Chapter 15

Neutron Stimulated Emission Computed
Tomography: A New Technique for Spectroscopic
Medical Imaging

A. J. Kapadia

Abstract Neutron stimulated emission computed tomography (NSECT) is being
developed as a new medical-imaging technique to quantify spatial distributions of
elements in a sample through inelastic scattering of fast neutrons and detection of
the resulting gamma rays. It has the potential to diagnose several disorders in the
human body that are characterized by changes in element concentration in
the diseased tissue. NSECT is sensitive to several naturally occurring elements
in the human body that demonstrate concentration changes in the presence of
disecases. NSECT, therefore, has the potential to noninvasively diagnose such
disorders with radiation dose that is comparable to other ionizing imaging
modalities. This chapter discusses the development and progress of NSECT
and presents an overview of the current status of the imaging technique.

Keywords Inelastic scatter - Medical imaging - NSECT . Neutron imaging -
Spectroscopy - Tomography

15.1 Introduction and Background

Neutron spectroscopic techniques have been widely used in medical and biomedi-
cal research to detect the presence of elements in the body. Techniques, such as
instrumental neutron activation analysis (INAA), prompt-gamma neutron activa-
tion analysis (PGNAA), and delayed neutron activation analysis (DNAA), have
been used since the 1960s to identify elements in healthy and diseased tissue, and
techniques based on inelastic scattering of fast neutrons have been used frequently
in body composition studies to measure whole body carbon and oxygen content.

The use of NAA techniques for medical applications was first reported in
1964 by Anderson et al. [1] for measurement of sodium in the body. Between
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1968 and 1972, Chamberlain reported the measurement of body calcium and
sodium in the body [2-4] and described techniques for whole-body NAA [5-7]
and pulsed NAA [8]. In 1971, Cohn and Dombrowski reported the measure-
ment of calcium, sodium chlorine, nitrogen, and phosphorus in the human
body through in vivo NAA [9]. Since then, NAA and PGNAA have been used
for a variety of applications, such as the measurement of nitrogen [10], carbon
and oxygen [11], cadmium [12], and manganese [13] in the body and in trace
element research to identify cancerous tissue [14—17]. The development of
NAA has been documented in several review articles [18-21], which the reader
may refer to.

Inelastic neutron scatter analysis (INSA) using fast neutrons was initially
reported by Kyere et al. in1982 [22], who used 14 MeV neutrons from a (d,T)
sealed-tube neutron generator to determine whole body carbon content as a
measure of energy expenditure in the body. Following this experiment,
Kehayias et al. reported methods to determine fat content in the body through
measurement of whole body carbon and oxygen through inelastic neutron
scatter [23-25], which they later combined with hydrogen and nitrogen mea-
surement through in vivo NAA [26]. Until recently, most experiments utilizing
fast-neutron inelastic scatter focused primarily on in vivo measurement of
body fat.

The use of nuclear resonance scattering (NRS) was reported by Wielopolski
et al. for detection of iron in the liver [27] and in the heart [28] using an indirect
method of nuclear excitation by gamma rays generated through neutron cap-
ture. Recently, these authors reported the use of 14 MeV neutrons for in vivo
measurement of liver iron through INSA and NRS [29].

In this chapter, we would discuss the development of a tomographic tech-
nique that uses inelastic scattering of fast neutrons and detection of the
resulting gamma rays to quantify spatial distributions of elements in a sample.
The technique, called neutron stimulated emission computed tomography
(NSECT) [30, 31], was pioneered at Duke University in 2003 by the late
Dr. Carey E. Floyd Jr. for the purpose of diagnostic medical imaging.
NSECT uses a beam of fast neutrons to excite stable isotopes of elements in
a sample to determine their concentration and spatial distribution within the
sample. Since it is sensitive to a wide variety of elements that naturally occur in
the human body, it has the potential to noninvasively diagnose several dis-
orders that are characterized by changes in element concentrations in the
diseased tissue [32-34].

Here we present an overview of the NSECT technique and discuss the
current status of the research. The reader may note that while medical imaging
of the human body is the ultimate goal of NSECT, the technique is still in
development stages, with most experiments being performed on phantoms and
excised tissue specimens. The methods and results presented in the chapter are
mainly for the purpose of demonstrating feasibility and proof-of-concept for
future medical applications.
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15.1.1 Principle

The principle of NSECT can be described briefly as follows. A neutron incident
on a sample travels freely along its projected path until it collides with an atomic
nucleus of an element present in the sample. If the collision with the atomic
nucleus results in inelastic scatter, the nucleus can get excited to one of its
quantized higher-energy states. The excited nucleus is often unstable and will
rapidly decay to a lower energy state, emitting a gamma-ray photon with energy
equal to the difference of the two states. These energy states are well established
for most elements and isotopes and are mostly unique for the elements com-
monly found in the body. Therefore, the energy of the emitted gamma photon
can be treated as a unique signature of the emitting element. Tomographic
detection and analysis of gamma lines in the emitted spectrum provide quanti-
tative information about the spatial distribution of the element in the sample.

While the principle of NSECT is similar to that of gamma-ray emission
computed tomography (G-ECT) [35], NSECT provides the advantage of
being able to detect stable isotopes of elements that naturally occur in the
body. Unlike G-ECT, NSECT does not require to inject radioactive tracers to
the patient to produce emission decay. Stable isotopes of naturally occurring
elements can be excited through inelastic scatter and detected to obtain spatial
and quantitative information about their distribution in the body.

While NSECT can be used over a wide range of elements and isotopes, the
elements of interest for medical applications show characteristic gamma lines
with energies ranging from 350 to 6500 keV [34]. To induce gamma emission
from these transitions, the energy of the incident neutrons is required to be
greater than the largest energy state to be excited in the target. For most medical
applications, neutron energies of approximately 7-8 MeV are sufficient to
image elements found commonly in the body. NSECT applications at Duke
University typically use neutron energies approximately 1 MeV greater than the
highest excited state desired to compensate for energy loss in propagating
through the body toward the targeted element in the tissue. For example, an
investigation of '>C at 4.4 MeV can be performed with a 5-6 MeV beam,
whereas detection of *°Fe at 847 keV can be performed with a 1.5-2 MeV beam.

As the name suggests, NSECT is a computed tomography application of
neutron inelastic scatter spectroscopy. Tomography is performed using a sin-
gle-beam, fixed-detector geometry similar to the acquisition mode of first-
generation computed tomography systems where a single beam is translated
and rotated around the object in discrete steps until the entire volume of the
object is sampled [36]. In NSECT, a thin neutron beam is used to illuminate a
single line through the object being scanned. Each line, also called a projection,
represents the location of characteristic gamma intensities within the object.
Tomography is performed by translating the object through the beam, rotating
it through a fixed angle, and repeating the translation and rotation until the
entire volume of the object has been scanned. The set of projections obtained
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from the tomographic scan can then be reconstructed to obtain a two-dimen-
sional image of the spatial distribution and concentration of each element in the
object. It can be noted that while first-generation CT translated the beam and
detector, the use of Van-de-Graaff sources in NSECT requires that the sample
be moved. In both cases, the final outcome is the same (i.c., the entire volume of
the sample object is scanned with the beam).

Owing to the high gamma energies observed in NSECT, it is impractical to use
standard gamma cameras that are normally used in G-ECT studies. The G-ECT
gamma cameras are unable to provide sufficient spatial or energy resolution for
NSECT imaging. NSECT therefore uses high purity germanium (HPGe) detec-
tors, which exhibit excellent energy resolution within the range of energies
observed in body elements [37]. Unfortunately, HPGe detectors with adequate
efficiency are usually large single-crystal detectors that do not have the ability to
provide spatial information. Spatial information is obtained by tracking the
position of the neutron beam as it illuminates a single projection path at a time
through the sample. Consequently, the current implementation of NSECT
requires a collimated neutron beam to facilitate tomographic acquisition.

15.1.2 Applications in Medical Imaging

NSECT has the potential for use in a variety of applications in both medical and
biological imaging research. It is sensitive to a wide variety of elements that naturally
occur in the human body and has the ability to provide a three-dimensional map
of the elemental distribution within the target object from a single scan. These
characteristics of NSECT have the potential to diagnose several disorders in the
human body that are characterized by changes in element concentrations in
the diseased tissue. Disorders such as iron and copper overload in the liver
[38—41] and several types of cancers including breast [14, 16, 17, 42-48], prostate
[49-51], and brain [52, 53] have been associated with changes in element concentra-
tions. NSECT has the potential to diagnose these disorders through a noninvasive
in vivo scan without the use of radioactive isotope tracers. Three potential medical
and biological applications of NSECT are discussed below.

15.1.2.1 Cancer Diagnosis

Several studies have indicated that changes in trace element concentrations in
human tissue may be a precursor to malignancy in several organs, such as the
brain, prostate, and breast. In vivo measurement of such cancer-marker trace
elements has the potential to differentiate between malignant and benign tissue
at very early stages and enable in vivo cancer diagnosis through element
quantification. Concentration differences measured through NAA have been
reported in the breast [16, 17, 42, 45, 46, 48], colon [54—61], prostate [49, 51,
62-66], kidney [54], liver [50, 54, 67, 68], stomach [54], urinary bladder [54],
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testis, and female reproductive organs [54]. NSECT cancer diagnosis can be
performed by measuring the trace element composition of the tissue and analyzing
this information to identify combinations of elements that are markers of cancer.
Owing to NSECT’s tomographic ability, given adequate sensitivity, it can identify
both the location of the tumor as well as its cancer state from a single scan.

15.1.2.2 Noninvasive Measurement of Liver Iron and Copper

A second application of NSECT is in the diagnosis of liver disorders such as
hemochromatosis [38—40] and Wilson’s disease [41], which exhibit changes in
iron and copper concentrations in the liver, respectively. Iron overload is a
serious concern for patients with thalassemia, sickle cell anemia, and hemo-
chromatosis mutations and for other patients who receive chronic blood
transfusions. Similarly, copper overload is observed in patients with Wilson’s
disease. The current definitive diagnostic technique for these disorders is
invasive liver biopsy followed by chemical analysis of iron to determine the
severity of the disorder [38, 40, 69]. NSECT provides a noninvasive alternative
with the potential to obtain the same information without the need for a
biopsy. Several different techniques (reported in [33]) have attempted to detect
and quantify iron concentration in the liver in vivo, for example, X-ray
computed tomography (X-ray CT), MRI, magnetic resonance spectroscopy
(MRS), super-conducting quantum interference susceptometry (SQUID),
and nuclear resonance scattering (NRS) [27, 70-88]. 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 [75, 76, 80, 89]. In MRS, the
low signal from bound iron makes quantification studies difficult. MRS also
has limited resolution (larger than 1 cm) [90]. 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 [27]. NSECT has the potential
to overcome many of these limitations and develop into a clinical technique
for noninvasive measurement of liver iron and copper [33].

15.1.2.3 Small Animal Imaging

A third potential area of application for NSECT is in the spectroscopic imaging
of small animals [91, 92] to understand the structural and functional mechanisms
of metabolism and transport of elements in normal and disease models. For
example, NSECT can be used to follow the metabolic migration of nutrients in
normal and in genetically modified mice, measurement of iron and calcium levels in
the cardiac wall, and molecular transport and drug delivery studies where mole-
cules of interest are tagged with stable isotopes rather than radioactive tracers.
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NSECT represents a technique that combines both anatomic and functional
imaging. Through CT acquisition, it is possible to obtain a three-dimensional
map of element distribution within a specific organ, thereby providing
anatomic information about the location and extent of the diseased tissue.
Simultaneously, information about elements within the tissue can provide
information about the functional (disease) state of the tissue.

15.2 Imaging Facility and Apparatus

All NSECT experiments performed so far have been conducted at the Triangle
Universities Nuclear Laboratory (TUNL) accelerator facility located at Duke
University. TUNL is a low energy nuclear physics research laboratory with a
10 MeV 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 with energies between 5 and 23.2 MeV. A detailed description of
the facilities and apparatus used in NSECT has been provided in [32, 34].
Three key components are required in an NSECT acquisition system:
(a) neutron source, (b) gamma detector, and (¢) tomographic acquisition and
reconstruction technique. Each of these components is readily available at
TUNL. Figure 15.1 shows a schematic of an NSECT system with the major
components. A description of the key components is given below.

Shield
Wall

Neutron a ;

Source

Fig. 15.1 Schematic of an NSECT system used in tomographic measurements. Major components
of the system are labeled as A — Neutron Collimator; B — Instantaneous Neutron Flux Monitor;
C — Sample Manipulation Tomographic Gantry; D — HPGe detector; E — Anticoincidence
Compton Shield; and F — Inelastically Scattered Neutron. The neutron beam (shown by the line
of dots) travels from the source to the sample (C) and scatters inelastically. Gammas emitted in the
inelastic scatter interaction (shown as line of dashes) are detected by the HPGe detector, while the
scattered neutron (F) continues along another trajectory (shown as a solid line).

(Figure modified from [94] pp. 2313-2326. © Institute of Physics and IOP Publishing
Limited 2008)
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15.2.1 Neutron Source

NSECT can be performed with a variety of neutron sources, some of which are
available commercially, while others are specialized sources available only at
state-of-the-art neutron facilities. An ideal source for an NSECT application
should produce a narrow collimated beam of fast neutrons with high neutron
flux and allow beam pulsing and energy tuning with a nearly monochromatic
energy profile. High neutron flux is required to achieve minimal scan durations,
while a collimated beam is required to attain spatial resolution in the tomo-
graphic acquisition. Beam pulsing or chopping is necessary to identify the time-
resolved inelastic scatter signal and separate it from other neutron and gamma
effects that occur later in time. Without beam pulsing (i.e., with a continuous-
beam source), the inelastic scatter signal can be obscured by radiation
detected from room and sample-related background effects that are observed
at different times, such as radioactive decay following neutron capture in the
sample. These effects can be reduced through time-of-flight (TOF) correction,
which needs beam pulsing. The TOF correction technique for NSECT has been
described in detail in a separate publication [93].

Energy tuning, while highly desirable, is not an essential requirement for a
neutron source. A requirement of inelastic scatter spectroscopy is that the energy
of the neutron beam must be higher than the maximum energy state to be excited.
However, unnecessarily high neutron energies will simply excite higher unwanted
states in both desired and undesired elements, leading to a busy spectrum
cluttered with noise. Further, as NSECT detectors are susceptible to Compton
noise from high gamma energies, exciting unwanted high energy states in the
sample will also produce higher Compton background noise signals in the
detectors, which can potentially obscure elements with low-lying characteristic
gamma lines. A monochromatic energy source producing neutrons with energy
slightly higher than the highest desired excited state is the most suitable. With a
tunable neutron source, a beam can be produced with energy that is sufficient to
excite the elements of interest and avoid other unwanted elements in the sample.
For example, to image carbon in a biological sample (at 4.439 MeV), a neutron
energy of 5.0 — 5.5 MeV is ideal as it excites the 4.439 MeV energy state in '*C but
avoids excitation of the 6.13 MeV excited state in '®0. A monochromatic source
also facilitates lower patient dose by restricting neutron illumination to the
required range of energy. Higher neutron energies that contribute to dose by
depositing more energy per interaction and lower thermal energies that contri-
bute to dose through neutron capture and subsequent radioactive emission are
eliminated in a true monochromatic source.

Table 15.1 lists some neutron sources that have been identified for use in
NSECT: Van-de-Graaff accelerators, deuterium-deuterium (DD) neutron
tubes, and deuterium-tritium (DT) neutron tubes. Van-de-Graaff accelerators
provide tunable collimated neutron beams that are suitable for tomography.
NSECT experiments performed thus far have used a Van-de-Graaff accelerator
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Table 15.1 A comparison of three neutron sources suitable for NSECT applications

Characteristic Van-de-Graaff DD Neutron Tube DT Neutron Tube
Energy 5 MeV to 23.2 MeV 3.2 MeV 14 MeV

Flux 10* - 10° n/s.cm® 108 -10" n/s 101°- 10" n/s
Pulsing 2ns @ 2.5 MHz 100 ps 100 ps
Collimation Available Available Available
Monochromatic Beam Yes Yes Yes

Energy Tuning Yes No No

at Duke University as the source of neutrons. The accelerator produces a
tunable, monochromatic, pulsed neutron beam, which can be tuned to energies
between 5 and 23.2 MeV and produces collimated fluxes of 10°-10° n/s.cm?.
The beam can be collimated to any desired shape and size using collimator
inserts and is pulsed to provide 2 ns wide bunches at the target to allow
measurement of neutron and gamma TOF. The repetition rate of the beam
pulses is adjustable from 2.5 MHz down to 39 kHz [32]. Beams measuring
0.8 cm at full width at half maximum have been used to obtain image resolution
of approximately 1 cm [94].

DD and DT neutron tubes produce high-flux monochromatic beams and
possess the advantage of being commercially available. DD tubes produce
neutrons at 3.2 MeV, while DT tubes produce neutrons at 14.2 MeV. Owing
to the required neutron energy constraint, DD tubes are not suitable for
applications that require the imaging of carbon or oxygen. Both tubes can be
pulsed down to 100 ps or operated in continuous mode, and collimation is
available at the cost of neutron flux.

A thin neutron plastic scintillator attached to a photomultiplier tube acts as
an instantaneous neutron flux monitor to measure fluctuations in the neutron
beam current. The attenuation of neutrons by the flux monitor in the energy
range of current NSECT studies is typically less than 0.1%.

15.2.2 Gamma Detector

As mentioned earlier, most elements of interest for medical NSECT applica-
tions show characteristic gamma lines with energies ranging from 350 to
6500 keV. In some elements, gamma lines differ by as little as 4 keV (e.g., >’Al
at 843.7 keV and *°Fe at 846.7 keV). NSECT gamma detectors must therefore
possess excellent energy resolution as well as high efficiency at high gamma
energies. Standard gamma camera detectors used in nuclear medicine studies
are unable to provide the energy resolution and efficiency required and, there-
fore, cannot be used for NSECT applications.
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Several gamma-ray detectors have been explored and evaluated for use in
NSECT, including single-crystal and clover HPGe detectors and the compara-
tively inexpensive options Nal-Tl1 and BGO. For multielement applications,
such as cancer diagnosis, only HPGe detectors are found to be suitable, provid-
ing the most desirable combination of energy resolution and efficiency. HPGe
detectors typically possess energy resolution of 0.1%, providing approximately
1 keV resolution at 1 MeV. BGO and Nal-TI detectors provide typical energy
resolutions of approximately 7 and 12%, respectively, which is insufficient to
separate close-lying gamma lines in a multiclement analysis. However, these
detectors are suitable for single-element evaluations where the element of interest
lies in a region, which is free from close-lying gamma lines from other elements.

NSECT experiments performed at Duke University have used two HPGe
segmented detectors in the two fold segmented clover detector configuration. In
this configuration, each detector consists of four coaxial n-type germanium
crystals mounted together in the shape of a 4-leaf clover. Each detector exhibits
minimum relative efficiency of 22% (relative efficiency compares the efficiency
of the detector at 1332 keV to that of a 3 inch cubic Nal detector) and full width
at half maximum less than or equal to 2.25 keV for 1.332 MeV gamma rays of
%0Co. Detectors are typically calibrated against a **Na source and positioned at
+135 degrees from the incident neutron beam. A majority of the elements of
interest to NSECT decay through electric quadrupole transitions, whose dis-
tribution has maximum intensity at 45 and 135 degrees. Placing the detectors at
the 135 degree orientation helps to maximize signal intensity and simulta-
neously prevent detector activation and damage from forward scattering neu-
trons. In Figure 15.1, the HPGe detector (labeled D) is visible surrounded by an
anticoincidence Compton shield (labeled E), which 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 [32].

15.2.3 Tomographic Acquisition Gantry

As with all other tomographic imaging systems, NSECT performs tomography
by acquiring a complete set of projections of line integrals through the sample.
For NSECT, these projections are defined by the angular and spatial sampling
intervals between successive positions of the beam on the sample. Acquisition is
performed in a manner similar to first generation CT with a stationary beam
and single element detector located at fixed positions with respect to each other.
The sample is translated through the beam, rotated through a finite angle, and
translated through the beam again. The process is repeated until the volume of
interest in the sample has been scanned. While ideal tomography systems would
acquire projections between 0 and 360 degrees, due to limitations in acquisition
time and concerns about patient dose, the current NSECT tomography system
scans the sample from 0 to 180 degrees and employs the maximum likelihood
expectation maximization (MLEM) technique [95] for reconstruction. The
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MLEM technique is able to take into account parameters such as nonuniform
and partial sampling when reconstructing an image.

Tomography is performed using the single-beam, fixed-detector geometry of
first-generation computed tomography systems where a thin neutron beam is
used to illuminate a single line (projection) through the object being scanned.
Tomography is performed by translating the object through the beam, rotating
it through a fixed angle, and repeating the translation and rotation until the
entire volume of the object has been scanned. The set of projections obtained
from the tomographic scan are then reconstructed to obtain a two-dimensional
image of the spatial distribution and concentration of each element in the
object.

Figure 15.1 shows the tomographic computer-controlled gantry (labeled C),
which enables tomographic acquisition by translating and rotating the sample
with respect to the neutron beam.

Reconstruction can be performed through any available reconstruction
algorithm. While a variety of algorithms are available, the MLEM algorithm
is selected due to its superiority of performance in undersampled acquisition
systems and its ability to incorporate the Poisson nature of photon counting
[95], both characteristics important to NSECT. An analysis of the MLEM
algorithm and its advantages over other iterative and Fourier techniques for
image reconstruction in NSECT has been described in [96].

Data acquisition can be performed using any nuclear spectroscopy acquisi-
tion system that allows acquisition and storage of raw data and offline retrieval
for data visualization and analysis. Examples of such software that has been
used at Duke include CODA [97] and SpecTcl [98].

15.3 Current Applications

There are many diverse and exciting applications where NSECT can potentially
be used to make a clinical diagnosis through noninvasive tomography. Dis-
orders, such as cancer, hemochromatosis (liver iron overload), and Wilson’s
disease (liver copper overload), can be diagnosed by identifying the concentra-
tions of the respective disease-marking elements in the tissue or organ. Several
experiments have been performed to investigate the feasibility of diagnosing
these disorders through NSECT, using both tomographic acquisition as well as
nontomographic (single projection) spectroscopy. The results of some of these
experiments are described below.

15.3.1 Experiment 1: Tomographic Acquisition
of Multielement Phantom

Figure 15.2 shows an image of a solid iron-copper phantom containing bars of
natural iron and natural copper arranged in the shape of the letter ‘N.” Each bar
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Fig. 15.2 Geometry of the phantom imaged in the tomography experiment. The vertical outer
bars represent copper while the diagonal inner (gray) bars represent iron. Each bar measures
0.6 cm by 6 cm by 2.5 cm.
(Figure from Floyd et al, “Neutron Stimulated Emission Computed Tomography of a Multi-
Element Phantom,” Phys Med Biol, vol. 53, pp. 2313-2326. © Institute of Physics and IOP
Publishing Limited 2008)

measures 6 mm in width, 60 mm in height, and 25 mm in depth. The phantom
was scanned with an 8 mm wide 7.5 MeV neutron beam with 11 spatial projec-
tion at 8 angles. As can be seen in Fig. 15.3, the corresponding NSECT
reconstructed image shows excellent agreement with the spatial locations of
iron and copper within the image. Images were reconstructed individually for
each of the two clements and then combined to generate the figure shown.
Reconstructed resolution was observed to be approximately 1 cm, which is
reasonable for a beam that measured 8§ mm at full width at half maximum. The
experiment demonstrates the tomographic ability of NSECT in identifying
spatially individual elements in a multielement sample.

Figure 15.4 shows the corresponding gamma spectrum from the NSECT
scan of the iron-copper phantom. Six spectral lines can be identified for energy
transitions from iron and copper in the phantom.

Detailed analysis and a complete description of the experiment are available
in [94].

15.3.2 Experiment 2: Diagnosis of Iron Overload in Human
Liver Phantom

Figure 15.5 shows a human torso phantom with two chambers — an outer
chamber corresponding to an adult torso and an inner chamber corresponding
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Fig. 15.3 Reconstructed image from the NSECT acquisition of the sample. The vertical outer
regions represent copper while the diagonal inner region represents iron. Each element was
reconstructed separately and then combined.

(Figure from Floyd et al, “Neutron Stimulated Emission Computed Tomography of a Multi-
Element Phantom,” Phys Med Biol, vol. 53, pp. 2313-2326. © Institute of Physics and IOP
Publishing Limited 2008)
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Fig. 15.4 Gamma energy spectrum from the iron-copper phantom showing spectral lines
from six transitions in *°Fe and ®*Cu:

. %3Cu from 1% excited state to ground state; energy 660 keV

. %®Fe from 1% excited state to ground state; energy 847 keV

. 3Cu from 2™ excited state to ground state; energy 962 keV

. 3%Fe from 3" to 2" excited state; energy 1239 keV

. >%Fe from 4'" to 2" excited state; energy 1811 keV

. %3Cu from 6™ to 1% excited state; energy 1864 keV

Figure from [94] pp. 2313-2326. © Institute of Physics and IOP Publishing Limited 2008)
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Fig. 15.5 A phantom of the human torso with two chambers — outer chamber corresponding
to an adult torso, and inner chamber corresponding to an adult human liver. Both chambers
can be filled separately with any desired material.

(Figure from Kapadia et al. [32], pp. 2633-2649. © Institute of Physics and IOP Publishing
Limited 2008)

to an adult human liver. The phantom was filled with bovine liver tissue with
artificially induced iron overload and was scanned using a 5 MeV neutron
beam. The resultant spectrum shown in Fig. 15.6 was analyzed to quantify
the concentration of iron in the liver. The gamma line at 847 keV was detected
for 4.18 g of *Fe. Based on this spectrum, a clinically relevant projected
sensitivity of 6 mg/g was obtained for iron overload diagnosis. In addition,
gamma lines were identified for several other elements in the liver, including Cl,
Cu, K, Na, and Zn, which were confirmed through NAA, and for 2C from the
phantom. Gamma lines were also identified for "*Ge and "°Ge from the gamma-
ray detectors, ’K from the room background, and 'H (neutron capture) from
the phantom. The dose from the scan was calculated using a Monte-Carlo
simulation as 0.375 mSv [33], which is significantly lower than an abdominal
X-ray exam that typically delivers 2 mSv [99]. The experiment demonstrates
that NSECT has the potential to detect clinically relevant concentrations of
iron in the human body through a noninvasive scan with reasonable dose.
Although the scan time for this experiment was unreasonable at over 24 h, it
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Fig. 15.6 Gamma energy spectrum from the uniform iron overload torso phantom, showing
peaks corresponding to elements detected in the liver. The peak at 847 keV corresponds to
SFe. Peaks are also seen for Ge from the detector and '2C and 'H from the tissue.

(Figure from Kapadia et al. [32], pp. 2633-2649. © Institute of Physics and IOP Publishing
Limited 2008)

can be brought down to a few seconds using high-flux neutron sources (such as
the aforementioned DD and DT tubes) and increasing the number of detectors.

Detailed analysis and a complete description of the experiment are available
in [33].

15.3.3 Experiment 3: Detection of Breast Cancer

To investigate the feasibility of breast cancer detection through NSECT
(Figs. 15.7 and 15.8), samples of benign and malignant breast tissue obtained
through breast biopsy were scanned with a 6 MeV neutron beam for a cumulative
dose of 1 mSv each. After TOF and sample-out background subtraction, the
resultant spectra were analyzed to identify elements that showed statistically
significant differences between the two samples. Concentration differences were
found for Al, Br, Cl, Co, Fe, K, Rb, and Zn, of which Cl, Fe, K, and Zn were
verified through NAA. The experiment demonstrates that NSECT can poten-
tially be used to detect several cancer-marking elements in human tissue.

Table 15.2 gives a list of elements that showed statistically significant differ-
ences between the benign and malignant spectra. While several elements were
identified with concentration differences in each of the two samples, NAA
analysis of the samples determined that their concentration was of the order
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NSECT spectroscopy.
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Fig. 15.8 NSECT spectrum of a malignant breast sample showing elements identified through
NSECT spectroscopy.
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Table 15.2 List of elements showing statistically significant differences between benign and
malignant spectra. Elements with negative differences showed a decrease in concentration in
the malignant sample. Statistical significance was calculated using a z-score test for difference
of means. (Table from Kapadia et al. [32], pp. 501-509. © 2008 IEEE)

Energy keV Element match Counts benign Counts malignant Diff  p-val

219 TBr 6 19 13 0.01

397 ¥Co, ”Br 16 2 ~14 0.01
1028 81Br 13 29 16 0.05
1128 ¥K, %zn 0 13 13 0.001
1306 SFe 10 0 -10 0.01
2299 RN 0 13 13 0.001
2469 371, Fe, °Zn 5 15 10 0.05
3635 e 3 14 11 0.01

of a few hundred micrograms, which is below the sensitivity of the current system,
which is a few hundred milligrams [32]. Therefore, accurate quantification of these
microgram concentrations will require a significant improvement in sensitivity.

Detailed analysis and a complete description of the experiment are available
in [32].

15.4 Dose Analysis

Patient dose in NSECT is of significant concern due to the use of fast neutrons, which
have a dose quality factor (Q-factor) of 10. For the technique to translate successfully
to the clinical environment, NSECT dose must be comparable to the dose levels of
other ionizing imaging modalities. As the technique is still in early stages of develop-
ment, dose analysis in NSECT is currently performed using Monte-Carlo simulations.
The process, described in [96, 100], can be summarized in the following three steps:

(a) a Monte-Carlo simulation is used to estimate two parameters for an inci-
dent neutron beam — the number of neutrons that interact in the volume of
interest and the average energy deposited per interacting neutron,

(b) the resulting energy deposited in the volume is converted from MeV to J/kg
using the known mass of the volume to give the absorbed energy in Gray (Gy),
and

(c) the absorbed energy is multiplied by the quality factor for neutrons (10) and
the weighting factor for the organ of interest to give the effective dose
equivalent in Sieverts (Sv).

This technique has been used to calculate the patient dose for NSECT scans
of the abdomen [96], liver [33, 96, 100], and breast [100, 101]. Table 15.3
summarizes the results of these dose-analysis simulations.

In comparison, an abdominal X-ray scan typically delivers 2 mSv, a mam-
mogram delivers 0.7 mSv, while an abdominal CT exam delivers approximately
10 mSv[99]. The doses from NSECT scans appear comparable to, or even lower
than, the other techniques. This is largely due to the modest number of neutrons
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Table 15.3 NSECT dose delivered to organs in the body from NSECT scans

Organ Spectroscopic scan Tomography scan
Abdomen 1-2 mSv 1-5 mSv

Liver 0.02-1 mSv 0.5-3 mSv

Breast 0.02-0.5 mSv 0.5-1 mSv

required to create an NSECT image or extract sufficient information from the
sample. Preliminary simulation studies indicate that as few as 10 million
incident neutrons are required to obtain quantitative accuracy of 95% in a
tomographic image [102]. A fluence of 10 million incident neutrons on the
breast, for example, corresponds to a dose of less than 1 mSv. Dose levels in
NSECT can potentially be reduced even further by increasing the number of
gamma-ray detectors and using high-flux neutron sources to reduce scan time.

15.5 Summary

NSECT represents an exciting new imaging modality that has the potential for
application in both medical and biological research. Several human disorders
characterized by element changes can be diagnosed through noninvasive in vivo
scanning using this technique. NSECT has the ability to obtain tomographic
information about the spatial distribution of elements within a tissue or organ to
make a quantitative and spatial diagnosis. A prototype of the NSECT acquisition
system has been developed and built at Duke University using a Van-de-Graaff
accelerator and HPGe detectors. As demonstrated through experiments with the
prototype system, NSECT has the sensitivity to detect concentrations of iron that
represent a clinically relevant liver iron overload condition. Sensitivity evaluation
experiments indicate that concentrations as low as 3 mg/g may be quantifiable
through NSECT. 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 a reduction in the signal intensity caused by
high concentrations of iron [89]. NSECT, on the other hand, shows an increase in
the signal with increasing iron concentration. This facilitates iron overload detec-
tion in patients with severe overload, where MRI begins to lose accuracy.

The image resolution observed with the prototype system is approximately
1 cm, which is passable for imaging large organs such as the liver. However, as
the resolution depends primarily on the width of the neutron beam, it is possible to
improve the resolution significantly by using a narrow collimated beam (at the cost
of additional scan time). Simulation experiments have demonstrated a resolution
of 5 mm when scanning was performed with a 5 mm rectangular beam [96]. 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 noise component generated from neutron scatter by
hydrogen. Neutrons that are meant to illuminate a certain voxel in the sample may
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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. The contribution of this effect to the limits of resolution is currently
being investigated through Monte-Carlo simulations.

Patient dose for NSECT examinations of different organs have been found
to vary between 0.02 mSv for a breast spectroscopic exam [101] to under 1 mSv
[96] for a liver spectroscopic exam, evaluated through Monte-Carlo simula-
tions. Tomographic doses are slightly higher depending on the number of
projections used but are generally lower than the dose delivered from a corre-
sponding X-ray CT exam [96].

15.6 Future

The current focus of NSECT has been on quantitative diagnosis of large-organ
disorders (e.g., those of the liver), largely due to the limits of resolution and
sensitivity observed in the prototype system. As these limiting effects are under-
stood better, efforts to improve the sensitivity and resolution of the system are
being made. Improved sensitivity will facilitate the diagnosis of a greater number
of disorders, including several types of cancer. The use of portable neutron
sources such as pulsed DD and DT tubes is being explored to develop a portable,
high-flux scanning solution for use in a clinical environment. Such portable
tomographic scanning systems with improved resolution and sensitivity will
present an attractive method for human and small-animal imaging and for
diagnosis and screening of several disorders in the human body.
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