopic imaging
technique that measures elemental concentrations in vivo through
neutron interrogation and collection of the subsequent prompt
characteristic gamma emission. NSECT operates in an energy
range above that of typical nuclear medicine gamma cameras (0.3
—2 MeV), and requires high-resolution gamma spectroscopy. We
are developing a camera using a rotating modulation collimator
(RMC) placed in front of a High Purity Germanium (HPGe)
detector. The RMC consists of a pair of parallel slat collimators
rotating in unison and as it rotates it modulates the number of
incident gammas. Counting the number of incident gammas at
each angle provides spatial information and allows reconstruction
of images. There are six parameters in the camera system that can
be optimized to improve image quality. A preliminary experiment
was performed to determine the six parameters’ relationship to
each other and to image quality. Four subsequent experiments
were performed based on the preliminary data to optimize the
camera configuration. Results of these experiments found a
tradeoff between system efficiency and spatial resolution, much
like that for high-energy gamma collimation for standard gamma
cameras. Point source reconstructions are provided to illustrate
this tradeoff.

I. INTRODUCTION

Neutron Stimulated Emission Computed Tomography
(NSECT) is a non-invasive, in vivo spectroscopic imaging
method. The body is interrogated with neutrons that scatter
inelastically off of elemental nuclei, exciting the nuclei and
causing prompt characteristic gamma emission. Collecting the
emitted gamma spectrum allows identification of elemental
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concentration within the body of interest. The link between
elemental concentration and certain disease states has been
established previously by interrogation methods that are not
compatible with in vivo study [1-4].

We are currently developing a high energy gamma camera
for use with NSECT imaging. NSECT requires high energy
resolution in the range of 0.3 — 2 MeV. Spectral information is
provided by High Purity Germanium (HPGe) detectors. These
detectors provide superior energy resolution [5] but no spatial
information due to their large crystal size (3.5 cm radius). To
facilitate imaging, we are modifying space-based gamma
imaging technology. This camera consists of a pair of parallel
slat collimators rotating in unison (referred to as a rotating
modulation collimator or RMC), placed in front of an HPGe
[6-8]. As the RMC rotates it modulates the incident gammas.
Counting the number of incident gammas at each rotation
angle results in an observation profile. For a point source in
space, the observation profile is unique to that source’s
location and referred to as a modulation profile. A set of
estimated modulation profiles from each pixel in the imaging
plane forms a probability matrix. Our previous studies have
found that using the probability matrix and observation profile,
images can be reconstructed successfully. Additionally, the
modulation profile is a single curve with the maximum value
occurring at the collimator angle corresponding to the polar
angle of the gamma point source. The full width at half
maximum (FWHM) of the curve profile thins as the source is
moved further from the axis of rotation [8].

Fig. 1 below shows a side view of the RMC system. It
consists of a gamma source, the two parallel slat collimators
and the HPGe detector. Our previous studies have shown that
the configuration of these elements affects the shape of the
individual modulation profiles [7-11]. Herein, we discuss the
optimization of six parameters to produce modulation profiles
that facilitate near-field imaging. A Monte Carlo simulation
has been developed in GEANT4 and was used to test various
camera setups [10, 12]. The following parameters were
optimized (i) height (ii) collimator alignment (iii) slat material
and (iv) slat height, slot width and slat width. Using these
parameters sample data was simulated and images
reconstructed.
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Figure 1. Side view of RMC system.
II. METHODS

A. Height

To determine the effect of collimator separation on
modulation profile behavior a GEANT4 simulation was
conducted. Matched modulation profiles were obtained from
108 different RMC configurations that varied only in
collimator separation (5, 10 and 20 cm). Nineteen points were
obtained for each modulation profile and a set was considered
matched if more then 12 points matched (one standard
deviation) within the standard error (square root of the counts).

B. Slat Alignment

A similar experiment was run to determine the effect of slat
alignment on modulation profile behavior. Two hundred and
ninety seven matched modulation profiles were simulated
where the RMC configuration only differed in the slat
alignment (with the slats aligned or offset from one another).
The profiles were then matched as in the ‘height’ experiment.

C. Slat Material

In order to determine an acceptable slat material four
commercially available low melting point lead alloys were
tested against lead. Modulation profiles were obtained from 27
matched RMC configurations that varied only in slat material.
The modulation profiles were analyzed in terms of full-width
at half-maximum (FWHM) and peak-to-valley (PV). A well
formed modulation profile will have a low FWHM and a high
PV. Table 1 lists the four alloys tested.

TABLE I. PROPERTIES OF POSSIBLE COLLIMATOR MATERIALS.

Name Composition Equivalent  Density
VA (g/cmj)
Low 158 | Bismuth —58% 81.5 9.57
Lead — 26.7%
Tin—13.3%
Cadmium — 10%
Low 203 | Bismuth—-52.5%  77.6 9.69
Lead — 32%
Tin - 15.5%
Low 217- | Bismuth — 48% 74.76 10.13
440 Lead — 28.5%
Cadmium — 14.5%
Antimony — 9%
Low 255 | Bismuth—55.5%  82.5 10.43
Lead — 44.5%
Lead Lead — 100% 82 11.34

D. Slat Height, Slat Width and Slot Width

Initial experiments found that there was no simple way to
distinguish between the individual effects of slat height, slat
width and slot width. The three parameters were assumed to be
correlated and therefore had to be optimized together.
Optimization was achieved by determining the effect of
modulation profile shape on image quality.

The first step was to reconstruct point source images. Using
the GEANT4 simulation, probability matrices were generated
for a 10 pixel by 10 pixel (1 cm” pixels) field-of-view (FOV)
for fifteen different RMC parameter setups. Three point source
images were reconstructed for each setup. The images were
given a quality score based one three things: (i) the difference
between the maximum and minimum reconstructed pixel value
(ii) the average point spread function in both the x and y
direction and (iii) the location of the reconstructed point
relative to the true image.

Second, to link the modulation profile shape to image
quality, the FWHM, and maximum and minimum values of
modulation profiles from three points within the imaging plane
were measured for each of the 15 data sets. A series of
regressions were performed in Matlab and a regression
function was determined that linked profile shape to image
quality.

Third, modulation profiles were simulations for three point
source locations for 160 difference slat height, slat width and
slot height combinations. For each the FWHM, maximum and
minimum value was measured. Using the regression function
an image quality score was predicted for each RMC
configuration.

E. Image Reconstruction

Once the RMC configuration had been optimized, a
complete probability matrix for a 10 pixel by 10 pixel FOV
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consisting of one cm square voxels was generated in
GEANT4. Using this matrix, several point source images were
reconstructed using the MLEM algorithm for both 500 keV
and 1 MeV gamma ray energies. For more information on our
current reconstruction technique please see [8].

III. RESULTS / DISCUSSION

A. Height

The number of overlapping modulation profiles between the
three different collimator separations is listed in Table 2

below.

TABLE II. RESULTS OF MODULATION PROFILE COMPARISONS BETWEEN RMC
CONFIGURATIONS OF DIFFERENT HEIGHTS.

Height Number of % total
Comparison | Matching Sets

5to 10 108 100
5to 20 97 89.8
10 to 20 97 89.8
All 3 match | 71 65.7

While a larger number of data points overlap between two
modulation profiles then all three, a majority of the grouped
sets had overlapping modulation profiles. Fig. 2 is an example
of two sets of grouped modulation profiles. Due to both the
visual and numerical comparisons, we conclude the distance
between the collimators has a minimal effect on modulation
profile shape. Therefore, a collimator separation of 5 cm is
chosen to allow the gamma point sources to be as close to the
detector as possible.
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Figure 2. Modulation profiles from matching sets of RMCs that only vary in
height. Pictured at left is data from RMCs with offset slats and at right is data
from RMCs with aligned slats.

B. Slat Alignment

Fig. 2 depicts modulation profiles from matching sets of
RMC:s. It appears that modulation profile shape is not affected
by either collimator separation or slat alignment. The number
of overlapping points between 297 matched RMC
configurations that differed only by slat alignment was
measured. Of the 297 sets, 284 (95.6%) sets matched. The
alignment of the slats also does not affect modulation profile
shape. Unaligned slats were chosen to mimic imperfections in
RMC construction.

C. Slat Material

Modulation profiles were generated that differed only in the
slat material used. For each modulation profile the FWHM and
PV were measured. Fig. 3 below shows the results.
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Figure 3. Average FWHM (left) and PV (right) of modulation profiles
obtained from five different collimator materials.

Lead has the lowest FWHM but all the materials had large
variances and lead is not outside the range of error for the
other materials. However, lead appears to have the highest PV
value. This indicates that the other materials are not as
effective at stopping the gammas, and “noise floor” (signal due
only to septal penetration) of the modulation profile is high.
This result was expected due to the high Z and density of lead,
which contributes to a greater stopping power. Lead will be the
collimator material of choice due to its effective stopping
power.

D. Slat Height, Slat Width and Slot Height

The regression linking modulation profile properties to
image quality was performed for both 500 keV and 1 MeV
gamma energies. Fig. 4 below shows the predicted image
quality vs. the PV (a measure of camera efficiency). There is a
clear inverse relationship between image quality and camera
efficiency, which is the typical trade-off in gamma cameras
[13]. A slat height, slat width and slot width combination was
chosen that was a good compromise between image quality
and camera efficiency for both 500 keV and 1 MeV gammas.
In the future, if the energy range of interest can be narrowed to
a smaller range, the camera should be optimized for that
energy range.
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Figure 4. Predicted image quality score vs. the PV.

E. Image Reconstruction

Using the following camera configuration: (offset, lead
slats; 5 cm separation; 3 cm slat height; 3 mm slat width and
3.5 mm slot width) a GEANT4 simulation was conducted.

3814

Authorized licensed use limited to: DUKE UNIVERSITY. Downloaded on April 30, 2009 at 13:54 from IEEE Xplore. Restrictions apply.



Four probability matrices were generated for a 10 by 10 pixel
FOV located 20 cm from the camera face centered at (8,8) (-
8,8) (-8,-8) and (8,-8) in the x,y plane. Earlier research
determined that four camera views are necessary to reconstruct
images [7, 8, 10, 11]. Images were reconstructed for both 500
keV and 1 MeV gamma energies.

Fig. 5 below shows reconstructed images of a line and a
series of points at both 500 keV and 1 MeV. Note how the
resolution degrades from the 500 keV to the 1 MeV. This
degradation is due to increased septal penetration. However,
the images clearly depict line and point source images.

I I EE0.01s

Figure 5. Reconstructed images at both 500 keV (left column) and 1 MeV
(right column).

IV. CONCLUSIONS

The RMC system has many component parameters that must
be optimized in order to provide a signal that can be
reconstructed. Herein, we described the optimization of six of
these parameters for a large energy window. The current
energy range of interest for NSECT is 0.3 — 2 MeV. In the
future, if this energy range can be narrowed, the optimization
process should be repeated to create a more specific RMC
application.

Future work should focus on further refinements in the
camera system and reconstruction methods to achieve full 3D
imaging as opposed to the current 2D planar imaging.
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Neutron Stimulated Emission Computed Tomography
for Diagnosis of Breast Cancer
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Alexander S. Crowell, Matthew R. Kiser, Brian P. Harrawood, Ronald S. Pedroni, and Carey E. Floyd, Jr.

Abstract—Neutron stimulated emission computed tomography
(NSECT) is being developed as a non-invasive spectroscopic
imaging technique to determine element concentrations in the
human body. NSECT uses a beam of fast neutrons that scatter
inelastically from atomic nuclei in tissue, causing them to emit
characteristic gamma photons that are detected and identified
using an energy-sensitive gamma detector. By measuring the
energy and number of emitted gamma photons, the system can
determine the elemental composition of the target tissue. Such
determination is useful in detecting several disorders in the human
body that are characterized by changes in element concentration,
such as breast cancer. In this paper we describe our experimental
implementation of a prototype NSECT system for the diagnosis
of breast cancer and present experimental results from sensitivity
studies using this prototype. Results are shown from three sets of
samples: (a) excised breast tissue samples with unknown element
concentrations, (b) a multi-element calibration sample used for
sensitivity studies, and (c) a small-animal specimen, to demon-
strate detection ability from in-vivo tissue. Preliminary results
show that NSECT has the potential to detect elements in breast
tissue. Several elements were identified common to both benign
and malignant samples, which were confirmed through neutron
activation analysis (NAA). Statistically significant differences
were seen for peaks at energies corresponding to 37Cl, %6Fe,
58Ni, 59Co, %¢Zn, "Br and 3"Rb. The spectrum from the
small animal specimen showed the presence of 12C from tissue,
40Ca from bone, and elements 3°K, 27 A1, 37 Cl, 5¢Fe, °Zn and
25Mg. Threshold sensitivity for the four elements analyzed was
found to range from 0.3 grams to 1 gram, which is higher than
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the microgram sensitivity required for cancer detection. Patient
dose levels from NSECT were found to be comparable to those of
screening mammography.

Index Terms—Breast cancer detection,
troscopy, neutron, NSECT, tomography.

gamma-ray spec-

I. INTRODUCTION

EUTRON techniques are rapidly evolving as methods
Nof measuring trace element concentrations in the human
body [1]-[6] and in animal tissue [7], [8]. We have successfully
implemented a tomographic non-invasive in-vivo imaging
technique called Neutron Stimulated Emission Computed
Tomography (NSECT) to obtain two-dimensional tomographic
information about element concentration within a target tissue
sample [9]-[17]. NSECT uses spectral information obtained
from inelastic scattering interactions between neutrons and
atomic nuclei in the target sample to identify the target atoms
and determine their concentration in-vivo.

Such a technique has several potential applications in both
humans and small animals. Several studies have indicated that
changes in trace element concentrations in human tissue may be
a precursor to malignancy in several organs, for example, brain,
prostate and breast [1], [S], [6], [18]-[20]. Measuring these
concentration changes would provide the ability to differentiate
between malignant and benign tissue, and their quantification
could enable in-vivo cancer diagnosis at very early stages.
Element concentration changes have also been observed in
iron for diseases such as sickle cell anemia, thalassemia major,
hemosiderosis and hemochromatosis [21]-[27], and in copper
for Wilson’s disease [28]. NSECT has the potential to image el-
ement concentrations in tomographic regions of interest within
affected organs, which can help in diagnosis and management
of these disorders.

The underlying NSECT principle is the following. NSECT
relies on inelastic scattering interactions that occur when atomic
nuclei are bombarded with fast neutrons. When an incident neu-
tron scatters inelastically with a target atomic nucleus, the nu-
cleus gets excited to one of its quantized higher-energy states
which is often unstable. This excited nucleus then rapidly de-
cays to a lower state, emitting a gamma ray photon whose en-
ergy is equal to the difference between the energies of the two
states. These non-overlapping energy states are well established
and somewhat unique to each element and isotope. Thus, detec-
tion and analysis of the emitted gamma energy spectrum can be
used to identify the emitting target atom.

0018-9499/$25.00 © 2008 IEEE
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While the NSECT technique may seem somewhat similar to
prompt gamma neutron activation analysis (PGNAA) as gamma
rays emitted due to interactions with incident neutrons are mea-
sured simultaneously while irradiating the sample, the two tech-
niques differ greatly in the method of gamma ray production.
PGNAA relies on neutron capture with prompt gamma emis-
sion, while NSECT uses inelastic scatter spectroscopy to iden-
tify the scattering isotope without inducing radioactivity. The
NSECT technique is a computed tomography extension of neu-
tron inelastic scatter spectroscopy.

Emitted gamma photons are captured using an energy-sen-
sitive gamma-ray detector. Tomography is performed by ac-
quiring a complete set of projections of line integrals using the
translate-rotate configuration as in first generation CT scanners,
i.e. the beam is translated horizontally through the entire sample
length, then the sample is rotated through some fixed angle and
the process is repeated. This tomographic scanning technique
yields a two-dimensional map of element concentration and dis-
tribution within the sample. This translate-rotate geometry is ap-
propriate for initial proof of concept studies using phantoms,
specimens or small animals. Once feasibility is demonstrated,
other geometries can be used in future clinical systems. Images
are reconstructed using the Maximum Likelihood Expectation
Maximization algorithm, an iterative technique to optimize an
image reconstructed from a finite set of its projections [29]-[31].

This manuscript presents NSECT as a potential application
for diagnosis of breast cancer. Early detection has proven to
be the most effective technique to increase survival rates of pa-
tients with breast cancer. While screening mammography has
been proven to be effective in screening for breast cancer, it suf-
fers from the following limitations: (a) it requires that the mam-
mograms have good contrast, which is often difficult to achieve
in dense breasts; (b) its anatomic approach in trying to identify
abnormalities in mammograms makes it essential that the ab-
normality be in an advanced stage of development; and (c) it
has limitations in classifying detected abnormalities as benign
or malignant. NSECT’s sensitivity to metabolic changes seen
in malignant tumors in very early developmental stages has the
potential to overcome the disadvantages of screening mammog-
raphy.

Several studies have demonstrated that breast cancer is asso-
ciated with changes in trace element concentration in the ma-
lignant tissue at very early stages. These changes have been
observed in concentration of elements such as Al, Br, Ca, Cl,
Co, Cs, Cu, Fe, K, Mn, Na, Rb, Sb, Se and Zn, and often occur
much earlier than morphologic changes such as tumors and cal-
cifications begin to appear [1], [6], [18]-[20], [32]. Quantifying
these element concentrations could potentially enable diagnosis
of breast cancer much before the tumor grows large enough to be
detected by existing imaging techniques. Generally, NSECT’s
role in diagnosing breast cancer is to (i) spectroscopically quan-
tify the concentration of elements of interest in the tissue to di-
agnose the disorder, and (ii) generate three dimensional tomo-
graphic image of the element concentration in the organ to iso-
late the region affected by the disorder. As most of these trace
elements occur in the body in microgram quantities, a primary
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objective of this study is to determine whether NSECT has the
required sensitivity to detect micro-gram concentration changes
in-vivo.

In this paper we describe our experimental implementation
of a prototype NSECT system for the diagnosis of breast cancer
and present experimental results from sensitivity studies using
this prototype. This manuscript presents the first results from a
spectroscopic examination of the breast as a preliminary step in
determining whether it is realistic to develop NSECT for diag-
nosis of breast cancer in a clinical scenario.

II. MATERIALS AND METHODS

A. Description of NSECT Prototype System

NSECT experiments have been performed at the Triangle
Universities Nuclear Laboratory (TUNL) accelerator lab lo-
cated at Duke University. TUNL is a low energy nuclear
physics research laboratory with a variety of ion beam sources
and a 10 megavolt tandem Van de Graaff accelerator capable
of producing 20 MeV proton or deuteron beams and a host of
other light ion beams. The shielded neutron source provides
researchers with an intense pulsed collimated mono-energetic
neutron beam. The shape and cross sectional dimension of the
beam can be selected with collimator inserts in the 1.5 meter
thick shielding wall. For instance, beams with rectangular cross
sections are available with sides ranging from 1 mm to 60 mm.
The reduction in the background by the 1.5 meter thick wall
is sufficient to permit gamma-ray detectors to be used without
extensive shielding. The key NSECT components are described
below.

1) Neutron Source: Neutrons are produced through the
?H(d,n)2He reaction by directing an accelerated and pulsed
beam of deuterons onto a deuterium gas target. Deuterons are
accelerated to energies between 3 and 20 MeV by the tandem
Van de Graaff accelerator. The charged deuteron beam is
directed onto a pressurized deuterium gas cell located behind
a 1 meter thick shielding wall composed of concrete, steel,
lead, and paraffin loaded with boron and lithium. Beam posi-
tioning and focusing on target are performed using magnetic
steering coils and magnetic quadrupole lenses, respectively.
A collimated channel made of copper with swappable inserts
is used to select the beam profile. Copper is chosen because it
adequately attenuates neutrons at energies available at TUNL,
is fairly simple to machine and is reasonably low cost. For this
experiment, the beam profile was selected to be cylindrical with
6 cm diameter.

The neutron beam created is highly peaked in the forward di-
rection and has a narrow energy width of approximately 1 MeV.
Neutron beam energies between 5 and 23.2 MeV are available
at TUNL.

The beam is pulsed to provide 2 ns wide bunches at the target
to allow measurement of neutron and gamma time of flight
(TOF), enabling TOF background correction. The repetition
rate of the beam pulses is adjustable from 2.5 MHz down to 39
kHz. This pulsed neutron beam allows researchers to measure
the background simultaneously with the foreground.

2) Neutron Flux Monitors: After exiting the collimator
channel, the beam is incident on a thin neutron flux mon-
itor made of a 1.6 mm thick plastic scintillator attached to a
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Fig. 1. Schematic drawing of the experimental setup used in NSECT measurements. Components are labeled as follows: A—Deuterium Gas Cell; B—Copper
Collimator; C—Neutron Flux Monitor; D—Sample Manipulator; E—Sample; F—Zero-degree Liquid Scintillator Detector; G—HPGe detector; H—Anti-coinci-

dence Compton Shield; [—Detector Shielding Enclosure.

photomultiplier tube. The attenuation of neutrons by the flux
monitor in the energy range of our studies is less than 0.1%.
The threshold setting on the discriminator of the flux monitor is
set sufficiently high to reject more than 90% of the pulses due
to recoil electrons from Compton scattering of gamma rays.
The efficiency of the thin flux monitor is calibrated relative to a
liquid scintillator detector positioned at 0 degrees with respect
to the beam. This detector has an active volume 5 inches diam-
eter X 0.74 inches thick and is filled with Bicron Corporation’s
BC519 scintillator fluid that enables gamma-ray rejection by
pulse shape analysis. The absolute efficiency of this detector
has been determined in a separate measurement to an accuracy
of 5% [33]. The zero degree liquid scintillator detector is also
used to obtain the neutron transmission image of the sample
which is required to make attenuation corrections.

3) Sample Manipulator: A computer-controlled sample
holder allows precise horizontal, vertical and rotational po-
sitioning of small samples remotely. This holder allows
tomographic acquisition by translating and rotating the sample
with respect to the neutron beam. In the current implementation,
tomography is performed by using the translate-rotate geom-
etry to obtain a complete set of projections of line integrals
through a slice of the sample. For NSECT, these projections are
defined by the angular and spatial sampling intervals between
successive positions of the sample as positioned by the sample
manipulator.

4) Gamma Detectors: Two high-purity germanium (HPGe)
detectors are used to detect gamma rays emitted from the
sample. These detectors are the 2-Fold Segmented Clover
Detectors (CLOVER 4 x 50 x 80 SEG2) manufactured by
Canberra Eurysis S.A. Each detector consists of four co-axial
n-type germanium crystals mounted together in the shape of a
4-leaf clover. Each germanium crystal is 50 mm in diameter
and 80 mm in length, with minimum relative efficiency of
22% and full width at half maximum less than or equal to 2.25
keV for 1.332 MeV gamma rays of %°Co. Both detectors were
calibrated against known energy peaks from a 22Na source and
positioned at £135 degrees from the incident neutron beam
at a distance of 20 cm from the sample. A majority of the
states of interest decay by an electric quadrupole transition
whose distribution has a maximum intensity at about 45 and
135 degrees. Using the 135 degree orientation helps prevent
the gamma detector from being illuminated by either the direct
neutron beam or by neutrons that elastically scatter from the

target. Active Compton shielding is used to reduce the effects
of Compton scattering in the detectors. These shields have a
minimum peak-to-Compton ratio of 41 for °Co gamma rays
at 1.332 MeV.

A schematic drawing of the source, detector and shielding
configuration is shown in Fig. 1.

5) Passive Shielding: The gamma detector is shielded from
the neutron source by a 1.5 m thick wall composed of concrete,
steel, lead, borated plastic and lithium-loaded paraffin. In addi-
tion to this wall, an enclosure of lead bricks and lithium-loaded
paraffin built around each detector provides additional shielding
to further reduce particles incident on the active area of the de-
tector.

6) Computers and Acquisition Software: Data is acquired
using SpecTcl, a nuclear event data acquisition and analysis
software package developed at the National Superconducting
Cyclotron Laboratory at Michigan State University. SpecTcl al-
lows acquisition and storage of raw data using an object oriented
C++ framework, and allows online and offline data visualiza-
tion through the Xamine display program. Complete as well as
partial sets of raw data can be retrieved at any time, including
during acquisition, and analyzed using any combination of data
parameters. The Xamine display program allows simultaneous
display of multiple spectra including spectrum overlay.

7) Amplifiers: Canberra 2026 spectroscopy amplifiers are
used to integrate and shape the signals from the gamma detectors
before they are digitized by peak-sensing ADC’s at the data ac-
quisition interface. Adjustable gain settings on these amplifiers
allow ‘zooming’ in or out on a specific range of nuclear energy
levels. For example, acquiring data for a gamma energy range
of 0-2 MeV would require double the gain as that for 0—4 MeV.
However, as the number of channels in the ADC is finite, fo-
cusing the entire range of the ADC into a smaller energy range
gives better energy resolution in the measured gamma ray en-
ergy spectrum. This feature is important when looking for spe-
cific energy peaks from certain elements, which lie close to en-
ergy peaks from other elements, as in the case of iron (56Fe at
846.7 keV) and germanium (74Ge at 841.1 keV).

B. Spectral Acquisition Methodology

Spectral acquisition for samples was performed by using
SpecTcl to digitize two measurable quantities for each gamma
count observed: gamma TOF and gamma photon energy. For
each data acquisition run, several quantities were counted
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using scalars and recorded. These scalars include neutron flux,
accelerator beam current and the zero-degree monitor counts.
For tomography, the sample position was recorded by reading
the sample manipulator’s X,y,z positions at each projection as
the sample was translated and rotated. Each projection was then
analyzed separately and results were fed to the reconstruction
algorithm. Data were recorded for each projection until a
statistical accuracy of 95% was obtained.

Recorded data sets could be retrieved and analyzed in both
real-time while acquiring data as well as at a later time for of-
fline analysis. Analysis parameters such as TOF windows and
detector calibration bias were applied and adjusted in software
to allow replaying the experiment with different windows for
off-line optimization of these parameters. Spectra were gener-
ated using the Xamine display program with different combi-
nations of timing and energy windows applied to the acquired
data.

1) Background Reduction: Background reduction was per-
formed to account for three contributing sources of background:
time uncorrelated events via a TOF background suppression
technique [34], [35], sample uncorrelated backgrounds that
are time correlated by a sample-out scan subtraction [35],
and polynomial curve-fitting of the residual background, i.e.
the background that remains after the measured contributions
are subtracted. [13]-[15]. The TOF suppression technique is
used to correct for the time-uncorrelated backgrounds that are
due mostly to gamma rays created and noise generated from
the neutron interactions in the shielding material and target
apparatus. This technique uses a pulsed neutron beam to allow
selection of gamma rays which appear within the prompt peak
that corresponds to the time of flight for a neutron from the
source to the sample plus the time of flight for the subsequently
emitted gamma from the sample to the detector. The remaining
gamma rays are suppressed as ‘background noise’. The time
zero for the TOF measurement is set by using pulsing informa-
tion from the deuteron beam to control a clock that measures
the time of flight of the neutrons from the gas cell to the sample
plus the time of flight of the emitted gamma rays from the
sample to the detector. Our implementation of this technique
has been described in detail elsewhere [35].

Background events that are due to processes that don’t
involve the sample are measured by acquiring data with the
sample removed. Examples of such processes are interactions
of neutrons with the collimator or sample holder. This data is
subtracted from the sample-in data to produce an estimate of
the spectrum due to neutron interactions in the sample. This
technique has been described in detail elsewhere [35]. In this
study, the samples of interest were only the elements present
in the tissue. Hence, the sample-out scan was acquired by
substituting the tissue sample with an equivalent mass of water,
i.e. removing only the elements of interest while retaining the
neutron scatter properties of hydrogen and oxygen nuclei in
tissue.

Polynomial curve fitting is used to remove residual back-
ground due to Compton scattering of detected gammas. When
high energy gamma photons are incident on a detector, some of
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Fig. 2. Example of polynomial curve-fitting for residual background correc-
tion. The uncorrected spectrum is shown in grey with the polynomial curve
overlaid in dotted black. The resulting corrected spectrum is shown in the fore-
ground as a solid black line in the lower part of the image.

the gammas will deposit their full energy in the detector while
others will scatter out of the detector active volume. As a result,
there is a trend of increasing counts in the lower energy channels
of the detector. A polynomial curve-fit is used to model this
trend and subtract this residual background.

An example of this is shown in Fig. 2, which shows an orig-
inal uncorrected spectrum (light gray), the polynomial curve
fit to underlying background (dotted black line), and the spec-
trum after residual background correction (solid black line in
the lower part of the image).

2) Samples: A total of 5 samples were scanned for this study
investigating our ability to use NSECT to detect element con-
centration changes in human tissue. Samples I and I comprised
breast biopsy tissue samples with matched tumors excised from
the same patient. Sample I had a benign tumor and Sample II
was malignant. Each sample weighed approximately 40 g and
was scanned with a 6.0 MeV neutron beam while placed in
a plastic container, delivering an integrated dose of approxi-
mately 1 mSv. Sample III comprised 40 g of distilled water
in an identical plastic container, and was used to get an esti-
mate of sample related background originating mainly from hy-
drogen and oxygen nuclei in tissue cells. Sample IV was made
of varying concentrations of *Fe, >*Na, 37K, 33Cl and 3"Cl in
distilled water and was used as a calibration sample to determine
the lower detection threshold of NSECT. Finally, as none of the
above samples were of in-vivo tissue, Sample V comprising a
fixed mouse specimen was scanned to demonstrate NSECT’s
ability in detecting elements from an intact biological specimen.
The mouse specimen was prepared as follows. A freshly sacri-
ficed mouse was flushed with saline and then fixed for one week
using a 1:10 gadolinium/formalin solution. After flushing the
fixed mouse with saline once again, it was enclosed and sealed
in a glass tube along with diluted formalin solution. This en-
closed specimen was scanned for 95 minutes with a 5.0 MeV
monochromatic neutron beam.

Gamma spectra obtained from each sample were normalized
against neutron flux monitor counts for the duration of the scan
and corrected for sample uncorrelated backgrounds.
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C. Spectral Analysis Methodology

After correcting for sample uncorrelated backgrounds, each
spectrum was analyzed to identify the location of a peak using
an automated peak-finding algorithm. The algorithm identifies
a peak as a region of high intensity within a pre-specified
energy window and peak height above a certain pre-specified
threshold [36]. For the breast spectra in this experiment, the
energy window width was defined as 10 keV and peak height
threshold was set to 7. Each detected peak was compared to its
underlying background using a z-score test for difference of
means. Collection of gamma rays in the detectors is assumed to
follow Poisson counting statistics, where, for each energy peak,
the mean and variance are equal to the number of counts in the
peak. With this assumption, the statistical significance for any
two energy peaks can be calculated using the z-score test for a
difference of means. Peaks with a two-tailed p-value <0.05 are
considered significant. For each energy peak in the spectrum,
an underlying background was calculated using a polynomial
curve-fit as described earlier. The significance of the energy
peak was determined by calculating the value of z as shown in
(1), comparing the counts in the energy peak against counts in
the underlying background

y = Hpeak — Mbackground
\/Mpeak + Hbackground

)]

Only peaks detected with a 95% confidence level (i.e., two-
tailed p-value <0.05) were reported for element matching. This
analysis was performed separately for the benign and malignant
breast spectra.

Each reported peak was then matched with potential elements
using the National Nuclear Data Center’s Nuclear structure and
decay data online tool (NuDat 2.3) [37]. This identification was
made in three steps: (a) a list of all elements with gamma lines
at the energy peak of interest were listed; (b) isotopes of ele-
ments not expected to be present in the breast, including radioac-
tive isotopes and stable isotopes with low abundance, were dis-
carded from the list; (c) prior information about the remaining
isotopes’ line contributions to prominent gamma lines was used
to identify a possible element match. Several elements such as
12¢, 49Ca, 33C1 %3Cu, *°Fe and, 160, which are present in the
breast, have been scanned and studied in earlier NSECT ex-
periments where several of these elements were scanned indi-
vidually [9]-[11]. These individual element scans were used to
experimentally establish the relative contribution of prominent
gamma lines for each of these elements. This prior information
was used in identifying the corresponding element in the breast
spectra. However, there are many other elements in the breast
spectrum that have not yet been scanned individually, and their
contributions to different gamma lines have not been experimen-
tally established. As a result, certain gamma energy peaks in the
breast spectra were found to have multiple element matches, and
these are labeled accordingly.

After identifying energy peaks in the individual spectrum, a
z-score test for the difference of means was used to analyze
the comparative differences in peak heights between the benign
and malignant spectra. Counts in an energy peak identified as
a potential element peak in a benign spectrum were compared
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Fig. 3. Gamma energy spectrum from benign breast sample showing energy
peaks for several potential elements identified. Gamma peaks are seen for 7> Ge
and "*Ge from the germanium detector. Peaks with multiple potential element
matches are labeled accordingly.

to counts from the same energy peak in the malignant spectrum
using the formula in (1). Each peak was considered individually
for this analysis. Energy peaks that differed from each other at
the 95% confidence level (i.e. two-tailed p-value <0.05) were
reported as possible markers for malignancy.

For the multi-element calibration sample, prominent peaks
corresponding to Fe, 3K, 2>Na and 3>Cl were identified in
the spectrum, taking into consideration prior information about
their line contributions to the peaks, and the intensity of their
peaks was associated with the known concentration of the ele-
ment in the sample. Assuming the statistical noise in the system
to remain constant, threshold sensitivity for each element was
calculated as the concentration at which the resulting peak could
be detected with two-tailed p-value <0.05 above its underlying
background using the z-score test for difference of means.

III. RESULTS

The results below show sample-uncorrelated background
corrected spectra from each of the samples scanned except for
Sample III, which was used to estimate background.

Fig. 3 and Fig. 4 show background corrected spectra from the
benign and malignant tumor samples respectively. Several ele-
ments were identified common to both samples. Energy peaks
were seen for Ag, Br, Cl, Co, Cr, Cs, Cu, Fe, Mg, Mn, Ni, Rb,
Se, Sn, and Zn. Energy peaks were also seen for Ge from the
gamma detectors. While several gamma energy peaks were seen
to vary in intensity between the two samples, statistically signif-
icant differences were observed for the peaks listed in Table I.
These peaks were found to correspond to Al, Br, Cl, Co, Fe, K,
Rb and Zn.

Both breast samples were sent for spectral examination
through neutron activation analysis (NAA). Results from the
NAA indicated significant increases in the concentration of Cl,
Fe, K, Na, and Zn and is shown in Table II.

Fig. 5 shows the gamma spectrum from the mixed
Fe-Na-K-Cl sample containing 5 g Fe, 0.98 g Na, 1.31 g
K, and 2.71 g CI. Peaks were seen for each of the elements
present in the sample. Assuming the statistical noise in the
system to remain constant, the detection threshold for NSECT
was calculated for each element and is shown in Table III.
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Fig.4. Gamma energy spectrum from malignant breast sample showing energy
peaks for several potential elements identified. Gamma peaks are seen for "2Ge
and 74 Ge from the germanium detector. Peaks with multiple potential element
matches are labeled accordingly.

TABLE I
LIST OF ENERGY LEVELS SHOWING STATISTICALLY SIGNIFICANT DIFFERENCES
IN INTENSITIES BETWEEN BENIGN AND MALIGNANT SPECTRA ALONG WITH
A LIST OF POTENTIAL MATCHING ELEMENTS. ELEMENTS WITH NEGATIVE
DIFFERENCES SHOWED A DECREASE IN CONCENTRATION IN THE MALIGNANT
SAMPLE. THE STATISTICAL SIGNIFICANCE WAS CALCULATED USING A Z-SCORE
TEST FOR DIFFERENCE OF MEANS
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Fig.5. Gamma energy spectrum from a mixed sample of 2.5 g KCl, 2.5 g NaCl
and 5 g Fe in 40 g H,O. Peaks are seen for each of the elements in the sample.

TABLE III
RESULTS OF SENSITIVITY ANALYSIS FOR THE MULTI-ELEMENT CALIBRATION
SAMPLE. ALSO LISTED FOR A COMPARATIVE ANALYSIS IS THE CORRESPONDING
NAA SENSITIVITY FOR THE ELEMENT

"t | Mateh | benitn | Matienant | D | poval
219 By 6 19 13 | 001
397 Co, "°Br 16 2 .14 | 0.01
1028 8ipr 13 29 16 | 003
1128 K, ®7n 0 13 13 | 0.001
1306 Fe 10 0 -10 | 0.01
2299 2T Al 0 13 13 | 0.001
37Cl7 56F€,
2469 7n 5 15 10 | 0.05
3635 3¢l 3 14 11 0.01
TABLE I

LIST OF ELEMENTS SHOWING STATISTICALLY SIGNIFICANT DIFFERENCES IN
CONCENTRATION BETWEEN BENIGN AND MALIGNANT TISSUE DETERMINED
THROUGH NAA

Element Cl Fe K Na Zn
Benign (ug/g) 2170 | <172 | <507 1440 3.96
Malignant (ug/g) [ 4000 902 834 3110 13.1

Fig. 6 shows the gamma energy spectrum accumulated for the
fixed mouse specimen. Gamma peaks were observed for several
elements expected from the mouse specimen as well as some
from materials present in the scanning setup. Energy peaks were
identified for 12C from tissue, “9Ca from bone, and elements
39K, 27 A1, 37(CY, %Fe, 687n and 25Mg which could be present
in the specimen. Elements 2“ Al and >Fe could also be system
dependent as many components used to mount the detectors and
other hardware were made of aluminum and iron. Peaks were
seen for 1**Gd and 16°Gid from the 1:10 gadolinium/formalin
fixing solution in the sample, along with peaks from several nat-
urally occurring states in germanium in the HPGe detectors.

Mass Peak Threshold Sensitivity
(g) | counts counts NSECT (g) | NAA (ug)
Na | 0.98 | 140.21 40 0.28 5
5Fg 5 519.79 ” 0.69 90
K| 131 | 7147 32 0.59 1000
3¢l | 271 | 5246 19 0.98 20
Fixed Mouse Specimen (Sample V)
40 Ge
oy
304 s a1
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g 20 d:(:cay 2K 870
8] ol 153Gd Fe
155Gd Az “°ca
SGe “Ge 71Ge i
10 StFe K }uc sy c
.
0- | f
0 1000 2000 3000 4000

Gamma Energy (keV)

Fig. 6. Gamma energy spectrum from a formalin fixed mouse specimen
showing peaks corresponding to excited states in various elements. Gamma
peaks are seen for 2 C (escape peaks), 2°Ca, 32K, 27 Al, 37 Cl, *5Fe, 58 Zn and
25Mg. Gamma peaks are also seen for "?Ge and "4Ge from the germanium
detector, and **®Gd and 1%°Gd from the fixing solution. Peaks with multiple
potential element matches are labeled accordingly.

IV. DISCUSSION

This work demonstrates that NSECT shows significant po-
tential in developing into a modality capable of detecting breast
cancer in early stages. Results from preliminary scans of breast
tissue samples demonstrate its ability to detect individual el-
ements within breast tissue. Energy peaks seen to vary in in-
tensity between the benign and malignant samples facilitate fu-
ture hypothesizing of these peaks as potential markers of breast
cancer. Although the spectra obtained in this study were from
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excised tissue, results from the whole mouse specimen indi-
cate that element detection is possible for in-vivo tissue without
the need for biopsy. The lower detection threshold for accu-
rate quantification of an element using this preliminary NSECT
system was found to range from 0.28 grams to 0.98 grams for
the four elements analyzed. This threshold value is much higher
than the microgram sensitivity required to detect cancer-indi-
cating trace elements in the breast. Accurate element quantifi-
cation using the current NSECT system requires at least the
threshold concentration of the target element to be present in
the beam. However, simulation experiments conducted to test
the feasibility of breast cancer detection for in-vivo tumors have
demonstrated the ability to detect microgram concentrations of
trace elements that are markers of breast cancer for tumors that
are in-vivo [36]. In some cases, it may be possible to increase the
total mass of the element in the beam by using a broad neutron
beam to illuminate a larger volume of the sample. Generally,
a significant sensitivity improvement will be required in order
to facilitate breast cancer diagnosis. Efforts are under way to
improve sensitivity while maintaining the lowest possible dose
level delivered to the patient. Using high-flux neutron sources
and multiple gamma detectors will increase the overall detection
efficiency and reduce scan time, which will both in turn reduce
the time-dependent background noise. Optimizing the detector
shielding will reduce the sample-related and room-related back-
ground, which will increase signal to noise ratio and improve the
sensitivity of the system. Increasing the gamma detection effi-
ciency to reduce overall scan time will also reduce the associated
patient dose. Neutron and gamma attenuation correction algo-
rithms are being developed and implemented simultaneously to
improve sensitivity and detection accuracy [38].

Three background correction techniques were used in this ex-
periment, TOF correction, sample-related background subtrac-
tion, and polynomial curve-fitting. The TOF correction tech-
nique is used to reduce the time-uncorrelated backgrounds. This
background can also be estimated by acquiring a spectrum from
a sample-out scan. Both techniques have been tested and are
seen to suppress time-uncorrelated background sufficiently. We
prefer to implement the TOF subtraction technique here because
not only does it require less time by not having to acquire a
separate sample-out scan, but the electronics are also readily
available at TUNL. In a clinical environment however, it may
be easier to use the sample-out subtraction technique to avoid
the added complexity in required hardware.

Slowing and attenuation of neutrons in the body depends
largely on the concentration of hydrogen and oxygen nuclei in
the sample, and is of significant concern when interrogating
large samples such as the abdomen. However, for the size of
tumor samples that have been used in this study, simulations
have shown that neutron slowing is not of significant concern.
As larger samples are interrogated, neutron slowing and at-
tenuation will be corrected in one of two ways: (a) Neutron
energy slowing: Incident neutrons lose a part of their energy
through interactions with nuclei encountered in the sample
while traveling towards target trace element nuclei. As a result,
the energy of the neutron available to interact with the target
nucleus is lower. As the criterion for successful interrogation
of a target nucleus through inelastic scatter spectroscopy is that
the energy of the incident neutron must be larger than the target
nuclear energy level to be excited, the reduction in energy

through slowing of neutrons is taken into consideration when
selecting the original incident energy of the neutron beam.
For example, to interrogate a sample containing 2C with its
first excited state at 4.4 MeV, a 5 MeV neutron beam is used
to ensure that there will be sufficient energy left to excite the
4.4 MeV energy state even after minor energy losses through
slowing. (b) Neutron attenuation: Interactions such as elastic
scatter between incident neutrons and nuclei encountered while
traveling towards target trace elements often result in a change
in direction of the incident neutron. As a result, fewer neutrons
are able to reach the target trace element nucleus, leading to
a reduction in the number of observed gamma counts for that
nucleus. For spectroscopic examination of a homogeneous
sample, this neutron attenuation is accounted for by using a
calibration sample with the same geometric dimensions as the
target tissue sample. For non-homogeneous samples which
require tomographic examination, a neutron attenuation-cor-
rection algorithm has been developed for use with NSECT and
has been described elsewhere [38].

Using neutrons as the incident radiation leads to significant
concerns about patient dose. At our energies of interest (2 MeV
to 8 MeV), neutrons are known to damage the body 10 times
more than x-rays. However, as it takes fewer neutrons to create
an NSECT image than x-rays required to create a mammogram,
it is possible to maintain patient dose level at values comparable
to other ionizing radiation modalities. In previous studies, it has
been established that only 10,000 gamma events are required
in the detectors to obtain quantitative accuracy of 95% in a to-
mographic image. Geant4 simulations to evaluate the efficiency
of inelastic scatter interactions have shown that 10,000 gamma
events can be obtained in the detectors using 10 million inci-
dent neutrons, which corresponds to an effective patient dose
of less than 1 mSv. Our preliminary simulation experiments
suggest that for breast cancer detection, it may be possible to
achieve effective patient dose levels lower than 5 mSv [36], [39].
By increasing the number of detectors and using high-flux neu-
tron sources to reduce scan time, dose levels can potentially be
brought down even further. Dose assessments are currently per-
formed through a Geant4 simulation which models the acquisi-
tion geometry, neutron beam characteristics and tissue sample
data [39]. The simulation is used to count the energy deposited
in the tissue sample from which an effective dose equivalent for
the organ can be calculated by using the appropriate weighting
factors for the organ of interest. For the breast, the weighting
factor relative to whole body exposure is 0.05.

An important issue to address for breast cancer diagnosis
using NSECT is the accurate quantification of a particular el-
ement in the spectrum despite line contributions to its gamma
peaks from other elements. This involves an understanding of
the nuclear transition structure of the element under evalua-
tion, and subsequent correction for the ‘noise’ line-contributions
from other elements. These line contributions have been evalu-
ated experimentally for several samples. Before quantification
experiments can be performed for micro-gram concentrations
of breast trace elements, it is imperative to analyze the line con-
tributions from each of the elements of interest and develop a
model to identify an element based on its gamma line contribu-
tions throughout the spectrum. Efforts are under way to evaluate
gamma spectra from several such elements using Geant4 simu-
lation.
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NSECT is a new alternate diagnosis method with the po-
tential to detect breast cancer. Its advantage lies in its ability
to detect and identify malignant tissue in the breast and gen-
erate a two-dimensional image through a single non-invasive
in-vivo tomographic scan without the need for breast compres-
sion or biopsy. Through the use of portable neutron sources
and portable gamma detectors, NSECT can potentially be trans-
lated to clinical use as a screening and diagnostic technique
for breast cancer. Our final goal is to implement a portable,
low-dose breast cancer screening system which can detect breast
cancer without the need for breast compression or invasive biop-
sies.
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Abstract

This paper describes the implementation of neutron-stimulated emission
computed tomography (NSECT) for non-invasive imaging and reconstruction
of a multi-element phantom. The experimental apparatus and process for
acquisition of multi-spectral projection data are described along with the
reconstruction algorithm and images of the two elements in the phantom.
Independent tomographic reconstruction of each element of the multi-element
phantom was performed successfully. This reconstruction result is the first of
its kind and provides encouraging proof of concept for proposed subsequent
spectroscopic tomography of biological samples using NSECT.

1. Introduction

Neutron-stimulated emission computed tomography (NSECT) is a technique for non-invasive
in vivo imaging of stable isotopes in the body (Floyd et al 2004, 2006). It uses a thin beam
of fast neutrons to stimulate stable nuclei in a sample, which emit characteristic gamma
radiation. The energy of the emitted gamma is unique to the nucleus and is used to identify
the emitting nucleus. NSECT is a technique of tomographic spectroscopy. In the current
implementation, the tomographic path of integration is defined by the neutron beam while the
emitting nuclear species is identified by gamma spectroscopy. The result is a tomographic
and spectroscopic image of element distribution in the body acquired through a non-invasive
in vivo scan. While other techniques have been developed for identifying the concentrations of
elements in tissue samples (Geraki and Farquharson 2002, Ng et al 1993, 1997), NSECT is the
first technique with properties that will allow non-invasive and in vivo spectroscopic imaging
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in humans or small animals with a non-lethal radiation dose. Previously, we have presented an
introduction to NSECT along with some preliminary results to demonstrate proof of concept
for some of the required key components of the system (Floyd et al 2004, 2006, Kapadia
et al 2005, 2006a, 2006b, 2006¢c, 2007, 2008). Here, we present a full description of the
tomographic technique as successfully applied to acquire and reconstruct tomographic images
from a multi-element phantom.

The motivation for this work is to develop a technique that can image the elemental
composition of biomedical volumes in vivo. Potential applications include cancer diagnosis
and staging by examining the concentration of certain elements in regions of suspicion based
on an observed difference in the trace element concentration between benign and malignant
tissues (Dobrowolski et al 2002, Ng et al 1993, 1997, Schwartz and Fink 1974, Gregoriadis
et al 1983, Rizk and Sky-Peck 1984); quantitative assessment of the iron load in the liver
(Brittenham and Badman 2003), following the transport of nutrients through the body; and the
role of metals in dementia (Stedman and Spyrou 1995).

The physical principles behind NSECT are based on neutron inelastic scattering and
nuclear spectroscopy, and include the physics of computed tomography. Each of these
principles that are important for NSECT is described below.

1.1. Neutron inelastic scatter

When a neutron collides with an atomic nucleus at incident neutron energies of interest
(1-7.5 MeV), one of several processes may occur. The most probable interaction is elastic
scattering, while inelastic scattering is the next most likely interaction (Evans 1955). Other
interactions, such as neutron capture (n,y), charge exchange (n,p), knockout (n,d), (n,t),
(n, *He), (n, “He), or fission (n,x), are less likely. When the neutron scatters inelastically,
some of the energy of the neutron is transferred to the nucleus leaving it in an excited state.
After a short time (typically several picoseconds), the excited nucleus decays to a lower energy
state, usually by emitting a gamma photon. The photon has energy equal to the difference
in energy between the two states, and an angular distribution specified by the difference in
angular momentum and parity of these states (Cottingham and Greenwood 1986). The energy
of the emitted gamma ray is used to identify the emitting nucleus.

1.2. Gamma spectroscopy

The gamma emissions that are stimulated by inelastic neutron scattering are characteristic
of the isotope and energy states involved. While the energy of emitted gamma rays is not
absolutely unique to each element, there is very little overlap over the range of elements
and neutron energies of interest to NSECT. A high-resolution gamma detector acquires the
energy spectrum emitted by the elements along the path of the neutron beam. NSECT uses
the characteristic signature of these inelastic collisions to identify the isotope from which
the neutron scatters. The incident neutron flux is shaped into a beam that defines a path of
integration. The emitted gamma flux that is characteristic of a particular element is proportional
to the concentration of that element in the body integrated over the path of the neutron beam
weighted by the incident flux of the neutron beam. In this way, multiple energy integrals are
acquired simultaneously for each spatial path integral defined by the orientation of the neutron
beam. The spatial projections of each combination of energy channels associated with a given
element can be reconstructed separately to provide tomographic image reconstructions that
represent the spatial distribution of each respective element within the illuminated volume of
the sample.
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Figure 1. Geometry for NSECT tomography experiment. (1) Neutron accelerator tube,
(2) deuteron beam, (3) deuterium gas cell, (4) neutron production region, (5) shield wall,
(6) copper collimator, (7) thin plastic neutron monitor, (8) HPGe gamma detector with Compton
shield, (9) sample target on translational and rotational stages, (10) inelastically scattered neutron.

1.3. Computed tomography

The projection-slice theorem states that if line integrals (referred to as projections) of a property
of a body are acquired such that these line integrals cover the area at all angles of a slice through
the body, then the interior density of the slice can be reconstructed from these projections. The
process of reconstruction is called tomography and the image of the interior spatial density is
known as the tomographic image. The simplest technique for reconstructing the interior from
a complete set of projections is Fourier inversion (FI) (Kak and Slaney 1999). Unfortunately,
practical limitations of sampling seriously limit the number of applications for which FI yields
acceptable image quality. The most popular reconstruction algorithm over the past 30 years
has been filtered back projection in which each projection ray is filtered by a 1/ function, and
the resulting value is distributed uniformly along the projection path through the interior space
to be reconstructed (Kak and Slaney 1999). With a sufficient signal-to-noise ratio (SNR) and
sufficient spatial and angular sampling in the acquisition of the projections, this technique can
provide high-quality images. Unfortunately, in many applications (including NSECT), the
SNR and the number of spatial and angular samples are related to the acquisition time and to
the patient dose, both quantities that should ideally be minimized. For this reason, statistical-
based algorithms are used. For the work presented here, we have chosen the maximum
likelihood through expectation maximization (MLEM) algorithm as developed for emission
computed tomography (ECT) (Lange and Carson 1984). The advantage of this algorithm for
applications like NSECT is that it is more tolerant of a limited SNR and sampling than FBP or
FI (Lange and Carson 1984). A feature of MLEM that is of advantage to NSECT is the ability
to incorporate several physical features of the acquisition system and geometry directly into the
reconstruction algorithm through a forward-modeling approach. For example, MLEM is able
to model the Poisson nature of gamma counting, number and location of gamma detectors,
and non-uniform acquisition geometries. MLEM still requires projection data that reflect
the line integral of the elemental concentrations within the sample. These line integrals are
provided by a neutron beam that defines the path and geometry of integration. The neutron
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Figure 2. Geometry of the phantom imaged in the tomography experiment. The gray bars represent
copper, while the black bars represent iron. Each bar measures 0.6 cm in width, 6 cm in height
and 2.5 cm in depth (into the page).

beam stimulates the emission of characteristic gamma photons that are integrated in a gamma
spectrometer.

2. Materials and methods

NSECT experiments are currently performed at the Triangle Universities Nuclear Laboratory
(TUNL) at Duke University, Durham, NC. TUNL is a medium energy accelerator source with
a tandem Van-de-Graaff accelerator capable of producing neutron beams up to 20 MeV.

2.1. Neutron illumination

Neutrons for our experiments were produced at the shielded neutron source facility of TUNL.
A 7.5 MeV neutron beam was produced through the d(d,n) reaction using the geometry shown
in figure 1.

The 7.5 MeV neutron beam passed through a 1.5 m long copper collimator with swappable
inserts that allowed manipulation of the size and shape of the beam profile. The profile of the
neutron beam was measured using a 1 mm thick plastic scintillator that was moved across
the beam at the location of the sample. The counts were recorded for each position in both
the horizontal and the vertical planes to map the beam profile in two dimensions.

2.2. Sample phantom

A phantom was constructed of solid bars of natural copper and natural iron to form the shape
of the letter ‘N’. A schematic drawing of the top view of this phantom is shown in figure 2.
The gray bars represent copper, while the black bars represent iron. Each bar measured 0.6 cm
in width, 6 cm in height and 2.5 cm in depth (into the page).

2.3. Sample transport

The sample was held on a computer-controlled stage that permitted motion in the horizontal
plane (across the beam path), the vertical plane and rotation about the vertical (tomographic)
axis. With the beam fixed, the horizontal motion allowed selecting a projection path through
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Figure 3. Top view of phantom showing (a) translations and (b) rotations used to achieve the
tomographic acquisition geometry. The gray bars are copper and black bars are iron. All bars have
height 6 cm, width 0.6 cm and depth 2.5 cm. The maximum dimension of the phantom is 9 cm
(diagonal).

the sample, the vertical motion allowed selecting a trans-axial slice through the sample, and
the rotation about the central axis of the sample allowed selecting a projection angle for the
stimulating neutron beam. This arrangement is shown in figure 3.

2.4. Gamma spectroscopy

The characteristic gamma photons emitted due to inelastic scattering of neutrons have energies
between 100 and 6500 keV (National Nuclear Data Center 2007). Photons in this energy
range are well transmitted through the body with transmission between 12% at low energies
(300 keV), where the attenuation coefficient is 0.21 cm~', and 65% at higher energies
(6500 keV), where the attenuation coefficient is 0.043 cm™! (NIST 1990). The emitted gamma
photons were detected in a high purity germanium (HPGe) detector with an energy resolution
of 0.1% full-width at half-maximum (FWHM) at 1 MeV detected energy, corresponding to
+1 keV (Knoll 2000). This resolution was sufficient to resolve most of the gamma photon
energies that were characteristic of the isotopes of interest with incident neutron energy
between 1 MeV and 7.5 MeV.

The HPGe detector was surrounded by an anti-Compton shield in the axial dimension of
the germanium element. This shield was a cylindrical section of Nal and a conical section
of BGO coupled to photomultiplier tubes with preamplifiers whose outputs were summed.
If a photon produced a signal in the main detector by Compton scattering, there was a high
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probability that the scattered photon would interact with the shield. These events would have
a signature given by a coincidence between a signal in the main detector and a signal in the
shield. The coincidence events were used to block the input to the spectroscopy amplifier that
processed the main detector signal and thus reduced the processing of signals that were due
to Compton-scattered events that escaped the main detector. The output of the spectroscopy
amplifier was read into an analog-to-digital converter and was then read into the data acquisition
computer.

2.5. Tomography

The projection-slice theorem states that the interior density in plane passing through an object
can be reconstructed from a complete set of projections that consist of line integrals of the
density along all paths that lie within that plane. In transmission computed tomography (TCT),
these line integrals consist of the total attenuation of a beam with known intensity passing from
a point photon source through the object and ending in a photon detector. In ECT, the source
of photons is distributed through the object, and the paths of the line integrals are defined
by the acceptance beam of a lead collimator placed on the detector. For NSECT, the path is
defined by the beam of the stimulating neutrons. Photons whose emission is stimulated by this
beam are integrated in the gamma detector. In this experiment, the phantom was scanned at 8
angular positions at 22.5° intervals and 11 spatial positions at § mm intervals at each angle.

2.6. Reconstruction

Images were reconstructed from the projection data sets using the MLEM algorithm as derived
for positron emission tomography (PET) (Lange and Carson 1984). For our implementation
of this technique, the probabilities were computed using Monte Carlo techniques as developed
for single photon emission computed tomography (SPECT) (Floyd et al 1985). While these
algorithms were developed for ECT, they are appropriate for extension to NSECT due to the
shared principles of stimulated emission computed tomography. The algorithm is defined
below following the notation in Lange and Carson (1984).

Let A; represent the image intensity in the image voxel j where j = 1, ..., N; with Ny
being the number of image voxels. Let Y; represent the projection ray i where i = 1, ...,
N with Ny being the number of projection measurements. Let pj; equal the probability that
a photon emitted from the source voxel j is detected when the stimulating neutron beam is
at orientation i. pj; are pre-computed using a Monte Carlo calculation that accurately models
the beam shape, the voxel shape, the angular spacing, and the detector size and location. For
this experiment, the reconstruction voxels are square regions, | mm on a side. The MLEM
algorithm for the k + 1th iteration is then given by

o — P ¥ (1)
! Zi”NI pjir g Zyl p.f’i')‘];’

The first factor on the right side of the equal sign is the estimate of the source voxel j
at the kth iteration and the rest is the correction to it. The second factor is a normalization
factor. The sum over i’ is of the ratio of the measured projection data at projection i’ (¥;/) to
the estimated projection based on the kth estimate of A, weighted by the probability that this
projection originates from the voxel j (p;i).

This algorithm converges absolutely to the maximum likelihood (ML) solution (Lange
and Carson 1984). For image reconstruction, the ML solution often is not what we want to
visualize as it can be very noisy looking. To overcome this, the MLEM algorithm should be
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‘regularized’.
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Figure 4. Neutron beam profile along the horizontal axis measured with a 1 mm thick plastic
scintillator. The beam measured 0.70 cm at full-width at half-maximum.

Y-axis Beam profile

Normalized Counts
Fy

-4 -2 0 2 4 6 8 10 12 14 16
Offset (mm)

Figure 5. Neutron beam profile along the vertical axis measured with a 1 mm thick plastic
scintillator. The beam measured 0.86 cm at full-width at half-maximum.

One of the easiest techniques for regularization is to terminate the iterations

before the algorithm has completely converged. For our initial implementation, we performed
this step visually by picking the iteration at which the structure of the phantom appeared to
be well represented but where the noise was not objectionable. A uniform distribution was
chosen for the initial guess of the source voxels 1°. We examined reconstructed images at
each iteration between 1 and 50 and chose 6 as the optimum. Reconstruction required about
1 s per iteration on a 1 GHz PC running Linux.

3. Results

3.1. Beam profiles

The profiles along the horizontal and vertical axes are shown in figures 4 and 5, respectively.
The beam profiles at FWHM measured as 0.70 cm in the horizontal dimension and 0.86 cm
in the vertical dimension.
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Figure 6. Gamma energy spectrum corrected for accidental background. Spectral lines
corresponding to six states from °Fe and ®Cu are indicated by numbers: (1) ®3Cu from the
first excited state to the ground state; energy 660 keV. (2) *°Fe from the first excited state to the
ground state; energy 847 keV. (3) ®3Cu from the second excited state to the ground state; energy
962 keV. (4) %°Fe from the third to the second excited state; energy 1239 keV. (5) 6Fe from the
fourth to the second excited state; energy 1811 keV. (6) ®3Cu from the sixth to the first excited
state; energy 1864 keV.

3.2. Spectra

Figure 6 shows the background-corrected spectrum from one spatial position at one projection
angle. Six spectral lines were identified corresponding to energy transitions from iron and
copper and are labeled 1-6 in the figure caption.

3.3. Sinograms

The emissions from the first two states in each of *°Fe and %*Cu were summed to generate a
projection profile for each element. The sums are shown plotted as sinograms for each element
for angles 0° and 45° in figure 7.

From these projections, it can be seen that there is a change in the profile with a change
of angle. At 0°, the iron bars are almost parallel to the beam and the iron projection shows its
narrowest profile. The copper is spread fairly evenly except for some overlap near the center.
As the angle increases from 0°, the copper bars become more parallel with the beam, reaching
a maximum at 45° as can be seen by the narrowing of the copper peaks. The normalized yields
in the sinograms represent the input projection values to the MLEM reconstruction algorithm.

3.4. Reconstructed images

The reconstructed image for copper is shown in figure 8 and the image from iron is shown in
figure 9. Each figure was reconstructed separately from projections for the individual element
and attenuation corrected using the algorithm described in Kapadia et al (2005).

The combination of the two reconstructed images is shown in figure 10. Note that the
combined figure was generated by adding the separately reconstructed images, and not by
adding the projection data before reconstruction. Figure 11 shows the combined reconstructed
image overlaid with the schematic of the phantom for comparison.

A horizontal profile of gamma intensity through the reconstructed image is shown in
figure 12. From figures 11 and 12, it is evident that the reconstructed image shows a broader
profile of the object than the object itself. This was entirely expected since the spatial sampling
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Figure 7. Projection profiles for iron (on the left) and copper (on the right) for projection angles
0° and 45°.

was performed in 8 mm intervals while the width of the individual bars was 6 mm. What is of
note is that the result of reconstructing this under-sampled system was a smooth overestimation
of size rather than an image with a significant artifact. The width of the line profiles for the
two copper bars at FWHM was found to measure 1.05 cm.

4. Discussion

This paper presents the first tomographic image reconstruction from a multi-element phantom
using NSECT. The reconstructed images demonstrate reasonable fidelity in imaging the spatial
distribution of elements within an object through a non-invasive scan, especially given the
sparse sampling of the data acquisition. Images were reconstructed on an 88 x 88 pixel
matrix from an acquisition that sampled the object at only 88 projections. This reconstruction
was possible due to the superior performance of the MLEM algorithm in severely under-
sampled systems with non-uniform data sampling.

It can be noted that the original object space was acquired with 11 pixels on a side
(11 spatial projections), but was reconstructed with 88 pixels on a side. This does not
represent a true eight-fold increase in the resolution of the system. The apparent increase
in resolution comes from the Monte Carlo code used to generate the probability matrix (p;;)
for the MLEM algorithm, where the image space is divided into a grid of 88 x 88 pixels.
Probabilities are calculated for each pixel in this grid and are used to obtain pixel intensities
based on the experimental projection data. As a result, the intensities in the reconstructed
image are distributed into a higher resolution region than the original acquisition. The beam
and acquisition parameters used in calculating MLEM probabilities were kept consistent with
the experiment, i.e. 11 spatial projections at each of 8 angles. The true resolution of the system
achieved in this experiment was found to be approximately 1 cm, which depends largely on
the width of the neutron beam. The beam in this experiment measured 0.7 cm at FWHM in
the horizontal direction, with tails extending up to 1.5 cm. The resolution obtained here is a
reasonable value, given the limitations of this experimental system. It should be noted that
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Figure 8. Reconstructed copper image.

Figure 9. Reconstructed iron image.

Figure 10. Sum of the iron and copper images.
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Figure 11. Sum of reconstructed iron and copper images overlaid with the schematic drawing of
the phantom.
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Figure 12. Profile through summed reconstructed image.

the sample used in this experiment describes an ideal experimental scenario with very a low
scatter background due to the absence of hydrogen. In a biological sample, however, there
will be considerable neutron scatter generated by hydrogen in tissue, which will affect the true
resolution of the system. Neutrons that are meant to illuminate a certain voxel in the sample
may scatter onto adjacent voxels containing an element of interest and induce inelastic gamma
emission from that voxel. Detection of the adjacent-voxel gammas may lead to a spread in the
tails of the resulting sinograms, which can lead to reduced resolution. While the resolution
of the NSECT system depends primarily on the size of the incident neutron beam, the best
resolution achievable in a hydrogen-rich biological sample will also be limited by the scatter
noise component.

Images were corrected for attenuation using a technique developed specifically for NSECT
applications (Kapadia et al 2005). This technique calculates the attenuation correction factors
due to combined neutron and gamma attenuation effects and applies the correction to the
individual projection data before it is reconstructed.
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While no clinical applications have been described in this paper, the eventual goal is
to develop NSECT into a clinical imaging modality. Therefore, it is necessary to address
certain issues that will affect the clinical feasibility of the system. First, the neutron source
used in this experiment is a Van-de-Graaff accelerator which is an immovable and expensive
source that is difficult to use in a clinical system. A portable neutron source is more suited
for this purpose. For dedicated applications, neutrons with energy of a few MeV are readily
and economically produced using commercially available neutron generators. Neutrons of
these energies can easily penetrate the body to allow good coverage of internal organs for
a wide range of elements commonly observed in the human body. Second, using neutrons
also leads to significant concerns about patient dose. We have performed several dose-
analysis experiments using simulations in GEANT4, which have demonstrated that NSECT can
detect biologically relevant concentrations of elements with doses lower than 10 mSv (Bender
et al 2007, Kapadia 2007, Sharma et al 2007). Finally, NSECT must be able to achieve the
sensitivity required to image clinically relevant concentrations of elements in finite localized
lesions. Simulation studies performed to investigate NSECT sensitivity and resolution have
demonstrated the ability to detect an iron concentration of 5 mg g~! in a 2 cm lesion in the liver
using a 1 cm wide beam (Kapadia 2007, Kapadia et al 2007). Sensitivity analysis performed
with the experimental system has shown the ability to detect as little as 0.3 g of sodium in
a hydrogen-rich sample (Kapadia et al 2008). The detection of smaller lesions with lower
element concentrations may be possible by optimizing the acquisition parameters to deliver
maximum neutron flux to the illuminated volume of the lesion using a narrow beam while
minimizing the volume of illuminated background tissue. Regardless, detection of smaller
lesions with low element concentration will require improvement in the sensitivity of the
current system.

The phantom used in this experiment consists of solid bars of iron and copper. While the
concentration of elements and the physical size of this phantom do not represent a clinically
realistic scenario, it provides an adequate starting point for proof-of-concept experimental
acquisition. Future experiments will be performed with clinically relevant phantoms that
model disease states in the human body.

5. Conclusion

This paper has described the first results from the tomographic reconstruction of a multi-
element sample using NSECT. The results demonstrate proof of concept for imaging the
spatial distribution of elements within a body through a non-invasive scan. The results and
techniques described in this paper can be developed further to enable NSECT to evolve into a
clinical diagnostic imaging modality. Work is currently underway to address the limitations
of the system that will make it more suitable for clinical imaging, especially for diagnosis of
breast and liver disorders.
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Abstract

Iron overload disorders have been the focus of several quantification studies
involving non-invasive imaging modalities. Neutron spectroscopic techniques
have demonstrated great potential in detecting iron concentrations within
biological tissue. We are developing a neutron spectroscopic technique called
neutron stimulated emission computed tomography (NSECT), which has the
potential to diagnose iron overload in the liver at clinically acceptable patient
dose levels through a non-invasive scan. The technique uses inelastic scatter
interactions between atomic nuclei in the sample and incoming fast neutrons
to non-invasively determine the concentration of elements in the sample. This
paper discusses a non-tomographic application of NSECT investigating the
feasibility of detecting elevated iron concentrations in the liver. A model
of iron overload in the human body was created using bovine liver tissue
housed inside a human torso phantom and was scanned with a 5 MeV pulsed
beam using single-position spectroscopy. Spectra were reconstructed and
analyzed with algorithms designed specifically for NSECT. Results from
spectroscopic quantification indicate that NSECT can currently detect liver
iron concentrations of 6 mg g~! or higher and has the potential to detect lower
concentrations by optimizing the acquisition geometry to scan a larger volume
of tissue. The experiment described in this paper has two important outcomes:
(i) it demonstrates that NSECT has the potential to detect clinically relevant
concentrations of iron in the human body through a non-invasive scan and (ii) it
provides a comparative standard to guide the design of iron overload phantoms
for future NSECT liver iron quantification studies.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Iron overload disorders affect a significant part of the American population today. About
5 out of every 1000 Caucasians are susceptible to developing the disease (NIH 2007). These
disorders may be due to genetic or acquired factors and cause an increase in the body’s total
iron content. In advanced stages of iron overload, the total body iron content is seen to increase
by up to five times over normal, i.e. from 3 to 4 g to over 20 g total (Powell 2002, 2005, Powell
et al 1998). The excess iron is stored in several vital organs in the body, especially in the
liver, heart and spleen, and may cause extensive tissue damage, liver cirrhosis, cardiac failure,
hepatic failure and hepatocellular carcinoma (Powell 2002, 2005, Powell e al 1998). Accurate
measurement of the body’s iron content is vital for effective diagnosis and management of
the iron overload disorder. Since a significant part of the body’s total iron is stored in the
liver, an estimate of the liver’s iron concentration is used as a measure of the body’s total
iron content. Currently, this measurement is obtained using an invasive liver biopsy, which
is an unpleasant procedure associated with several potential complications. Repeated biopsy
is required for monitoring the disease. The morbidity associated with performing repeated
biopsy creates two obstacles: (1) in following the progress of patients obtaining therapeutic
treatments and (2) in developing new forms of treatment for the disorder. Additionally,
quantification results from biopsy suffer from as much as 20% margins of error in the presence
of cirrhosis (Villeneuve et al 1996), primarily due to errors in tissue sampling (Bonkovsky
et al 1999, Ratziu et al 2005, Regev et al 2002). There is an imminent need for an alternative
technique to estimate liver iron concentration without a biopsy. A workshop conducted by
the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) to assess the
needs for techniques to determine the iron concentration in the body concluded that ‘physicians
have a pressing clinical need for quantitative means of measuring body storage iron that are
non-invasive, safe, accurate, and readily available to improve the diagnosis and management
of patients with iron overload, including those with hereditary hemochromatosis, thalassemia
major, sickle cell disease, aplastic anemia, myelodysplasia and other disorders’ (Brittenham
and Badman 2003).

Several different techniques have been attempted to detect and quantify the iron
concentration in the liver in vivo, for example, x-ray computed tomography, MRI, MR
spectroscopy, super-conducting quantum interference susceptometry (SQUID) and nuclear
resonance scattering (NRS) (Alustiza et al 2004, Avrin and Kumar 2007, Bonkovsky et al
1999, Brittenham et al 2001, Cecchin et al 1990, Chapman et al 1980, Chezmar et al 1990,
Dixon et al 1994, Gandon et al 2004, Guyader et al 1992, Howard et al 1983, Liu et al 1996,
Nielsen et al 2000, 2002a, 2002b, Perrimond et al 1991, Sheth 2003, Vartsky et al 1979,
1982, Wielopolski et al 1985). While each has had varying degrees of success, few have
found widespread acceptance in the clinical environment. Both x-ray CT and MRI lack the
sensitivity required for detecting mild to moderate degrees of iron overload, and MRI also
shows reduced sensitivity in cases of severe iron overload (Angelucci et al 1997, Chapman
et al 1980, Chezmar et al 1990, Howard et al 1983). In MR spectroscopy (MRS), the low
signal from bound Fe makes quantification studies difficult. MRS also has limited resolution
(larger than 1 cm) (Wang et al 2002). While SQUID has found some success in detecting liver
iron, there are only about four SQUID facilities in the world that offer iron overload testing,
making it difficult to translate into a widely used clinical alternative. NRS has achieved some
success in patients with iron overload but with high levels of dose (Wielopolski et al 1985).

Neutron spectroscopic techniques have demonstrated great potential in detecting element
concentrations within biological tissue. Neutron activation analysis (NAA) and in vivo neutron
activation analysis (IVNAA) have been used in several studies to map the elemental structure
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of normal and diseased tissue in humans (McNeill et al 1990, Katoh et al 2003, Knight
et al 1986, Ng et al 1993, Yukawa et al 1980, Zeisler et al 1993). Many of these studies have
been successful in quantifying a large number of elements, and some have achieved sensitivity
of a few micrograms (Arnold ef al 2002). One NAA study has reported a detection limit of
58-60 mg Fe in a sample of mass 1.5 kg, corresponding to a concentration of 0.04 mg g~!
(McNeill et al 1990). Patient dose values associated with neutron activation methods have
been reported to be less than 10 mSv (Mattsson and Thomas 2006). However, despite their
apparent success, neutron activation techniques have not been widely accepted in the clinic.

We are developing a neutron spectroscopic technique called neutron stimulated emission
computed tomography (NSECT), which has the potential to diagnose iron overload in the liver
at clinically acceptable levels of dose through a non-invasive in vivo scan (Floyd et al 2006,
2008, Kapadia et al 2005, 2008). The technique uses fast Neutrons to Stimulate elements in
the body to Emit characteristic gamma radiation, which is acquired and reconstructed using
Computed Tomography. NSECT utilizes inelastic scatter interactions between atomic nuclei
in the sample and incoming fast neutrons to non-invasively determine the concentration of
elements in the sample. The working principle is described briefly as follows. Incoming
fast neutrons interact with atomic nuclei in the sample through inelastic scatter interactions,
exciting the nuclei to higher energy levels. The excited nuclei rapidly decay to their ground
states emitting gamma rays with energy equal to the difference between the excited and ground
energy states. These energy states are quantized, well known and unique to most elements and
isotopes. The emitted gamma rays are detected by an energy-sensitive gamma-ray detector.
Measuring the energy and intensity of the emitted gamma rays provides an accurate estimate
of the concentration of the emitting atoms in the target tissue.

Although the NSECT technique incorporates tomographic ability, this experiment
discusses a simple non-tomographic application as a first step toward clinical translation
of the technique. The non-tomographic approach, henceforth referred to as single-position
spectroscopy (or simply spectroscopy), involves scanning the sample at only a single position
without translation or rotation. This approach can be used for iron quantification in cases of
uniform iron overload, where the distribution of iron in the entire region of the liver being
scanned is uniform. In cases where the iron is distributed in non-uniform regions of varying
iron content, a tomographic scan is required to determine the concentration and location
of iron in each such region in the liver. While the iron storage mechanism of the liver is
generally well understood, it has not yet been clearly demonstrated whether the excess iron is
stored uniformly or in localized regions of varying concentration within the liver. NSECT has
the ability to investigate both scenarios by generating quantitative tomographic images of iron
distribution in the liver. Each of the two acquisition methods, single-position spectroscopy and
multi-position tomography, has the potential for clinical applicability in a different scenario.
For the purpose of this paper, the readers should note that although the term NSECT appears
when referring to the imaging technique, acquisition has been performed using single-position
spectroscopy. Therefore, no tomographic results are presented here. Tomography experiments
and resulting images have been described in other publications (Kapadia 2007, Sharma et al
2007, Floyd et al 2008).

In this paper, we present results from a study investigating the feasibility of detecting
elevated iron concentrations in the liver through NSECT. As this technique is still in its initial
stages, feasibility testing is essential in working toward the final goal of implementing a low-
dose scanning solution for detecting and monitoring iron concentrations in the liver. In earlier
work, we have demonstrated the technique’s ability to perform spectroscopic quantitative
evaluation in a variety of samples (Floyd ef al 2004, 2006, Kapadia et al 2005, 2006¢), most
of which have been high-density elements with very low hydrogen content. Hydrogen, a



2636 A J Kapadia et al

large constituent of biological tissue, is a primary generator of neutron scatter, which adds a
significant level of noise to the NSECT system. Neutrons scattering by the sample interact
with materials around the target (including instrumentation apparatus, shielding material
and room constituents) leading to inelastic scatter gamma-ray emission from these materials,
which is detected as noise along with signal from the sample. This study aims at achieving two
objectives: (i) investigating the feasibility of detecting liver iron in the presence of scatter noise
generated by the human torso and (ii) obtaining an estimate of the minimum concentration of
iron that can be detected in the human torso with the current acquisition setup.

2. Materials and methods

2.1. Materials

Bovine liver was used as liver tissue of choice in this experiment for several reasons. First,
fresh bovine liver is easily available in large quantities. Second, there is considerable overlap
in elements reported in the human and bovine liver ICRU 1992, NIST). Third, it is easy to
create artificial iron overload model phantoms by inserting iron into required regions of the
bovine liver phantom. Thus, even though this study has been performed on a bovine liver
model, the results are broadly transferable to a human liver.

2.2. Disease model phantom

A model of iron overload in the human body was created using bovine liver tissue housed
inside a human torso phantom, with uniform iron overload in the form of a solid plate of natural
density iron. Due to the geometry of spectroscopic scanning, the concentration of excess iron
was distributed uniformly across the entire volume of the liver tissue illuminated by the neutron
beam. A uniform iron distribution forms one possible scenario of iron overload in the liver
and can be detected through single-position spectroscopy without the need for a tomographic
scan. As this scenario is the focus of the present study, a uniform iron distribution model was
selected for this experiment to evaluate the feasibility of the spectroscopic technique. The
construction of the phantom is described below.

The human torso phantom, shown in figure 1, is a dual-chamber plastic phantom of
an adult human torso originally designed for nuclear medicine studies. It has two primary
chambers—an outer chamber representing an adult torso and an inner chamber representing a
typically sized adult human liver. The torso chamber measures 12 inches in height, 10 inches
in diameter, 7.5 inches in depth, and has a volume of 11 200 ml. The inner liver chamber
measures 5.5 inches in height and has a volume of 1520 ml. Volumes of both chambers
were measured individually by measuring the amount of liquid required to fill each chamber
separately. For the spectroscopic neutron scan, the outer torso chamber was filled with water
and the inner liver chamber was filled with fresh bovine liver tissue.

Natural density iron was used to create a uniform distribution of iron overload in the liver
chamber of the phantom. A square iron plate measuring 5 cm in height and 2.4 mm in thickness
was inserted in a region of the liver illuminated by the neutron beam. The geometry of the scan
was aligned to ensure that the beam was perpendicular to the face of the iron plate, and the
entire beam illuminated the thickness of the plate. As the phantom was scanned with single-
position spectroscopy, any iron in the path of the neutron beam would appear to be distributed
along the entire volume of the liver illuminated by the neutron beam, thereby modeling a
uniform distribution of iron overload in the liver. The acquisition geometry is shown in figure
2. In the iron overload phantom in this experiment, 4.18 g of iron were present in 33.2 g of
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Figure 1. The dual-chamber human torso plastic phantom showing its two chambers. The
outer chamber measuring 11 200 ml corresponds to an adult human torso, and the inner chamber
measuring 1520 ml represents a typical-sized adult human liver. Both chambers can be filled
separately with any desired material.

|:| A Torso chamber (water)

B: Liver chamber (liver tissue)

. C: Iron plate (%Fe)

E D: Neutron beam

E: Irradiated volume of liver tissue (33.2 g)

F: HPGe gamma-ray detectors

Figure 2. Schematic of the NSECT acquisition geometry for the liver scan. Iron overload was
created in the liver tissue using a natural density iron plate. The mass of iron in the path of the
neutron beam appeared to be distributed uniformly within the illuminated volume of the liver tissue
(shown using gray stripes). The iron concentration obtained with this acquisition geometry was
determined to be 126.1 mg g~ .

tissue illuminated by a 1.3 cm x 1.7 cm rectangular neutron beam. From these measurements,
the iron concentration in this phantom was calculated as 126.1 mg per gram (mg g~ ') of liver
tissue. As this experiment is the first study of its nature with no previously known estimates of
concentration for comparison, the value of iron concentration used here was set high enough
to be detected with adequate statistical accuracy in the gamma-ray detectors.
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The natural density iron plate is a mixture of the naturally occurring stable isotopes of iron,
Fe (5.8%), °Fe (91.8%), S'Fe (2.2%) and **Fe (0.3%). While all four isotopes of iron are
present in the sample, our early experiments and simulation studies demonstrate that at incident
neutron energies of 5 MeV, gamma lines can be detected from four prominent transitions in
3Fe (at 847 keV, 1038 keV, 1238 keV and 1811 keV) and one in **Fe (at 1408 keV) (Floyd
et al 2008, Kapadia 2007). Energy transitions from the remaining isotopes are not detected
clearly, likely due to a combination of low neutron cross-section and low concentrations of the
remaining isotopes in the sample. Further, the five prominent transitions described above can
be detected only when the sample contains a significantly high concentration of iron (as in the
case of natural density solid iron) and is scanned in a noise-free environment, i.e. one that does
not generate a large quantity of neutron scatter. In scans of biological tissue containing modest
quantities of iron, only the first excited state in *°Fe (at 847 keV) is observed clearly (Kapadia
et al 2005). Therefore, only the 847 keV gamma line from *°Fe has been reported and used in
the quantification experiment. The 847 keV gamma line is relatively free from contaminating
contributions from other elements in the sample. For example, radioactive manganese (**Mn)
emits gamma ray at 847 keV and can lead to errors in iron measurement through contamination
of the 847 keV peak. However, a combination of very low >>Mn content in the sample and
selection of a monochromatic fast-neutron beam makes the contribution of 3>Mn negligible.

2.3. Experimental setup

The NSECT experiments in this study were performed at the Triangle Universities Nuclear
Laboratories at Duke University, Durham, NC. The experimental setup contains three major
components, the neutron source, gamma detectors and a neutron-flux monitor. A schematic of
the acquisition system is shown in figure 2 and a brief description of the individual components
is provided below. Detailed description of the NSECT system hardware has been provided
elsewhere (Floyd er al 2004, 2006, 2007, Kapadia et al 2008)

A Van-de-Graaff tunable accelerator was used to generate a 5 MeV pulsed neutron beam
through the 2H(d, n)*He reaction by directing an accelerated and pulsed beam of deuterons onto
a deuterium gas target. While the tandem Van-de-Graaff accelerator allows the production
of mono-energetic neutron beams with energies between 3.5 MeV and 23 MeV, an energy of
5 MeV was selected for this study in order to excite energy levels in *°Fe (at 847 keV) and
12C (at 4.4 MeV). The beam was pulsed to provide 2 ns wide bunches at the target, with a
repetition rate adjustable from 2.5 MHz down to 39 kHz. Beam pulsing was used to facilitate
time-of-flight (TOF) background correction through measurement of neutron and gamma TOF.
Gamma emission originating from neutron interactions observed in beam pulses was acquired
and retained as foreground data, while data acquired during the time gap between pulses were
used to obtain a measure of background effects and subtracted from the foreground data. The
TOF application for NSECT has been described in detail in an earlier study (Floyd et al 2007).
The 5 MeV neutron beam was collimated to a rectangular profile measuring 1.7 cm in height
and 1.3 cm in width at the target.

Two high-purity germanium (HPGe) gamma-ray detectors were used to acquire the
emitted gamma spectrum showing gamma lines corresponding to energy transitions in various
samples. The HPGe detectors used in this study were two-fold segmented clover detectors
(CLOVER 4 x50x 80 SEG2) manufactured by Canberra Eurysis S.A. Each detector comprised
four co-axial n-type germanium crystals mounted together in the shape of a four-leaf clover,
with each germanium crystal measuring 50 mm in diameter and 80 mm in length. The
detectors were rated for minimum relative efficiency of 22% and full width at half maximum
less than or equal to 2.25 keV for 1.33 MeV gamma rays of %°Co. Both detectors used in
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this study were calibrated against known energy peaks from a 2>Na source and positioned at
+135° from the incident neutron beam. Backward angles of 135° were selected to minimize
detector activation and detector damage from forward scattering neutrons.

Neutron beam flux was monitored with a 1.6 mm thick plastic scintillator attached to a
photomultiplier tube placed before the sample. Neutron attenuation from this scintillator was
measured to be less than 0.5% at 5 MeV. Data from the scintillator were used to obtain an
estimate of the total number of neutrons incident on the sample, which is required for dose
calculation and to correct for minor temporal fluctuations in the flux of the neutron beam.

The iron overload phantom was scanned with the 5 MeV pulsed beam using single-
position spectroscopy. Scanning was continued until 95% statistical accuracy was obtained in
the gamma-ray detectors for gamma energy peaks corresponding to excited states from natural
iron (*°Fe). After the torso phantom scan was completed, the iron plate was removed from
the phantom and scanned again to obtain a spectrum corresponding to the iron plate without
scatter from the torso. This iron spectrum was compared with the overload torso phantom
spectrum to get an estimate of scatter generated by an adult human torso. Source and detector
calibration was left unchanged between the two sample scans.

2.4. Data analysis

Data obtained in this experiment were reconstructed and analyzed in three steps, spectral
reconstruction, background correction and spectral analysis as follows.

2.4.1. Spectral reconstruction. Spectra were reconstructed from acquired data using SpecTcl
to plot gamma counts detected as a function of energy for each detector. SpecTcl is a
nuclear event data acquisition and analysis package developed at the National Superconducting
Cyclotron Laboratory at Michigan State University (Fox et al 2004). The software package
facilitates acquisition and storage of raw nuclear data using an object-oriented C** framework
and allows online and offline retrieval of complete and partial data sets. Visualization is
enabled through the Xamine display program. Data sets can be retrieved and analyzed using
any combination of acquisition parameters and displayed with features such as spectrum
overlay of multiple acquisitions. Spectra were reconstructed separately for each of the eight
crystals of the HPGe detectors and summed to obtain the final energy spectrum.

2.4.2. Background correction. Background correction was performed using the time-of-
flight (TOF) subtraction technique (Hakansson 1999) and sample-out background subtraction
techniques as applied to NSECT (Floyd et al 2007). TOF gating information was acquired
using the pulsed neutron beam simultaneously with the sample data and was used to reduce
time-uncorrelated background from the resulting gamma spectra. The TOF technique is
easily implemented in TUNL through readily available beam pulsing and TOF hardware,
and provides the added advantage of being able to acquire background simultaneously with
the foreground without the need for an additional sample-out scan. Figure 3 shows a TOF
spectrum from the iron overload phantom, acquired during time gaps between neutron beam
pulses. Three primary background effects can be observed in the spectrum: (a) a sharp peak
at 2224 keV originating from neutron capture on hydrogen, (b) a sharp peak at 1461 keV
originating from decay of “’K in the acquisition room and (c) a gradual rise in gamma counts
observed at lower energies originating from Compton scattering of detected gamma rays. The
first two effects directly cancel out after TOF subtraction while the Compton scatter effect is
corrected using a polynomial curve-fit subtraction. The latter subtraction technique, described
in Kapadia et al (2008), uses a polynomial curve fit to obtain an estimate of the Compton
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Time-of-flight Background Noise Spectrum
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Figure 3. Time-of-flight background noise observed during experimental scanning of the iron-
overloaded liver. The spectrum shows gamma counts that are observed during the time gaps
between neutron pulses. Noise effects that dominate the spectrum include neutron capture on
hydrogen (at 2.2 MeV) and natural decay of “°K from the experiment room (labeled peaks). The
remaining peaks in the spectrum are primarily from germanium in the detectors. The spectrum is
used to subtract these noise effects from the torso signal spectrum.
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Figure 4. Example of automatic peak-detection algorithm applied to a sample iron spectrum. The
spectrum is background-corrected. The superimposed black line shows the polynomial curve-fit
pseudo-background used for calculating the peak-defining threshold. Energies identified as peaks
are indicated by circles. For this iron spectrum, the identifier shows peaks at 369 and 595 keV
corresponding to germanium, and at 847, 1037 and 1238 keV corresponding to iron.

scatter background (similar to the solid black line in figure 4) and subtracts the background
from the signal.

TOF gating and subtraction was performed using SpecTcl. An estimate of the room-
related sources of background was obtained by acquiring data from the empty room at the
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beginning of the scan. While these data are able to account for room-related sources of
background such as decay of “°K, they cannot take into account the sample-dependent noise
generated by interactions between neutrons scattered in the phantom and elements in detection
instruments around the experiment area. For example, this empty room acquisition is not able
to account for energy peaks in the spectra resulting from germanium in the detectors, aluminum
in the detector mounting assembly and hydrogen from neutron capture in water amongst other
elements. These sources of noise may be corrected by acquiring a gamma spectrum from
a water sample of the same mass as the torso and subtracting it from the liver spectrum.
However, this correction has not been performed in this experiment in order to be able to
evaluate the feasibility of detecting iron overload in the presence of this sample-dependent
noise.

2.4.3. Spectral analysis. Background-corrected spectra from each scan were analyzed for
the presence of gamma energy peaks using an automatic peak-detection algorithm designed
for NSECT (Bender et al 2007). As originally designed, this algorithm looks for energy peaks
with heights above a user-specified minimum threshold within a user-specified energy window
and identifies energy peaks whose two-tailed p-value above the underlying background is
p < 0.05 using a z-score test. Energy peaks with heights below the absolute threshold are
not reported. While this technique works adequately for small energy ranges (~1 MeV), it
presents a potential problem for the larger energy range (~4 MeV) used in this analysis. The
HPGe gamma detectors used during data acquisition exhibit an energy-dependent decrease in
efficiency of gamma-ray detection, where the detection efficiency of the crystal drops off as
a function of the gamma energy. As a result, the detection efficiency at the upper end of the
spectrum is lower, leading to gamma lines at the upper end of the spectrum being reported with
lower peak values. Therefore, even though an energy peak may be real and significant, using an
absolute detection threshold may lead to missed identification of a peak at higher energies. To
prevent this missed identification event, the peak-detection algorithm was modified as follows.
A pseudo-background was modeled using a 5th degree polynomial curve fit to the detector
data. The peak height threshold was determined dynamically as a function of this pseudo-
background for each channel of the detector. Thus, as the heights of the detected gammas
at higher energies decreased, the value of the pseudo-background decreased simultaneously,
thereby decreasing the threshold value for peak identification at higher gamma energies. An
example of the algorithm’s operation applied to the Fe plate spectrum is shown in figure 4.
The solid (blue) line shows the original background-corrected spectrum. The black line shows
the pseudo-background fit used to generate the peak threshold. Energy peaks identified with
p-values <0.05 are shown by the circles. For this experiment, the peak threshold was set at
a factor of 4 higher than the background, and the element detection window width was set
at +6 keV. These values were optimized through a separate study (Bender et al 2007). Note
that the pseudo-background employed here was used only to determine the peak-identification
threshold only. No background correction or subtraction was performed using this fit.

Energy values reported as significant peaks were then compared against Brookhaven
National Laboratory’s National Nuclear Database (National Nuclear Data Center 2007) using
the gamma level search tool web interface to obtain a list of probable element matches.

2.5. Sample validation through NAA analysis

The liver sample was sent for neutron activation analysis (NAA) to determine the naturally
occurring concentration of iron in the tissue in order to ensure that the iron detected in
the torso scan was from the iron plate alone and not from a prior abnormally high liver
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Figure 5. Gamma energy spectrum from the solid iron plate showing peaks corresponding to *°Fe
from the sample. An energy peak is also seen for 74Ge from the detector.

Table 1. List of elements identified in the NSECT spectrum of the liver and confirmed through
neutron activation analysis (NAA). The NSECT element identification was performed prior to
NAA of the sample to eliminate identification bias.

Energy Concentration reported
Element peaks (keV) in NAA (mgg~!)

Cl 1944 0.90
Cu 422,645 0.09
Fe 847 0.06
K 1377, 1960 3.18
Na 440, 629 0.68
Zn 629 0.05

iron concentration. NAA is considered the gold standard in tissue element quantification
and demonstrates microgram sensitivity for several elements of biological interest including
iron. NAA sensitivity for *°Fe has been reported as 90 mg with a short irradiation (Madison
Nuclear Reactor Laboratory). A multi-element NAA analysis was performed to determine
the quantity of iron and identify other elements in the liver sample as follows. A wet liver
tissue sample was placed in a plastic vial and irradiated for 30 min with a flux of 1.8 x
102 n em™2 s~!. Activity from the isotopes produced was counted at different times after
irradiation, ranging from 1 min (for short-lived isotopes) to 3 weeks (for long-lived isotopes).
The detected isotopes were used to establish a measure of the mass and concentration of the
element present in the liver tissue sample. The NAA multi-element survey was able to confirm
the presence of six elements detected in the NSECT scan (shown in table 1).

3. Results

3.1. Reconstructed spectra

Figure 5 shows the gamma energy spectrum from the NSECT acquisition of the 2.4 mm thick
Fe plate. Peaks for *°Fe are seen at 847 keV, 1039 keV and 1238 keV. The °Fe peak at
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Figure 6. Gamma energy spectrum from the uniform iron overload torso phantom, showing peaks
corresponding to several elements. The peak at 847 keV corresponds to *°Fe. Peaks are also seen
for Ge from the detector, and '2C and 'H from the tissue.

1811 keV was not strong enough to be detected by the peak-detection algorithm. A total
of 1276 gamma photons were counted in the peak at 847 keV, corresponding to a known
concentration of 4.18 g of *°Fe. The spectrum also showed a peak at 595 keV, corresponding
to 7Ge in the detector.

Figure 6 shows the gamma energy spectrum from the iron-overloaded torso phantom.
A strong peak was detected at 847 keV corresponding to 4.18 g of 3Fe. A total of 1000
gamma photons were counted in this peak. Energy peaks were also identified for several other
elements including "Ge and "°Ge from the gamma-ray detectors, ’K, 'H (neutron capture)
and '?C from the phantom. A list of the elements detected in the NSECT spectrum and verified
through the NAA multi-element survey is given in table 1.

Six elements detected in the NSECT spectrum were confirmed through NAA. While each
of these elements was present in the sample, their concentration was too low to be accurately
quantified through NSECT. It can be noted from table 1 that the value of iron in the sample is
extremely low. This value represents the naturally occurring concentration of iron in the liver
tissue without the overload condition.

3.2. Spectral analysis of iron peaks

As one of the designated criteria in the peak-detection algorithm was that the peak must be
detected above background with p-value < 0.05, all the peaks reported in the spectral analysis
have p < 0.05 calculated using a z-score test for difference of means. For the peak at 847 keV
corresponding to **Fe, 1000 peak counts were detected above an underlying background of
120 counts, corresponding to p < 0.001. The underlying background counts were measured
using the pseudo-background polynomial curve fit used to model the dynamic threshold as
shown in figure 4.

Table 2 presents an estimate of the neutron attenuation observed in the torso phantom
calculated using the plate of natural iron. Gamma counts were obtained from the iron plate
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Figure 7. Subtraction spectrum of the torso phantom without iron.
Table 2. Calculation of neutron and gamma attenuation ratio in the human torso.
847keV  Neutron Normalized  Ratio of
counts paddle counts  counts normalized counts
. . —3 Plate_in_air __
Fe plate in air 1276 75546 16.9 x 10 Phte i orsg = 3-15
Fe plate in torso phantom 1000 186443 536 x 1073

placed in air and normalized to the incident neutron counts observed in the neutron paddle. A
similar measurement was performed with the iron plate placed in the torso phantom surrounded
by liver tissue. The ratio of the normalized gamma counts in air to normalized gamma counts
in the torso phantom was used to obtain an estimate of the attenuation due to the torso. As
shown in table 2, a normalized value of 16.9 x 1073 was observed for the plate in air, while a
normalized value of 5.36 x 10~ was observed for the same plate placed in the torso. The ratio
of the two values resulted in an attenuation factor of 3.15. Based on the known dimensions
of the phantom, the corresponding theoretical value of attenuation was then calculated using
an algorithm designed for attenuation correction in NSECT (Kapadia and Floyd 2005). The
calculated value was found to be 2.44, representing a 30% difference from the measured value.

Figure 7 shows the difference spectrum of the overload torso phantom and the iron plate,
generated by subtracting the normalized iron spectrum (figure 5) from the torso liver spectrum
(figure 6). It can be seen in the subtracted spectrum that the peaks from *6Fe at 847 keV and
1238 keV are difficult to identify, while the peak from neutron capture on 'H at 2224 keV and
peaks from '2C at 4439 keV and 3928 keV (escape peak) are identified clearly. Therefore, it
is possible to conclude that the peaks at 847 keV and 1238 keV originate from the external
source of iron, i.e. the 2.4 mm thick iron plate, while the remaining peaks originate from
elements in the liver tissue.
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Table 3. Effective dose delivered from NSECT spectroscopy scan of the torso.

Parameter Calculated value
Number of incident neutrons 3.21 x 107
Total energy deposited (MeV) 1.56 x 108
Total energy deposited (J) 249 x 107
Mass of liver (kg) 3.32 x 1072
Absorbed dose (J kg~!) Gy 7.50 x 1074
Neutron radiation weighting factor 10

Equivalent dose (Gy) 7.50 x 1073
Tissue weighting factor for liver 0.05

Effective dose equivalent (mSv) 3.75 x 107! = 0.375 mSv

3.3. Patient dose

The patient dose for this study was calculated by using a GEANT4 model to determine the
amount of energy deposited per neutron in a human liver torso and multiplying this information
by the total neutron fluence incident on the torso phantom. The GEANT4 model for dose
calculation has been developed and described elsewhere (Kapadia 2007, Sharma et al 2007),
and results from the model were directly used to calculate dose values for this experiment.
The number of neutrons incident on the sample was calculated from data acquired by the thin
scintillation paddle detector and the zero-degree liquid scintillator neutron monitor. A neutron
scan with no sample in the beam was used to establish a ratio of scintillation paddle counts
to zero-degree liquid scintillator counts. The neutron detection efficiency of the zero-degree
scintillator was known a priori. From this scan, the ratio of scintillator paddle counts to
neutron flux was established as 172 neutrons per scintillator paddle count. Therefore, it was
possible to estimate that the torso scan with 186 443 paddle counts was performed using 3.21 x
107 incident neutrons. The GEANT4 simulation was used to establish a ratio of the energy
deposited in the torso per incident neutron as 4.85 MeV per neutron. The dose calculation for
this scan is shown in table 3 and is explained as follows:

o The total number of neutrons required for spectroscopic quantification = 3.21 x 107

e The total energy deposited (MeV) = total number of neutrons x energy deposited per
neutron.

o The total energy deposited (J) = total energy deposited (MeV) x 1.6 x 10713 T MeV 1.

e Absorbed dose (Gy) = total energy deposited (J)/mass of irradiated tissue (kg).

e Radiation weighting factor for neutrons at 5 MeV = 10.

e Equivalent dose (Gy) = absorbed dose (Gy) x radiation weighting factor.

o Tissue weighting factor for liver = 0.05.

e Effective dose equivalent (Sv) = equivalent dose (Gy) x liver tissue weighting factor.

The detection limit observed in the study was 0.2 g with a dose of 0.375 mSy,
corresponding to a liver iron concentration of 6 mg g~!.

4. Discussion

This paper describes the first experiment to determine the feasibility of detecting iron overload
in humans. Results from the experiment suggest that in its current form NSECT shows
significant potential in being able to diagnose clinical iron overload in the human liver through
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a scan that is both non-invasive and in vivo. Clinical iron overload in patients has been reported
with concentrations between 1.8 mg g~! and 5.45 mg g~! for moderate to severe cases (Powell
2002, 2005, Powell et al 1998), and up to 9 mg g~! in very severe cases (Mazza et al 1995,
Scharfetter et al 2003). As this experiment was the first study of its nature with no previous
NSECT diagnostic values for comparison, the iron overload in this experiment was set at
126 mg g~!, approximately 20 times the typical limit reported in patients, in order to ensure
adequate signal and accuracy from the system. However, the results from this experiment can
be used to obtain a projected sensitivity for iron overload diagnosis as follows. In the torso
phantom scan, the noise background under the peak corresponding to °Fe was determined to
have a maximum height of 30 counts. With this noise background, for a peak to be determined
with a p-value of <0.05, the number of counts in the foreground peak would have to be 48,
which, based on the iron concentration in this phantom, corresponds to an iron concentration
of 0.2 g. This concentration of 0.2 g distributed over the 33.2 g of liver tissue scanned
corresponds to an iron overload of 6 mg g~!, which represents a clinically relevant value.

NSECT relies on the total quantity of iron that is present in the beam during a scan.
Therefore, in order to increase signal strength in the case of low concentration livers, the
acquisition geometry can be optimized to illuminate a larger volume of liver tissue (and
consequently include more iron in the beam) while minimizing the illumination of surrounding
tissue in the torso. Further, specialized components such as high-flux neutron sources and
multiple gamma detectors can be used to increase the overall detection efficiency of the
system and reduce scan time, which will both in turn reduce the time-dependent background
noise. Implementing optimized detector shielding can reduce sample-related and room-related
background, which will increase the signal-to-noise ratio and improve the overall sensitivity of
the system. Increased gamma detection efficiency with reduced scan time will also reduce the
levels of patient dose. Such system optimization has the potential to improve the sensitivity
of the technique to facilitate the diagnosis of even lower concentrations of iron overload (less
than 5 mg g~!). System optimization has been explored using GEANT4 simulations (Kapadia
2007).

Although MRI is able to quantify moderate concentrations of iron overload, it suffers from
a loss of accuracy for concentrations above 6 mg g~! wet weight (20 mg g~! dry weight) due
to the signal intensity from the liver being reduced by high concentration of iron (Angelucci
et al 1997). NSECT on the other hand shows an increase in the signal with increasing
concentrations of iron in the beam, and therefore has the ability to detect severe degrees of
iron overload in patients where MRI begins to lose accuracy. The experiment described in
this paper demonstrates that NSECT in its current form can detect and quantify liver iron
concentrations of 6 mg g~! or higher and has the potential to detect lower concentrations by
scanning a larger volume of tissue with an optimized acquisition geometry.

The acquisition technique described in this study is that of single-position spectroscopy,
where a thin neutron beam is used to illuminate a given volume of the tissue. Due to the nature
of the spectroscopic acquisition, any iron present at any given location in the illuminated
tissue appears to be distributed uniformly along the entire volume of the tissue. This mode
of acquisition, therefore, is unable to identify high concentrations of iron located in small
localized regions along the illuminated tissue volume. Localized iron concentrations will
appear to be distributed uniformly along the entire tissue volume, with concentration that is
lower than that in the original localized region. Detection of non-uniform distributions will
require tomographic scanning of the patient. Although future clinical applicability of NSECT
may appear to be more practical using the tomographic acquisition mode, it is important
to understand the behavior of each individual projection in order to determine the optimal
technique of generating a tomographic image. Further, through its tomographic mode of
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acquisition, NSECT has the ability to investigate the effect of factors such as cirrhosis on the
distribution of iron in liver iron overload.

Background correction was performed using TOF correction to reduce time-uncorrelated
noise events and a beam-only scan to reduce effects from beam-correlated noise events from
materials in the system. Noise generated from interactions between neutrons scattered in the
human torso and materials in the experimental area other than the sample was not suppressed.
In other experiments, this background has been suppressed using a spectrum obtained from
an equivalent volume of water to model the neutron scatter background (Kapadia et al 2005,
2006a, 2006b, 2006¢c, 2008). In a clinical scenario, this scatter background can be corrected
by subtracting a spectrum acquired from an equivalent volume water sample. Reducing scatter
background will further improve the sensitivity of the system, thereby making it possible to
detect lower concentrations of iron in the liver.

Patient dose for this experiment was found to be 0.375 mSv, which is significantly lower
than an abdominal x-ray exam that typically delivers 2 mSv (RSNA 2007). Although neutrons
have a higher radiation weighting factor than gamma rays, it takes fewer neutrons to create an
NSECT image than x-rays required to create a radiograph. Therefore, it is possible to maintain
patient dose levels at values comparable to other ionizing radiation modalities. Further, using
high-flux neutron sources and increasing the number of detectors can bring down patient dose
and reduce scan time further.

The results described in this paper have two important outcomes. First, they demonstrate
that NSECT has the potential to detect clinically relevant concentrations of iron in the human
body through a non-invasive scan. Second, they provide a comparative standard to guide the
design of iron overload phantoms for future liver iron quantification studies using NSECT.
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ABSTRACT

Neutron stimulated emission computed tomography (NSECT) is being proposed as a non-invasive technique to diagnose
iron overload in humans. It uses inelastic scatter interactions between incident neutrons and iron nuclei to stimulate
gamma-ray emission from iron. Tomographic detection of the emitted gamma-rays yields information about the
concentration and spatial distribution of iron in the liver. Early proof-of-concept experiments have shown that NSECT
has the potential to quantify clinical quantities of liver iron overload through single-position spectroscopy. However, a
tomography application for patient diagnosis has never been tested. This work uses a Monte-Carlo simulation of a
tomographic NSECT system to investigate the feasibility of imaging the spatial distribution of liver iron through
tomography. A simulation of an NSECT system has been designed in GEANT4 and used to tomographically scan a
simulated human liver phantom with high-concentration iron lesions. Images are reconstructed with the MLEM
algorithm and analyzed for pixel values within iron regions to determine the statistical significance of detection.
Analysis results indicate that a wet iron concentration of 3 mg/g can be detected in surrounding liver tissue with p-value
<0.0001 for neutron exposure corresponding to a radiation dose of 0.72 mSv. The research performed here demonstrates
that NSECT has the ability to image clinically relevant distributions of iron through tomographic scanning.

Keywords: Neutron, Spectroscopy, Gamma, Iron-overload, NSECT, Tomography, Simulation, GEANT4.

1. INTRODUCTION

Neutron stimulated emission computed tomography (NSECT) system is being developed as a non-invasive technique to
quantitatively image the distribution of elements in the human body . It uses inelastic scattering interactions between
neutrons and target element nuclei to obtain a tomographic image of the element’s spatial distribution in the body.
NSECT uses the following principle. An incident neutron scatters inelastically with a target atomic nucleus
and stimulates the nucleus to emit characteristic gamma radiation. The energy of the emitted gamma-ray is unique to the
emitting isotope and can be measured to identify the distribution and concentration of the element in the sample.
Translation and rotation of the sample yields tomographic information about the element’s spatial distribution in the
target. Such quantitative imaging has the potential to diagnose several disorders in the human body that are characterized
by differences in element concentration between normal and diseased tissue. Element concentration differences have
been observed in liver iron overload 7, Alzheimer’s disease *°, and several cancers including breast 1012 prostate13 and
brain '*'®. While the imaging of element distribution in all of the above mentioned disorders is within the capabilities of
NSECT, the present work is focused on detection of iron overload in the liver.

Iron overload is a condition in which the body’s iron stores increase significantly due to iron accumulation through
increased dietary absorption (hemochromatosis) or through blood transfusion that form a part of treatment procedures for
chronic disorders such as thalassemia major, myelodysplasia and moderate aplastic anemia (transfusional iron overload).
While the body has fine techniques for monitoring and controlling the absorption of iron ingested from food in
accordance with its iron need, it has no corresponding mechanism to eliminate excess iron in case of overload. The
excess quantity is stored in several vital organs in the body such as the liver, heart and spleen, and can lead to extensive
tissue damage, liver cirrhosis, cardiac failure, hepatic failure and hepatocellular carcinoma * ' '®

Accurate measurement of the body’s iron content is vital for effective diagnosis and management of iron overload * .
The measurement is currently obtained through a liver biopsy, which is an uncomfortable procedure. The discomfort and
risks associated with biopsy significantly limit its acceptability to patients. NSECT has the ability to obtain an accurate
estimate of iron concentration in the liver through a single non-invasive in-vivo scan. It provides an alternative to biopsy

Medical Imaging 2008: Physics of Medical Imaging, edited by Jiang Hsieh, Ehsan Samei,
Proc. of SPIE Vol. 6913, 691309, (2008) - 1605-7422/08/$18 - doi: 10.1117/12.773245

Proc. of SPIE Vol. 6913 691309-1



with no associated morbidity. It can be used for repeated monitoring of patients obtaining therapeutic treatments for iron
overload.

Preliminary experiments have demonstrated the clinical feasibility of detecting iron overload through a non-invasive
‘neutron radio-biopsy’". These experiments have achieved a statistically significant measurement of liver iron in a
human iron-overload phantom through a single projection scan with a dose of less than 0.5 mSv. While the single-
projection acquisition is appropriate for measuring uniform iron distributions in the liver, a tomographic acquisition is
required to image and quantify non-uniform patches of high iron concentration in otherwise normal liver tissue.
However, before experimental implementation of a clinical tomography system is begun, it is important to determine the
ability of NSECT for detecting non-uniform iron overload in humans with reasonable radiation dose. This work uses a
Monte-Carlo simulation to test the feasibility of detecting non-uniform distributions of iron in the liver through a
tomographic NSECT scan.

2. METHODOLOGY

A Monte-Carlo simulation of a clinical NSECT system is designed in GEANT4. GEANT4 is a programming toolkit to
model high-energy physics interactions between particles and matter over a broad range of energies®. It has been
developed by a worldwide collaboration of over 100 scientists in Europe, Russia, Japan, Canada and the United States.
GEANT#4 allows precise modeling of interactions that occur between neutrons and a variety of target nuclei at energies
of relevance to NSECT. It is an object-oriented programming package which incorporates a powerful set of random
number generators, physics units and constants, and provides all the tools required for detector simulation including
geometry, tracking and detector response management.

2.1 Experimental System

The NSECT simulation is modeled after the experimental system, which uses a Van-de-Graaff accelerator source, high-
purity germanium gamma-ray detectors, and a tomographic gantry to accommodate the sample. The experimental
system has been described in detail elsewhere " > *, and only a brief description is provided here. A Van-de-Graaff
accelerator is used to generate mono-energetic neutron beams with energies ranging from 4 MeV and 7.5 MeV for
NSECT imaging. Beam width is controlled by a copper collimator with swappable inserts. High-purity germanium
(HPGe) gamma-ray detectors are used to generate gamma energy spectra with approximate energy resolution of 1 keV
per detector channel. Tomography is performed using the translate-rotate geometry of first generation CT scanners using
a gantry to hold and control the sample remotely.

2.2 Simulated Model

The simulated NSECT model consists of 3 components — (a) Neutron Source, (b) Gamma Detectors, and (c) Liver
Phantom, each designed independently based on the corresponding component of the experimental acquisition system.

2.2.1 Neutron Source

The simulated neutron source produces a 5 MeV mono-energetic neutron beam collimated to 1 cm beam width. These
parameters are typical of the beam used in NSECT experiments. Neutrons with 5 MeV of energy are sufficient to excite
several energy states in iron as well as the first excited state in carbon in the liver. Carbon can be used to image the
location of the liver within the abdomen and also to obtain an image of tissue distribution which can be used for
attenuation correction.

2.2.2 Gamma-ray Detectors

The detector system is designed as an array of six germanium crystals that surround the liver sample as shown in figure
1. Four detectors are located at 45 degrees and +135 degrees around the sample and two are above and below the
sample. The +45 degree and +135 degree locations correspond to regions of maximum gamma emission around the
sample from electric quadrupole interactions, which are expected to be dominant at this neutron energy. While the
experimental setup uses detectors only in the 135 degree positions to minimize detector damage from scattered neutrons,
the 45 degree position is included here to increase detection efficiency. The two detectors located above and below the
liver sample serve to further increase gamma-ray detection efficiency in the simulated system. Each detector is designed
as a cylinder of 30 cm diameter and 10 cm height and is filled with natural density germanium. The detector material is
sensitized to track particle transport and energy deposit in its volume.
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Figure 1. GEANT4 simulation showing the 6-detector array system. The green and gray cylinders are gamma detectors. The liver is
shown as a pink model housed in a water-filled torso shown by yellow lines.

2.2.3 Liver Phantom

The liver phantom is designed as a combination of a half-cylinder and a trapezoid as shown in figure 2. The major axis
of the liver measures 17 cm and the minor axis measures 15 cm. The liver tissue material is modeled on the tissue
composition defined in ICRU Report 46 *', as shown in table 1. Non-uniform iron distribution is modeled as two
spherical lesions of 3 cm diameter with concentrations of 5 mg/g and 3 mg/g (wet). These concentration values
correspond to iron concentrations reported clinically in liver iron overload in humans. The liver sample is placed inside a
simulated torso modeled as an ellipse with 30 cm major axis and 25 cm minor axis. The torso is filled with water to
mimic the elastic scattering properties of tissue. Finally, a spine is modeled as a cylindrical tube with 5 cm outer
diameter and 1 cm inner diameter, with material definition of skeletal bone tissue from ICRU Report 46 *' as shown in
table 2. The spine provides a dense anatomic structure that can cast a shadow on the iron lesions in certain projections
and therefore potentially affect the reconstructed image.

Figure 2. Simulated liver-torso phantom with non-uniform iron overload. The torso is shown as a
yellow outline. The liver is shown as a pink outline measuring 17 cm major axis and 15 cm minor
axis, and contains two spherical lesions 3 cm in diameter with high iron concentrations — red lesion
(5 mg/g) and pink lesion (3 mg/g). The spine is modeled as a white cylindrical tube.

Element (o) C H N P S K Cl Na Fe Density

Normal (%) | 71.6 13.9 10.2 3.0 0.3 0.3 0.3 0.2 0.2 0.0 1060 kg/m’

Table 1. Elemental composition of human liver tissue (obtained from ICRU report 46 *').
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Element o Ca C P N H S Mg Na Fe Density

Normal (%) | 43.5 22.5 15.5 10.3 42 3.4 0.3 0.2 0.1 0.0 1920 kg/m®

Table 2. Elemental composition of human skeletal bone (obtained from ICRU report 46 *1).

2.3 Tomographic reconstruction

NSECT tomography is performed using the translate-rotate configuration similar to first generation CT scanners, by
translating the beam horizontally through the entire sample length, then rotating the beam through a fixed angle and
repeating the process. The liver phantom is scanned at 8 angles with 20 spatial steps per angle acquired at 1 cm intervals
with the 1 cm neutron beam for a total of 160 projections.

Image reconstruction is performed using the Maximum Likelihood Expectation Maximization (MLEM) algorithm
implemented for gamma emission computed tomography *>. The MLEM algorithm is chosen due to its ability to account
for low noise conditions in under-sampled systems and account for non-ideal scanning criteria such as non-uniform
sampling and presence of attenuation. Images are reconstructed using the counts in the peak corresponding to *°Fe at
847 keV.

2.4 Statistical Analysis

The reconstructed image is analyzed by testing the average pixel value within each reconstructed lesion against the pixel
value in the liver background using a z-score test for difference of means. The z-score test is used to determine the
statistical significance of detecting each lesion above the liver background. To calculate the mean pixel value and the
standard error in the pixel value within the reconstructed lesions, the entire area corresponding to the original simulated
lesion is used. Differences with a two-tailed p-value < 0.05 are considered statistically significant. Results of statistical
analysis of the reconstructed image are shown in table 3.

2.5 Dose Calculation

Patient dose in NSECT is a combination of neutron and gamma dose effects. The total delivered dose is calculated by
measuring the energy deposited in the liver and surrounding tissue in the GEANT4 simulation, and converting it to
equivalent dose as described below. The calculation takes into account three parameters to obtain an accurate estimate of
dose: (a) Mass of irradiated tissue, (b) Neutron Q-factor, (c) Liver weighting factor. Each of these values is shown in
table 4 in the results of dose calculation. The energy deposited in tissue is measured from the GEANT4 simulation in
MeV. The energy in MeV is converted to Joules and divided by the mass of irradiated tissue to obtain the absorbed dose.
The absorbed dose is then converted to effective dose by multiplying with the neutron quality factor and liver weighting
factor. The calculation can be summarized as:

Total energy deposited in tissue (from cumulative neutron and gamma effects) — Measured (MeV)
Total energy deposited (J) = Total energy deposited (MeV) x 1.6 x 107 J/MeV

Absorbed Dose = Total energy deposited / Mass of irradiated tissue

Effective Dose Equivalent = Absorbed dose x Neutron Q-factor x Liver weighting factor.

The effective dose is calculated for all projections at 1 angle and multiplied by 8 to obtain the total patient dose from the
scan. In this study, the dose is calculated separately for the liver and the surrounding abdominal tissue in order to
compensate for the difference in irradiated mass within each region, which affects the calculation of effective dose.

3. RESULTS

Figure 3 shows the reconstructed image for the tomographic scan with 8 angles, reconstructed using the iterative MLEM
algorithm with 15 iterations. The reconstructed image is displayed without any ad-hoc normalization or correction. As
can be seen, pixel intensity is primarily distributed in regions corresponding to regions of iron in the liver. Each iron
lesion appears brighter than the liver and abdomen background. The lesion with higher iron concentration (5 mg/g)
appears brighter than the lesion with lower concentration (3 mg/g). The mean pixel values within the 3 regions are
measured and found to be: (i) 5 mg/g lesion = 110.58, (ii) 3 mg/g lesion = 40.88, (iii) liver background = 14.98. Table 3
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shows a summary of the statistical analysis of the reconstructed image using the z-score test for difference of means. The
standard error is calculated using the standard deviation of pixel values and number of pixels within the original
simulated lesion. Each lesion is detected above the background with p-value < 0.0001 using the 8-angle scanning
geometry.

Figure 3. Reconstructed image for the human liver sample. Both lesions are visible above
the background and can be detected with p-value < 0.0001.

Region Mean pixel value Std. error z p-value

5 mg/g 110.58 8.44 11.33 0.0001

3 mg/g 40.88 1.12 23.11 0.0001
Liver BG 14.98 0.04 -- --

Table 3. Summary of statistical analysis of the reconstructed image using a z-score test for difference of means.

Table 4 shows a summary of the dose calculation for the scan. The dose is calculated separately for the liver region and
the region corresponding to abdominal tissue by tracking the energy deposited within each individual area. The two
regions are treated separately to compensate for the difference in irradiated mass of tissue, which will affect the
calculation of effective dose delivered to the organ. For incident neutron energy of 5 MeV, the neutron Q-factor is 10,
and the liver weighting factor is 0.05. Using the calculation formula described earlier, the dose delivered to the liver is
found to be 0.07 mSv per angle, and dose delivered to the abdomen is found to be 0.02 mSv per angle. The effective
dose over the entire mass of illuminated tissue is calculated as a sum of the dose to the liver and abdomen, i.e. 0.09 mSv
per angle. The total effective dose delivered to the patient from the NSECT scan with 8 angles using the 6-detector
geometry is therefore found to be 0.72 mSv.

Parameter Liver Torso
Number of Incident Neutrons 1.07E+08 1.07E+08
Total Energy Deposited (MeV) 3.18E+08 1.43E+08
Total Energy Deposited (J) 5.08E-05 2.29E-05
Mass of Liver (kg) 0.37 0.59
Effective Dose (J/kg) Gy 1.37E-04 3.86E-05
Neutron Q-factor 10 10
Liver RBE 0.05 0.05
Effective Dose Equivalent (1 angle) 0.07 mSv 0.02 mSv
Total Dose Equivalent (8 angles) 0.09 mSv x 8 angles = 0.72 mSv

Table 4. Effective dose delivered from the 8-angle NSECT tomography scan for the liver.
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4. CONCLUSION

This work presents a simulation of the NSECT system for in-vivo diagnosis of non-uniform iron overload in the liver. A
simulation of the NSECT system for tomographic acquisition has been designed and used to image non-uniform iron
distribution in a liver phantom. An image is reconstructed from an acquisition with only 8 angles over the entire image
space, which provides a good example of the severity of under-sampling in NSECT. The image reconstructed using the
MLEM algorithm shows a distribution of pixel intensity that agrees with the distribution of iron concentration in the
liver phantom. The result demonstrates that NSECT has the ability to image and quantify localized regions of iron
concentration in the liver with excellent statistical accuracy and reasonable levels of patient dose. The reconstructed
image validates the performance of the tomography technique and demonstrates the efficacy of MLEM in reconstructing
images from severely under-sampled acquisitions. Both lesions detected in the image contain clinically relevant
concentrations of iron observed in patients with hemochromatosis and transfusional overload. While the size and shapes
of the lesions in patients may not be precise or distinct as in the simulation, the simulated model serves to demonstrate
proof of principle for detection of non-uniform iron distribution through tomography. The source and detectors designed
in the simulation are based on the Van-de-Graaff accelerator and HPGe detectors used in laboratory experiments. The
results of this study, therefore, indicate that NSECT has the potential to obtain clinically relevant liver iron
measurements using currently available source and detector technology. Patient dose calculated from the NSECT scan is
observed to be within reasonable limits compared to other ionizing imaging modalities. For comparison, a typical
abdominal radiograph delivers 4 mSv to the patient”. The dose analysis performed in this study indicates that it may be
possible to increase the neutron flux by as much as a factor of 10 and remain within the dose limits of an abdominal CT
exam (10 mSv)®. The increased neutron flux can be used to acquire a greater number of angles to improve image
resolution and quantification accuracy further.
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ABSTRACT

Neutron stimulated emission computed tomography (NSECT) is being proposed as a non-invasive technique to detect
concentrations of elements in the body for diagnosis of liver iron overload. Several experiments have been conducted to
investigate NSECT’s ability to determine iron concentration in liver tissue and evaluate the accuracy and sensitivity of
the system. While these experiments have been successful in demonstrating NSECT’s capability of quantifying iron and
other tissue elements in-vivo, they have been prohibitively time consuming, often requiring as much as 24 hour
acquisitions for accurate quantification. Such extensive scan times limit the use of the experimental system for initial
feasibility testing and optimization. As a practical alternative, GEANT4 simulations are being developed to investigate
system optimization and aid further progress of the experimental technique. This work presents results of a validation
study comparing the results of a GEANT4 simulation with experimental data obtained from a sample of iron. A
simulation of the NSECT system is implemented in GEANT4 and used to acquire a spectrum from a simulated iron
sample. Scanning is performed with a 7.5 MeV neutron beam to stimulate gamma emission from iron nuclei. The
resulting gamma spectrum is acquired and reconstructed using high-purity germanium (HPGe) detectors and analyzed
for energy peaks corresponding to iron. The simulated spectrum is compared with a corresponding experimental
spectrum acquired with an identical source-detector-sample configuration. Five peaks are detected corresponding to
gamma transitions from iron in both spectra with relative errors ranging from 4.5% to 17% for different peaks. The result
validates the GEANT4 simulation as a feasible alternative to perform simulated NSECT experiments using only
computational resources.

Keywords: Neutron, Spectroscopy, Gamma, Iron-overload, NSECT, Tomography, Simulation, GEANT4.

1. INTRODUCTION

Neutron stimulated emission computed tomography (NSECT) system is being developed as a technique for non-invasive
quantification of elements in the human body '~. It uses inelastic scattering interactions between incident neutrons and
target element nuclei to determine the element’s spatial distribution and concentration in the body.

NSECT uses the following principle. An incident neutron undergoes inelastic scattering with a target atomic nucleus
and excites the nucleus to a higher energy level. The excited nucleus spontaneously decays to a lower energy level and
emits characteristic gamma radiation with energy unique to the emitting isotope. Measurement of emitted gamma energy
and flux can be used to determine the identity and concentration of the emitting element in the sample. A tomographic
image of the element distribution can be created by translation and rotation of the sample.

Such quantitative imaging can be applied for diagnosis of several element related disorders in the human body that are
characterized by differences in element concentration between normal and diseased tissue. For example, element
concentration differences have been observed in liver iron overload ® 7, Alzheimer’s disease ® °, and several cancers
including breast ', prostate'® and brain '*'°. Detection and quantification of elements can be used to diagnose and
monitor these disorders in very early stages.

Several experiments have been performed to investigate NSECT’s feasibility in detecting elements in biological tissue™
>, While many of these experiments have been largely successful, they have been prohibitively time consuming. For
example, a typical scan to detect iron in the liver requires up to 24 hours of data acquisition. Such extensive scan times
deem the experimental system impractical for use during initial feasibility testing and system optimization. System
optimization involves simultaneous analysis of several variable acquisition parameters such as neutron flux, number of
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gamma detectors and size of neutron beam. It is impractical to investigate the effect of each of these variables with the
physical experimental system due to the prohibitively long scan times involved. Therefore, GEANT4 simulations are
being developed as an alternative for NSECT development and optimization without the need for specialized sources
and gamma detection hardware. Before a GEANT4 simulation can be used to perform iron overload detection studies, it
is important to validate the simulated model against experimentally acquired data. This study presents results from a
validation experiment for a GEANT4 simulation of NSECT using a natural iron sample containing *°Fe.

2. METHODOLOGY

A simulation of a clinical NSECT system has been developed in GEANT4, a Monte-Carlo programming toolkit that
models high-energy physics interactions between particles and matter over a broad range of energies'’. GEANT4 is
developed and managed by a worldwide collaboration of over 100 scientists in Europe, Russia, Japan, Canada and the
United States. It allows precise modeling of interactions between neutrons and a variety of target nuclei at energies of
relevance to NSECT. The GEANT4 object-oriented programming package includes a powerful set of random number
generators, physics units and constants, and provides all the tools required for detector simulation including geometry,
tracking and detector response management.

2.1 Simulated Model

The simulated model of the NSECT system contains a mono-energetic neutron source, two high-purity germanium
(HPGe) gamma-ray detectors, and a sample of natural iron for validation studies. The model is based on the
experimental system which uses a Van-de-Graaff accelerator, HPGe gamma detectors and a tomographic gantry for
sample positioning' 2.

The simulated neutron source is defined as a mono-energetic neutron gun emitting 7.5 MeV neutrons. The gun is placed
at an orientation which ensures that every neutron is incident on the target sample. Neutrons at 7.5 MeV are sufficient to
excite several energy states in most elements in the body that are of interest to NSECT. For example, a 7.5 MeV neutron
can excite carbon at 4.4 MeV, oxygen at 6.1 MeV and several states in iron at 847 keV, 1039 keV, 1238 keV and 1811
keV.

A detector system with two gamma-ray detectors is used in this simulation study. Each of the two gamma detectors is
defined as a solid cylinder of HPGe (100% Ge, density= 5.32 g/cm®) measuring 10 cm in diameter and 9 cm in height
and located at 135 degrees with respect to the incident neutron beam. The +135 degree locations correspond to regions
of maximum gamma emission around the sample from electric quadrupole interactions, which are expected to be
dominant at this neutron energy. The detector material is sensitized to record the energy of inelastic scatter gamma-rays
that are incident on each detector volume.

Figure 1. GEANT4 simulation of the NSECT acquisition system. The iron sample is shown in orange with gamma detectors shown as
green cylinders. Neutrons enter the system from the right side of the image (blue line). Emitted gamma-rays are shown as green lines
while scattered neutrons are seen as blue lines going away from the sample.
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The sample in this validation experiment is created as a 3mm thick disc of natural iron containing the three most
abundantly found stable isotopes of iron. The circular disc has a 10 cm diameter and 3 mm thickness, natural iron
density of 7874 kg/m’, and contains three isotopes of iron in naturally occurring quantities, **Fe (5.8%), *°Fe (91.75%)
and *"Fe (2.45%).

Figure 1 shows the execution of the GEANT4 simulation. The iron sample is shown in orange and gamma detectors are
shown as green cylinders. Neutrons enter the system from the right side of the image between the two detectors
(depicted by blue lines). Gamma-rays emitted as a result of inelastic scatter are depicted by green lines while scattered
neutrons are seen as blue lines going away from the sample. A spectrum is generated from the simulated sample by
plotting the gamma counts observed in both detectors vs. the gamma energy.

2.2 Experimental Acquisition

A metallic disc of natural iron is scanned with the laboratory NSECT system, which uses a Van-de-Graaff accelerator
source, high-purity germanium gamma-ray detectors, and a tomographic gantry to accommodate the sample > *.
Scanning is performed with a 7.5 MeV neutron beam collimated to 1 cm. Two HPGe gamma-ray detectors (with 0.1%
energy resolution) located at + 135 degrees are used to acquire the emitted gamma-rays. An energy spectrum of the
gamma emission is generated with a resolution of approximately 1 keV per detector channel. Background correction is
performed using the time-of-flight (TOF) correction technique for NSECT'®, where the background noise spectrum is
acquired simultaneously and subtracted from the foreground iron signal. The noise-corrected spectrum from natural iron
is used for validation of the NSECT system simulated in GEANTA4.

2.3 Spectral Analysis

Spectral analysis is performed by comparing the simulated and experimental spectra using three criteria: (a) Gamma
energy peaks in the simulated spectrum must be observed at energies corresponding to prominent excited state
transitions in the target nuclei, (b) Locations of peaks in the simulated spectrum must be in agreement with peak
locations in the experimental spectrum, and (¢c) Number of counts in the peaks must be within reasonable limits of each
other.

3. RESULTS

Figure 2 and figure 3 show the simulated and experimental spectrum, respectively, from the sample of natural iron. Both
spectra show gamma energy peaks for each of the 4 prominent transitions from *°Fe expected at this neutron energy (847
keV, 1039 keV, 1238 keV and 1811 keV), and from one transition in **Fe (1406 keV). The simulated spectrum shows
several peaks corresponding to germanium in the detectors (e.g. 834 keV), which are absent in the experimental
spectrum due to TOF background correction.

Figure 4 shows the experimental and simulated spectra normalized and overlaid on one another for comparison. As can
be seen, the locations and heights of all five gamma energy peaks from iron are in general agreement with each other.
Table 1 shows a summary of the differences observed between the two spectra.

Element Energy Simulated counts Experimental counts Difference
(keV) (Normalized) (Normalized) (%)
*Fe 847 keV 1.000 1.000 0.00%
Fe 1039 keV 0.098 0.088 11.61%
SFe 1238 keV 0.281 0.309 9.15%
*'Fe 1406 keV 0.037 0.045 16.95%
SFe 1811 keV 0.083 0.045 4.50%

Table 1. Analysis of the simulated and experimental gamma spectra for the natural iron sample. Peaks for 5 energy transitions in *°Fe
and >*Fe are seen in both spectra. The percent difference in the peak at 1406 keV can be attributed to poor statistics due to the low
concentration of **Fe in the sample.
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All energy peaks except the peak at 1406 keV are within 15% of the corresponding peak heights in the experimental
spectrum. The discrepancy in the 1406 keV peak can be attributed to poor statistics due to the low concentration of the
*Fe isotope in the sample (5.8%). Two energy peaks at 1238 keV and 1811 keV are within 10% of each other. The
result suggests that the gamma lines at 847 keV, 1238 keV and 1811 keV may be suitable for quantification experiments.

Simulated Spectrum from Iron Sample
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Figure 2. Simulated gamma spectrum for a natural iron sample. Energy peaks corresponding to energy transitions from >*Fe can be

seen at 847 keV, 1039 keV, 1238 keV and 1811 keV and from *Fe at 1406 keV. Peaks are also seen for several excited states in
germanium, which originate from neutrons scattering onto the HPGe gamma detectors.

Experimental Spectrum from Iron Sample
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Figure 3. Experimental gamma spectrum for the natural iron sample. Energy peaks are seen from *°Fe at 847 keV, 1039 keV, 1238
keV and 1811 keV, and from *Fe at 1406 keV. Peaks from germanium are absent in this spectrum due to TOF background correction.
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Iron sample: Simulated vs Experimental Spectrum
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Figure 4. Comparison of simulated and experimental gamma spectra for a natural iron sample. The simulated spectrum is shown as a
solid red line, while the experimental spectrum is depicted by an overlaid dotted black line. Energy peaks from all 5 energy transitions
in Fe are in excellent agreement with each other. Non-matching energy peaks in the simulated spectrum are due to neutrons scattering
onto germanium in the gamma detectors. These peaks are subtracted in the experimental spectrum through TOF background
correction.

4. CONCLUSION

This work presents successful validation of a Monte-Carlo simulation of the NSECT system. A simulation of the
NSECT system has been designed in GEANT4 and validated using a sample of natural iron. Gamma lines from energy
transitions in two isotopes of iron (**Fe and *Fe) are seen in the simulated and experimental spectra. The energies and
counts in the gamma are found to be in excellent agreement with each other, showing errors ranging from 4.5% to 17%.
The largest error in the system (17.4% for **Fe) can be attributed to poor statistics arising from a low isotope
concentration in the sample. The result of this study has two important outcomes: (a) It validates the GEANT4
simulation, facilitating its use for future system development and optimization, and (b) It suggests that gamma lines at
847 keV, 1238 keV and 1811 keV may be suitable candidates for investigation in quantification experiments.
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Detection of Iron Overload with the ORNL Spallation
Neutron Source: an MCNPX Simulation Study

Anuyj J. Kapadia, Franz X. Gallmeier, Erik B. Iverson and Phillip D. Ferguson

Abstract— In previous work we have demonstrated the use
of neutrons to detect iron overload in the liver. We are
developing a non-invasive technique to measure liver iron
concentration in the human body through neutron
inelastic scatter spectroscopy. The measurement is
performed using an incident neutron beam that scatters
inelastically with iron nuclei in the liver, causing
characteristic gamma emission that is used to quantify the
tissue iron content. Due to its high neutron flux, the
Spallation Neutron Source (SNS) at ORNL presents an
attractive option for initial development and optimization
of the technique. In this manuscript we describe a
simulation study to evaluate feasibility of the SNS beam
for iron overload detection in the liver. An MCNPX
simulation was developed to model the parameters of the
SNS beam and scan a liver phantom with tissue iron
content varying from 2 mg/g (mild iron overloaded) to 10
mg/g (severe iron overload). A torso phantom filled with
water was placed around the liver and used to simulate
scattering effects of the human torso. The emitted gamma
spectrum was acquired with a simulated ring detector.
Background subtraction was performed by substituting
the liver with a water phantom. Background corrected
spectra were analyzed to identify gamma lines
corresponding to iron in the liver tissue. Statistically
significant differences with p < 0.05 were identified for the
S56Fe gamma line at 847 keV. Counts in the gamma line
were found to be higher in the 10 mg/g sample by a factor
of 4.72, differing by less than 6% from the expected value
of 5. These results demonstrate the feasibility of the SNS
beam to determine iron content in liver tissue.
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I. INTRODUCTION

IVER iron overload is a condition that causes serious

consequences for the patient through an increase in the
body’s total iron stores [1]. The excess iron accumulates in
several vital organs such as the heart and liver, and may cause
extensive tissue damage, liver cirrhosis, cardiac failure,
hepatic failure and hepatocellular carcinoma [1, 2]. Definitive
diagnosis of iron overload requires an invasive liver-biopsy,
an unpleasant procedure with several associated complications
including death. In previous work, we have described the use
of Neutron stimulated emission computed tomography
(NSECT) as a non-invasive technique for iron quantification
in the liver [3-6]. The principle of NSECT is briefly described
as follows: An incident neutron scattering inelastically with a
nucleus of iron in the liver and excites the nucleus to a higher
energy state. The excited nucleus is often unstable and
therefore rapidly decays to its ground state, emitting a
characteristic gamma ray. The energy and flux of the emitted
gamma rays can be used to determine the concentration of iron
in the liver.

While early experiments demonstrating feasibility of the
technique [3, 6-8] have been largely successful, they have
been prohibitively time consuming due to the low neutron flux
obtained from the Van-de-Graaff accelerator source. NSECT
scans with liver samples have often required several hours of
scanning per sample. To overcome this limitation of scan time
we propose to use a neutron source with significantly higher
flux than what has been used thus far. The recently
commissioned Spallation Neutron Source (SNS) at Oak Ridge
National Laboratory (ORNL) provides an attractive alternative
to perform initial system development and optimization due to
its significantly higher beam flux. Here we describe a
simulation study to evaluate the feasibility of the SNS beam
for iron overload detection in the liver.

II. MOTIVATION

Despite its apparent advantage in flux, the SNS beam
presents several parameters with the potential to create
practical challenges in performing iron measurements. First,
the SNS source contains a large collimator made of natural
iron. While the collimation obtained from this collimator is
excellent, neutrons scattering in the iron collimator will be
detected concurrently with iron in the liver, thereby interfering
with the liver iron measurement. Second, as the SNS beam is
non-monochromatic a larger number of nuclear interactions
are expected in the sample, significantly increasing the noise



in the spectrum. Third, the lack of microsecond beam pulsing
eliminates the possibility of time-of-flight (TOF) background
correction of the acquired spectra. This project aims at
investigating the feasibility of detecting iron overload with the
ORNL SNS beam in the presence of the above-mentioned
practical challenges.

III. METHOD

To investigate the feasibility of iron overload detection with
the SNS we have used Monte-Carlo simulations in MCNPX.
MCNPX is a general-purpose Monte-Carlo code for three-
dimensional and time dependent modeling of the interaction of
particles with matter. It has the ability to model a large
number of particles over a wide energy range using the latest
nuclear cross-section libraries.

The simulated model consists of 3 parts — (a) SNS Beam
Source, (b) Gamma-ray Detectors, and (c) Liver phantom. Fig
1 shows a schematic of the simulated model with the three
components. Each component is described below.

A.  SNS Beam Source

The neutron source modeled beam parameters, collimation
apparatus, and the acquisition area around the beam. The
energy distribution of the neutron beam was based on a source
neutron spectrum obtained by simulation of the SNS target
system in MCNPX. Neutrons entered the system through a
collimator made of natural iron providing a collimated beam
measuring 2 inches in diameter. A wall of concrete and steel,
which also contained some iron, was used to shield the
acquisition room. Beam flux was controlled by selecting the
number of neutron events executed in the MCNPX code.

B. Gamma-ray Detectors

The gamma-ray detectors were modeled as 10 cm thick
rings of 100 % pure germanium ("°Ge density= 5.32 g/cm’).
Each detector ring was 10 cm deep and 8 cm thick, and placed
30 cm from the sample at angles of 45 and 135 degrees with
respect to the beam. These angles were chosen due to the
dominant energy transition in iron exhibiting electric
quadrupole distributions, which show local maxima at 45 and
135 degrees. Each ring detector was surrounded on three sides
by a 3 inch thick shield of lead. A schematic of the detector is
shown in Fig 2. Events recorded in the detectors were time-
resolved in 2 microsecond intervals as inelastic-scatter gamma
emission signal from iron was expected to arrive in the
detectors within 2 microseconds of the neutron pulse. Gamma
events were energy-binned at 0.5%, i.e. 5 keV intervals at 1
MeV which is typical of a high-purity germanium detector.

C. Liver Phantom

The liver phantom was modeled in two parts - a human
torso and a liver chamber inside the torso. The torso was
modeled as a rectangular box measuring 12 x 10 x 7.5 inches
and contained water to model the neutron scatter generated in
the human body. The liver was modeled as a rectangular box
measuring 15 x 10 x 10 cm and was filled with liver tissue
material reported in ICRU report 46 (shown in Table 1). Iron
overload in the liver was simulated by varying the

concentration of iron to correspond to iron overload reported
in patients. Two values were used in this study: 2 mg/g

corresponding to mild iron overload, and 10 mg/g
corresponding to severe clinical overload.
=

Fig.1. MCNPX simulation of the experiment showing the liver phantom
(light blue) inside a water torso (dark blue) with gamma detectors (red)
surrounded by a lead shield (light green). Neutrons enter the system from the
left through the iron collimator (green tube). The orange bars represent room
shielding made of concrete and steel.

Fig.2. A section through the gamma detector rings. The detector volume
(shown in red) is modeled by a germanium ring with 10 cm depth located at
30 cm from the sample. The detector volume is surrounded on three sides by a
3 inch thick lead shield. In the figure, the phantom is placed in the centre of
the ring (not seen here as it is outside of the section plane).

The simulation was executed with 1E9 neutron event
histories. Gamma spectra were generated for each of the two
overload conditions, and counts for energies corresponding to
the gamma line from iron at 847 keV were identified and
summed. A background noise sample was generated by
substituting the liver with water and repeating the scan with
the same number of neutron counts used for the liver. The
water spectrum was subtracted from the liver signal spectrum
to correct for torso-scatter effects and acquisition room effects
such as noise signal from iron in the beam collimator and steel
walls.

IV. RESULTS

Figure 3 shows the spectrum from the water sample used to
generate an estimate of the spectral background. Prominent



effects observed in the sample include neutron capture on
hydrogen (at 2.22 MeV along with single-escape at 1.71
MeV), photon annihilation (511 keV) and inelastic scatter
gamma lines from "°Ge in the detector and ***™ in the detector
shield. Additional gamma lines are seen for *C in the room
and %0 in the water sample. This spectrum was subtracted
from the liver spectra to correct the background effects
mentioned.

Figures 4 and 5 show the background corrected gamma
spectra from the 2 mg/g and 10 mg/g liver phantoms
respectively. Both spectra show gamma lines from '*C, "N,
'®0 and *°Fe in the liver tissues. For both spectra, the gamma
line from *°Fe at 847 keV can be detected above the
background with p < 0.05 (using t-test). In addition, both
spectra show some residual background effects after
subtraction of the water spectrum.

The ratio of the counts in the 847 keV gamma lines in the
two liver samples was measured to obtain an estimate of the
quantification error in the system. Table 2 shows a summary
of the results. Gamma counts observed in the 10 mg/g sample
were found to be a factor of 4.72 higher than the counts in the
2 mg/g sample. This represents an error of less than 6% from
the expected value of 5.0 after background correction.

TABLE I
ELEMENTAL COMPOSITION OF THE LIVER PHANTOM (OBTAINED FROM
ICRU REPORT 46).

Element Normal (%)

(0] 71.6

C 13.9

H 10.2

N 0.3

P 0.3

S 0.3

K 03

Cl 0.2

Na 0.2

Fe 0.0
Density 1.06 g/cm3

TABLE II

RATIO OF COUNTS IN THE 847 KEV GAMMA LINE FROM IRON IN THE TWO
LIVER SAMPLES.

Parameter Value
Counts (10 mg/g) 6.69E3
Counts (2 mg/g) 1.42E3
Ratio 4.72
Expected Ratio 5.0
Error 553 %

Water Background

2000 4
511 keV

?OGe

1800
1600 -
Neutron Capture 'H

I

=
o
(=]

|Ec

8 B8
e o

=3
o
o

Single

Counts (in thousands
[=:]
[=]
Q

e
o
(=1

Escape | zospy, shield

(]
o
o

il e [—

o
I
I
|

Energy (MeV)

Fig.3. Spectrum corresponding to water phantom with no iron. Gamma lines
are observed for '>C in the room, '°0 in the water, 2**Pb in the shield, "°Ge in
the detector, neutron capture on hydrogen and photon annihilation. This
spectrum is used to subtract background effects from the liver spectra.
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V. CONCLUSION AND FUTURE WORK

The results from this study indicate strong potential for the
use of the SNS beam for iron overload detection. Concerns
regarding beam parameters such as polychromatic energy,
lack of TOF background correction, and strong noise signal
from iron collimator are significantly reduced through sample-
out background correction. The spectrum from water
adequately models and subtracts these background effects.

The results reported here were obtained with only 1E9
neutron events. Typical neutron flux obtained from the SNS is
in the range of 1E8 — 1E9 per second for a collimated beam.
This observation suggests that it may be possible to perform
NSECT experiments with only a few seconds of data
acquisition per sample, an enormous improvement over our
earlier experiments with 24 — 48 hour acquisitions per sample.
Data acquisition experiments using physical samples are
currently being planned and will be performed shortly.
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ABSTRACT

Neutron stimulated emission computed tomography (NSECT) is being developed as a non-invasive technique to
diagnose iron overload in the liver. It uses inelastic scatter interactions between fast neutrons and iron nuclei to quantify
localized distributions of iron within the liver. Preliminary studies have demonstrated the feasibility of iron overload
detection through NSECT using a Monte-Carlo simulation model in GEANT4. The work described here uses the
GEANT4 simulation model to analyze iron-overload detection sensitivity in NSECT. A simulation of a clinical NSECT
system was designed in GEANTA4. Simulated models were created for human liver phantoms with concentrations of iron
varying from 0.5 mg/g to 20 mg/g (wet). Each liver phantom was scanned with 100 million neutron events to generate
gamma spectra showing gamma-lines corresponding to iron in the liver. A background spectrum was obtained using a
water phantom of equal mass as the liver phantom and was subtracted from each liver spectrum. The height of the
gamma line at 847 keV (corresponding to *°Fe) was used as a measure of the detected iron concentration in each
background-corrected spectrum. The variation in detected gamma counts was analyzed and plotted as a function of the
liver iron concentration to quantify measurement error. Analysis of the differences between the measured and expected
value of iron concentration indicate that NSECT sensitivity for detection of iron in liver tissue may lie in the range of 0.5
mg/g — 1 mg/g, which represents a clinically significant range for iron overload detection in humans.

Keywords: Neutron, Spectroscopy, Gamma, Iron-overload, NSECT, Tomography, Simulation, GEANTA4.

1. INTRODUCTION

In previous studies *® we have described the development of neutron stimulated emission computed tomography
(NSECT) as a non-invasive technique for quantitative measurement of iron in the human body. Using inelastic scatter
spectroscopy, NSECT determines the iron concentration in a target organ by quantitative measurement of gamma
radiation emitted from interactions between neutrons and iron nuclei in the organ. The working principle of NSECT for
iron overload detection is as follows: Neutrons scattering inelastically with a target iron nucleus in the liver excite the
nucleus to a higher energy level stimulating it to emit characteristic gamma radiation. The emitted gamma radiation can
be measured to determine the concentration and distribution of iron in the body. A tomographic image can be obtained
through translation and rotation of the sample or the beam.

While current NSECT studies have focused primarily on iron-overload detection, it should be mentioned that NSECT
has the potential to diagnose several other disorders in the human body that are characterized by differences in element
concentration between normal and diseased tissue. For example, element differences have been reported in Alzheimer’s
disease * *°, Wilson’s disease *'and in several cancers including cancer of the breast ***, prostate *° and brain %2
NSECT presents a new potential method of quantifying and diagnosing these element-related disorders through a single
non-invasive in-vivo scan. While diagnosis of these disorders is within the abilities of NSECT, given the capabilities of
neutron sources and gamma-ray detectors available currently, NSECT exhibits the highest possibility of successful
clinical translation for detection of iron-overload in the liver. This study, therefore, focuses on the diagnosis of liver iron
overload.

Liver iron overload is a disorder in which the body’s total iron stores undergo significant increases due to one of two
primary reasons: (a) Hemochromatosis - iron accumulation through increased dietary absorption, or (b) Transfusional
Iron Overload - iron accumulation through blood transfusion that form a part of repeated treatment procedures for



chronic disorders such as thalassemia, myelodysplasia and moderate aplastic anemia. While the body possesses well-
developed and refined techniques for monitoring and controlling the absorption of dietary iron from food, it lacks a
corresponding mechanism to eliminate excess iron in case of overload. The excess iron is accumulated in several vital
organs in the body including the liver, heart and spleen, and may lead to extensive tissue damage, liver cirrhosis, cardiac
failure, hepatic failure and hepatocellular carcinoma ***!. Diagnosis of iron-overload requires accurate measurement of
the body’s total iron content * ?°, which is generally estimated using an invasive liver biopsy. Although this diagnostic
technique provides excellent measurement accuracy, the discomfort and risks associated with biopsy significantly hinder
its acceptance to patients suffering from iron overload disorders. NSECT has the potential to obtain the same
measurement through a single non-invasive in-vivo scan without the need for any invasive procedure. It provides an
excellent alternative to biopsy with no associated morbidity and only minimal risk from radiation dose.

Preliminary studies using Monte-Carlo simulations have demonstrated the feasibility of clinical NSECT systems for
detection of iron overload in the liver. These simulations have also been used to analyze detection accuracy and patient
dose for different configurations of the NSECT system " 2. While the results of the simulation studies have demonstrated
strong potential for iron overload detection through NSECT, in order for successful clinical translation of the technology
it is imperative to analyze the sensitivity limit that can be achieved using currently available source and detector
technology. This work investigates the detection sensitivity of an NSECT system in a simulated model of a human liver
with iron overload.

2. METHODOLOGY

A Monte-Carlo simulation of a clinical NSECT system was designed in GEANT4 - a programming toolkit to model
high-energy physics interactions between particles and matter over a broad range of energies *>. GEANT4 allows precise
modeling of a broad range of interactions that occur between neutrons and several target nuclei at energies of relevance
to NSECT. In addition, it provides several valuable tools for detector simulation including geometry definition,
interaction-tracking and detector response management, making it an ideal tool for investigation of NSECT parameters.

2.1 Experimental System

The NSECT simulation developed in this study was modeled after the prototype experimental system, which consisted
of a Van-de-Graaff accelerator source, multiple high-purity germanium gamma-ray detectors, and a spectroscopy data
acquisition system. Details of the experimental system have been provided in previous work » * %, In the experimental
system a monochromatic neutron source (Van-de-Graaff accelerator) was used to generate a mono-energetic beam of
neutrons with energy between 4 MeV and 7.5 MeV (typical range of interest to NSECT). Two or more high-purity
germanium (HPGe) gamma-ray detectors placed at backward angles of 45 and 135 degrees around the sample were used
to detect the emitted gamma-rays and generate gamma energy spectra with energy resolution of 1 keV. The detectors
were shielded with a layer of lead (gamma shield) and a layer of borated paraffin wax (neutron shield) for both neutron
and gamma effects.

2.2 Simulated Model

The simulated NSECT model developed in this study was made up of three modules — (a) Neutron Source, (b) Gamma
Detectors, and (c) Liver Phantom. Each module was designed independently and modeled after the corresponding
component of the experimental acquisition system. The construction of each module is described below.

2.2.1 Neutron Source

The simulated neutron source was modeled as a finite-width source which produced a 5 MeV mono-energetic neutron
beam. The width of the beam was collimated to 1 cm, which is typical of the beam used in NSECT experiments for iron-
overload detection. Incident neutron energy was set at 5 MeV as it is sufficient to excite several energy states in iron as
well as the first excited state in carbon in the body. The simulated neutron source is shown in Figure 1A as a gray
cylindrical object at the lower edge of the image (on the left of the green cylinders).



2.2.2 Gamma-ray Detectors

The simulated detector system consisted of an array of six germanium crystals surrounding the liver sample as shown in
Figures 1A, 1B and 1C. Although the experimental system typically used 2 to 4 HPGe detectors per acquisition, six
detectors were modeled in the simulation to improve detection and computing efficiency. Each of the six detectors was
located at 45 degrees and 135 degrees around the sample, corresponding to regions of maximum gamma emission from
electric quadrupole interactions around the sample (expected to be dominant in this acquisition). Each detector was
modeled as a cylinder of 10 cm diameter and 10 cm height filled with natural density germanium, corresponding to the
size and material of the actual HPGe detectors used in NSECT experiments. The detector material was sensitized to track
transport of particles through its volume and the energy deposit within the detector.

(@) Transverse view (b) Coronal View (c) Sagittal View

Figure 1. GEANT4 simulation of the human liver phantom surrounded by six HPGe detectors. Three views of the phantom are shown. The liver is
shown as the blue composite shape housed in an elliptical tube torso (shown by yellow outline). The white cylinder represents the spine. Gamma
detectors are shown as green and gray cylinders and are placed at angles of 45 and 135 degrees with respect to the beam. With respect to the geometry
in figure 1a, the beam enters the simulation from the lower edge and exits at the upper edge. [Note: This figure is best viewed in color.]

2.2.3 Liver Phantom

The liver phantom was designed as a combination of a half-cylinder and two trapezoids as shown in Figure 1. Each of
these geometric was simulated individually and then combined to form the composite shape which approximated the
shape and volume of an adult human liver. The simulated liver measured 12 cm in height and approximately 1500 cm® in
volume. The liver tissue material was modeled after the tissue composition defined for a healthy adult liver in ICRU
Report 46 #*, shown in Table 1. As can be observed in Table 1, normal liver tissue has no significant quantity of iron.
Therefore, in order to simulate iron overload conditions, the iron concentration in the liver tissue was artificially
increased to correspond to a given degree of iron overload observed in humans. Clinical iron overload is typically
defined for iron concentrations ranging from 0.5 mg/g to 6 mg/g (wet) ** %, with extreme concentrations up to 10 mg/g
reported in certain patients % ?’. The liver phantom simulated in this study covers this entire range, simulating iron
overload in the following discrete steps: 0.5, 1, 2, 3, 4, 5, 10, 20 mg/g.

The liver sample was placed inside a simulated adult torso modeled as an ellipse with 30 cm major axis and 25 cm minor
axis. The torso was filled with water to mimic the elastic scattering properties of tissue. Elastic scatter, which is a
significant contributor to noise, has direct implications on the sensitivity of the NSECT system for detection in humans,
and is hence an important component of the simulation model.

Finally, a spine was modeled as a cylindrical tube with 5 cm outer diameter and 1 cm inner diameter with material
definition of skeletal bone tissue from ICRU Report 46 % (shown in Table 2).

Two such phantoms were simulated for this study, one with a torso measuring 30 cm (major axis) and another with a
torso measuring 40 cm (major axis). The size of the liver in both models was kept unchanged. The size of the torso in the
second model was increased in order to analyze the effect of a larger torso size on iron detection sensitivity (as would be
observed in the case of large patients). The two simulated models are shown in Figure 2. The second model was also
designed to cover the range of iron-overload in identical discrete steps, i.e. 0.5, 1, 2, 3, 4, 5, 10, 20 mg/g.



Finally, a calibration sample with an iron concentration of 200 mg/g (in aqueous solution) was created to obtain a
calibration curve against which the iron concentration measurements in the iron-overload phantoms could be compared.

(a) Torso major axis = 30 cm (b) Torso major axis = 40 cm

Figure 2. Simulated liver-torso phantoms with different torso sizes — (a) 30 cm major axis, and (b) 40 cm major axis. The size and volume of the liver
in both phantoms is identical. Also visible in the image are the gamma-ray detectors (green and gray cylinders), neutron source and the spine (white
circle). [Note: This figure is best viewed in color.]

Element | O C H N P S K cl Na Fe Density

Normal (%) | 71.6 13.9 10.2 3.0 0.3 0.3 0.3 0.2 0.2 0.0 1060 kg/m®

Table 1. Elemental composition of human liver tissue (obtained from ICRU report 46 2).

Element o] Ca C P N H S Mg Na Density

Normal (%) | 435 | 225 | 155 | 103 |42 |34 |03 |02 |01 | 1920kgm®

Table 2. Elemental composition of human skeletal bone (obtained from ICRU report 46 ).

2.3 lron concentration measurement

Each liver phantom (i.e. each combination of iron concentration and torso size) was scanned with 100 million neutron
events to generate neutron-stimulated gamma emission from the elements present in the simulated phantom. Neutron
energy for all scans was maintained at 5 MeV. The emitted gamma-rays were detected in the six HPGe detectors to
generate spectra corresponding to each iron overload condition. Background correction for the spectra was performed
using a sample-out technique ?* %°, wherein a water phantom was substituted for the liver and scanned to obtain an
estimate of background noise. This water phantom was modeled using identical dimensions as the original torso, but
contained only water in place of the liver tissue. The phantom was used to obtain an estimate of background effects such
as neutron scatter onto the gamma detectors, scatter from components in the acquisition area, and gamma lines arising
from neutron capture by hydrogen. These background effects, estimated using the water phantom, were subtracted from
the liver-phantom foreground spectra to produce a background corrected spectrum. The resulting background corrected
spectra were then analyzed for liver iron content measured through NSECT.

After all iron-overload phantoms had been scanned, the calibration phantom with an iron concentration of 200 mg/g (in
aqueous solution) was scanned using 100 million neutron events and background corrected using the same sample-out
technique. The calibration phantom was used to establish a ratio of the expected gamma counts and iron concentration



for each phantom. The gamma counts observed in each iron overload measurement were then compared with this ratio
to obtain an estimate of the measured iron concentration in the phantom.

For each spectral measurement, the parameter used to compute the measured iron concentration was the number of
gamma counts in the gamma line at 847 keV (corresponding to natural iron *°Fe). The ratio between the iron
concentration and the number of gamma counts observed, established with the calibration phantom, was used to
determine the measured iron concentration in each of the clinical iron-overload phantoms through a simple comparison.
For example, if the 200 mg/g phantom showed 100 counts corresponding to **Fe and the overload phantom showed 10
counts in the same gamma line, it could be deduced that the particular overload phantom had a concentration 1/10™ of
the concentration of the calibration phantom, i.e. 20 mg/g. Using this technique, the iron concentration measured in each
iron-overload phantom was determined and compared against its predetermined (simulated) value to obtain an estimate
of the difference, i.e. the NSECT measurement error. The trend in observed differences was then used to obtain an
estimate of the sensitivity of NSECT for iron overload detection.

2.4 Dose Calculation

Following the data acquisition simulations, the total dose delivered through an NSECT scan for 100 million neutrons
was calculated as a combination of the neutron and gamma dose by measuring the total energy deposited in the liver and
surrounding tissue in the GEANT4 simulation. This technique has been described in detail in several publications * 2% %
and a summary of the calculation is given below:

Total energy deposited in tissue (10" neutrons) — Measured from GEANT4 simulation (MeV)

Total energy deposited (J) = Total energy deposited (MeV) x 1.6 x 10 J/MeV

Absorbed Dose = Total energy deposited / Mass of irradiated tissue

Effective Dose Equivalent = Absorbed dose x Neutron Q-factor (10) x Liver weighting factor (0.05).

Using this technique, the dose for each 100 million neutron scan with six HPGe detectors was calculated as ~1mSv.

3. RESULTS

Figure 3 shows a simulated spectrum from the 5 mg/g iron-overload phantom. Several important gamma lines were
observed in the spectrum — *°Fe at 847 keV, “C at 4.4 MeV with two escape peaks, N at 1635 keV and 2312 keV,
several states in Ge (from the HPGe gamma detectors) and a residual *H gamma line at 2.22 MeV (from neutron capture
by hydrogen in water).

Iron Measurement in Liver Phantom - Simulated
Spectrum
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Figure 3. Spectrum corresponding to an iron overloaded liver phantom with 5 mg/g Fe. Gamma lines can be observed for °Fe (847 keV), 2C (4.4
MeV, 3.9 MeV and 3.4 MeV), and *N (1635 keV and 2312 keV) in the liver phantom. Also seen are several states in Ge from the HPGe detectors, and
a residual gamma line from *H (at 2.22 MeV from water in the torso).



As can be seen in Figure 3, after background correction was performed, the gamma line corresponding to iron was
clearly visible above background with adequate statistical accuracy (p<0.001 measured using a two-tailed t-test for
difference of means).

Figures 4 and 5 show the plots of the gamma counts corresponding to the measured and expected iron concentrations in
the 30 cm and 40 cm iron overload phantoms, respectively. As can be seen in both figures, the expected and measured
counts were found to be in excellent agreement with each other. A summary of the measurement differences observed
between the two values is given in Table 3.

Iron measurement in 30 cm phantom
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Figure 4. Plot of the gamma counts corresponding to the expected and measured iron concentration in the 30 cm iron overload phantom for the range
of iron concentrations studied. The plot corresponding to the expected counts was obtained using the 200 mg/g calibration phantom with the 30 cm

torso size.
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Figure 5. Plot of the gamma counts corresponding to the expected and measured iron concentration in the 40 cm iron overload phantom for the range
of iron concentrations studied. The plot corresponding to the expected counts was obtained using the 200 mg/g calibration phantom with the 40 cm

torso size.



In addition to the trends between the expected and measured gamma counts in each phantom, it was also observed that
gamma counts in the 40 cm torso were approximately a factor of 3 lower than in the 30 cm torso. Since all other
parameters in the simulation were maintained constant, this decrease in counts in the larger phantom could be attributed
to the increased attenuation and scatter due to the larger torso size. This result is consistent with attenuation calculations
corresponding to the larger torso as shown below.

The elastic scatter cross-section for hydrogen for 5.0 MeV neutrons is 1.63 barns, which translates to an attenuation
coefficient of pu = 0.11 cm™ (assuming density of 1 g/cm®). Using Beer Lambert’s attenuation formula, we have:

I, =1,e%and I, = | e,
A ratio of the two quantities gives:

I (=
I—l =g+ t) , where u=0.11 and (t;-t;) = 10 cm.
2

Therefore, the ratio of the expected signal intensity in the two phantoms = 0.33, i.e. the torso with 40 cm major axis is
expected to show a factor of 3 lower signal than the torso with major axis 30 cm.

30 cm 40 cm
Iron Measured conc * . Measured conc * .
. Difference Difference
Concentration error error
(mg/g) (mg/g) (%) (mg/g) (%)
0.5 0.63 £ 0.08 26.29% 1.03 £ 0.18 106.75%
1 1.00 £ 0.10 0.05% 1.15 £ 0.23 14.86%
2 1.86 £ 0.14 6.90% 1.58 +£ 0.31 21.03%
3 2.85+ 0.18 4.88% 2.22 + 0.37 26.06%
4 3.86 = 0.21 3.54% 4.01 £ 0.44 0.14%
5 5.19 £ 0.23 3.88% 4.98 £ 0.50 0.36%
10 9.65 £ 0.32 3.46% 8.72 £ 0.69 12.85%
20 19.37 + 0.46 3.16% 18.61 + 0.98 6.93%

Table 3. Summary of measured iron concentration for the two phantoms along with their difference from the expected concentration value. The
difference shows a significant increase between iron concentrations of 1.0 and 0.5 for both sets of phantoms, indicating that the limit of NSECT
sensitivity may lie in this range.

4. CONCLUSION

This work presents results from a sensitivity analysis study for iron-overload diagnosis in the human body using
NSECT. A simulation of the NSECT system was developed and used to scan a set of iron-overload phantoms with
degrees of iron overload ranging from mild to severe. Each phantom was scanned with 100 million neutrons
corresponding to a dose of 1 mSv, and the iron concentration was determined through a comparison with a high-
concentration calibration phantom. The differences between the measured and expected values were found to be
consistent for concentrations above 1 mg/g, but were an order of magnitude higher for 0.5 mg/g. This observation
indicates that the sensitivity limit for iron-overload detection through NSECT may lie in the range of 0.5 mg/g to 1 mg/g.
Consequently, this observation also indicates that NSECT has the potential to accurately quantify iron concentrations
above 1 mg/g, which represents a concentration range with high clinical relevance. The results obtained in this study also
demonstrate the relationship between attenuation in the torso and the torso size, which suggest the possibility of
standardizing iron measurements in patients of different sizes. While the actual value of measured iron concentration
will depend on a variety of factors including the torso size, and shape and size of the liver, it may be possible to estimate
these parameters (for example through a low dose CT or abdominal x-ray scan for liver shape/size) and include this
information in the standardization procedure. Efforts to analyze the effect of liver size on the observed iron signal are
currently under way.
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