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Preface

The last quarter of the last century has witnessed major advancements that have brought
imaging and radioanalytical techniques to a paramount status in life sciences and industry.
Generally speaking, the scope of radiation imaging and radioanalytics covers data acquisi-
tion, data processing, and data analysis, involving theories, methods, systems and applica-
tions. While detection and post-processing techniques become increasingly sophisticated,
traditional and emerging modalities play more and more critical roles in medical and indus-
trial domains. The overall goal of this book is to promote research and development of
imaging and radioanalytical techniques by publishing high-quality chapters in this rapidly
growing interdisciplinary field.

This book is intended to serve as a text for students and a reference for practicing physicists
and physicians. Emphasis is given to the broad prospective, particularly for topics impor-
tant to medical and radar imaging and radioanalytics, with basic coverage provided in such
supporting areas as computed tomography , nuclear medical imaging , neutron activation
analysis, and applications. Thus, the purpose of the book is to provide a tutorial overview
on the subject of imaging and radioanalytical techniques including: Computed Tomography
(CT), Single Photon Emission Computed Tomography (SPECT), Positron Emission Tomog-
raphy (PET), Magnetic Resonance Imaging (MRI), Ground Penetrating Radar Imaging Meth-
od, and Neutron Activation Analysis (NAA). We expect the book to be useful for practicing
scientists for gaining an understanding of what can and cannot done all these imaging and
radioanalytical techniques. Toward this end, we have tried to strike a balance among purely
mathematical and physical issues, topics dealing with how to generate data and data proc-
essing and analysis for different applications cases.

Our hope is that the style of presentation used will also make the bock useful for a begin-
ning graduate course on the subject. The survey on we have included in chapter 1 should
help the reader to understand the principles of nuclear imaging techniques, to be informed
on the actual technologic advances in the fabrication of more sophisticated machines and
finally to appreciate the powerful aspect of these techniques through the presentation of
some examples of recent applications developed at famous laboratories and medical imag-
ing centers around the world.

The book is organized in two sections including in total seven chapters which cover a wide
variety of very interesting topics. In the first section there are five chapters on different med-
ical and radar imaging techniques and their applications. In the first chapter Faycal Kharfi
presents basis and applications of nuclear imaging techniques aimed more specifically to
graduate students. In the second chapter, Mariluce Gongalves Fonseca describes Spin Echo
Magnetic Resonance Imaging (MRI) fundamentals and applications with the presentation of
fascinating examples. Chapter 3 by Samuel Opoku et al. summarizes the assessment of safe-
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ty standards of MRIL Kharfi Faycal (chapter 4) provides a comprehensive overview of math-
ematical and physical principles of CT and image reconstruction. In chapter 5, Selma
Kadioglu provides a fascinating overview on ground penetrating radar method and its ap-
plication for the visualization of micro-fractures in historical statues. Second section of this
book focuses on radioanalytical techniques and exclusively on neutron activation analysis
method. Two chapters (6 and 7) are devoted to this technique and its applications in differ-
ent domains such as environment, animal sciences, biomedicine and geology. In chapter 6,
Lylia Hamidatou et al. discuss concepts, instrumentation and applications of NAA with a
very interesting illustrations and examples. An overview on recent NAA developments and
practical applications performed at the author’s laboratory is presented in this chapter.
Chapter 7 by Artur Canella Avelar and Walter Motta Ferreira is dedicated to Nuclear Ana-
lytical Techniques application in Animal Sciences. The objective of the application presented
in this last chapter is to assess uranium content in rock phosphates and rabbit muscles re-
ceiving this uranium by Neutron Activation Analysis and this for public health concern.

The lists of references by no means constitute a complete bibliography on the studied topics.
No value judgments should be implied by our including or excluding a particular works
that maybe judged as excellent references. Some chapters of this book provide a description
of innovative equipments and instruments fabricated by international companies and specif-
ic applications developed at worldwide laboratories. We did our best to mention the source
of this kind of information each time it is judged necessary. The information collected and
presented in this book are to be only used for an education and research purpose and cannot
be considered anyway as an advertisement for a product or a service. The authors do not
endorse any equipment or material cited in this book.

We have attempted to provide a broad overview of the potential of imaging and radioana-
lytical methods covering the fields of medical imaging, radar imaging and multielement
analysis. It is evident that in this book we have omitted some other important methods and
related areas of application. Nevertheless we hope that the readers enjoy this edition and
will be stimulated to read further.

The editor wants to thank all the authors participating to this book by their high level and
valuable chapters. Thanks are due to Prof. M. Maamache, Dean of the Faculty of Science
(UFAS), for giving me the chance to teach in the field of biomedical imaging and engineer-
ing and thus to be involved in such passionate field of science. I would to thank Prof. A.
Boucenna who was my supervisor and advisor during many years of my scientific carrier. I
am also grateful to the INTECH book Manager Ms. Iva Simcic for her assistance in the
different edition phases of this book.

Finally, I wish to thank my wife for her help and encouragement during the preparation and
edition of the book.

Dr. Faycal Kharfi

Department of Physics

Faculty of Science

University of Ferhat Abbas-UFAS
Sétif

Algeria
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Chapter 1

Principles and Applications of Nuclear Medical Imaging:
A Survey on Recent Developments

Faycal Kharfi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54884

1. Introduction

The main difference between nuclear imaging and other radiologic tests is that nuclear
imaging assesses how organs function, whereas other imaging methods assess anatomy, or
how the organs look. The advantage of assessing the function of an organ is that it helps
physicians make a diagnosis and plan present or future treatments for the part of the body
being evaluated. Fast improvements in engineering and computing technologies have made
it possible to acquire high-resolution multidimensional nuclear images of complex organs to
analyze structural and functional information of human physiology for computer-assisted
diagnosis, treatment evaluation, and intervention. Technological inventions and develop-
ments have created new possibilities and breakthroughs in nuclear medical diagnostics. The
classic example is the discovery of Anger, fifty six years ago. The application and commer-
cial success of new nuclear imaging methods depends mainly on three primary factors:
sensitivity, specificity and cost effectiveness. The first two determine the added clinical value,
in comparison with existing medical imaging methods. Nowadays, much greater impor-
tance is attached to cost effectiveness than in the past. This also holds true for diagnostic
equipment where, for example, one of the consequences is that price erosion will occur where
the functionality of an instrument is not open to further development. Cost effectiveness is
enhanced by more efficient data handling in the hospitals, which has become possible through
the digitization of diagnostic information. The inevitable integration of medical data also
offers other new possibilities, such as the use of pre-operatively acquired images during
surgical procedures.

This chapter presents the principles of nuclear imaging methods and some cases studies and
future trends of nuclear imaging. It discusses too the recent developments in image analysis
and the possible impact of some important current technological progression on nuclear

© 2013 Kharfi; licensee InTech. This is a paper distributed under the terms of the Creative Commons
I m E H Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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medical imaging. The survey is limited to developments for hospitals, mainly within the
product range of some famous and emerging international companies.

2. Principles of nuclear medical imaging and image analysis

In addition to conventional gamma scintigraphic imaging, the two major nuclear imaging
techniques developed are Positron Emission Tomography (PET) and Single Photon Emission
Computed Tomography (SCECT). Both imaging modalities are now standard in the major
nuclear medicine services.

2.1. The conventional scintigraphic imaging

2.1.1. The Anger gamma camera

The principle of radiation detection is based on the interaction of these radiations with the
matter. When a gamma photon enters in interaction with a detector material, it loses its energy
mainly in the form of ionizations or excitations. The excited atoms return to their ground state
through the emission of secondary low energy gamma photons. The incident gamma photon
can be partially or totally absorbed (photoelectric effect). In the first case, the energy loss is
accompanied by a deviation of the photon (Compton scattering). The photon loses "memory"
of its initial place of issue. So the photoelectric effect is the right phenomenon which must be
considered when we interest to the gamma-ray emission site.

In the gamma camera, the detection medium is historically a Nal scintillation crystal typically
doped with thallium. This crystal is able to emit light especially through a fluorescence process
after the excitation of its molecules by a charged particle (electron). The density of Nal is 3.67
g/cm3 and its atomic number 50. Its time of scintillation (fluorescence) is 230 nm and the
maximum light emission is at 4150 Angstroms wave length. Its refractive index is 1.85, and it
is relatively transparent to its own light; about 30% of emitted light is transmitted to the
detection chain [1]. The energy resolution can reach 7-8% at 1 MeV and the constant time of
their pulse is equal to ~107 sec. The detection efficiency of Nal is quite large, of the order of 40
photons/keV. Indeed, gamma-ray energy of 100 keV transferring all its energy in the crystal
results in the creation of approximately 4000 fluorescence light photons. These photons are
collected by the photocathode of a photomultiplier tube (Figure 1).

For the detection of the secondary light photons generated in the crystal by the interaction with
the incident gamma radiations, a photomultiplier tube (PMT) located behind the scintillator
is used (Figure 1). At the level of the PMT photocathode, each light photon is converted to
electrons. These electrons are then accelerated and multiplied by ten dynodes polarized by a
gradually increasing voltage, and finally collected by an anode placed at the other side of the
PMT where they give birth to an electrical impulse. This pulse has an amplitude proportional
to the energy of the detected gamma-ray.

The output signal is amplified by the PMT. Its amplitude is measured, digitized and stored.
Numerical analysis enables to obtain a spectrum (number of photons detected as a function of
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Figure 1. Main components of Gamma-camera.

their energy) characteristic of the detected gamma-rays. Detection time (acquisition) should
be sufficient to obtain good counting statistics. The theoretical gamma-rays spectrum reaching
the crystal is a line spectrum; the spectrum is continuous (Figure 2). The spectrum includes
the total energy peak corresponding to gamma directly emitted by the radioactive source
without any interaction before reaching the crystal and a background of lower energies due
to the partial absorption of gamma by Compton scattering. Compton scattering in the path of
the photon is changed making itimpossible to locate its transmitter site. It is therefore necessary
to take into account only the events corresponding to the photoelectric interactions at the level
of the crystal with the total emission energy. This is achieved by the intermediate of a "window"
for selecting the double-threshold energy (pulse height analyzer).
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Figure 2. Gamma-rays spectrum at the level of the crystal detector (ideal (top) and real (bottom) cases).

The width of the peak of total absorption depends essentially of the random statistical
fluctuations of the gain of the PMT. The width at half maximum AE relative to an average
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energy E, defines the energy resolution AE/EQ. The energy resolution of PMT is about 10% at
140 keV (emission peak of technetium-99m). The pulses selected by the pulse analyzer
(maximum intensity) are directed to a time scaling circuit having a time integrator which then
delivers a count rate in counts per second (cps). This count rate can be correlated to the real
activity of the source after a number of corrections taking into account in particular the
geometric efficiency and the detection performance of the detection chain. For very high source
activity, the detector response is no longer linear so that a number of events are not taken into
account. The lapse of time in which these events are lost (not counted by the detector) is called
the dead time. In practice, it is usual, to work under conditions such that the detection dead
time correction is not necessary (medium activity source).

The Anger gamma scintillation camera (Figure 3) uses the information provided by the
amplitude of the electrical pulse not only to measure the energy of the detected radiation, but
also to locate in the space the emission site of this radiation.

The camera developed by Anger in 1953 has a crystal of sodium iodide (Nal) thallium
activated. It can take single crystal of large dimensions, up to 60x50 cm?2 with a thickness
ranging from 1/4 inch to 1 inch [1]. These crystals are fragile and are highly sensitive to shocks
and moisture. The surface of the crystal is covered with a large number of PMTs (between 50
and 100). When scintillation occurs, the sum of the output signals of all the MPTs provides the
energy lost in the volume of the scintillator (Z coordinate). The large number of PMTs ensures
the collection of maximum light. Moreover, the amplitude of the output signal of PMT varies
with the distance between the centre of the photocathode and the place where the scintilaltion
is produced is in the crystal. The amplitude distribution of the output pulses of the PMT then
provides the location information (X and Y coordinates) by means of a computer listing. For
each photon interacting with the detector is thus obtained location coordinates (X and Y) and
a value of the energy given or lost in the crystal (Z coordinate). An amplitude analysis allows
selecting only the photon energy characteristic of the radionuclide used (eg. 140 keV for 9mTc)
having lost all their energy in the crystal (photoelectric peak).

Pe="
L

Figure 3. Gamma-camera called also Anger camera.
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The scintillation Gamma-camera was used originally for planer projection imaging is mainly
composed by the following components:

2.1.1.1. The collimator

The scintigraphic image corresponds to the projection of the distribution of radioactivity on
the crystal detector. Gamma rays cannot be focused using lenses as in the case of light. The use
of a special kind of collimator can permit just to one direction gamma rays to reach the crystal,
the most common being perpendicular to the crystal. A collimator is a wafer usually lead
wherein cylindrical or conical holes are drilled along a system axes determined. Gamma-ray
where the path does not borrow these directions is absorbed by the collimator before reaching
the crystal. The partition (wall) separating two adjacent holes i called "septa”. The thickness of
lead is calculated to cause an attenuation of at least 95% of the energy of the photons passing
through the septa. The most commonly used collimator is the parallel holes. It retains the
dimensions of the image. For non-parallel collimators, the dimensions of the image depend on
the geometrical disposition and the divergence or convergence nature of the collimator. This
leads to a geometric distortion must be taken into account. The efficiency of a collimator is the
fraction of radiation passing through the collimator (without any interaction), reaching the
crystal and effectively participating in the image formation. The collimator resolution corre-
sponds to the accuracy of the image formed in the detector. Resolution improves with
increasing thickness of the septa at the expense of collimator efficiency. A good compromise
is to find the realization of a collimator performance depends on the intrinsic characteristics
of the detector and the use we want to make [2].

2.1.1.2. The scintillator crystal

The y-camera crystals are generally composed of Nal(Tl). Features that make this crystal
desirable include high mass density and atomic number (Z), thereby effectively stopping y
photons, and high efficiency of light output [3, 4]. The most important characteristics of the
crystal that must be ensured are: 1) high detection efficiency, 2) high energy resolution, 3). low
decay constant time and a light refraction index close to the glass one. Most current cameras
incorporate large (50 cmx60 cm) rectangular detectors. While expensive, the larger field of view
results in increased efficiency. In early designs, crystals were often 0.5 inches thick, which was
well-suited for high energy y photons. In more recent implementations of the y-camera,
crystals only 3/8-inch or 1/4-inch thick are used, which is more than adequate for stopping the
predominantly low-energy photons in common use today and which also results in superior
intrinsic spatial resolution.

2.1.1.3. The photomultipliers tubes

Their role is to convert light energy emitted by the crystal to an electrical signal that can be
exploited in electronic circuits [3, 5]. This is achieved by the combination of several elements,
placed in a vacuum to allow the flow of electrons. The first element, placed in contact with the
crystal is the photocathode, metal foil on which the light photons are able to extract electrons.
These electrons are attracted to the first dynode by the application of a high voltage between

7
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it (positively charged) and the photocathode. The electrons acceleration allows them to extract
amuch larger number of electrons from the dynode. Then there are several cascading dynodes,
on which the same phenomenon is repeated. The successive dynodes are submitted to
potentials higher and higher. From a dynode to another, we obtain a cascade of electrons more
intense (amplification phenomenon), which ultimately results in a measurable electric current.
This current is collected by the last element called anode and a real electrical signal is generated
(Figure 4).

Figure 4. PMTs disposition in a Gamma-camera. Generally a hexagonal shape of PTM is preferred then a circular be-
cause it well cover the detection area. Additional very small PMT can also be used between principal PMT for best de-
tection area covering (CEM, Rennes, France).

2.1.2. Gamma scintigraphic imaging

Scintigraphy is a method designed to reproduce the shape or to measure the activity of an
organ by administering a product which contains an element which emits radioactivity, an
isotope. The radioactivity emitted by the isotope is picked up by special detectors called
gamma-cameras counters described above. Generally, the dose is administered to a patient in
need of scintigraphy is safe for the body (except for pregnancy). The data acquisition principle
is illustrated on the diagram of Figure 5.

EnergyData Spectrometry correction and
analysis
PositionData Linearity and uniformity
corrections
&— Gamma camera

Figure 5. lllustration of data acquisition in planer gamma scintigraphy.
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The use of radioactive tracers that are introduced in the living system to study its metabolism
dates from 1923 when de Hevesy and Paneth studied the transport of radioactive lead in plants
[6]. In 1935, de Hevesy and Chiewitz were the first to apply the method to the study of the
distribution of a radiotracer (P-32) in rats [7]. The major development of scintigraphic imaging
started with the invention of the gamma camera by Anger in 1956 [1]. In parallel, positron
imaging was developed. Both imaging modalities are now standard in the major nuclear
medicine departments.

The tracer principle, which forms the basis of nuclear imaging, is the following: a radioactive
biologically active substance is chosen in such a way that its spatial and temporal distribution
in the body reflects a particular body function or metabolism. In order to study the distribution
without disturbing the body function, only traces of the substance are administered to the
patient [8, 9].

The radiotracer decays by emitting gamma rays or positrons (followed by annihilation gamma
rays).The distribution of the radioactive tracer is inferred from the detected gamma rays and
mapped as a function of time and/or space.

The most often used radio-nuclides are Tc-99m in 'single photon' imaging and F-18 in
'positron’ imaging. Tc-99m is the decay daughter of Mo-99 which itself is a fission product
of U. The half-life of Tc-99m is 6h, which is optimal for most metabolic studies but too short
to allow for long time storage. Mo-99 has a half-life of 65h. This allows a M0-99 generator (a
'cow’) to be stored and Tc-99m to be 'milked’ when required. Tc-99m decays to Tc-99 by
emitting a gamma ray with an energy output of 140 keV. This energy is optimal for detection
by scintillator detectors. Tc-99 itself has a half-life of 211100 years and is therefore a negligible
burden to the patient [8, 9].

F-18 is cyclotron produced and has a half-life of 110 minutes. It decays to stable O-18 by
emitting a positron. The positron loses its kinetic energy through Coulomb interactions with
surrounding nuclei. When it is nearly at rest, which in tissue occurs after an average range of
less than 1 mm, the probability of a collision with an electron greatly increases and becomes
one. During the collision matter-antimatter annihilation occurs in which the rest mass of the
electron and the positron is transformed into two gamma rays of 511 keV. The two gamma
rays originate at exactly the same time (they are “coincident”) and leave the point of collision
in almost opposite directions [9].

Different modalities of scintigraphic acquisition are possible:

1. Static acquisition with a detector in a fixed position relative the patient: examination of
thyroid, kidney....

2. Scanning of the whole body: succession of static images joined: the detector move
simultaneously and scan the patient's body from head to foot. The bone scan is a routine
application.

3. Tomographic acquisition: The Positron Emission Single Photon (SPECT): detectors rotate
around the patient to obtain in a digital representation of a 3D radioactive distribution of
the body: chest, pelvis, skull....

9
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4. Dynamic acquisition as a function of time: a number of successive static images used to
reconstruct a video to study some interesting dynamic biological processes. Interesting
applications are: kidney and bone phase’s vascular scans and scintigraphy of the heart
ventricle.

5. ECG' gated acquisition: used for tomographic myocardial scintigraphy. In this applica-
tion, detectors are arranged in the shape of an "L» and simultaneously record the radio-
activity from the myocardium and the electrical activity of the heart. Thus it is a dynamic
acquisition synchronized by the heartbeat which is recorded by ECG.

2.2. Single photon emission computed tomography

This medical imaging method was introduced in 1963 by Kuhl and Edwards [10]. Known by
the acronym SPECT (Single Photon Emission Computerized Tomography), this imaging
method is equivalent in scintigraphy to Computed Tomography (CT) in radiology. The
injected radioactive tracers emit during their disintegration gamma photons which are
detected by an external detector, after passing through the surrounding tissue. Because the
gamma photons emission is isotropic, a collimator is placed before the detector to select the
direction of the photons to be detected. Thus, if we call f(x, y, z) the distribution of radioactivity
emitted point {X, y, z} per unit solid angle, the number of photons detected at the point {x',y'}
of the detector is equal to (Figure 6) [11]:

N(xX,y') = jf(x,y,z)ds "
L

Where L is the line given by the direction of the channel’s collimator and passing through the
point (x,y'). As in CT, the various projections are obtained by rotating the detector around the
object (patient).

b 4

Collimator

Object

Figure 6. Detection principle in SPECT imaging.

1 ECG : Electrocardiogram.
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In SPECT, the main radioactive isotopes are technetium-99m, lodine and Thallium-201, which
is used primarily for studies on the heart. At the opposite of PET system, the collimator is an
indispensable component in a SPECT machine. The first collimators used were two-dimen-
sional parallel channels (Figure 7, a). By rotating the detector & collimator assembly around
the patient, two-dimensional projections are obtained, and the distribution of radioactivity
may be 3D reconstructed slice by slice. These parallel collimators are used in the vast majority
of SPECT systems used in Nuclear Medicine services. The resolution of these systems varied
from 10 to 15 mm.

To increase the sensitivity and resolution of SPECT systems, converging channels collimators
were developed (Figure 7, b). The first proposed included a series of converging channels to
a focal line which is parallel to the rotation axis of the system [12]. This system is therefore
equivalent to a scanner used in X-ray fan beam tomography where 3D image is reconstructed
slice by slice. For imaging small organs such as heart and brain, a converging cone collimators
isused [13, 14]. Thislast collimator allows obtaining magnification of the object in all directions
(cross and longitudinal). This kind of collimators can be used only for small field tests, so for
small structures, the size of the detectors has not increased. With these systems, image data
registration is completely 3D as well as in cone beam X-ray tomography, and therefore
reconstruction is not performed slice by slice. In these systems, it is important to be able to
shift the head of the detector relatively to the rotation axis, thereby to perform trajectories other
than circular. In addition to the fact that this shift allow to complete the set of projections, such
a shift is interesting to avoid obstacles, such as shoulders brain imaging. Finally, other kinds
of collimators are also available for SPECT such as diverging and pinhole collimators.
Diverging collimator (Figure 7, c) is reserved to large structure imaging. Pin-hole collimator
(Figure 7, d) allows obtaining a mirror image with a variable magnification function of
collimator depth and object to collimator distance. This collimator is suitable for small
structures imaging such as thyroid and hip.

2.3. Positron emission tomography

Positron emission tomography (PET) is a medical imaging modality that measures the three-
dimensional distribution of a molecule labelled with a positron emitter. The acquisition is
carried out by a set of detectors arranged around the patient. The detectors consist of a
scintillator which is selected according to many properties, to improve the efficiency and the
signal on noise. The coincidence circuit measures the two 511 keV gamma photons emitted in
opposite directions resulting from the annihilation of the positron. The sections were recon-
structed by algorithms, the same but more complex than those used for conventional CT, to
accommodate the three-dimensional acquisition geometries. Correction by considering the
physical phenomena provides an image representative of the distribution of the tracer. In PET
scan an effective dose of the order of 8 mSv is delivered to the patient. This technique is in
permanent evolution, both from the point of view of the detector and that of the used image
reconstruction algorithms. A new generation of hybrid scanner “PET-CT” provides additional
information for correcting the attenuation, localize lesions and to optimize therapeutic
procedures. All these developments make one PET fully operational tool that has its place in
medical imaging.
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Figure 7. Different kinds of collimators used with SPECT imaging system (O: object, I: image).

Positron emitters are radioactive isotopes (*'C, N, O, ¥F) which can easily be incorporated
molecules without altering their biological properties [15-22]. The first **F labelled molecules
were synthesized to late 1970s. At the same time, were built the first emission tomography
scanners (PET cameras) used in a clinical setting. Since the 1970, many studies conducted by
research centres and industrialists have allowed the development of PET to perform tests
whole body, in conditions of resolution and adapted sensitivity. Until the last decade, PET was
available only in centres equipped with a cyclotron capable of producing the different isotopes.
However, today's growing role PET in oncology is reflected in the rapid spread of this medical
imaging modality in hospitals. The operation of these structures is based on the installation of
PET machine, and the implementation a network distribution radio-pharmaceutical marked
by ®F, characterized by a half life of 110 minutes. The most widely used molecule is the
Fluorodeoxyglucose (FDG) labelled with fluorine 18 ("®F-FDG) due to its many properties and
advantages. Generally to find the right tracer molecule, a close look into the designated
processes and the related biochemistry is necessary, the following gives a short overview:

* Metabolism and general biochemical function;

* Receptor-ligand biochemistry;

Enzyme function and inhibition;

* Immune reaction and response;

Pharmaceutical effects.
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* Toxicology (carcinogen and mutagenic substances).

The realization of a PET scan is the result of a set of operations, since the production of the
isotope, the synthesis of the molecule, the injection of the radioactive tracer, the detection of
radiation, the tomographic reconstruction, and finally the application of a series of corrections
to provide image representative of the distribution of the tracer within the patient.

The main physical characteristics of isotopes used in PET are summarized in Table 1.

Isotopes nc N 50 18F 76Br

Maximum kinetic energy of B+ (MeV) 0.98 1.19 1.72 0.63 3.98
Period (mn) 20.4 10.0 2.1 109.8 972

Maximum Free path in water (mm) 3,9 5 7.9 2,3 20

Table 1. Physical characteristics of the main isotopes positron emitters used in positron emission tomography (PET).

The principle of PET is based coincidence 511 keV Gamma-photons detection (created by
positron annihilation) by considering the parallelepiped joining any two detector elements as
a volume of response (Figure 8, a). In the absence of physical effects such as attenuation,
scattered and accidental coincidences, detector efficiency variations, or count-rate dependent
effects, the total number of coincidence events detected will be proportional to the total amount
of tracer contained in the tube or volume of response. Both Two and three dimensional
modalities are available for one scan and it depends on the collimator-Detector system used.
In two dimensional PET imaging, only lines of response lying within a specified imaging plane
are considered (Figure 8, b). The lines of response are then organized into sets of projections.
The collection of all projections obtained by rotation around the patient forms a two dimen-
sional function called a sonogram which will be used for 2D image reconstruction. Multiple
2-D planes are can be stacked to form a 3-D volume. In fully three-dimensional PET imaging,
the acquisition is performed both in the direct planes as well as the line-integral data lying on
'oblique’ imaging planes that cross the direct planes, as shown in figure 8 c. PET scanners
operating in fully 3-D mode increase sensitivity, and thus reduce the statistical noise associated
with photon counting and improve the signal-to-noise ratio in the reconstructed image.

2.4. PET and SPECT images processing and analysis

Tomographic slices are reconstructed from the acquired projection data using either analytic
or iterative algorithms. Analytic reconstructions represent an exact mathematic solution, and
there is a general solution for true projection data: filtered backprojection. Although filtered
backprojection is a relatively efficient operation, it does not always perform well on noisy
projections and, as is the case with SPECT and PET data, it generates artifacts when the
projections are not line integrals of the internal activity. Iterative algorithms are a preferred
alternate method for performing SPECT reconstruction, and over the past 10 years there has
been a shift from filtered backprojection to iterative reconstruction in most clinics [23-26]. The
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Figure 8. Principle of PET imaging and 2D and full 3D image acquisition modes.

big advantage of the iterative approach is that accurate corrections can be made for all physical
properties of the imaging system and the transport of y-rays that can be mathematically
modeled. This includes attenuation, scatter, septal penetration in the case of SPECT, and spatial
resolution. In addition, streak artifacts common to filtered backprojection are largely elimi-
nated with iterative algorithms. A major advance was the introduction of the ordered-subset
expectation maximization approach, which produces usable results with a small number of
iterations.

In each study, the PET or SPECT images selected for statistical analysis are registered,
smoothed and intensity normalized and this because of the following objectives:

* Registration is required to align the data sets, which is an important step for any kind of
voxel-by-voxel-based image analysis.

* Smoothing effectively reduces differences in the data, which cannot be compensated for by
registration alone, such as intrapatient variations in pathology, and the resolution of the
reconstruction of scans. Another reason for smoothing is the reduction of noise.

* Intensity values of the data sets may vary significantly, depending on the individual
physiology of the patient (e.g., injected dose, body mass, washout rate, metabolicrate). These
factors are not relevant in the study of the disease, and need to be eliminated using intensity
normalization, to obtain meaningful statistical comparisons during multivariate analysis.

Key PET and SPECT image processing parameters include also the following:
Filtering: improve image quality by removing noise and blur;

Reconstruction: by analytical or iterative methods;

Motion correction: recommended to reduce motion blur due to object motion;
Attenuation correction: identifying source of attenuation for image correction;

Quantification: assessment by image quantification of the affected area;

AU S o

Normal database: reference used for calculation of extent and severity of defect;
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7. Segmentation: process of partitioning a digital image into multiple segments to simplify
and/or change the representation of an image into something that is more meaningful and
easier to analyze;

8. Volume fraction calculation.

In addition to these pre-processing methods which have an impact on the interpretation of the
results, there are other processing methods that must be applied to SPECT image to extract
essential information according to the studied pathologic case. Thus, SPECT images can be
processed by various methods such as: 1) “Principal Components Analysis (PCA) which is a
multivariate analysis method that aims at revealing the trends in the data by representing the
data in a dimensionally lower space[27], 2) “Discrimination Analysis (DA)” used to identify a
discrimination vector such that projecting each data set onto this vector provides the best
possible separation between population groups subject to SPECT study and 3) Bootstrap
Resampling which is applied to evaluate the robustness and the predictive accuracy of the
PCA and DA approach [28].

3. Recent development in nuclear imaging and image analysis

3.1. Recent advances in SPECT and PET imaging systems

The key technology in the development of SPECT and PET systems for static or dynamic image
acquisition is embodied in the development of the detector, or rather, the detector chain.
Although it has already reached a high degree of perfection, continuous improvements are
still increasing the performance of, for example, the scintillator material, which is a critical
component in the chain. The time of flight camera, introduced by Philips Medical Systems in
the 1980s, is replacing the conventional Anger camera and offers significant improvements in
image quality. The trend here is towards higher resolution where, for certain applications, 2048
x 2048 pixel matrices will be used. In addition to continuous improvements in the detector
chain, there are also radically novel approaches which dispense with the need for a semicon-
ductor detector. A detector based on scintillator crystals coupled to hybrid photodetectors that
provides full 3D reconstruction in PET imaging with high resolution and avoiding parallax
errors developed during last ten years are actually available [29, 30].

Another improvement is SPECT systems provision on a single stand of rotation of several (two
or three) detecting heads, allowing examination time reduction and detection sensitivity
increasing. In addition, one of the heads can record a transmission coefficient image induced
by a radioactive external gamma source photons of the same energy as those issued by the
tracer during the examination. These acquisitions are then used to correct the effect of self-
absorption.

Development of SPECT and PET systems much more efficient enable major advances in the
clinical use of these techniques with very widespread applications field. Additional develop-
ment may include research on more efficient scintillators, the use of more adequate recording
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geometries, such as the conical geometry for example, accompanied sure with the development
of robust reconstruction algorithms.

Time-of-Flight technology has always held the promise of better PET imaging. Philips
delivered on that promise with its innovative Astonish TF technology. Now with 4D TOF,
Philips continues to push the envelope of PET imaging performance. See how 4D TOF
Innovation is making an impact on PET imaging.

Design of Hybrid machines has been a very interesting research and technologic development
axe in nuclear imaging during last fifteen years. Indeed, many hybrid PET-CT, SPECT-CT and
PET-MRI machines were manufactured offering a variety of very interesting diagnostic
applications by the combination of results of two imaging methods allowing the revelation of
a very interesting pathologic information that cannot be revealed by a single technique alone.
PET-CT is creating a new benchmark in imaging and analysis of cardiovascular disease. PET-
CT enables the combination of PET myocardial perfusion and viability imaging with CT
coronary angiography and calcium scoring in a single integrated environment. In oncology, it
provides the integration of metabolic data from PET and anatomical data from CT.

SPECT-CT is a system designed entirely for nuclear medicine and has particular value in the
cardiology cycle of care. This hybrid machine allows table to remain stationary in many cases,
eliminating complexities inherent in table indexing, acquires the entire heart volume in just
one rotation and permits patients to breathe normally during SPECT and CT acquisitions. In
oncology, it plays an important role in diagnosis, treatment, and follow-up in the oncology
cycle of care, including the use of low-dose localization and aids better visualization that is
especially valuable during studies and in bone imaging.

Researchers continue to develop new ways of using PET. One recent development has been
the combination of PET and MRI? into a single apparatus. Compared to CT, MRI generally
provides more detailed images, which can aid in the more precise localization of cancerous
growths. A hybrid PET-MRI scanner simultaneously delivers functional information plus
anatomy and tissue characterization (soft tissue contrast and blood vessel physiology), from
a state-of-the-art MRI scanner. At the same time, it provides metabolic imaging from PET
technology. Fusing these images gives the best of both worlds, providing greatly superior
information to what you’d get from either machine individually

Actually, the main hybrid machines routinely used in hospitals are the following:

3.1.1. PET-CT

The first machine was created by University of Pittsburgh physicist David Townsend and
engineer Ronald Nutt; the PET-CT machine was called the “Medical Science Invention of the
Year” by Time magazine in 2000. After giving entire satisfactory at the research tests level and
their importance in oncology and cardiology were well demonstrated, many international
companies were interested in the fabrication of such kind of hybrid imaging machine. Actually,
the market is shared mainly between General Electric (GE), Philips and Siemens (Figure 9).

2 MRI: MagneticResonance Imaging.
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GE offers a variation in its range of PET-CT “Discovery ST” machine to meet the specific clinical
needs. After the Discovery ST oriented oncology and cardiology, the GE Discovery VCT sells
dedicated cardiology is associated with a 64-slice scanner. The latest version offers a higher
spatial resolution responding to neurological applications. GE ST machines are available in
versions scanner 4, 8 or 16 cups. The 2D acquisition abandoned by other manufacturers is
optional and defended by GE to obtain less noisy images (useful for some advanced applica-
tions or for overweight patients) and for new applications mostly outside the scope FDG. GE
believes that the increase of activity of PET-CT will be around 50% in the next three years and
examines the association of PET and MRI modalities. The contribution of MRI compared to
CT is questionable, except perhaps in functional imaging.

PHILIPS GEMINI PET/CT scanners combine the Brilliance CT technology, that is well-suited
to cardiac imaging with its wide-coverage submillimeter imaging, ultra fast acquisition times
and Rate Responsive image acquisition technology that adapts to the patient’s heart rate and
rhythm during acquisition. GEMINI PET/CT scanners deliver high spatial resolution and high
sensitivity PET imaging resulting in improved image quality when imaging the short-lived
radiopharmaceuticals used with cardiac PET. Philips PET-CT hybrid machines ALLEGRO
maintain in the range GEMINL

SIEMENS works to upgrade the install PET-CT around the world. The range of PET-CT,
BIOGRAPH marketed since 2000 continues to benefit from developments. After improving
the sensitivity BGO crystals by replacing the LSO crystals, SSEMENS in 2004 increased the
detection speed by introducing a new channel detection (PICO 3D) with the coincidence
window is only 4.5 ns and improved spatial resolution due to detector Hi-Rez (block 13 x 13
x 8 against 8 elements far). Note that BIOGRAPH have a tunnel of 70 cm diameter field used
in whole to acquire PET scanner. This criterion is important for obese patients.

i
hi
Discovery Cmind Blograpl
GE Healtheare Plahps Medical Systems Seepena Madical Solubom

Figure 9. Example of commercially PET-CT scanners.

3.1.2. SPECT-CT

A variety of SPECT-CT scanners are nowadays available in many hospitals and oncology
centres (Figure 10). GE proposes a robust SPECT-CT hybrid machine called “Infinia” which is
a dual-head, large field for general applications. The Infinia has an open stand. It is available
with SPECT thick crystals (5/8th) or thin (3/8th) depending on the intended application. It is
available in solo or in combination with a scanner. The Infinia Hawkeye 4 SPECT/CT from GE
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Healthcare builds upon its performance with a wealth of innovations, from enabling low
dosage and improved acquisition times to enhancing imaging results through scatter correc-
tion modeling and reduction, motion detection and correction, and accurate attenuation
correction. Hawkeye 4 should respond to all applications except exams angio CT or cardiology.

PHILIPS approaches the market hybrid machines by combining existing methods in its range.
The hybrid machine called PRECEDENCE. Precedence SPECT/CT system offers the combi-
nation of functional data from SPECT with high-resolution anatomical detail from a multi-slice
diagnostic CT scanner to give clinicians a new standard of diagnostic confidence.

When SPECT functional data is fused with CT, the location and extent of disease may be better
visualized and treated.

SEIMENS “Symbia” SPECT-CT hybrid machine is integrated SPECT and diagnostic multislice-
CT bring a whole new dimension to nuclear medicine. With the ability to provide precise
localization of tumors and other pathologies before disease reveals itself, Symbia has the
potential to revolutionize treatment planning for cancer, heart disease, and neurological
disorders. Symbia has enormous potential for cardiac imaging, revealing even the hard-to-
detect conditions that carry the highest risk for patients.

3]
)
g Y
r*-""—’ h-‘-“-L
[ =
The GEInfinia The Philips Precedence The Semens ymbia
Hawkeye 4 SPECT/ CT scanner SPECT/ CT scanner SPECT/ CT scanner

Figure 10. Examples of SPECT-CT hybrid scanners.

3.1.3. PET-MRI

Simultaneous PET and MRI scans eliminate the need to move patients from one imaging unit
to another, making it easier to combine data from both scans to produce enhanced details. The
scanner also exposes patients to significantly lower radiation levels than an older combined
scanning technique, PET-computed tomography (CT). PET-MRI scanner is used in under-
standing certain types of malignancies, such as cancers of the brain, neck and pelvis because
the anatomy is very complex in those areas, and combined PET-MRI should produce a more
detailed reading of the intricate boundaries between disease and healthy tissue. The integra-
tion of PET and MRI for simultaneous scanning was a complex task because powerful MRI
magnets interfered with the imaging detectors on the PET scanner. But scientists overcome
this problem and PET-MRI scanners are nowadays available for research and patient care
(Figure 11).
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In 2010, Philips unveiled its own solution which involves a 3T MR and a high resolution PET
scanner with an integrated rotating table that passes the patient from one machine immediately
into the other. Philips Ingenuity TF PET/MR is a new modality so original and resourceful that
it offers Astonish Time-of-Flight technology combined with the superior soft tissue imaging
of Achieva 3.0T MRI in a whole-body footprint.

In 2011, Siemens Healthcare said that its hybrid PET-MRI scanner received USA Food and
Drug Administration clearance. The device, the Biograph mMR, is the first integrated PET-MR
device capable of doing simultaneous whole-body magnetic resonance imaging and positron
emission tomography scans. It combines a 3-Tesla MR system with PET detectors, giving
doctors the morphological and soft tissue information from MR with the cellular and metabolic
activity data from PET.
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Figure 11. Actually available PET-MRI hybrid scanners.

3.2. Recent developments in nuclear medical image acquisition and analysis

In addition to conventional nuclear image processing methods described above, Registration
and Validation are also a very important research axes in nuclear imaging. In this section, we
present the state-of-the-art and research topics regarding only these two axes.

3.2.1. Registration

There is increasing interest in being able to automatically register medical images from either
the same or different modalities. Registered images are proving useful in a range of applica-
tions, not only providing more correlative information to aid in diagnosis, but also assisting
with the planning and monitoring of therapy, both surgery and radiotherapy. The classifica-
tion of registration methods is classically based on the criteria formulated by van den Elsen,
Pol & and Viergever [31]. Many basic criteria can be used, which each can be developed and
subdivided again [32, 33]. The main are the following:

1. Dimensionality: 2D or 3D only spatial dimensions or time series with spatial dimensions;

2. Nature of registration basis: Extrinsic, Intrinsic or Non-image based (calibrated coordinate
systems);
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3. Nature of transformation: rigid, affine, projective, or curved;

4. Doman of transformation: local, global or interaction;

5. Interaction: interactive, semi-automatic or automatic;

6. Optimization procedure: parameters computed or parameters searched for;

7. Modalities involved: mono-modal, multi-modals, modality to model or patient to
modality;

8. Subject: intrasubject; intersubject or atlas;
9. Object: head, abdomen, limbs, thorax...

Although great advances have been made in basic nuclear medicine imaging in both the
detection and estimation tasks, personalized medicine is a challenging goal. It requires the
ability to detect many different signals that are specific to a patient’s disease. That requirement
has led to the increasing development of hybrid imaging systems.

The development of image reconstruction algorithms, simulation tools, and techniques for
kinetic model analysis plays an important role in the right interpretation of the generated
image signals. Development of these software tools is essential to accurately model the data
and thereby quantify the radiotracer uptake in nuclear medicine studies. The ability to perform
this task in practice has benefited from the increased availability of powerful computing
resources. For example, an iterative image reconstruction algorithm with data corrections built
into the system model was considered to be impractical a decade ago. Yet, this type of
algorithm can now be used to generate images in a practical amount of time in both the research
laboratory and the clinic Leaders in instrumentation and computational development in
nuclear medicine from universities, national laboratories, and industry were solicited for
commentary and analysis.

3.2.2. Validation

The ability of nuclear imaging devices to provide anatomical images and physiological
information has provided unparalleled opportunities for biomedical and clinical research, and
has the potential for important improvements in the diagnosis and treatment of a wide range
of diseases. However, all nuclear imaging devices suffer from various limitations that can
restrict their general applicability. Some major limitations are sensitivity, spatial resolution,
temporal resolution, and ease of interpretation of data. To overcome these limitations,
scientists have worked particularly on: on: 1) Development of technological and methodolog-
ical advances that improve the sensitivity, spatial resolution and temporal resolution, 2)
Development of multi-modality approaches that combine two (or more) biomedical imaging
techniques. In addition to these two research areas, validation of nuclear imaging technologies
and methodologies is uncontainable to develop nuclear imaging and medicine. Development
of "multi-modality" approaches could be used to combine information that might not be
available from a single imaging technique or to compare and validate results obtained with
one imaging technique with results obtained using another imaging technique. Thus, devel-
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opment and improving approaches for analysis and optimization of complex multi-compo-
nent biomedical imaging devices is highly required. The validation methods are classified in
the following main categories:

1. Statistical validation methods;
2. Validation with phantoms;
3. Clinical validation.

To date there is very little in terms of validation and standardizing the validation process in
nuclear image processing. Further research is needed in validation for nuclear image-proc-
essing as issues concerning validation are numerous. Clinically relevant validation criteria
need to be developed. Mathematical and statistical tools are required for quantitative evalua-
tion or for estimating performances in the absence of a suitable reference standard. The
diversity of problems and approaches in medical imaging contributes significantly to this.
Validation data sets with available accuracy reference are required. Comprehension of clinical
issues and establishment of robust therapy protocols is also required. Indeed, validation is by
itself a research topic where methodological innovation and research are required [34].

4. Cases studies and future trends of nuclear imaging

Current clinical applications of nuclear medicine include the ability to:

* diagnose diseases such as cancer, neurological disorders (e.g., Alzheimer’s and Parkinson’s
diseases), and cardiovascular disease in their initial stages through use of imaging devices
including PET-MRI, PET-CT and SPECT-CT;

* provide molecularly targeted treatment of cancer, and certain endocrine disorders (includ-
ing thyroid disease and neuroendocrine tumors);

* Non-invasively assess a patient’s response to therapies, reducing the patient’s exposure to
the toxicity of ineffective treatments, and allowing alternative treatments to be started
earlier.

The use of nuclear hybrid imaging, particularly PET-CT, is expanding rapidly. More recently,
positron emission tomography (PET) has increased its applications in total body imaging to
include the postoperative orthopedic patient. PET and PET-CT scanning for postoperative
infection has also been investigated in the spine, also showing good results, with increased
specificity for infection in contrast to routine three-phase bone scan or combination radiotrac-
ers [35]. The increasing specificity of nuclear medicine agents continues to broaden nuclear
medicine applications in the postoperative musculoskeletal imaging setting.

The development of SPECT and SPECT-CT is a logical consequence of the previous success of
PET-CT, the first of these hybrid imaging techniques. The introduction of this technique, about
10 years ago, meant a final advanced nuclear medicine in the field of oncology. Pushed forward
by the scientific and commercial success of these PET-CT, the industry developed the SPECT-
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CT, a technology similar to the exams conventional (= non-PET) nuclear medicine. Here too,
the SPECT functional information is supplemented by information from CT coupled thereto.
Within a single examination, SPECT-CT is able give the correct diagnosis of bone lesion
corresponded to metastatic disease. In a general hospital, the SPECT-CT is also used in the
development of pain syndromes of orthopedic or rheumatic origin, for example at the lumbar
level ("back pain") or a knee. The success of SPECT-CT is that the bone scan shows osteoblastic
lesions selectively cause pain and coupling with the CT image interpretation makes-SPECT
abnormalities more accurately [36]. SPECT-CT is also successively used for the detection of
sentinel lymph node scintigraphy. It allows the visualization of the effect or lymph vessels in
which they lead and are thus likely to be the site of métastastiques cells. In principle (and in
practice), if such individual nodes called "sentinel" are not found with the tumor cells, while
cleaning, any additional node excision is unnecessary [36]. Among other undesirable side
effects, thus avoiding impairment of lymphatic drainage of the upper limb and the onset
postoperative thugs. SPECT-CT allows more accurate localization by this or these nodes but
also give information on their volume, shape and density, all useful information for surgeons
in their quest intraoperative these nodes. SPECT-CT in this area still has other potential
applications, such as cancers of the prostate, cervix of the uterus and of the head and neck.
Patients with thyroid cancer who develop recurrent disease is suspected are often subjected
to whole body scintigraphic imaging after administration of a small activity of an isotope of
iodine (iodine-123 or iodine-131). With SPECT-CT, better diagnosis of pulmonary embolism
is also possible. Pulmonary embolism (PE) is indeed a common problem in cancer. Planar
scintigraphic imaging of the normal, the diagnosis of PE is typically established by the
demonstration of a mismatch, a defect of pulmonary perfusion with preserved ventilation,
normal in the same territory. Here SPECT acquisitions of pulmonary ventilation (after
inhalation aerosol technetium) and pulmonary perfusion (after injection of macro-aggregates
of albumin technetium) will be combined with a CT scan of the lungs. The classically observed
mismatches between ventilation (preserved) and perfusion (altered) will be confronted with
anomalies of the CT scan in the corresponding regions [36]”.

A review of applications of PET, PET-CT, SEPCT and SPECT-CT and their clinical benefits
with an emphasis on oncologic applications is given below (Figures 12-18).

Figure 12. Thyroid scan with planar scintigraphy (99mTc04). Source: CEM, Rennes.
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Figure 13. A SPECT slice of a patient's heart. SPECT is generally indicated for evaluation of coronary perfusion and
myocardial viability. (a): showing anterior ischemia, (b): demonstration of a myocardial infarction. Source: CEM, Ren-
nes.

Figure 14. Larynx cancer demonstration and imaging with PET and CT images combination. Source: CEM, Rennes.

Figure 15. Bone SPECT Scan (Phosphonates -99m-Tc), (a): depicting bone metabolism in whole body: abnormal osteo-
genesis zones screening and surveillance (bone lesions carcinoma and other primary or metastatic bone lesions (Pa-
get's disease, Osteomyelitis and fractures)), (b): SPECT bone scan showing left femoral neck fracture. Source: CEM,
Rennes.
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Figure 16. SPECT and PET applications in Neurology. These techniques are indicated in the diagnosis of Regional brain
abnormalities (Cerebral perfusion) in and in vitro leukocyte marking (99mTc). (a) Epilepsy: SPECT can be very helpful in
the localization of the epileptogenic zone and for mapping functional areas of the brain, such as those for language
and motor function, (b) Parkinson: image from of a normal healthy case (left) and abnormal image in the case of early
Parkinson's disease untreated, and (c) Alzheimer: PET scan of a normal volunteer (left) and a patient with Alzheimer's
disease (right). Nuclear imaging devices help doctors diagnose such diseases in their initial stages. Sources: CEM, Ren-
nes and Daniel Silverman, UCLA.
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Figure 17. PET and SPECT neuro-receptors and neuro-transporters imaging with specific radio-marker molecules. (a):
dopamine transporter, (b): dopamine receptor, (c): Nicotine receptor, and (d): Opioid receptor. Source: CEM, Rennes.
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Figure 18. During radiotherapy planning FDG-PET-CT has been shown to be useful to better delineate the biologically
active tumor volume and to distinguish between viable tumor tissue and non-specific changes due to previous surgi-
cal and/or radio therapeutic treatments. The figure present a planning for radiotherapy fields based on images from
PET-CT in a patient with advanced stage lung carcinoma. Source: www.IAEA.org/.../gc54inf-3-att1_en.pdf.

5. Conclusions

In conclusion, PET and SPECT nuclear medical imaging have a clinical role in the evaluation
of the postoperative oncologic patient, provided that the modalities are protocoled for the
anticipated clinical concern and prescribed by the musculoskeletal physicians. Parameters and
protocols include appropriate scintigraphic agent selection. These imaging techniques are also
required to optimally visualize as much of the wide diversity of anatomical structures, and
physiological and pathological processes, as possible. The success of nuclear imaging is due
to the modality’s ability to supply new clinical information which is useful for the routine care
of large numbers of patients. The demand for more effective and less invasive therapy increases
the need for real-time nuclear imaging. The choice of an imaging modality for a given
procedure is determined by its ability to display both the patient’s anatomy and the operator’s
instruments. Patient access and the safety of both patient and operator are also of major
concern. Multi-modality (SPECT-CT, PET-CT and PET-MRI) imaging can often enhance
medical decisions. Indeed, combining images from different origins in a workstation can
facilitate this process to the benefit of the radiologist, referring physician and, ultimately, the
patient.

The development of new technology platforms can contribute to accelerate, diversify, and
lower the cost of discovering and validating new nuclear imaging probes, biomarkers,
radiotracers, and labeled drugs, as well as new radiotherapeutic agents. The wide implemen-
tation of nuclear imaging techniques for local use in research and clinical programs requires
the invention of new, small and low-cost miniaturized particle-accelerators and generators for
producing short-lived radioisotopes. The invention of new detector technologies for PET and
SPECT would contribute to enhance sensitivity as well as spatial and temporal resolution.



Principles and Applications of Nuclear Medical Imaging: A Survey on Recent Developments 27
http://dx.doi.org/10.5772/54884

Finally, the development of new iterative algorithms and high-speed/high-capacity compu-
tational systems for rapid image reconstruction; would allow image data to be converted to
quantitative parametric images pertaining to biological and pharmacological processes in
disease.
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Chapter 2

Spin Echo Magnetic Resonance Imaging
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Additional information is available at the end of the chapter
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1. Introduction

Magnetic Resonance Imaging (MRI), as its name implies, is based on a magnetic resonance
signal originating in the "spins" of hydrogen protons of a given patient's tissue undergoing
magnetic resonance imaging under the action of a magnetic field [1].

Concerning the identification and characterization of tissues, the potential of MRI began to
become apparent only in 1971, when it was realized that the magnetic relaxation properties of
the nuclei differamong biological tissues. Furthermore, in the same tissue, this relaxation relied
on the state of the vitality and integrity of tissues [2].

P. C. Lauterbur was the pioneer of imaging techniques for medical practice using MRI. In 1973,
he described a method that produced a generation of a two-dimensional projection showing
the density of the protons and the distribution of the relaxation times in a sample consisting
of two water tubes. His studies were further improved by groups led by Hinshaw and
Mansfield in England, Hutchinson in Scotland, Ernst in Switzerland, and Cho in Korea. Thus,
alternative techniques have been developed to generate images that can assist both medical
diagnoses and "in vivo" studies of biochemical reactions that occur at the cell level [1,3,4].

The most important factor for the formation of MRI is the "spin." In essence, the "spin" is a
fundamental property of particles that make up the nucleus of the atom. Its concept was
proposed by Samuel Abraham Goudsmit and George Eugene Uhlenbeck in 1925 [1].

Unlike the known images of Rx and CT, MRI does not use ionizing radiation but radiofre-
quency pulses.

The phenomenon of Magnetic Resonance Imaging manifests itself in molecular, atomic,
electronic, and nuclear levels. In the latter case, its nature is magnetic, and therefore it is
called nuclear magnetic resonance (NMR). It arises from the fact that certain nuclei possess
an intrinsic angular moment referred to as "spin" and an associated magnetic moment. In
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medicine the term used is MRI. The term nuclear associated to it caused panic among
patients, who believed the tests were harmful and painful to the tissues. In clinical trials,
MRI is used to produce images of the body structures. This method has provided valuable
assistance, since it is not invasive to biological tissues, and provides an excellent contrast
between soft tissues [2,5,6].

2. MRI fundamental

In nuclei in which the "spin" protons are not paired, there is a resultant magnetic field which
can be represented by a dipole magnetic vector. The magnitude of this field is called nuclear
magnetic moment, and its existence causes the nuclei to respond actively to external magnetic
fields. The nuclear magnetic vector does not remain static in one direction, but has a preces-
sional motion or rotation around its axis (Figure 1).

Figure 1. Schematic representation shows the spins in (A) the absence and (B) in the presence of an external magnetic
field [3].

It is noted that in (A) without application of an external magnetic field, the protons are
oriented in a random motion, while in (B) when placed in an external magnetic field By,
the protons are aligned in the same direction, or in an opposite direction to the magnetic
field. The slight preponderance of the spins in the same direction of the field creates a
small resulting magnetization vector named M,. This slight imbalance makes it possible to
obtain images by RMI [3].



Spin Echo Magnetic Resonance Imaging 33
http://dx.doi.org/10.5772/53693

Two-thirds of the atoms that constitute the human body are hydrogen atoms, which contain
only one proton in its nucleus. Therefore, they present a high-intensity magnetic vector, which
increases their sensitivity to respond to external magnetic fields. In addition to hydrogen being
the most abundant nucleus in biological tissues, its single proton results in more powerful
magnetic moment than any other element. Due to these features, the hydrogen nucleus of
biological tissues is the same one currently used to obtain the signal for the formation of images
in MR procedures. However, other types of nuclei may be used to generate information on
both the physiopathologic status and anatomy of tissues. Among other elements, we can cite
carbon, oxygen, and sodium [7,8,9].

A radiofrequency pulse or excitation must be applied perpendicular to the main magnetic field
in the frequency of precession or rotation of the hydrogen atoms (Larmor frequency) in order
to obtain MR images. This radiofrequency pulse supplies energy to the resulting magnetization
vector so that it is deflected to the transverse plane. Once the stimulation ceases, the magnetic
vector returns to balance. This turning back to balance is measured and provides the generated
resonance signal, which will be captured by the antennas of the MR apparatus [2,9].

3. Spin—echo sequence

In MRI, the most important pulse sequence is the "spin-echo" and its parameters are the
repetition time (T) and echo time (T%). Another important additional sequence is the "inver-
sion-recovery" sequence, which promotes fat suppression, highlighting areas of injury with an
additional parameter - the inversion time (T;) [8,9,10].

Therefore, the keys to understanding MRI are physical principles, which include the magnetic
properties of nuclei in biological tissues, the collective behavior of these biological tissues when
excited by radio waves, and their relaxation properties, as well as the devices and techniques
used to differentiate the tissues [7,9,10,11].

The technical parameters used to run a MRI were pulse sequences in "spin-echo” (SE) and "
inversion-recovery " (Short T1 inversion STIR) to obtain images in T1 relaxation time (before
and after injection of gadolinium contrast), in T2 relaxation time, and precontrast proton
density (PD); Repetition time (TR), echo time (TE), and inversion time (TI); Section Plans
(coronal or axial); Field of view (FOV), matrix size, number of acquisitions (NAQ), and number
of sections, thickness, and interval between slices, and increment (F1), besides other functions
to improve image quality [9,11].

The "spin-echo" pulse sequence [9,10,11] is used to obtain a signal by means of a 90° excitation
pulse and a 180° inversion pulse, which were sent to the nuclei of hydrogen atoms of the tissues
present in the region to be analyzed (Figure 2). These nuclei presented a rotating motion
(precession), and when excited by a radio frequency coil (antenna), they start to rotate all at
the same excitation frequency, resonating with each other. Once the stimulation is ceased, the
MR signal is captured in form of signal or echo (Figure 3).
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Pulso de 90° Pulso de 180°

Figure 2. Radiofrequency pulse: 90° excitation pulse and a 180° inversion pulse, the pulse can be any value [3].

punlses e w2

repelicio

Figure 3. lllustration of the “spin-echo” (SE) imaging sequence [9,10].

When a pulse of 90° (71/2) is applied, the magnetization M initially in its equilibrium condition
along the Z-axis (1) undergoes a 90°-displacement towards the y-direction (2). The tissues show
a distribution of frequency of precession (3). There is a loss of coherence of the initial state (4).
This loss can be reversed by applying a 180-degree pulse (7), which causes the spins of
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individual nuclei around the X-axis to rotate 180 degrees (5), rephasing (6) and regenerating
the signal, referred to as spin-echo (7).

The 90° pulse plus the 180° pulse produced an echo, which is repeated several times during
the study in the analyzed region. This echo is referred to as the repetition time (Ty). The
echo time (Tg) is the duration between the middle of a 90° pulse and the middle of an echo
(Figure 4).

TR
) 180° > 180°
9; I Sinal = Eco Bi' I
- — \’fv'u
t t
- >
TE

Figure 4. SE pulse of 90° and applied time (TE/2) of pulse RF of 180° [3].

3.1. Conventional spin-echo sequence

The sequences of pulses in conventional spin-echo can be used in almost all tests. T1-weighted
images are useful to demonstrate anatomy, but they can also demonstrate diseases when
associated with contrast enhancement. T2-weighted images also demonstrated diseases.
Tissues affected by diseases appear edematous and/or vascularized. They have higher water
content and therefore, a strong signal on T2-weighted images. Thus, they can be easily
identified.

Usually, in conventional spin-echo sequence a short Ty a short Ty will give a T1-weighted
image, a long Ty and short Ty, (first echo) will give a proton density image, and a long Ty and
long T, (second echo) will give a T2-weighted image [10].

3.2. Fast spin—echo sequence

The fast spin-echo sequence is a spin-echo sequence, but with the time of the exam dramatically
shorter than the conventional spin-echo. To understand how rapid the fast spin-echo sequence
is, we should review how data is obtained in the conventional spin-echo. A 90° excitation pulse
is followed by a 180° rephasing pulse. Only one encoding phase step is applied by Ty in each
section and just one K-space line is completed by Ty [10,12,13].

Generally, the contrast observed in fast spin-echo images is similar to that of the conventional
spin-echo images. Therefore, these sequences are useful in many clinical applications. In the
central nervous system, pelvis, and musculoskeletal regions, the fast spin-echo sequence has
practically substituted the conventional spin-echo. In the chest and abdomen, however, the
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respiratory artifacts are sometimes problematic in cases where the respiratory compensation
techniques are not compatible with the programs fast spin-echo, which is counterbalanced to
some extent by the fact that shorter examination times in fast spin-echo sequence enable the
production of images with fewer respiratory artifacts in [9,10,11,13,14,15].

There are two differences in contrast between the pulse sequence of the conventional spin-
echo and fast spin-echo, both of which are due to the 180° pulse repeated at short intervals
following the sequence of echoes. First, the adipose tissue remains clear on T2-weighted images
due to multiple RF pulses that reduce the effects of spin-spin interactions in this tissue.
However, the fat saturation techniques may be used to compensate for this. Second, the 180°
repeated pulses may increase the magnetization transfer, so that the muscles appear darker
on the fast spin-echo images than on the conventional spin-echo images. Additionally, multiple
180° pulses reduce the effects of magnetic susceptibility, which may be detrimental when
looking for small haemorrhages [10].

The advantages of fast spin sequence are that metal implant artifacts are significantly reduced
in rapid sequences.

In fast spin-echo T1-weighted images, effective TE and TR are short; on T2-weighted effective
TE and TR are long TR; on proton density weighting/T2-weighted images, effective TE is short
and effective TR is long [10,11,13,15].

The advantages are: Greatly reduced examination times, better image quality, and more
information on T2-weighted images. We can use high-resolution matrices and multiple
numbers of excitations (NEX). However, some effects of increased flow and movement are
incompatible with some options of image acquisition, such as fat tissue bright on T2-weighted
images, blurred images can occur because data were collected at different TE time, decreased
magnetic susceptibility effect, because multiple 180° pulses produce excellent returning phase,
so that one must not use it in case of suspected bleeding [4, 9,10,13,14,15].

The “inversion-recovery” sequence is used to promote suppression or fat saturation, high-
lighting areas of injury. The process was the reverse of the “spin-echo” sequence. There was
an inversion followed by a recovery by applying 180° inversion pulses, which inverted the
spins of the fatty tissue region examined by 180¢, followed by 90° recovery pulse. Subsequently,
a 180° repolarizing pulse was applied to produce a spin-echo. In this sequence, the repetition
time (Ty) is the time between each 180° pulse. The inversion time (T}) is the length of time the
fat (spins) took to recover from this complete inversion (Figure 5).

This process allowed the fat to become dark or hypointense, differing itself from the lesions.
This happened because the inversion of its spins caused a total loss of energy/magnetization.
Consequently, there is no sign for it [10].

The field of view (FOV) determines the size of the anatomy covered during the selection of the
tissue section to be analyzed either in a coronal or axial plane.The forming unit of a digital
image is the pixel. The brightness of each pixel represents the power of the MR signal produced
by a volumetric imaging of the patient or volumetric pixel or Volumetric Picture Element
(voxel). The voxel is a volume element representing the tissue inside the patient. It is deter-
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Figure 5. lllustration of the resonance image inversion-recovery pulse sequence. A 180° pulse inversion is applied fol-
lowed by a 90° recovery pulse, as well as a 180° repolarization pulse. T, Ty and T, are also shown [16].

mined by the pixel area and the thickness of the section. Thus, the size of the matrix is
determined by the number of pixels of the anatomy covered during the selection of the tissue
section to be analyzed. This size is indicated by two values. The first one corresponds to the
number of frequencies sampled and the second to the number of phase codings performed
[7,10,13].

Frequency codification is the reading of a signal along the longest axis of the anatomy. The
phase codification is the reading of a signal along the short axis of the anatomy. Thus, a matrix
size of 256 x 192 indicates that 256 encoding frequencies and 192 encoding phases are per-
formed during a sequence [9,10].

The number of acquisitions (NAQ) represents the number of times that data are acquired
within/into the same pulse sequence [10,11].

The number, thickness and intervals of the sections are defined according to the type of lesion.
Other functions are used to improve image quality. Its use allows viewing only the sections
selected [10,11].

4. Tissue parameters

The images primarily reflect the distribution of free hydrogen nucleus and the way it responds
to an external magnetic field. Thus, this response determines different relaxation times known
as T1 and T2. The pathological processes cause relaxation time to change in relation to the
tissues of the nervous and musculoskeletal system, and the signal intensity is reflected [7,9,16].
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4.1. Tissue relaxation time T1

Required for recovery of about 63% of the magnetization along the longitudinal direction after
a 90° pulse are generally more anatomical, since the fat planes are hyperintense, perfectly
delimiting muscle planes and vascular structures. When paramagnetic agents (contrast) are
associated, they demonstrate the skin changes with much more specificity. Itis used to evaluate
the anatomic structures of the injured limb in MRI and SE sequences before and after contrast.
The mechanism is based on the application of a 90° RF pulse that diverted the longitudinal
magnetization towards the transverse plane. Subsequently, there is a recovery of this energy
diverted to the initial longitudinal axis. In a more simplified way, T, is the time required for
the initial 63% recovery of the magnetization along the longitudinal axis after the application
of 90-degree RF pulse (Figures 6 &7) [7,9,10].

Thus, the signal intensity (brightness) emitted by the tissues depends solely on its ability to
recover the magnetization faster or slower after the application of a 90-degree RF pulse.

Figure 6. Schematic representation of T, relaxation time.

Note that the relaxation time T1 begins in (A) before the 90° pulse when the magnetization
M, is in the axis. Just after the 90° pulse, the magnetization is zero and the transverse is
maximum (B). A short time later, there is the recovery of the resulting longitudinal magneti-
zation (C) representing the start of recovery T1 (D, E), and in (F) occurs the 63% recovery of
the initial magnetization [16].
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i
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Figure 7. Relaxation time T1: recovery 63% of the magnetization along the longitudinal direction after a 90° pulse [3].

4.2, Tissue relaxation time T2

Tissue relaxation time T, is used throughout the SE sequence to detect lesions. At T, time, there
is a magnetization shift or loss. The tissues' capacity to lose magnetization faster or slower is
what determines the signal strength. T, time is the time required for the transverse magneti-
zation to drop up to 37% of its initial value after the application of a 90-degree pulse (Figure
8 & Figure 9) [7,9,10].

Figure 8. Schematic representation of T, relaxation time.

39
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In (A) are representative protons of a tissue section. Soon after a 90-degree pulse, the protons
are on the same transverse plane and in phase with each other. Their magnetic vectors all point
in the same direction. (B) After a very short period of time, these protons are out of phase, and
their magnetic vectors are pointing to different directions. This decreases the power of the
transverse magnetization vector Mxy. (C) T2 is shown as the time interval required for the
transverse magnetization drops to 37% of its original value [16].

37%

{
.

Tempo T2 Tempo

Figure 9. T2 shown as the time interval required for the transverse magnetization drops to 37% of its original
value [3].

5. Contrast

The contrast agent used is a paramagnetic metal called gadolinium (GDL). It is associated with
a water-soluble component diethylenetriaminepentaacetic acid (DTPA) that acts on the
damaged tissues facilitating their identification [17, 18].

Itis administered intravenously at a dose of 0.2 mL/kg on T1-weighted images through section
planes determined according to the location and type of injury [17,18].

Patients who receive contrast are asked to abstain from all food and liquid for two hours in
order to avoid adverse effects [17,18].

Local lesions are studied for the presence or absence, type, and thickness of the damaged
tissues. The determination of the type of lesion is accomplished through changing the signal
presented by damaged tissues in relation to normal tissue. The classification of injured tissues
into hypointense or hyperintense, depends on the signal intensity (darker or lighter) visualized
on the images during the screenings and on an expert testimony (Figure 10) [17,18].
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Figure 10. Normal tissue in MRI in axial sections in the "spin echo" sequence taken from the lower limbs (calf) in T, pre
(A) and (B) post-contrast injection, T, relaxation times (C) and inversion-recovery” sequence (D) used to promote sup-
pression or fat saturation [16].

In these images, the tissues present themselves with their normal callibre vascular structures
and anatomic topography, as well as their musculature with preserved sign and normal
morphological aspect. The images also present the bone structure of their cortical portions and
characteristic medullar signal, and preserved anatomical aspect [16].

For images of the central nervous system, "Figure 11" illustrates the characteristics in normal
tissue relaxation time T1 before and after contrasts, which are used to differentiate normal
tissue from the pathological ones [19,20].

Figure 11. Image of a normal central nervous system (sagittal plane) on pre-contrast (A) and post-contrast (B) sequen-
ces spin-echo T1-weighted images.
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Note all structures with normal anatomic aspects with enhancement in sequence with contrast,
indicated by arrows [21].

6. MRI machine

A magnetic resonance imaging (MRI) machine consists of a main magnet that provides a closed
or open scanning system. It is a permanent superconductor. Its power field ranges from 0.23,
0.5, 1.0, 1.5 up to 3.0 Tesla total power field. Internally, the main magnet is composed of
homogenizing coils, gradient coils, and radiofrequency (RF) transmitter and receiver coils.
These may be located internal or external to the main magnet. The function of these compo-
nents is to capture the signal or echo generated by the tissues (tissue parameters) when in
contact with the magnetic field and technical parameters used [9,10,12]. The machine also
comprises computers and image processors, which make it possible to acquire and visualize
the image on the operator’s console monitor (Figure 12 & Figure 13).

The technical parameters are those dependent on the device and set up by the operator based
on examination protocols.

Initially, the patients are placed on the examining bed. The region (lesion) being examined is
highlighted by a source of light directed and positioned in the center of the magnet. After-
wards, the device is set up with a specific test protocol according to the limb damaged.
Following, we made a first localization sequence in the desired section plane. Thus, we could
design other section planes from the image formed [10,12].

Figure 12. Closed field magnetic resonance imaging machine [16].
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Figure 13. Open field magnetic resonance imaging machine [9].

The physical principles of the open field MRI are the same as that of the closed field MRI, which
uses a strong magnetic field created by the movement of electrical currents within a series of
spiral coils located inside the machine [7,9].

The open field MRI is a breakthrough technology to obtain images of the human body without
constraints for patients with claustrophobia (fear of closed spaces), obesity, as well as children
and elderly people [7,9,12].

The advantages of the open-field MRI are associated to a machine having large side openings
that allows the patient to be examined with more tranquillity, comfort, and convenience. It
also helps to obtain a better quality of the images [7].

In practical terms, we can consider the MRI machine as a large and powerful magnet. The
acquisition of spin-echo images can be understood as follows: The patient is placed into the
MRI machine. Once inside the machine all hydrogen ions in the different body tissues will
align parallel with the magnetic field of the machine. Then, a coil emits RF pulses that cause
the axis of these ions to change 90°. When the coil turns off, the ions tend to realign with the
magnetic field, but with different intensities and speeds according to the type of tissue in which
they are found. This difference in intensity and time is captured and quantified by the device
that locates and defines shades of grey for each point detected. The information is processed
by a computer workstation that accomplishes the construction of images in the frontal, sagittal,
and axial planes [10,12].

The technical parameters are those dependent on the device and set up by the operator based
on examination protocols.

Initially, the patients are placed on the examining bed. The region (lesion) being examinedis
highlighted by a source of light directed and positioned in the center of the magnet. After-
wards, the device was set up with a specific test protocol according to the limb damaged.
Following, we made a first localization sequence in the desired section plane. Thus, we could
design other section planes from the image formed [16,19].
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The obtained images are recorded and photographed on film (Figure 14). The final appearance
will depend not only on intrinsic properties of tissues but also on technical aspects such as
pulse sequences or time factors that are chosen and machine quality.

Figure 14. MRI obtained in SE sequence in the axial plane of the skull [19].

For each type of exam of any region of the human body, there is a specific protocol to obtain
MR images, most are used for detecting soft-tissue lesions of the structures that make up the

central nervous system and skeletal muscle.
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7. Examples of MRI protocols and applications by SE sequence

This method has been widely used in the diagnosis of diseases located in the structures of the
nervous and musculoskeletal systems. Thus, MRI is an imaging method that provides excellent
contrast between soft tissues, due to its high spatial resolution. Therefore, from the anatomical
point of view, MRl is the best choice for evaluation of the structures that make up the muscu-
loskeletal system. The protocols on Table 1 and Table 2 were used to acquire the images of the
following images which represents examples of very interesting applications of MRI.

AX Cor
Section planes Cor loc AXT1 AXT2 T1 T1
GDL GDL
SE30 SE 35
FOV SE42 SE30 SE 30
IR 25 IR 35
SE850 SE SE 750
TRin ms SE30 SE 850
IR2000 2000 IR2000
SE25 SE 25
TEinms SE25 SE 40 SE 25
IR90 IR90
TE(2°) in ms - - SEB0
Tlin ms IR 25 IR 25
SE10 SE10
Interval SE15 SE10 SE10
IR12 IR10
SE11 SE 12
Number of sections SE6 SE12 SE 11
IR12 IR12
Thickness in SES SES
SE10 SES SES
Mm IR5 IR5
SE4 SE4
NAQ SE1 SE 2 SE4
IR1 IR1
Matrix SE 256x192
192x256
IR 192x192 224x256 256x192 256x192
564192 256x256
IR X
SE10 SE SE SE8
(F1)
IR 11 10 10 IR11

Table 1. Exam protocol and values of technical parameters and tissue for evaluation of lesions in the lower limb (0.5
Tesla MRI). Body and head coils.
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AXT1
Section planes AX LOC CORT1 AX T2 AXT1
GDL
FOV 25 15 25 22 22
SE SE SE SE SE
TRinms
320 750 2000 750 750
TEinms 25 30 40 25 25
TE(2°) inms - - 80
Interval 7 5 5 8 8
Number of sections 4 12 13 12 12
Thickness in mm 5 5 5 5 5
NAQ 1 2 2 4 4
Matrix 192x192 192x192 256x192 192x160 192x160
(F1) - - 10-8

Table 2. Exam protocol and values of technical parameters and tissue for evaluation of upper limb injuries (0.5 Tesla
MRI). Elbow in shoulder coil.

7.1. Application to musculoskeletal tissue lesions

The MR images on the axial plane (AX) show the skeletal muscle and central nervous
system. In the sequence, lesions diagnosed as edema and blood in subcutaneous, perimus-
cular, and muscular tissues and central nervous system structures in pre- and post-
contrast T1 and T2 times (Figures 15, 16 &17). Edema presents as a hypointense signal on
pre-contrast T1 time and enhanced on pre-contrast T1 time and hyperintense on T2 time.
Lesions identified as haemorrhagic lesions present a hypersignal on pre- and post-con-
trast T1 and T2 times [21,22,23].

The edema corresponds to an increase of water content into the extracellular space and/or
into the intracellular compartment. T2-weighted sequences are the main time interval that
detects this increase in the form of an intense area of hypersignal in [21,22,23].

In haemorrhagic lesions or in the presence of degradation components of blood in any tissue
often give the hyperintense signal on T1 and T2. They are a consequence of a local vascular
injury [22,23].
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Figure 15. MRI of the right foot showing edema in subcutaneous tissue characterized by (A) hyposignal on T1 (B) hy-
perintense on T2, and (C) enhanced on post-contrast T1. Musculature and perimuscular areas preserved [16].

Tissue lesion and inflammatory processes related to the musculoskeletal system cause changes
in the relaxation times T1 and T2 and reflects the signal intensity. The inflammatory processes
increase the signal intensity on T2-weighted images and the swelling causes an increase of
water in the tissues that determines the signal changes observed [22].

Figure 16. MRI showing the left calf. The injury is consistent with subcutaneous tissue and perimusculare region mild
haemorrhage characterized by (A) isointese to hyperintense signal on T1, (B) hyperintense signal on T2, and (C) en-
hanced on post-contrast T1. The presence of blood in the perimuscular region is well visualized on relaxation time T2.

Bleeding observed in subcutaneous and muscle tissues is generally different from that
resulting from the degradation process known in the pathologies of the central nervous system.
In these pathologies, the bleeding is presented in various stages of degradation and is known
as oxyhemoglobin and/or deoxyhemoglobin, (intracellular or free) methemoglobin, and
hemosiderin. Thus, these various stages interfere with the lesion signal intensity and stage

interpretation [24,25].

As to the skeletal muscle, it may present in the form from an iso to hyperintense signal at all

relaxation times before and after contrast injection [16].

It is noted that in these images the edema in association with haemorrhage usually presents
themselves with signal hyperintensity on the T2-weighted images.
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Figure 17. MRI of the right forearm indicating extravasation of blood into muscle tissue characterized by (A) isoin-
tense to hyperintense signal on T1-weighted image (B) hyperintense signal on T2-weighted image (C) enhanced on
post-contrast T1-weighted image [23].

7.2. Tumor injuries detected in the central nervous system

The vast majority of intracranial tumors present a high-protein density, a long T1 and T2, so
generally there is a hypo signal on T1-weighted (short TE-TR) and a hyperintense signal on
T2-weighted sequences (long TE-TR). Thus, the signal variations are not very specific (Figure
18 & 19). The application presented in Figure 18 an Figure 19 concerns the examination of rectal
adenocarcinoma and meningioma of left ventricle fibrous trigonum respectively.

Figure 18. A and B are frontal section images on T1-weighted imaging. C After contrast injection. The hyperin-
tense tumor (A, B, C) gives the perfect location of both the metastasis and the hypointense perilesional edema-
tous reactions [21].

Whatever the sequence used after contrast injection, the parenchymatous reaction edema is
visualized with hypointense signal on T1 pre- and post-contrast (A, B) and with hyperintense
signal on T2 (C, D). Note the displacement to the right of the median structures of the septum
pellucidum.
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Figure 19. T1-weighted imaging sequences in sagittal plane (A) and T2-weighted imaging sequence in axial plane (C,
D) after contrast injection on T1-weighted sequence in frontal plane (B) [21].

Cerebral edema can be of three types: vasogenic corresponding to a disruption of the blood-
brain barrier to the passage of a protein-rich filtrate in the brain extracellular spaces, nonspe-
cific outcome of multiple pathological processes (primary tumors, metastases, haemorrhage,
trauma, inflammatory processes and infection). It manifests as a hyperintense signal area of
white matter, respecting the gray matter. The accomplishment of a sequence with strong T2-
weighted can evidence that it is due to the edema’s persistent hyperintense signal in contrast
to the tumour’s decreasing signal. However, the sequences on T1 post-contrast are the ones
bounding the lesion; the earliest manifestation form of infarction is the cytotoxic edema. The
ischemia leads to an early failure of the membrane pump, which allows water and sodium to
enter the cells. It presents itself as a hyperintense signal involving the white and gray matter
[21,24,25,26].

Interstitial edema is found in hydrocephalus with passage of transependymal water into the
brain tissue from the ventricular cavities, essentially around the lateral ventricles [21].

The water being highly bound to the neighboring proteins displays a significant decrease of
T1. The interstitial edema can be viewed paradoxically under the form of a hyperintense signal
on T1-weighted sequences, while still naturally with hyperintense signal on T2-weighted
sequences [21,27,28].

Thus, the contrast injection increases the specificity in the detection of lesions. The paramag-
netic agents such as the gadolinium (GDL) associated with a chelating agent - diethylenetria-
mine pentaacetic acid (DTPA) - is a safety water soluble. After its application, around 80% is
excreted by the kidneys in three hours, and the remaining is recovered in stools and eliminated
within a week [18].
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The MRI scan is the method of choice for the evaluation of tumors. The sequence systematic
practice, mainly of spin echo sequences in different space planes (particularly in axial and
sagittal planes), and the intravenous injection of GDL allows a perfect assessment of the
tumours [21,27,30].

8. MRI and artifacts

The quality of MR images depends on multiple factors that can significantly alter the outcome
of the tests and therefore, the diagnosis of lesions. The so-called artifacts can determine
impairment in the image formation and may be inherent to the method (apparatus, pulse
sequence) and those related to the patient (involuntary physiologic recurrent movements and
involuntary non recurrent movements). The physiological recurrent movements are related to
breathing and heartbeat, while involuntary non periodic can be determined by swallowing or
spontaneous movements of patients. The artifacts generally can alter the quality of the image
during its acquisition. Therefore, in some cases, they interfere with the interpretation of the
diagnosis [21,31].

9. MRI scanning: Risks and contraindications

Up to 2.5 Tesla, the magnetic field does not trigger any biological or genetic risk.

The risks and contraindications for MRI are very rare, but they should be known to avoid an
accident or scheduling of an unnecessary exam.

Risk factors are associated to a magnetic field that can produce heat, suffocation in case of
discharge of a supra-conductor magnet with brutal gasification of the fluids that cools the
magnet, patients’ local burns caused exceptionally by the twisting of the antenna surface wire
or its deterioration by the "coil" effect [21,32,33].

The exam is contraindicated for patients with cardiac pacemakers that can be affected tempo-
rarily or permanently with risk of heart failure or rhythm disturbances; these risks exist
regardless of the intensity of the magnetic field, metal and ferromagnetic bodies, and pregnant
women [32,33].

10. Conclusions

Studies in MRI to diagnose soft-tissue injuries, mainly of the skeletal muscle and central
nervous system, indicated that the most-used pulse sequence is the spin echo. Through this
sequence it is possible to obtain images in axial, frontal, and sagittal planes. According to these
studies, the images obtained in the axial plane are those that show the lesions in detail.
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The sequences with contrast images obtained on T1-weighted images are the most important
to determine areas of injury with greater specificity. T2-weighted images allow accurately
diagnosed injuries. Paramagnetic agents are of primary importance and its use in MRI provides
information about the behavior of the lesions.

MRI scans can be conducted in all regions of the body such as brain, spine, joints (shoulder,
knee), extremities, chest, abdomen, and others. It is an excellent method for detecting tumours
and other soft-tissue lesions based on the criteria of patient safety in relation to the magnetic
field, pathology and site to investigate, as well as technical parameters and tissue, which are
critical in image acquisition.

Nomenclature (list of symbol)

The nomenclature represents the protocols used to acquire the images of tissues in MR spin
echo sequence of skeletal muscle and central nervous system.

AXLOC. Axial section plane locate

COR LOC. Coronal section plane locate

COR T1. Coronal section plane tissue relaxation time T1

AX T2. Axial section plane tissue relaxation time T2

AXT1. Axial section plane tissue relaxation time TI pre-contrast
AXT1 GDL. Axial section plane tissue relaxation time T1 pos-contrast
GDL. Contrast agent paramagnetic metal (gadolinium)

SE. Spin Echo sequence

IR. Inversion-recovery sequence

FOV.Field of view determine the size of the anatomy covered during the selection of the tissue
section

TR. Repetition time

TE. Echo time

TE(2%). Two sequences in echo time

T1. Inversion time

Interval. Interval between slices to image quality
Number of sections. Number of slices to image quality

Thickness. Thikness of slices image quality
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NAQ. number of acquisitions represents the number of times that data are acquired within/
into the same pulse sequence

Matrix. Codification frequency and phase codification along the longest and short axis of the
anatomy

F1. Increment to image quality
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1. Introduction

The various equipment and chemicals used in the radiology departments can be a source of
hazards and hence result in an adverse effect to affected individuals (Johnston and Killion,
2005). Interdisciplinary approach to monitor the activities at radiology departments to en-
sure compliance in safety standards may help avoid or reduce hazards in the working envi-
ronment (Byrnset al., 2000). Magnetic Resonance Imaging (MRI) unit in a radiology
department is one particular place where safety precautions should be directed due to the
ferromagnetic nature of the equipment and the strong magnetic field used in its operations
(Joseph, 2006).

MRI is a painless, non-invasive and one of the most advanced imaging modalities current-
ly available in radiology departments (Kusumasuganda, 2010). Research and awareness of
safety issues concerning MRI has received much attention (Ordridgeet al., 2000). Accord-
ing to Westbrook et al (2009), recent occurrences in the operation of MRI have led to ques-
tions being raised on the safety of the modality. Phin (2001) has suggested that adequate
policies and procedures should be developed and adhered to in order to ensure safe, effi-
cient and operating conditions of MRI. Several potential problems and hazards are associ-
ated with the performance of patient monitoring and support in the MRI environment
(Kanal and Shellock, 1992). According to Henner and Servomaa (2010), the main factors
that affect safety practice in the MRI unit is management style and attitude of staff. Vari-
ous reports found in the literature have indicated that MRI accidents are mostly caused
by human errors rather than scanner malfunction. These have led to several calls for regu-

I m E H © 2013 Opoku et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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lations and policies to guide the operations of MRI (New York Times, 2010; Healthcare
Purchasing News, 2010). This has become necessary because the risk in the MRI environ-
ment does not only affect the patient, but also affects the health professionals and those
who find themselves in the magnetic field (Kanal et al., 2007). There is therefore the need
for maximum safety to be ensured in the MRI unit. Moreover Chaljub (2003) and Joseph
(2006) have both emphasized the need to keep training health personnel on safety issues
relating to MRL In particular, Joseph reiterated that the MRI's magnet which is over
100,000 times the earth’s natural magnetic pull is always on mode; hence those who ap-
proach it should have training due to the special safety risk it poses. In addition to the
risks to people, it is also important to put in precautionary measures to protect the equip-
ment from damage and breakdowns. The need to assess the staff of the radiology depart-
ment and hospital’s management on their attitude and adherence towards maintaining
safety at the MRI can therefore not be overemphased.

In recent times, Magnetic Resonance Imaging (MRI) unit of the Korle - Bu Teaching Hospital
(KBTH) in Accra, Ghana has witnessed various degrees of accidents. In particular, there was
a fire outbreak in 2007 which brought the operation of the MRI facility down for a whole
year. Again in 2010, a wheelchair was pulled into the gantry of the MRI scanner by the mis-
sile effect when a patient was lifted off the wheelchair onto the MRI table as shown in ap-
pendix I on page 28. This incident resulted in three weeks down time of the facility. A
second incident in the same year occurred where a Radiographer Intern at the MRI unit
wrongly switched off the safety button, resulting in three weeks shut-down of the entire
unit. These incidences have been documented in the Incidence Reporting Book at the MRI
Unit and are reproduced here with the permission from the Radiology Department of the
hospital. These incidences at MRI Unit at the Korle Bu Teaching Hospital are very worrying,
suggesting that the safety aspects might have been compromised. Thus it is imperative that
the existence of policy guidelines and manuals regarding the operational safety of the MRI
in the hospital and their compliance and adherence by staff needed to be evaluated. Similar
incidences occurring in other hospitals around the world are documented in the literature
and some of which are reproduced in Appendix II on page 29.

2. Materials and methodology

This study was undertaken at the MRI Unit at Korle Bu Teaching Hospital in Accra, Ghana.
The specific objectives of study were to identify safety policies regarding the operations of
the MRI unit and whether they conform to international standards. Additionally, it sought
to ascertain adherence and compliance of the policy guidelines and to evaluate the design
features of the MRI suite for its safety compatibility as well as to determine the safety train-
ing needs of radiographers who operate the MRL

The study focused on the safe use of MRI as an imaging modality and involved radiogra-
phers of the Radiology Department. A member of the Hospital Management Team also par-
ticipated in the study since the management members are responsible for the safety policies
formulation and ensuring their implementation at the MRI unit.
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3. Literature review

In order to have a broad perspective of MRI safety issues, an extensive literature review
were done which centred on the concept of safety screening; principle and framework of
safety in MRI; operational principles, safety policies and guidelines of MRL

3.1. The concept of safety screening

It has been suggested that in dealing with safety issues the emphasis should be placed on
prevention of accidents (Harding, 2010). This means measures need to be implemented to
prevent accidents from occurring. Harding argued that even though total prevention of acci-
dents is not achievable, every effort should be made to reduce their occurrences to the barest
minimum. The concept of safety has a wider significance as safety is seen as a systemic ap-
proach with thresholds that define the standard of safety (Elagin, 1996). In order to ensure
an accident free, Elagin has suggested that an ordered procedure, which shows the level of
safety in a particular environment should be followed. In recent times, concerns have been
raised about the safety of the MRI facility due to the increasing number of MRI incidents by
an alarming 185% over the last few years (Gould, 2008). Gould further suggested that there
is need for a comprehensive safety programme for any health institution with a zero toler-
ance for MRI errors. Several studies have shown that compromising patient safety have re-
sulted in fatal consequences (Launders, 2005; Emergency Care Research Institute (ECRI),
2004). In 2005, Launders conducted an independent analysis of the Food and Drug Adminis-
tration (FDA)’s Manufacturer and User Facility Device Experience Database (MAUDE) and
gave a report on a database over a 10-year time span. This revealed 389 reports of MRI-relat-
ed events, including nine deaths with three events related to pacemaker failure, two due to
insulin pump failure and the remaining four related to implant disturbance, a projectile, and
asphyxiation from a cryogenic mishap during installation of an MR imaging system. Vari-
ous claims have been made in several publications which indicate that MRI accidents are
largely due to failure to follow safety guidelines, use of inappropriate or outdated informa-
tion related to the safety aspects of biomedical implants and devices and human errors
(Shellock and Crues, 2004; New York Times, 2010; Healthcare Purchasing News, 2010). A
panel under the auspices of the American College of Radiology (ACR) was constituted to
address these critical issues. Kanal et al (2004) who were part of this panel pointed out that
there was a continuous change in the use of the MRI as a technology with a drastic increase
in the number of examinations done. They maintained that though there were safety guide-
lines, the increased number of MR practitioners and the increased use of the technology for
critically ill patients, contributed to the increasing incidence of mishaps occurring in MRI
surroundings. According to McRobbie et al (2007), the overall objective of a safety procedure
is to provide an appropriate standard of protection of patients and staff in the MRI unit,
without unduly limiting the beneficial practices and also prevent the occurrences of tragic
events in the MRI suite. MRI suites in clinical and hospital surrounding should establish
safety protocols with an MRI safety officer designated to ensure that policies are implement-
ed and adhered to (Kanal, 2004).
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3.2. MRI suite design and zones

An MRI suite should be designed to restrict access and limit exposure to static magnetic
fields. Various publications have provided different designs to the MRI suite to ensure max-
imum safety and they all showed that an MRI suite should be built to restrict access by
zones (Gould 2008; Kanal et al., 2007; Junk and Gilk, 2005; Shellock and Crues, 2004). The
zones suggested by the various articles are as follows;

Zone I: - Opens to the general public and presents the least exposure to the patients, staff
and visitors. Usually it is the reception and waiting room for the MRI suite purposed to
channel patients and medical staff to the pre-screening area (zone II) and limit entry to the
MRI suite.

Zone 1II: - This is the first interaction site for patients, visitors and staff in the MRI suite. The
purpose of this zone is to restrict further public access to the suite and provide direct super-
vision of patients and visitors by the MRI staff. Pre-screening of all patients, staff and visi-
tors also takes place here. If ambulatory, the patient is screened through a ferrous metal
detector installed into the zone II. Non ambulatory patients in walkers, wheelchairs or pa-
tient support need the transport equipment to be verified as MRI- safe or exchanged for
MRI- safe equipment. The zone II generally has a metal detector and a 1000 gauss magnet to
help screen medical equipment for ambulatory patients. MRI staff including the MRI tech-
nologist is directly responsible for enforcing strict adherence to the MRI safety protocols for
the MRI suite and patient safety.

Zone III: - This is the entry zone to the MRI machine room which is zone IV. Entrance to this
zone is restricted physically and by protocol. Being the last barrier against an incident or in-
jury due to an interaction of a static or active magnetic field and any unscreened personnel,
patient or equipment, only MRI technologist, certified staff and pre-screening attending
physician accompany the patient into the MRI machine room. The portal or entrance to the
MRI machine room must be monitored by a second ferromagnetic- sensitive detector and
door must be locked. Sounding of detector will require verification of either an MRI- safe or
compatible event or the discovery of an MRI-unsafe condition in the patient, transporting or
medical equipment or the attending medical staff. The standard access method is a card ac-
cess system which should allow access to only certified MRI staff between zone III and zone
IV. All medical staff must be pre-screened prior to entry into zone III to make sure no
unscreened individuals will be allowed access to zone IV. Ideally, the personnel in zone III
must be uniformed in MRI compatible scrubs which will avoid the use of identification
badges in the suite, MRI-safe shoes and undergarments. Personnel must avoid all jewellery,
watches metallic writing instruments, and wire-framed glass which may raise a false alarm
from the detector (Shellock and Crues, 2004).

Finally in zone IV, the MRI room should have a clear demarcation of the five gauss line tap-
ed or painted on the MRI suite floor to indicate the area beyond which requires MRI- safe or
MRI - conditional equipment or instrumentation. This should be in line with the distance
and tesla rating of the MRI. Zone IV should be clearly marked with a red light and lighted
sign stating, “The Magnet is on.” In situations where an alarm goes off for a code red, there
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is the need to use MRI- safe equipments to address the situation with restrictions of public
first responders from zone IV of the MRI environment until safe conditions are established
or responders are verified to be safe (Junk and Gilk, 2005). Access to zone IV should be ena-
bled by a programmed key and the key kept in a restricted access box in the MRI control
room.

Architectural and design engineering for a MRI suite have been established in standards
published by the Joint Commission on the Accreditation of Health Organisations (JCAHO),
the American College of Radiology guidelines, the International Building Code (IBC) and
Occupational Safety and Health Administration (OSHA).

3.3. Pre- screening and screening forms

Shellock and Crues (2004) emphasized that the establishment of thorough and effective
screening procedures for patients and other individuals is one of the most critical compo-
nents of a programme to guard the safety of all those preparing to undergo MR proce-
dures or to enter the MR environment. All preliminary patient history, MRI safety
screening and documentation must be completed and signed by the patient, guardian or
clinician before procedures are undertaken on patients (Shellock and Crues, 2004; Ferris et
al., 2007). Various screening forms are used for different categories of people who come to
the MRI suite. In general, screening forms are developed with patients in mind (Sawyer-
Glover and Shellock, 2002).

3.4. Colour and symbol coding

Various means have been adopted to help with ensuring safety in an MRI unit. This is usu-
ally meant to provide on the spot recognition of MR- safe equipment and surroundings,
likewise unsafe and MRI-conditional equipments and locations. At the University of Califor-
nia San Francisco (2011), yellow is used to signify caution and is painted around the en-
trance of the door. Gas tanks that have been painted green signifies ferrous cylinder and
hence make it easy for identification as MRI unsafe equipment. For safe MRI tanks, the cyl-
inders are coloured silver. Symbols have also been used as a new classification system for
implants and ancillary clinical devices.

An MRI safe symbol signifies that the device or implant is completely non-magnetic, non-
electrically conductive, and non-RF reactive, eliminating all of the primary potential threats
during an MRI procedure. An MRI Conditional sign is used to identify a device or implant
that may contain magnetic, electrically conductive or RF-reactive components that is safe for
operations in proximity to the MRI, provided the conditions for safe operation are defined
and observed (such as 'tested safe to 1.5 teslas' or 'safe in magnetic fields below 500 gauss in
strength). Finally, an MRI unsafe symbol is reserved for objects that are significantly ferro-
magnetic and pose a clear and direct threat to persons and equipment within the magnet
room. An appropriate coding system is thus necessary to be adopted by every MRI unit to
facilitate easy identification of safe items.
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3.5. Operational principles of MRI

As opposed to conventional x-rays and computed tomography (CT) scans, there is no ioniz-
ing radiation used in MRI. However, MRI uses an extremely powerful static magnetic field,
rapidly changing gradient magnetic fields and radiofrequency electromagnetic impulses to
obtain detailed anatomic or functional images of any part of the body (Faulker, 2002; Berger,
2002). Currently, there is no evidence of a short or long term adverse effect due to exposure
to field strengths of MRI and durations that is clinically used (Schenck, 2000).

Despite the relative safety of MRI, there are potential hazards associated with its operations.
Some of these are related to the physical properties of the MRI equipment and also to the
challenges of maintaining physiologic stability of the individual undergoing the examina-
tion. In a reported incident in 2001,a small boy undergoing an MRI following surgery to re-
move a benign tumour was struck and killed by an oxygen tank inadvertently taken into the
MRI suite (Emergency Care Research Institute, 2001). In most situations the MR systems
cause the disaster due to it interactions with other properties around it.

3.6. Magnetic fields and the missile effect

The static magnetic field generated by a powerful magnet is tens of thousands times
stronger than the earth’s magnetic field which can attract objects containing ferrous mate-
rials, transforming them into dangerous airborne projectiles (Dempsey et al., 2002). There
are two features of the magnetic field that are the source of most MRI incidents; the pro-
jectile or missile effect which is the ability of the magnet to attract ferromagnetic objects
and draw them rapidly into the bore with considerable force (Centre for Devices and Ra-
diological Health, 1997). Ferromagnetic objects include metallic objects containing iron
such as scissors, laryngoscopes, nail clippers, pocket knives and steel buckets. Larger
items like wheelchairs, gurneys, intravenous poles have also become MR-system- induced
missiles (Centre for Devices and Radiological Health, 1997). The other source of most MRI
incidents is the translational attraction which occurs when one point of an object in a
magnetic field is attracted to a great extent than the object’s furthest point from the at-
tracting source (Gould, 2008).

3.7. Magnetic field interactions

The static magnetic field of an MR system is always on. No sound, sight, smells alerts per-
sonnel to the presence or the extent of the invisible field surrounding the magnet in all direc-
tions. The magnetic pull is strongest at the centre of the MR system and weakens with
increased distance from the magnet, creating a spatial magnetic field gradient (Price, 1999).
The distribution of the magnetic field outside the main magnet called fringe field is impossi-
ble to see, but it is critical to safety in the MR environment because it can determine whether
a ferromagnetic object could become a projectile. MR systems with large fringe field general-
ly create the greatest hazards (Price, 1999). If the fringe strength decreases more gradually
with distance from the magnet, the object’s attraction to the magnet progressively strength-
ens as it becomes closer to the magnet. Personnel within the MR room may notice an in-
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creasingly stronger pull on objects they are wearing or carrying as they walk closer to the
MR system, permitting them to retreat from the MR system before an accident occurs (Kanal
et al., 2002).

3.8. Hazards in the MRI suite

Various forms of hazards occur in the MRI suite which can be categorized into translational
force- missile effect, torque forces, induced magnetic fields, thermal heating and quenching
(Colletti, 2004). In the translational force, the effect is manifested on the ferromagnetic mate-
rials and the static field generated by the MR system usually in the form of the missile effect
involving non-compatible objects and miscellaneous patient and visitor objects.A hair or pa-
per clip within the 5-10 gauss line range could reach a velocity of 40 mph (about 70 kph) and
will be attracted to the centre of the lines of force of equal (Lahr and Rowan, 2004).

Just like the translational forces, the torque force is also associated with ferromagnetic mate-
rials and the static field generated by the MR machine. Ferromagnetic objects that are at-
tracted by the magnetic field react by aligning parallel to the magnetic lines of the force
being created by the MRI machine. The centre of the MRI- generated fields has the highest
torque force, creating a serious exposure for all contraindicated items and MRI- conditional
items in the MRI suite, depending on the tesla rating of the MRI (Gould, 2008). When any
metallic object is introduced into a high flux field, current will be induced if that object is
perpendicular and moving to the lines of the force. The new current will create a secondary
magnet field that will oppose the original field. This can cause patient discomfort and anxi-
ety due to the reactive forces on the MRI safe medical implants and a life threatening condi-
tion may be created under the five- gauss line (Kangarlau and Robitaille, 2000).

Magnetic Field type Hazard Potential Adverse Effects

Static magnetic field Translational force: power. Missile effect: acceleration of objects into the
Attraction of ferromagnetic objects bore of the magnet.
to intense magnetic field. Rotational Tearing of tissues, pain, and dislodgement of
force/ torque: rotation of objectto  some implants.

align with the magnetic field

Radiofrequency Heating due to absorbed RF energy Overheating, burns (thermal, electrical)
electromagnetic fields Electromagnetic interference Device malfunction; imaging artefact
Gradient magnetic field Induced currents in conductive Nerve and muscle stimulation

tissues Device malfunction/failure

Induced current in electrical devices

Adapted with permission from Centre for Device and Radiological Health of USA

Table 1. Hazardous Magnetic Field Interactions
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The most common source of thermal exposure tends to be looped or un-looped medical
equipment leads, MRI accessories and sensors. The most serious exposure is located in
the bore of the MRI machine and in the axis points, as they possess the highest potential
torque forces. Extremity coils could increase the risk but this can be avoided by the use
of MRI safe polymeric foam padding (Gilk, 2006). MRI machines are cooled by a super
cooling fluid (liquid helium). The release of the super cooling fluid into the atmosphere
is called quenching. Most clinical machines have about 700 to 1000 litre volume of this
cryogenic. In the event that there is venting, it may cause the oxygen in the MRI room
to condense around the vent pipe and accumulate in the MRI machine causing a red fire
hazard. Another risk is a quench vent pipe breech which could flood the room with
cryogenic fluids creating an asphyxiation hazard for the patient and the staff (Clark,
2007).

3.9. Radiofrequency electromagnetic fields effects

The MRI system has electromagnetic coils in a transmitter within it that delivers the radio-
frequency (RF) pulses during imaging. When tissues absorb the RF energy, tissue heating
can occur, mostly in patients with poor thermoregulatory control (Dempsey et al., 2002). The
rate at which RF energy is deposited in tissue is known as the specific absorption rate (SAR),
measured in units of watts per kilogram (w/kg) (Centre for Devices and Radiological
Health, 1997). The maximum allowed SAR is 3W/kg which is averaged over ten minutes for
head imaging and 4W/kg for whole body imaging, averaged over fifteen minutes (Centre
for Devices and Radiological Health, 2003).

Radiofrequency fields can cause skin burns if monitor cables or wires are permitted to
form conductive loops with themselves or with other body parts (Kanal et al., 2002).
Temporary metallic intra cardiac pacing wires will behave like antennae and conduct
electromagnetic waves, also resulting in thermal tissue injury (Dempsey et al., 2002). Ra-
diofrequency signals emitted during the MR examination can affect non- MR-compatible
programmed infusion pumps, resulting in erratic performance. Affected pumps could de-
liver higher or lower than desired volumes of pressor agent, analgesics, sedative or dex-
trose and electrolytic solutions, all of which cause serious physiological consequences
particularly, infants (Cornetteet al., 2002).

3.10. Gradient magnetic field effects

When an infant is subjected to sudden, rapidly changing gradient magnetic fields during
imaging, the magnetic field can induce circulating currents in conductive tissues of the body
(Schaefer et al., 2000). These currents have been found to be large enough to produce
changes in nerves and muscles function theoretically.Where safety standard limits are prac-
ticed, it limits the maximum rate of change of magnetic field strength that can be used thus
reducing the likelihood of its observation during a clinical MRI (Center for Devices and Ra-
diological Health, 2003).
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3.11. Safety policies and guidelines of MRI

The American College of Radiology (ACR) Guidance Document for Safe MRI Practices-2007
recommends that all MRI sites should maintain MR safety policies (Kanal et al., 2007). These
policies, it claims should be reviewed concurrently with the introduction of any significant
changes in the safety parameters of the MR environment and updated as needed. It also stat-
ed that Site Administration is responsible to ensure that the policies and procedures are im-
plemented and adhered to by all site personnel. Any adverse events, MR safety incidents or
near incidents are to be reported and used in continuous quality improvement efforts. To
augment the recommendations made by the ACR, the 2008 Joint Commission Sentinel Alert
issued by the Medical College of Wisconsin's (2009) accreditation organisation suggested
that actions consistent with the ACR recommendations should be used to prevent accidents
and injuries in the MRI suite. In other works, the Device Bulletin (2007) produced a docu-
ment to serve as guidelines covering important aspects of MRI equipment in clinical use
with specific reference to safety. They were intended to bring to the attention of those in-
volved with the clinical use of such equipment, important matters requiring careful consid-
eration before purchase and after installation of the equipment. It was also to be used as an
orientation for those who are not familiar with the type of equipment and act as a reminder
for those who are familiar with the equipment (Buxton and Lui, 2007). It was further intend-
ed to act as a reminder of the legislation and published guidance relating to MRI, draw the
attention of the users to the guidance published by the National Radiological Protection
Board (NRPB), its successor the Health Protection Agency (HPA), the International Electro-
chemical Commission (IEC) and the International Commission on Non —Ionizing Radiation
Protection (ICNIRP)

4, Materials and method

The study employed both qualitative and quantitative design using a structured interview
and descriptive survey. A structured interview involves guiding the interview in a particu-
lar pattern such that the information received falls in line with the objective of the study
without it being altered by the interviewer (Brink and Wood, 1994; Pontin, 2000). A descrip-
tive survey provides a better means of investigating and assessing the attitude and practices
of people when they are involved in a particular situation (Carter, 2000; Gray, 2004).

The study was carried out MRI Suite of the Radiology Department of the Korle Bu Teaching
Hospital. (KBTH), Accra. Ghana. KBTH is the leading referral hospital in Ghana, with the
radiology department being one of the busiest departments in the hospital. Currently, the
hospital has a bed capacity of about 2000, with an average 1,500 outpatient attendances dai-
ly, an admission rate of 250 per day and 65% of the daily attendance visiting the radiology
department (www.korlebuhospital.org).

The Radiology Department of the hospital has a staff population of forty-six. These include
thirty-one radiographers, nine radiology residents and six consultant radiologists. Of the
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thirty one radiographers, twelve are degree holders, fifteen are diploma holders and the rest
are certificate holders.

The entire population of radiographers was used for the study. This gave a population size
that was easy to handle and ensure an effective statistical analysis to be done (Burns and
Grove, 2001). Using a small data set makes it possible to overcome the inconveniences creat-
ed by lack of time, ensures homogeneity, improves the accuracy and quality of the data (At-
kinson, 2000; Aderet al., 2008). In Korle Bu Teaching Hospital, there are no specialized or
permanent MRI radiographers and all of them rotate periodically to the MRI unit; hence the
reason for using the entire population of radiographers for the study.

Polgar and Thomas (2000) emphasized that in any scientific research the primary considera-
tion is the protection of the rights and welfare of participants. Thus, ethical approval was
sought from the Ethical Review Committee of the School of Allied Health Sciences, College
of Health Sciences, University of Ghana. Permission was also sought from the Dr. Frank G.
Shellock (2002) to reproduce content in his work and from the Institute for Magnetic Reso-
nance Safety, Education and Research as well as the Radiology Department of the Korle Bu
Teaching Hospital for the use of facility for the study. Informed consent was sought from
participants in the form of written consent forms after the objectives of the study had been
explained to them. They were assured of their anonymity, confidentiality of identity and in-
formation provided.

A self- administered open and closed ended survey questionnaire was used to obtain data
from the participants. Before the main study, a pilot study involving three radiographers
was conducted to assess the validity and reliability of the questionnaires. A modified check-
list designed by Gillies (2002) was attached to the pilot phase for respondents to make sug-
gestions that helped to modify the questionnaire as required. Ambiguity was thus removed;
clarity of the format and design adopted was also ensured (Bailey, 1997).

A structured interview also was conducted with a member of the hospital management.
This was to obtain additional data, validate and verify results obtained from the survey (Pol-
gar and Thomas, 2000). Policy formulation and supervision of implementation is the respon-
sibility of management of the hospital and the department (Beddoe et al, 2004). Thus
interviewing members of the management was considered the best way to obtain detailed
and comprehensive information about safety management.

Questions on the framework of operational safety of the MRI unit, training programmes and
practical safety problems faced by the MRI unit were among other things asked during the
interview. The interview was electronically recorded, transcribed and data grouped into
themes and analyzed.

The data obtained from the questionnaires was rearranged in an ordered manner to enhance
its processing by the Statistical Package for Social Sciences (SPSS) version 16.0. Nominal and
ordinal levels of measurement were used because the study design was a descriptive survey
(Burns and Grove, 2001). Results were presented using descriptive statistics in the form of
charts, frequency tables and percentages.
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5. Results

This study investigated the availability of safety policies and guidelines and adherence to
them by staff at the MRI suite of the Korle-Bu Teaching Hospital. It also investigated the de-
sign features of the MRI suite as to whether it meets the acceptable safety standards. A total
of thirty-one closed ended questionnaires (31) were distributed to all the practicing radiog-
raphers twenty eight (28) questionnaires were completed and returned completed giving a
response rate of 90.3% (n=28/31).

Professional qualification held

Total
Gender of Respondents Certificate Diploma Bachelor's degree
2 10 9 21
Male
7.1% 35.7% 32.1% 75.0%
2 2 3 7
Female
7.1% 7.1% 10.7% 25.0%
4 12 12 28
Total
14.3% 42.9% 42.9% 100.0%

Table 2. Demographic Data of the Respondents

The profile above shows that the ratio of male to female respondents was 3:1. Nearly half of
the respondents (42.9%) were both diploma and degree holders respectively

Mammography
T

Flussroscopy
T%

Figure 1. Area of work of Respondents. As shown, majority (47%) of Radiographers were engaged in general radiog-
raphy.
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Question Responses to MRI Safety issues
Code QUESTIONS Total
Yes No
Q1 Is there a restricted access to everyone who
26 (92.9%) 2(7.1 %) 28 (100.0%)

comes to the MRI Suite

Q2 Do you undertake screening of patients who

] 21(75.0%) 7 (25.0%) 28(100.0%)
enter the MRI Suite?

Q3 Do you undertake screening of staff who

- 10(35.7 %) 18 (64.3 %) 28 (100.0%)
enters the MRI Suite?

Q5 Are there lockers to store personal
belongings that may be ferrous in nature or 16 (57.1%) 12 (42.9%) 28 (100.0%)
has a magnetic stripes in the MRI Unit

Q6 Is the equipment used in the MRI
environment checked by any authority,
) 21(75.0 %) 7 (25.0%) 28 (100.0%)
deemed MRI safe and labelled as such prior

to implementation?

Q7 Does the equipment used in the MRI unit
have colour codes to identify ferrous material 5(17.9%) 23(82.1) 28(100.0%)

and MRI safety material?

Q9 Do patients complete any MRI history and
assessmentform that addresses possible
o ) 26(92.9%) 2(7.1%) 28 (100.0%)
contraindications prior to any MRI

procedure?

Q1 Are there proximity access doors and
) ) 15 (53.6%) 13 (46.4%) 28(100.0%)
emergency exits to MRl suite?

Q12 Do you face any problems in your bid to
ensure the safety of patients and staff in the 14 (50.0%) 14 (50.0 %) 28 (100.0%)
MRI unit?

Q14 Is there an assigned anaesthetist to the MRI
unit to undertake procedures that need 7 (25.0%) 21(75.0%) 28(100.0%)

patients to be anesthetized?

Table 3. Responses to MRI Safety Issues
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In Table 3, majority of 92.9 % (n=26/28) of the respondents stressed the need to restrict access
to the MRI suite. Additionally, 75.0 % (n= 21/28) of the respondents were of the view that
patients should be screened before allowed to enter MRI suites. However, only ten out of
twenty eight (n= 10/28= 35.7%) suggested screening for radiographers’ (workers), before
they enter the MRI suite.

Table 3 also shows that 57.1% (16/28) of the respondents mentioned the presence of lockers
in the MRI suite to store personal belongings that may be ferrous in nature or has magnetic
stripes. Furthermore, 75% (n=21/28) reported that equipment used in the MRI environment
undergo regular quality check. However, 82.0% (23/28) of the respondents disclosed that the
equipment in the MRI unit did not have colour codes to identify ferrous material and MRI
safety material.

Majority of the respondents (92.9%) reported that prior to procedure or examination, pa-
tients are asked to complete questionnaires to determine any contraindications they may
have. A significant majority (53.6%) reported the presence of emergency exits to the MRI
suite. Finally 75.0% of the respondents were unaware of availability of anaesthesia services
at MRI unit for patients who would require anaesthesia as part of the procedure.

Question Responses to Safety MRI training
Code QUESTIONS and unit design features Total
Yes No
Q15 Have you had any training programme(s) on
y yHaning prog 6 (21.4%) 22 (78.6%) 28 (100.0%)

MRI safety issues?

Q16 Have you attended any of such training
) ) 4(14.3%) 24 (85.7%) 28(100.0%)
programmes, if yes to question 18?
Q17 Do you know the MRI zones? 8(28.6%) 20(71.4 %) 28 (100.0%)

Table 4. Responses to Safety MRI Training and Unit Design Features

Training gap was identified in the use of MRI equipment and safety as demonstrated in Ta-
ble 4 71.4% of the respondents were not aware of the existence of any MRI zones in the suite.

Table 5 shows that in general, the majority of the responded were unaware of the basic
knowledge about the operations of MRL

5.1. Analysis of the open ended part of the survey questionnaire

With regard to procedures undertaken for patients and staff entering the MRI unit, the ma-
jority of respondents (67.86%) had very little knowledge about what were being done. The
remaining 32.14% had a fair idea but could not provide detailed description of the exact
steps that were undertaken. When it came to the colours used to identify ferrous and MRI
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safe material, there was a poor appreciation, evident by the fact all the 28 respondents did

not know the existence of the colour identification of ferrous and MRI safe material.

Responses to MRI General Knowledge

QUESTIONS Strongly . . Strongly
. Disagree Undecided Agree Total
disagree agree
Q21.The magnetis only on 14 2
) ] 4(143%) 5(17.9%) 28(100.0%)
during the working day (50.0%) (7.1%) (10.7%
Q22.A strong magnetic field 13 ,
produces X-ray used for 4(143%) 8(28.6%) 28(100.0%)
T (46.4%) (7.1 %) (3.6%)
imaging
Q23.A static magnetic field
strength may be up to 100,000 1 6
} o 13 (46.4%) 4(143%) 4(143%) 28(100.0%)
times the magnetic field (3.6%) (21.4%)
strength of the earth
Q24.5 Gauss line is the
parameter around the MRI 0 2 22 4
) ) 0(0.0%) 28(100.0 %)
system where field strength is (0.0%) (7.1 %) (78.6 %) (14.3%)
over 5 Gauss
Q25.At 5Gausspacemakers may
be affected, ferrous items : 1 19
become potential flying 4(143 %) 3(10.7%) 28(100.0%)
o S (3.6 %) (3.6 %) (67.9%)
projectiles and magnetic stripes
are erased
Q26.Below 5 Gaus is considered 0 ,
to be a safe level of magnetic 20714 %) 2(71%) 4(143%) 28(100.0%)
) . (0.0%) (7.1 %)
field exposure to the public
Q27.Magnetic field strength is 5 ,
measured in Tesla (T) or Gauss 3(10.7 %) 8(28.6%) 13(46.4%) 28(100.0 %)
(7.1 %) (7.1 %)

@)

Table 5. Responses to general knowledge about MRI

There was, however, high knowledge level in relation to how patients with implants and

ferrous materials around the MRI suite were managed evident by the that fact 64.29% re-

spondents could describe the correct steps that should be taken for such patients.
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All the respondents cited the following as challenges in ensuring safety of patients and staff
at the MRI unit;

* A communication gap between patients and health professionals
* Unwillingness of co-workers to comply with protocol used at the unit
* Small waiting area which is shared by the CT-scanning unit and the MRI unit

* The lack of knowledge on continuity of procedure that has been performed for patients
by referring clinicians.

On the issue of zoning in an MRI suite, 14.29% were aware of the different zones that are
needed in a standard MRI unit as against 96.4% of the respondents which were not aware of
the colour used to indicate the different zones. According to 21. 43% of the respondents,
zoning was completely absent at the MRI unit of the Korle Bu Teaching Hospital. The gener-
al overview of the results suggests a huge knowledge gap on the safety issues of MRI by
majority of the respondents.

5.2. The interview data

Thematic analysis was used to analyse the qualitative interview data. The predominant
themes that emerged were the context for framework for operational safety at MRI unit,
availability of departmental policy manual and training programmes for MRI. The areas
identified included a maintenance programme for the MRI unit, structures in place for acci-
dents and breakdown of the MRI unit and practical problems faced in ensuring safety at the
MRI unit.

The context for framework for operational safety at MRI unit in this study represents a com-
bination of organisational and operational methods that from the radiographers perspective,
significantly affect the achievement of operational safety at MRI unit. It was noted that MRI
was a relatively new modality in the country with the suite at the Korle Bu Teaching Hospi-
tal which was in 2006 being the first in the country. It was further observed that there was
no documented formal framework by either the hospital or the department and that prepa-
rations were underway to produce one in accordance with best international standards. This
observation was consistent with the findings from the survey questionnaire indicating the
absence of a policy manual at the radiology department.

On the issue of continuous education and training of radiographers on MRI, it was noted
that this was non-existent. As stated earlier, there was no MRI specialized radiographer in
the department and any qualified radiographers who has basic knowledge in MRI could be
assigned to the unit. The need to provide a platform to training and educate the practicing
radiographers on MRI was identified.

On maintenance programme for the MRI unit, it was mentioned that the supplier of the
equipment has a maintenance contract with the hospital to undertake routine maintenance
of the MRL
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On measures that were being taken to prevent further accidents, it was indicated that the staff
were required to report any incident or missed-incident to the appropriate authority. The ab-
sence of zoning in the suite and the adjoining CT scan suite made it difficult to undertake any
effective screening because both MRI and CT scan patients have to enter through the same en-
trance. The absence of access codes for entrance into the MRI unit was also identified as a chal-
lenge to restricting access and this was attributed to defect in MRI - suite.

Other challenges identified include the attitude of some hospital personnel who were not will-
ing to comply with safety and security measures in place. The need to undertake some structur-
al adjustment to the unit was being considered to detach the CT suit from the MRI. Ensuring
total commitment from both the management and staff of the hospital to safety and security is-
sues was identified as one of the main means to prevent accidents at the MRI unit.

6. Discussion

This research sought to investigate the availability of safety policies and guidelines and ad-
herence to them by staff at the MRI suite of the Korle-Bu Teaching Hospital. It also investi-
gated the design features of the MRI suite to ascertain whether it meets the acceptable
international safety standards as these inevitably, affect patient care during MRI procedures.
In this chapter, the findings are discussed and key issues which require immediate attention
are identified.

6.1. Response rate

Out of the 31 questionnaires administered, 28 were returned providing an appreciable re-
sponse rate of 90.3% (n=28/31). The high response rate received could be due to the small
population of radiographers in the department and their easy accessibility. It could also be
due to the time and period that the data was collected; just after close of work. A response
rate above 50% is an important part of a survey because it enables findings to be generalized
(Burns and Grove, 2003). The survey undertaken can thus be generalized to the population
that was studied.

6.2. Demographic profile of respondent: gender, professional qualification and working
area

The demographic profile in table 2 on page 13 shows that the ratio of male to female respond-
ents was 3:1 (75% - 25%). This observation may be associated to the general perception individ-
uals have of radiation. As espoused by Maiorova et al (2008) most females prefer to work in
other professions than to be in the radiography profession which is consistent with the Ghana-
ian situation where high numbers of females are found in other professions, particularly, nurs-
ing. As a result of the misconception people have about radiation in Ghana, some nurses even
refuse to stay in the duty room at the radiography department to assist patients that they have
accompanied. However, in other parts of the world, especially Australia, the radiography pro-
fession is dominated by the female population (Merchantet al., 2011).
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Table 2 on page 13 also shows that equal numbers of the respondents were either diploma
or degree holders (42.9% each) with the certificate holders being the least (14.3%). This is
due to the fact that the certificate programme had been phased out long time ago and re-
cently the diploma programme has also been stopped. The only radiography educational
programme currently being offered in Ghana is the bachelor’s programme. It was however
observed that there was no respondent with a postgraduate degree hence the highest educa-
tional qualification in the study setting was first degree holders. As a result the absence of
post-graduate education in the country, only few radiographers have managed to acquire
post graduation abroad and they are mostly in the academia.

Figure 1 on page 13 shows that a good number of the respondents (47%) were into general
radiography. The increased requests for general radiography examinations and the in-
creased number of duty rooms may be responsible for this trend. Facilities for specialised
imaging modalities are very limited and as has been stated earlier, there is only one MRI, a
CT-scan and one mammogram in the department, hence the majority of the respondents in
general radiography.

6.3. MRI safety issues

In this study, majority of the respondent were of the view that access to the MRI suite
should be restricted to everybody who enters the unit. Whilst majority of the respondents
claimed that patients were screened before entry, the same could not be said about the staff
members as only ten respondents reported to be screening staff members. However, this as-
sertion could not be entirely true because close observation during the study revealed that
not a single staff was made to undergo mandatory screening apart from taking out their
metallic possessions on their own volition. This also goes to confirm the assertion that the
personnel were unwilling to comply with safety and security protocols at the unit. This as-
sertion was corroborated during the interview about the absence of coded access keys for
staff in accordance with international best practices found in the literature (Kanal et al., 2007;
Junk and Gilk, 2005; Shellock and Crues, 2004).It was also observed that patients were only
made to change into gowns placed in the changing room of the MRI unit and all metallic
opacities removed from them before entering the scanning room. A metal detector screening
coupled with visual observation was the only form of screening that was done at the unit
aside patients filling out an MRI screening form. There were no in - built detectors in the
building to give off any alarm as an indication of the presence of a metallic substance
(Gould, 2008). The study also showed that there were no lockers for both staff and patients
to keep their valuables that may be ferrous in nature even though 57.1% of the respondents
claimed that there were such facilities. The only available option for the staff was to keep
their items in the rest room or bring them to the control panel area for safekeeping; which is
not completely safety - assured. With regards to patients, their valuables were either kept in
the changing rooms or brought to the control panel area. A positive observation made was
the availability and use of an MR-compatible wheelchairs and trolleys. This development
may be described as the reactive response by the management to the wheelchair incident
that occurred at the unit as captured in the problem statement.The staff were also more vigi-
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lant and non ambulatory patients were thus transferred onto MRI safe wheelchairs and trol-
ley before being sent to the scanning room.

It was reported by 57.1% of the respondents that the MRI equipment was regularly checked
by the hospital authorities. However, it was established that these checks were not regular
according to the standardized quarterly quality checks and maintenance scheme. The irreg-
ularity of the quality assurance checks could be a contributing factor to the frequent break-
downs of the equipment a view held by the respondents as contained in Table 3 on page 14

It was observed that patients were asked to complete MRI history and assessment forms to
determine if they have conditions that were contraindicated to MRI procedure. However,
non- patients including referring clinicians entering the unit did not complete this form.
With the exception of the screening forms, no other safety and security documentation for
both patients and staff were available in contravention of standardised policies and guide-
lines (Ferris et al., 2007).

It was found that occasionally anaesthetists were assigned to the MRI unit for required pro-
cedures. This could explain why majority of the respondents were unaware of the presence
of anaesthetic services at the radiography department.

6.4. MRI training and unit design features

The study revealed (as shown in table 4 on page 15) that there was a huge training gap in
the use of MRI equipment. This was evident from the low general knowledge in MRI exhib-
ited by the respondents, which was collaborated during the interview. The knowledge de-
fect was also demonstrated by the fact that most of the respondent did not provide accurate
responses to the questionnaires, a situation which may be attributable to the lack of policies
and guidelines.

The study also found out that the design of the MRI suite did not conform to the basic de-
sign feature of a well laid out MRI unit as described by various organisations including the
Joint Commission on the Accreditation of Health Organisations (JCAHO); International
Building Code (IBC); Occupational Safety and Health Administration (OSHA)}. The defect
in the design of the unit may be as a result of its mergence with the Computed Tomography
(CT-scan) unit and other imaging modality units. The old CT- scan unit was collapsed and
expanded to make room for the MRI unit and other imaging units thus preventing the ideal
design of an MRI unit to be built out.

6.5. General knowledge about MRI

The responses on the general knowledge on MRI confirmed the training defect. It is possible
that the few radiographers who had some knowledge about MRI acquired it through per-
sonal effort and on the job observations. Thus the absence of a framework for operational
safety of the MRI could be a major issue that militates against the effective practice of safety
at the MRI unit in the radiology department of the hospital.
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6.6. Summary

Safety of patients and staff around the MRI unit is a critical issue in the practice of diagnos-
tic radiology due to the high magnetic fields and radiofrequencies associated with the oper-
ations of the MRI scanner. Magnetic field associated with the MRI scanner is 10,000 times
higher than the earth’s magnetic field; therefore a detection of the smallest amount of fer-
rous in any material is essential. It is therefore essential that radiographers take practical
steps to identify any unknown material in or on any patient or staff that may be ferrous in
nature or magnetic-sensitive.

The creation of an attitude of safety screening, however, requires a firm commitment of both
senior management and staff of the hospital, which must be communicated through policies
and local rules.

7. Conclusions

7.1. Based on the findings of the study, the following conclusions are drawn;

* Poor documentation of safety issues at the department was noted.

* Safety screening was practiced to some extent but there were no written local rules or pol-
icies that actually specify what a radiographer should do routinely. There was therefore
no standard of practice in the department.

¢ The safety screening undertaken in the MRI unit was done primarily on patients, over-
looking the risks posed by other individuals and co - workers who come to the MRI unit

* There was lack of an effective and efficient policy and guidelines in the hospital in general
and the radiography department in particular.

* The inappropriate design feature of the MRI suite was also seen to be a hindrance to effec-
tive safety screening practices.

* This research is the first of its kind to be conducted at the MRI unit of KBTH. It is our
considered view that further work needs to be carried out to validate the assumption that
the frequent accidents and breakdowns at the MRI unit is as a result of the lack of safety
policies and operating guidelines at the unit. It would also me necessary to extend such a
study to the other MRI units in the country to determine their safety and security levels,

7.2. Limitations of the study

This study was conducted exclusively in the Korle Bu Teaching Hospital with a study popu-
lation of thirty one radiographers. Although KBTH is the leading referral hospital in Ghana,
making generalizations about radiographers nationwide has to be done with caution since
the sample may not be truly representative of the entire population. There are a very limited
number of MRI scanners in the country with the one at Korle — Bu Teaching Hospital being
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the first. Hence this might not reflect the safety practice that take place at the other units
since the other few may have the different designs which may meet international standards

7.3. Recommendations

* As a matter of urgency, professional bodies and Korle Bu Teaching Hospital should col-
laborate to produce a framework for the operational safety of MRI unit for the radiology
department. In this framework, the department should come out with policy manuals
and guidelines which would include specific safety issues which relate to the Ghanaian
setting, training programmes to enhance the knowledge base of the radiographers. This
should be reviewed regularly to meet the rapid advancement to the MRI technology.

* To equip the radiographers with practical experience in the use of MRI, the periodic rota-
tion should be effectively implemented or more radiographers should be encouraged to
upgrade themselves in the operations of MRL

* The curriculum of the Diagnostic Radiography programme of the University should be
thoroughly reviewed to cover the operational safety issues of the MRI. The practical ex-
aminations conducted during the final year should include all aspect of the medical imag-
ing modalities and not only the conventional radiography. This is will equip the students
with adequate practical experience of all the imaging modalities.

Appendix I

A photograph of the wheelchair that got trapped in the gantry of the MRI Scanner on the
12% of May, 2010 at the Korle Bu Teaching Hospital, Accra. Ghana

Figure 2.
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Appendix II

MRI Incidents in different parts of the World
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Figure 3.

Figure 4.
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Figure 5.

Figure 6.
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Chapter 4

Mathematics and Physics of Computed Tomography
(CT): Demonstrations and Practical Examples

Faycal Kharfi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52351

1. Introduction

The visible light being reflected by the majority of the objects which surround us, we can
apprehend our environment only by the properties of the surface of the objects which com-
pose it. To exceed this limit and to explore the intimacy of the matter, a dedicated imaging
techniques and instruments, which used penetrating radiations like X-rays, neutrons, gam-
ma, or certain electromagnetic or acoustic rays to explore internal structure, are developed.
The tomography is one of these developed techniques that allow 2D and 3D interior object
examination. By combination of a set of measures and thanks to computational and images
reconstruction methods, it provides cartography of attenuation parameters characteristic of
the radiation/object interaction, according to one or more transversal plans (slices). It thus
makes possible to see on TV monitor the interior of bodies and objects, whereas before one
had access either by pure imagination, by interpreting indirect measurements, or by cutting
out the objects materially. In the case of the medical imaging, for example, this direct obser-
vation requires a surgical operation. This formidable invention thus enables us to discover
the interior of human bodies and different objects which surround us and their organization
in space and time, without destroying them.

The tomography thus constitutes an instrument privileged to analyze and characterize mat-
ter, that it is inert or alive, static or dynamic, of microscopic or macroscopic scale. While giv-
ing access to the structure and the shape of the components, it makes possible the
apprehension of the complexity of the objects studied. The computed tomography is a tech-
nique of acquisition of digital images (projections). It generates a computer coding of a digi-
tal representation of an area of interest through a patient, a structure or an object. The
tomography thus provides a virtual representation of reality, in the intimacy of its composi-
tion. This numerical coding then will facilitate the exploitation, the exchanges and the infor-

© 2013 Kharfi; licensee InTech. This is a paper distributed under the terms of the Creative Commons
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mation storage associated. It becomes thus possible by appropriate processing to detect the
presence of defects, to identify the internal structures and to study their form and their posi-
tion, to quantify the variations of density, to model the internal components and to guide
the instruments of intervention in medicine. Finally, the user will be also able to take benefit
from a large variety of existent software and algorithms for the tomography digital images
processing, analysis and visualization.

A CT system gathers several technological components. Its development requires the partic-
ipation of the end users - as the doctors, the physicists or the biologists - to specify the
needs, of the engineers and researchers to develop the novel methods and, finally, of the in-
dustrial teams to develop, produce and market these systems.

In this work, we are interested in the physics and mathematics related to the main phases of
computed tomography, namely: the scanning or projection phase and the phase of 2D or 3D
image reconstruction by various analytical methods such filtered back-projection method
(FBP). In this context, all the mathematical equations and relations which seemed ambigu-
ous or not clear are explained and mathematically demonstrated with some illustrative ex-
amples. This chapter is organized in the form of a main body text with sub-sections
presenting a brief explanation of most important concept or the detailed demonstration of
any equation or expression, and this, each time that seemed necessary. The algebraic meth-
ods for image reconstruction in tomography will be also outlined.

This chapter is intended as an introduction to Computed Tomography. It was written not
only for those persons who have some familiarity with other imaging techniques such radia-
tion transmission radiography but also for novices in the field of digital imaging. The chap-
ter begins with some simple, yet fundamental, concepts regarding computed tomography
and the physics and mathematics at the origin of CT. As one progresses through the chapter,
more detail regarding the CT technique and methodology is meet. The reader should not be
alarmed if his or her particular problem or preoccupation is not mentioned here. So many
different CT developments have been achieved in the last thirty-three years that it would be
difficult to describe them all in a single chapter. Some practical information are also present-
ed that can be vital to obtaining good analytical results; it is sometimes difficult to find.

I hope that this introduction to the CT technique will provide useful information to those
persons who are about to get involved with CT as well as present TC users and those with
simply a curiosity about the technique.

1.1. Analytical methods for image reconstruction in tomography

1.1.1. Projection and scanning of the object

The methodological basis used for describing 2D and 3D image reconstruction was presented
in detail in the work of Kak and Slantay [1] and Rosenfeld and Kak [2]. Other important work
such as that of Herman [3], describes the reconstruction methods such as algebraic reconstruc-
tion technique (ART). In this work, we focus on the work and analytical methods of Kak and
Stanlay to explain the different steps of tomography from the measurement to the reconstruc-
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tion of a single layer. The superposition of such layers will constitute the 3D image or volume
representing the studied object. By means of image processing tools, parts of the reconstructed
3D volume can be extracted and analyzed separately from the rest of the data set.

An object O (x, y, z) is considered as a superposition of n layers of the same thickness along z
axis, all located in planes parallel to the plane (X, y) and perpendicular to z (Fig. 1). Each layer
represents a section in the object to be reconstructed. It is considered as a 2D function f,(x, y)
that describes, for example, the distribution of linear attenuation coefficients as a function of
the position or any other 2D function that can be measured and whose measurement signal is
described by a full line. Any function maybe considered in tomography in condition to be
limited and finite in a given region and equal to zero outside this region. The condition of a
finite size is easily achievable for solid samples, liquid or gas contained in a box. The estab-
lishment of condition is very difficult when it will be used for the tomography of electric or
magnetic fields. The generalization of such function for the tomographic measurements is
closely related to the determination of the nature of the interaction of the scanning beam (comb-
shaped) with the object under examination. The purpose of tomography is the reconstruction
of this 2D function, representing a layer or slice of the object, from the measured projections
in a unique way.

Z A ZA

—

In(1/1o)

uﬂ}

Figure 1. The geometry of a studied object scanning in the {x,y,z} coordinates system. A layer in the plane (x, y) is scan-
ned along the angle 6 and the transmitted intensity is stored in a system (t, s) of rotational coordinates.

The layer is scanned (scanned) in an angle O varying from 0 ° to 180 ° for the transmission
tomography. The intensity of the transmitted beam is recorded like a translation function of
of the position parameter t (Fig. 2). The transmitted intensity is given by Lambert's law given
by the following expression:

I(x,y) =I,exp(- '[ (%, y)ds) 1)
path
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Po(t)= In (I/ Io)

bl 4

Figure 2. Scanning of a single layer in the plane (x, y). Note that z is the axis of rotation which coincides with the z-axis
of the rotational coordinate’s system {s, t, z}.

Where I, is the incident beam intensity and p(x, y) = f(x,y) is the 2D function to rebuild. A new
square and rotational coordinates system (t, s) is defined to express the detection system
rotatable in comparison to the fixed object coordinates system (or vice versa, if the object is
rotating and the detection system is fixed). In the transformation from the system (x, y) to the

system (t, s), t is given by (see demonstration 2):

t =x.cos(8) + y.sin(H) (2)

The expression of the ray (path) through the sample expressed in terms of t and 0 and by the
substitution of s is: d(t-x.cos (0) + x.sin (0)). The Dirac function 6 ensures that only the points
in obedience to the equation (2) that are related to the beam (comb-shaped) contribute to the

projection Py (t). Such a projection can be defined by:

Pot-in( )= [ wixy)cs ®

path

Note here that the expression of Py (t) can be given by (see demonstration 1):

Po()= | nxy)ds

path
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+00  +00

= j j O(xcos@+ysinf —t) u(x,y)dxdy 4)

—00  —00

This last expression is just one of the different forms of the Radon transform basically used for
determining a function from its integral according to certain directions (see math reminder 1).
The two-dimensional Radon transform projects an object f (x, y) to get its projections Py (t).
The projections values depend on of the integral of the object values along the line of integral
according to a direction 0. In this work, we are interested in the case of a parallel beam; the
extension to the case of diverging beam (fun beam) is quiet easy.

Demonstration 1

Demonstrating that the projection Py (t) as defined by Eq.1 can be written in one form of the Radon transform given by
Eq.D.1:

+00+00

Po(t)= J Ié(xcose +ysin@—t)u(x, y)dxdy (D.1)

For a convenience and simplicity reasons and for the fact that tomography is a process based on a rotational scanning, a
new square and rotational coordinates system (t, s) is defined as presented above to take into consideration the rotating

aspect of the source and the detection system around the fixed object. The coordinates of this system are given by:

t=x.cos6 + y.sinf

) (D.2)
s=—-x.5iN6 + ycosh
With:
dsdt=Jdxdy (D.3)
Jpis the Jacobian matrix determinant which is given by:
0 0
ox [dy
Je=lt cos8 sing =c0s%0 +5in%0=1 (D.4)
s —sin@ cosf
So, in our case dsdt=dxdy, and we can write the following equation:
Py(t)= J u(x, y)ds= J uls, t)ds
ray(6,t) ray(6,t)
Te—— (D.5)

= J Jé(xcose + ysinB—t)u(s, t)dtds

Note that the coordinates system transformation from (x, y) system to (t, s) system has no influence on the values of the
object function 11 (x, y) (1 (x, y) = 11 (5, t)).

Thus, it was demonstrated that the tomography projection can be expressed by one of the Radon’s transform

expression.

End of Demonstration 1.
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Before continuing our mathematical development and demonstration specific to the object
scanning in transmission tomography, it is useful to give some math reminder on Radon

transform and its main properties.

Math Reminder 1.

The Radon transform is defined by:

+00

R(p, T)Lf(x, y)] :I_m f(x +1+ px)dx

400400 R.1)
:J LO f(x, y)8Ly —(t+ px)ldxdy =U(p, 1),

—00

where p is the slope of the projection line of and T is its intersection with the y axis. The inverse Radon transform is given
by:

R T o) ®2)

where H is the Hilbert transform. The Radon transform can also be defined by the following expression:

R'(r, a)[ f(x, y)]:rwrm f (x, y)8(r—xcosa - ysina)dxdy, (R3)

—00 J-00

Where ris the perpendicular distance of the integral line with respect to the origin and a is the angle formed by this
line and the x axis.

Using the following identification:

FudlRUF (w, a)T)x, y)=F2, [ (U, VX, ), (R4)
where F is the Fourier transform, the Radon inversion formula can be expressed by:

[ +co N
fx, y)=CJ0 J_w FodlRLf (W, alllw | @ iwxcosatysina) g, g (R.5)
This last expression can be simplified as follows:
T +co
f(x, y):J’O Lx) RLf(r, a)IW(r, a, x, y)drda, (R.6)

where W is a weight function given by:
W(r, a, x, y)=h(xcosa + ysina—r)=F "'[|w]] (R7)

Nievergelt (1986) determined the inversion formula as follows:

f(x, y):%limJ‘ONJmR[ f(r + xcosa + ysina, a)1G (r)drda, (R.8)
>0 —00
with:
1
— for|r| <c
mc
G(r)= 1 1 (R.9)
—5(I-—=—==forlr|>c
nc? 1-c2/r?

The Ludwig's inversion formula presents the relations between the two forms of the Radon transform of a given

function: R (r, a) and R’ (r, a), which are given by:
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p=cota, Tt=csca

r= T
T1+p?

a=cot'p
The main properties of Radon transform are the followings:
1. Superposition :
R(p, T f1(x, y) + f5(x, ¥)]=U,(p, 1) + Uy(p, 7);
2. Linearity:

R(p, T)laf (x, y)]=aU(p, 1);

3. Scaling:
Xy a T
Rip, O F1(E, D)=1alu (o, £
4. Rotation:
B 1 p—tan® T
Rlp, TRof (x, y)1= [cos® + psin®] u( 1+ ptan®’ cos® + psin®

R is @ rotation operator;
5. Skewing:

c+dp d-blc+bd)
a+bp' ' a+bp

R(p, DL F(ox +by, ox + =137 T )

6. Integral along p:

/=41 +p2U(p, 7);
7. 1D convolution expression:
R(p, DL (x, y) x g(y)]=U(p, 1) % g(r);

8. Equivalent equation of Plancherel theorem:

JMU(p, r)dr=J+°°j+°° £ (x, y)dxdy;

—00 J-0o

9. Equivalent equation of Parseval theorem:

—00

[ e I M

End of Math Reminder 1.

),

(R.10)

(R.11)

(R12)

(R.13)

(R.14)

(R.15)

(R.16)

(R.17)

(R.18)

(R.19)

(R.20)

At this level of mathematical development a very important question must be asked: Why the

switching between different coordinates systems, presented above (Fig.1), is so important to

establish the mathematical basis of image projection and reconstruction in CT in the case of

analytical method such as FBP? The response to this question is satisfactory explained in the

274 demonstration (see Demonstration 2).
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Demonstration 2

Because the CT process is likely rotational in its projection phase, a rotational coordinates system (Fig.D.1) is more

suitable to describe the object scanning and projection. This the first reason for using different coordinates systems.

A PI:t.SIIJ,-".
5 ¥

Fig. D.1. Considered coordinates system: fixed (x, y) and rotational (t, s), used to identify a projection point P of the
object.

According to figure (D.1), for a given point P of the object, the transforms used to switch between a fixed coordinates

system (x,y) to a rotational coordinates system (t,s) are given by:

t=x.cosf + y.sinf
{ X.cos6 + y.sin (0.7)
S

=-X.5in0 + y.cos@
And the inverse transforms are given by:

{x =t.cosf -s.sinf

D.8
'y =t.5in6 +5.cos6 (8

According the physical principle of the projection generation in transmission CT, a projection at an angle 6 can
mathematically be expressed as integration of the object function (attenuation coefficient) across the line s. Thus it can

be given by:

Pe(t):Jf(x, y)ds:[f(t.cos@—s.sin@, t.sin@ +s.cosB)ds (D.9)

The back-projected function f,(x,y) is then given by:
fylx, y)=J0nP9(t>d9 (D.10)

Where tis to be determined for each projection using equation (D.7). Thus the second reason for using rotational
coordinates system is the easy representation and manipulation of Fourier transform in this system that facilitate the

understanding and the implementation of the analytical reconstruction process of tomography.

End of Demonstration 2
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In our case of CT, the set of all projections Py(t) of the object function p (x, y) is called the Radon
transform of u(x, y). Using all these projections, a 2D image can be analytically reconstructed
by exploiting a theorem called “Fourier Central Slice” (see demonstration 3). This theorem
announces that the data of the 1D Fourier transform of a projection Py(t) is a subset of the data
of 2D Fourier transform F(u, v) of the object function p (X, y):

FT[Py(t)]=F () C FTTp(x,y) 1= u,v), 5)

where u = w.cos0 and v = w.sin0. To demonstrate this relationship, we will follow the method
presented in references [1] and [2]. Assuming that the function . (X, y) is finite and limited, so
that it has a Fourier transform (u, v) given by:

F(u,V)=J_:LW u(x,y).e MW dxdy. (6)

To demonstrate the central slice theorem of Fourier, we consider the case of 6 =0. In such a case

the two coordinates systems (x, y) and (u, v) coincide and the projection Py(t) is simply given by:

+oo

Poalt= nixy)dy 7)

-0

The 2D Fourier transform of the object function becomes (by taking into account that v = w
sin(0 =0) =0):

-0

—JM |JU: p(x,y)dy]e'zm(ux)dx ®)

~c0

F(u,O)—I L u(x,y)e M ¥ dxdy

+oo .
=.[ P6=0(X)e—2m(ux)dx

~c0

Note here that the 1D Fourier transform of a projection Py(t) is given by:
+oo .
Fe(w)=j_ Py(t=x)e 2™ dt )

Thus, we have demonstrate that Fy_y(w) is just a subset of F(u, 0) for a particular case of 6=0.
Because the orientation of the object in the coordinates system (u, v) is arbitrary with respect to
the coordinates system (x, y), this particular case can be extended to all angles 0 by keeping in
mind that the Fourier transform is conserved by rotation which isnecessary process in transmis-
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sion tomography in the real space. Indeed, the 1D Fourier transform of Py(t) produces a values
which are a part (the same) of the values produced by the 2D Fourier transform of i (x, y).

A dense set of values in the Fourier space can be approximated and simplified by considering
square coordinates that will easily back-transformed into real space. This can, sometimes, lead
to a confused reconstruction which is the consequence of an unachieved adjustment of the high
frequencies in the Fourier space (Fig. 3).

Approximation

Figure 3. Fourier transform of a projection Py(t) (left) and the interpolated data in the square coordinates system
(right). The interpolation of high frequencies (high values of (u, v)) is inaccurate.

Demonstration 3.

Here, we demonstrate the Fourier Central Slice Theorem announcing that the Fourier transform of a projection Py(t) is a

subset of a of two-dimensional Fourier transform of the i (x, y) object function (Fig. D.2).

The Fourier transform of a projection P,(t) may be given by the following expression:

+00

Po(w)= I Pet)e 2™ dt (D.11)

The projection is given as mentioned before by:

+00+00

Py(t)= J Jé(xcose +ysind—t)u(x, y)dxdy (D.12)

The last expression of Py(t) can be whiten in the polar coordinates system (r, ) be the following expression:

2 (oo
Pe(t):J J 8(rcospcosd + rsingsin@—t)u(r, )| rldrde
00 (D.13)

2 oo
:JO Jo S(rcos(o-6)-t)u(r, @) lrldrde

If we take the 1D Fourier transform of last expression of Py(t), we get the following expression:
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+00

Pe(w):TF(Pe(t)):I Py(t)e ~2™idt

+oo 21T [ 00
:J L HL 8(rcos(p—0)—t)u(r, p)e 2™ | r | drdepdt (D.14)

—00

2m (oo . 0
:L L u(r' (p)e —2miwr cos(p— )|f|dl'd(p

Similarly, we proceed to the calculation of the 2D Fourier transform of the object function u (x, y).

Flu, v):[_mjmu(x, y)e 2Ty (D.15)

—00

If we transform this last expression to polar coordinates in both spatial and frequency domains using the following well-

known transformation equations:

{x =rcosQ [u =wCosyY

. a - (D.16)
y=rsing v=wsiny
we obtain the following expression:
F(u, v)=F(wcosy, wsiny)
2 (oo
_ —2miwr (cospcosy+singsing)
—L IO ulr, ple Ir|drde (D.17)
(e —2mtiwr cos(p—y)
:[O L ulr, ple Irldrde
The comparison between the equations (D.13) and (D.16), allow us to write the following equivalence:
TF1p[Pe(t)]=Pglw)=T Fyplu(r, )]=F(wcosy, wSian)e:(,, (D.18)

Thus, it was demonstrated that the 1D Fourier transform of a projection is a subset (central slice) of the 2D Fourier
transform of the object function. Therefore, a simple back-transformation (inverse transform) of the Fourier transform

may allow the reconstruction of a 2D layer (slice) of the object.

Y

domaine spatial domaine fréquentiel

Fig. D.2. lllustration of Central Slice Theorem of Fourier.

Image reconstruction using the central slice theorem is theoretically possible for an infinite number of projections. For
real data case, we have only a finite number of projections. In this case, the Fourier transform function F(u,v) is known
only on number points along radial lines. In practice, the number of samples (points) taken is the same for each

projection direction. As well, in the Fourier domain, the sampling is constant regardless of the direction of projection.
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Thus, the digitalization and sampling is a very important process in practical tomography. To be able to reconstruct the
object function, these samples (points) must be interpolated from a polar to a Cartesian coordinates (Fig. D.3). Generally,
this interpolation is done by taking the nearest neighbour value or by a linear interpolation between known points. The
density of points (frequencies) in the polar reference becomes smaller when we move away from low frequencies (i.e.,
the origin). So the interpolation error is larger at high frequencies than at low frequencies, and this causes the

degradation of the image details.

LAS
\ y

Fig. D.3. Transition from a polar grid to a Cartesian square grid.

End of Demonstration 3

How many projections are needed for good reconstruction? This question has been answered
by the Nyquist-Shannon theorem. This theorem announced that a unique reconstruction of an
object sampled in space is obtained if the object was sampled with a frequency greater than
twice the highest frequency of the object details. In the parallel scan mode, for a sampling for
S points per projection line, a number of P projections (angles 0) is necessary to accomplish
the Shannon theorem in tomography. If D is the diameter of the object to be scanned, and Ax
is the difference between two points of scanning, then the number of points (sampling) in each
projection line to be scanned is given by:

D
S=— 10
Ao (10)

For a scanning of the object over 360 °!, each point is scanned again after a path equal to D
and this for each point situated on the surface of a circular object of a diameter D (the highest
frequency). For this case, the number of projections must be equal to:

1 Generally if the object is homogenous and symmetric, a scanning over 180° is sufficient.
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= (11)

According to Nyquist-Shannon’s theorem it is required for a good reconstruction that Ay
2Ax. If we put Ay 2 2Ax, we obtain a relationship between the number of scanned points S in
one projection line (sampling of the object) and the number of necessary projections P (see
demonstration 4):

Tt
P>-§ 12
; (12)

Indeed, S and P are the most important parameters that determine the quality of the recon-
struction. If P violates the last condition (Eq.11) when for example a number less than necessary
P projections is recorded, a new reduced diameter (D = D *) which satisfies the Shannon
condition must be calculated. This reduced dimater determines the reduced volume (area) of
the object that can be well reconstructed for this reduced number of projections although the

whole object of real diameter D is scanned.

Demonstration 4.

In computed tomography, it is recommended that the number of projections (P) must be in the same order as the
number of rows of pixels in a single projection (S) [3]. The condition on P and s given by Eq.12 which is established when
considering the Nyquist-Shannon sampling theorem can be proven by the following manner. Let considering P
projections over 180° and S rows of pixels, the angular increment between two successive projections A6 in the Fourier

space is given by [4]:
ne= (D.18)

For a distance Ax between two adjacent rows, the highest spatial frequency measured (w,,,,) in a projection is given
according to the Nyquist-Shannon theorem by [5]:

1

Wmax=34x (D.19)

The scanned object representation in the frequency domain (2D Fourier Transform) correspond to disk’s radius that
contains the measured values (Fig. D. 4). The distance Af between two consecutive values of the furthest circle from the
origin is given by:

1T m

Af:wmaxAO:mF (DZO)
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Vi ¢

Fig. D.4. Density of the measured values in the frequency domain.

For the S values of each projection in spatial domain correspond S measured values in the frequency space (measured
for each line). Therefore, the distance & between two consecutive values measured on a radial line in the frequency

domain (Fig. D.4) is given by:

20 1
= = D.21
=< =pg (D.21)

A sufficient condition to obtain a good reconstruction is to ensure that the worst azimuth resolution (s) in the frequency

domain (Fig. D.4) is in the same order of radial resolution (g). This condition can be expressed as follows:

m 1

DS (D.22)

N =

i
2D
Thus, the ratio between the number of projections (P) and the number of rows (S) must be in the order of it / 2.
An insufficient number of projections may produce a 2D or 3D reconstructed image which present many undesirable
artefacts. In practice, most of the tomography detectors cannot measure below the nominal Nyquist resolution
determined by their dimensions or pixel size. The exploration beam is not perfectly parallel, too, this is another source of
errors on the measured data obtained especially when using a reconstruction method which assumes that the beam is

parallel.

In practice, insufficient number of projection generates artefacts such as those shown in figure (D.5) [3]. The projections
of figure (D.5) have a dimension of 64x64 pixels. So the number of rows S is 64. As it has already been demonstrated, a
number P of projections around a value of 100 (P = Srt / 2) is sufficient to produce an acceptable reconstructed image.
For the case of this example, it is clear that the reconstruction image obtained from 64 projections is the closest one to
the original image. The 2D reconstruction is performed using the Filtered Back-Projection method (FBP) that will be

described in the next section.
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Fig. D.5. Results of 2D reconstruction of an object by FBP method of tomography and induced artifacts for different
number of projections: (A) original image, (B) 1 projection, (C) 3 projections, (D) 4 projections, (E) 16 projections, (F) 32
projections and (G) 64 projections [7].

The number of projections is not the only parameter that affects the reconstructed image. The sampling of projections S
(number of rows) and the dimensions of the grid of reconstruction will also affect the reconstructed image dramatically

if they are not well optimized

End of Demonstration 4

1.1.2. 2D and 3D image reconstruction

As already mentioned, the inverse transformation (simple inversion) of the Fourier transform
Pg(w) can be directly used to produce the 2D reconstructed layer of p (x, y). However, a more
efficient way and more elegant has been developed called “ Filtered Back-Projection (FBP)"
making the reconstruction process less expensive and less complicated when compared to the
direct calculation of the inverse Fourier transform [1,2]. The basicidea of this method is derived
from the tomography principle and the scanning mode: the object (set of layers) is scanned
projection by projection from 0 ° to 180 °© which means that Py(t) = Pg,4(-t) and suggesting the
use of a polar coordinates rather than Cartesian square ones. As it was demonstrated the
digitization and sampling details by the right selection of P and S are very important in
Computed tomography. If the projections are recorded in polar coordinates, the projections
Fourier transforms will be discrete values of a polar function. Thus, it seems appropriate to
write the 2D Fourier transform of the object function p (x, y) in polar coordinates. The inverse
Fourier transform p (x, y) of F(u, v) written in Cartesian coordinates is given by:

p(x,y)=_[_+°O I_+wF(u,V).e’ﬁ(ux+VY) dudv (13)
The same inverse transform in polar coordinates is given by:
HGoy)]. " [ F(w,0) ) o (14)

The substitution of x cos (0) +y sin (0) by t and the application of Fourier Central Slice theorem,
allow us to get the following expression:
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H(X,y)=J.0n£:°[F(w,E)).e*zm‘*’t lw ! dw]ld6
(15)

='[nU‘ml:(w,6).e+2m“’t lw ! da)}de

0 LJ—oo

The integral in brackets can be regarded as the inverse Fourier transform Py(t) of Py(w).
However, we note that it is multiplied by the function |w!| which plays the role of a special
ramp filter function in the frequency domain. So, we define the filtered projection by:

+oo

Qe(t)=L Po(w) | 0l e dew (16)

Thus, the object function will be simply given by:

H(x,y) j [Q,(t) Jdo= j [ Qq(xcosO+ysin®) [d6 (17)

Knowing previously that a product (multiplication) in Fourier space (frequency domain)
corresponds to a convolution of inverse Fourier transforms in real space (spatial domain), the
following relation can be written:

FT[Py(w)x | w | J=Pe(t) @ FT [ w | ] (18)

The convolution operator is denoted by the symbol ®. The function lw! is not a square-
integrable function, thus it has no inverse Fourier transform. However, the inverse transform
FT'[lw!] can be approximated by different filter response functions (convolution with gains,
filter functions). Considering these last remarks and regarding the result of Eq.17, The
reconstruction process of u (x, y) can be performed from the projections Py(t) obtained as
follows:

“In FBP reconstruction process, each projection Py(t) is first convoluted with a specific and suitable filtering function (eg Shepp-
Logan, w/2m sinc(w)) and the measured values are recorded in (x, y) plans as illustrated in Fig. 4. To control the measurement process
of tomography, the projections are arranged in a sinograms® recorded as shown in Fig. 5. On the sinogram, each vertical line is a
projection at an angle 6 and represents the variation in the gray level as a function of the pixel’s or detector’s position. On Fig. 6 are
shown 4 different reconstructions. The projections Py(t) are converted to grayscale, convoluted with a filter with a specific gain and
back-projected onto the entire plan (x, y). The addition of all projections result in the reconstruction of the 2D layer desired. More
the number of projections is high more the reconstruction plans is well covered in terms of data and less the star-shaped artefacts are
present on the reconstructed image. With such reconstructions, 3D images can be obtained by stacking all the 2D layers and a

reconstructed 3D volume data (details of the object) can be extracted from the stack obtained” .

2 the number of sinograms is equal to the sampling number of S



Mathematics and Physics of Computed Tomography (CT): Demonstrations and Practical Examples
http://dx.doi.org/10.5772/52351

OOk o0F o0z  obi
100 200 300 400

Figure 4. Scanning a 2D object (details: circle and square) and the corresponding projections [7].

o

#=(r-180

Figure 5. Example of projection Sinogram of the object of Fig. 4: the y-axis shows the projections (gray level variation
as a function of the pixel’s or detector’s position) and on the x-axis, these one pixel width projections are arranged
from the first projection (6=0) to the last one (6=180°). Each sinogram will be used for the reconstruction of one pixel

layer of the object.

Projection 2 Projections 4 Projections 1000 Progections

Figure 6. Reconstructions obtained for 4 different numbers of projections to illustrate the appearance of star-shaped
artefacts when the number of projection is not sufficient.
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1.1.3. Discretization of the analytical methods

In the last sections, many times we have considered the ideal continuous case to model the
projection and the reconstruction processes of tomography and to explain the principle of the
analytical reconstruction methods such as FBP. Indeed, we have worked in an infinite
continuous domain (R?), and tried to reconstruct a continuous function f from continuous
projections Py defined for all angle 0 in the interval [0, 7 [. These conditions are obviously not
possible in practice. Acquisition systems allow just obtaining a number of projections P, for a
finite number of angles, denoted 0,. The limited number of detectors makes these projections
sampled and known only at discrete points u,. It would be unrealistic with such data to try to
reconstruct a continuous function f in R2. Therefore, the object function f(x,y) will be recon-
structed on a discrete grid for a finite number of points (f(x;y;)). This is also the limit imposed
by the used numerical reconstruction algorithms. The reconstruction problem then will be
approached as follows: for given a set of projection measurements:

[Py ()),0<1<50<k<P}, (19)
the reconstruction problem is reduced to finding f at any point of a finite discrete grid:

{f(x;,y;).0<i<80<j< S} 20)
with:

0, =kAO, AO=x/P,

, =1d,
x;=iAx, Y =]y, * @

where A0 is the sampling step of the rotation angles, P is the number of angles (projections),
d is the sampling step on each projection line (ray), Ax and Ay are the sampling step on x and
y in the reconstruction plan.

The discrete reconstruction methods according to this definition can be divided into two
categories:

1. The first class method consists in the definition of discrete operators and functions equivalent
to those defined in the continuous case (Radon transform, back-projection, Fourier transform,
etc.) and all the inversion formulas and theorems defined for the analytical methods already
presented.

2. The second category is based on a completely different approach: in these methods the
projection equation (p=Rf) is directly discredited and a linear equations system is built. The
resolution of this system is possible only by iterative methods called algebraic methods. The
algebraic method will be presented in the next section.



Mathematics and Physics of Computed Tomography (CT): Demonstrations and Practical Examples
http://dx.doi.org/10.5772/52351

2. Algebraic methods of image reconstruction in tomography

The algebraic methods are especially iterative methods. These methods are less used when
compared to the easy and well known filtered back-projection method. In this method the
reconstruction problem is see differently and no longer refers to the Radon transform. The
image of the object consists of a number k of pixels whose values f, are unknown. Similarly,
the projections are discrete and formed by a number of 1 dexels (depth pixels) whose values
"pi" are known since they correspond to measurements in each line of projection. Reconstruc-
tion of the object image by the iterative method is based on the following hypothesis: each
detected values in a dexel is a linear combination of pixel’s values to be reconstructed [6]. The
reconstruction problem is formulated by a discrete expression of matrix (p = R.f) describing
the projection process. The set of values of the projection lines (dexels) is arranged in projection
vector p. All pixels of the image to be reconstructed are also grouped in a image vector f. The
coefficients which characterize the contribution of each pixel in each line of projection is
determined and stored in a matrix R. The projection of an object is modeled in the case of an
original image of n x n pixels, a number n of projection directions and a number n of dexels in
each projection line, by the following equation [6]:

p=Rf (22)
ol [y e e g [ A
P> o f
T g (23)
Pl L e e e T ]

This last equation expresses the fact that what is detected (p) is the result of values (f) of the
image to be reconstructed, subject to a projection operation represented by the projection
operator R [6]). Through this modeling of the projection process, one looks in practice to find
f according to p by solving the inverse problem f = R™.p. Because of the size of this equations
system, the resolution cannot be performed except by successive iterations [7]. Fig. 7 shows an
example of projection and back-projection. In the algebraic reconstruction method based on
iterative process, the back-projection is modelled by a back-projection operator R* who is none
other than the transposed matrix of R. Thus, the reconstruction problem is limited in solving
the inverse problem f = R'.p.

The resolution of the inverse problem by iterative methods consists in finding a solution f
minimizing the distance d between p and R.f where p and R are known. Here, it is question to
start from an arbitrary estimate of the image solution and to proceed schematically to the
correction the first estimate basing on a principle of trial and error. Each next estimate is
projected and the result obtained is compared to the measured projection. The returned error
is used to improve the next estimate. This method leads to build gradually low-to-high
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frequencies of the image solution. The results of the first iterations are smooth because of the
predominance of low frequencies (internal structure) of the object. Subsequently, more
iteration are applied more high frequencies (overall shape and background noise) are repre-
sented. The image produced by iterations approximate gradually the image solution (the
algorithm converges) [6]. However, we show that when using such iterative methods and after
a number of iterations, the process begins to diverge (under the influence of noise) and the
image moves away from the true solution. To overcome this inconvenient, we impose a
constraint to the reconstruction process to interrupt the iteration after a certain number of
iterations. This is equivalent to use a low pass filter as in the case of filtered back-projection
method.

v

I~ I,

Projection Back-projection
Figure 7. lllustration of projection and back-projection processes.

2.1. Projection modeling

The projection process is modeled by considering the coefficients of the projection matrix R
that generate the acquisition data. Some special geometric and physical considerations are
necessary for this modeling. In the iterative reconstruction method the modeling concerns the
following points:

1. Modeling of the pixel (detector) intensity distribution: it is necessary to specify the
real conditions of image pixels projection [6]. It is based on the evaluation of the
contribution of each pixel in the corresponding projection line (ray). Knowing that the
most accurate model (perfect) and the more complicated to be applied consists in
considering square pixel (uniform); simpler models are possible. Among these simple
models, there is the model called Dirac model in which all the pixel intensity is
concentrated in the centre of the pixel. Thus, the whole intensity of the pixel contrib-
utes to the projection line (ray) if and only if it passes through the Dexel. There is also
another model called the model of concave disc which is considered as a compromise
between the two previous models. In this model, the intensity of the pixel is geometri-
cally limited to a disk included in the pixel and distributed so that its projection is
rectangular regardless of the direction of projection [6].
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2.  Geometric modeling of the projection operator: for the determination of the coefficients
of the projection matrix R, we must consider the number of projections and their angular
distributions and the projection beam geometry which can be parallel or fan. If, for
example, the intensity model distribution is that of Dirac, a given pixel with an index k
crossed by a ray of an index p generates a projection coefficient r_equal to 1; if this is not
the case, zero value is assigned.

3. Physical modeling of the projection operator: this model is based on the distance between
the position of the object pixel to the detector. A pixel located away from the detector will
see its contribution to the projection ray reduced compared to a nearest one. With this
modeling aspect the beam attenuation will be included in the resulting reconstructed
image.

2.2. Main iterative algorithms

There are many algorithms that have been developed that used the iterative method for
tomographic reconstruction (see practical example 1). Among these algorithms, the main ones
are: the Algebraic Reconstruction Technique (ART), the Simultaneous Iterative Reconstruction
Technique (SIRT), and the Iterative Least Squared Technique (ILST). Currently, the most
commonly used algorithms are: the Expectation Maximization algorithm (EM) and the
Conjugate Gradient algorithm (CG).

1. EM algorithm

This algorithm was developed and proposed by Lange and Carson. The formula of this
algorithm is the following [6]:

n+1: nRtL
ffo=f R (24)

Where n is the number of the actual iteration. This algorithm is characterized by the fact that
it keeps the number of iterations for each projection. Moreover its multiplicative form gives a
positivity constraint although it implies a slow convergence.

2. Conjugate gradient algorithm (CG)

It is an algorithm which is used because it converges very quickly. It is based on a classical
descent method. Its formula of iterative updating can be, roughly, given by the following
expression [7]:

fn+1 :fn +andn (25)

We can verify that the correction is not multiplicative as for EM algorithm, but it is additive.
This formula is characterized by a descent direction d (Eq. 26) and a descent speed a (Eq.27)
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that are recalculated in a conjugated manner for each iteration and this to optimize the speed
of convergence [6].

‘@w—RRﬂz
a = (26)
(R'p - R'Rf")' R(Rt p - Rt R fn)

iteration.1: d' = R'p - R'Rf"

27
iteration2: d"=(R'p-R'Rf")+b"d" @)

Through this process, the error between the measured projections and those calculated is
minimized progressively. This error evaluation formula is given by:

e=lp-ff @

3. ART algorithm

The formula of the iterative updating of this algorithm is given by the following expression:

pi=Rf"

1
fi(n+ ) — fi(”) + Rji .
%

(29)
The correction in this algorithm can be additive (e=p,-p,") or multiplicative (e= p,/pi").
4. SIRT algorithm

The formula of the iterative updating of this algorithm is given by the following expression:

ijj _Z],R].f(")
2,2 ZJ&W

fi(n+1) :fi(n) + (30)

Practical example 1

To illustrate the difference between the iterative algorithms, let consider the example of figure (E.1). In this example we

consider an object (image) composed by 2 pixels which are projected as shown on this figure.
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Fig. E.1. Object (2 pixels) and projection model

For each projected line, the projector matrix is modeled by considering a value proportional the area of the pixel
covered by the ray (projection line).For example for p, the projection ray cover approximately % of the area of the first

pixel (f,) and ¥ of the area of the second pixel (p,). Therefore, the projection operator (matrix) can is given by:

{3/4 1/4}

E.1
1/4 3/4 (E1)

Supposing that the object function in known (f;=2, f,=3). In this case the projection values are equal to:

pi=lafi+ o= 30

11

(E2)
Py= 1/4761 + 3/4f2: T(Z)

We try know to compute the object function data (f,, f,) using some practical iterative algorithms and to compare the
values obtained to real ones (f,;=2, f,=3). For all of the following algorithms, the initial iteration conditions are:
f,9=f0=0="/>p °= p,°=0.

1. Additive ART algorithm with Kackzmarz method

In this method, the iteration updating is given by:
fan: ! +(Pk—pk”)ka/Z 2 (E.3)
j Rk/
During the iteration process just one ray equation (p, or p,is used per iteration alternatively. Results of the iteration and

p; pupdating are shown on the following matrix.

Iteration(n) 1 2 3 4 5 6 7 8 9 10 11 12 13
fin 270 326 225 245 220 225 206 210 202 2.02 202 202 2.00
f,n 090 258 224 2.84 275 290 284 296 293 298 297 299 298 (E.4)
pyn / 3.09 / 254 /241 / 231 /227 / 226 /
py" 1.35 /224 /261 / 264 /270 /273 /273

We can easily verify that this algorithm gives a solution which approximate well the real one (2,3) after 12 iterations
(2.02,2.99)

2. SIRT algorithm with Jacobi method
In this method, the iteration updating is given by:
=7+ (py—pen) [ R; (E5)

In this method f," is calculated from the equation of P,(Eq.E.3(1)) and f,” from the equation of P,(Eq.E.3(2)) for each

iteration by taking into consideration p,” and p," updating. The results obtained are shown n the following matrix:
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Iteration(n) 1 2 3 4 5 6 7 8 9
fn 3 178 299 273 211 208 201 2.01 2.00
fon 3.66 266 0.81 268 275 296 297 299 299 (E.6)
P 316 2 244 271 227 230 225 225 /
py" 449 244 135 269 259 274 273 274 /

With this algorithm and method the best solution is obtained after 9 iterations.
3. SIRT algorithm with Gauss-Seidel method

This method is similar to the Jacobi method and use the same updating function (E.5) but just for the first iteration which
allows the determination of f," value. After that £, is estimated from p, equation considering the obtained value f,’
which itself will be used to determinate f,? from p, equation and so on (by matching alternatively between p, and p,)

until obtaining the best results. The results obtained are shown on the following matrix:

Iteration(n) 1 2 3 4
fin 3 118 190 1.98 (E.7)
fyn 2.66 3.27 3.03 3.00

We remark that this algorithm and method gives good results just after 4 iterations; so it is the very fast one in term of

convergence.

End of practical example 1

2.3. Iteration stopping rules

The iterative process for image reconstruction must be stopped at the end of the conver-
gence phase before it starts diverging. This can be done using some regularization meth-
ods. Indeed, well selected regularization parameter can controls the amount of stabilization
imposed on the solution. In iterative methods one can use the stopping index as regulariza-
tion parameter. When an iterative method is employed for image reconstruction, the user
can also study on-line adequate visualizations of the iterates as soon as they are computed,
and simply halt the iteration when the approximations reach the desired quality. This may
actually be the most appropriate stopping rule in many practical applications, but it requires
a good intuitive imagination of what to expect. If this is not the case, a computer can give
us some aid to determine the optimal approximation. The stopping rules are divided into
two categories: rules which are based on knowledge of the norm of the errors, and rules
which do not require such information. If the error norm is known within reasonable accuracy,
the perhaps most well known stopping rule is the discrepancy principle Morozov [8].
Examples of the second category of methods are the L-curve criterion [9], and the general-
ized cross-validation criterion [10].

3. Conclusions

After a substantial effort, major breakthroughs have been achieved in the last fourteen years
in the mathematical modeling of CT. The aim of this chapter is to survey this progress and to
describe the relevant models, mathematical problems and reconstruction procedures used in
CT. We give a summary on the mathematics of computed tomography. We start with a short
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introduction to integral computed tomography. We then go over to projection and inversion
algorithms. We give a detailed analysis of the filtered back-projection algorithm in the light of
the sampling theorem. We also describe the convergence properties of iterative algorithms.
We shortly mention Fourier based algorithms used in CT.

Good reconstructions from the interlaced lattice can also be obtained by using the direct
algebraic reconstruction algorithm, or by increasing the amount of data through the interpo-
lation according to the sampling theorem. As we have seen, the interpolation step can
introduce significant errors in certain cases. It has also been shown that the interpolation can
be avoided by choosing the points x where the reconstruction is computed on a polar grid
rather than on a square Cartesian grid, and interchanging the order of the two summations.
This algorithm should work well for the interlaced lattice and is particularly beneficial in case
of the fan-beam sampling geometry, since the method also avoids the homogeneous approx-
imation, whose influence on the reconstruction is difficult to estimate.

The cone and fan beam scanning are the standard scanning modes in present day’s clinical
practice. The methods described above assumed that the geometry of the acquisition was a
parallel geometry, like that of first generation systems. In the case a conical geometry (or fan),
three methods are possible:

1. The first is to ignore the discrepancy. The error induced by this approximation is consid-
ered negligible if the beam angle is low (typically below 15 degrees). This method is
applicable to systems of second generation, but more to the following where the beam
must cover the whole section of the patient to remove the translation.

2. Thesecond method is to rearrange the data in parallel projections, mainly by interpolation.

3. The last method is to reformulate the problem completely. It becomes apparent that the
projection theorem cannot be generalized, which does not have direct inversion method.
The projection theorem can be adapted to different geometries, and then the algorithm is
the same as for a parallel geometry, with the same calculations. Finally, the filtered back
projection formulas can be corrected and result in a slightly different algorithms. The
algebraic methods have some fewer additional problems, but the flexibility in the choice
of basic functions and thus the coefficients of the matrix R, allows these methods to be
adapted to different geometries.

Finally, I want just to add that the purpose of this chapter is to give an introduction to the
studied topic and treat some related aspects in more detail. The reader interested in a broader
overview of the field, its relation to various branches of pure and applied mathematics, and
its development over the years may wish to consult the appropriate bibliography.
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Chapter 5

Transparent 2d/3d Half Bird’s-Eye View of Ground
Penetrating Radar Data Set in Archaeology and Cultural
Heritage

Selma Kadioglu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54998

1. Introduction

This chapter focuses a new visualization approach to the monitoring of internal micro-
discontinuities such as cracks, micro-fractures and cavities, and archaeological remains with
foundational infrastructure. The method uses a hybrid interactive two-dimensional / three-
dimensional (2D/3D) transparent visualization of ground penetrating radar (GPR) data set
gathered from sites of archaeological and cultural heritage. The data visualization is based on
methodological formulation of amplitude—colour scale function for 2D radargram visualiza-
tion to indicate micro-discontinuities, infrastructures and buried archaeological remains. The
transparent 3D imaging combines to half bird’s-eye view was constructed from a processed
parallel-aligned 2D GPR profile data set by using an opaque approximation instead of linear
opacity. The amplitude—colour scale is balanced by the amplitude range of the buried remains
within a proposed depth range, and appointed an opaque coefficient in order to differentiate
buried remains from others. Interactive visualizations are conducted of transparent 3D half
bird’s-eye view of GPR data volumes.

Archaeological and cultural heritage represent cultural identity and a source of creativity for
present and future generations. Conservation of art treasures is a serious problem, since all
objects change or deteriorate over time, mainly due to natural forces of decay. Requirements
for maintaining the existing condition of buildings, monuments or statues of historical interest
differ from the requirements of an initial treatment. Many of the problems associated with
treatment involve the lack of prior, baseline information. Identification of the causes of
degradation and understanding of the cause/effect relationships are crucial for the conserva-
tion of archaeological and cultural heritage. The treatment of such items generally involves

I m E H © 2013 Kadioglu; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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coating or vapour barriers, and compatibility with substrate. However, cultural heritage
requires maintenance not only for its walls, but also its infrastructures and security of foun-
dations. Therefore, safety and maintenance management of such sites must include imaging
of infrastructures and potential discontinuities. The same importance should be given to
archaeological sites, especially in urban areas. Therefore, there is also a need for improved
non-invasive methods of visualization in evaluating the progress of the buried infrastructures
of archaeological heritage.

Ground penetrating radar (GPR), which is also called surface penetrating radar, is a time-
dependent, high frequency electromagnetic geophysical technique that can provide a 3D
pseudo image of the subsurface, including the fourth dimension of colour, and can also provide
accurate depth estimates for many common subsurface objects [1, 2]. GPR uses the scattered
wave field of high frequency electromagnetic (EM) waves. The EM waves travel at a specific
velocity that is determined primarily by the permittivity of the material. The principles of GPR
have been explained extensively in the literature [3], especially for fault and fracture imaging
[4-9]; in assisting contaminated sites by locating buried features of interest such as under-
ground storage tanks, pipes [10-11], unexploded ordnance (UXO) and clutter [12-14]; and in
the mapping of shallow stratigraphy and discontinuities [3, 15-20].

Ground penetrating radar (GPR) provides more detailed results than other geophysical
methods, because it can image the position and the depth of targets within very complex and
restricted areas. The method is non-destructive and can be applied on a surface, a wall, or a
monument [21-23]. The method can also be used in urban areas or in archaeological structures
and, depending on the antennas and the particular situation, can achieve a resolution of the
order of several centimetres 24-26]. Therefore, it has been the most commonly used method
for defining cultural heritage and buried remains at archaeological sites. Furthermore, detailed
imaging has become an important area of interest [1, 24- 28]. Generally, parallel 2D profile data
are acquired in the archaeological site. 3D data imaging, obtained by aligning parallel 2D
profile data sets, is used to identify temporal changes at a constant depth. The locations and
the depth of the remains in the study area can be determined via slices of the 3D data volume.
Therefore, the GPR method gives more precise results than other geophysical methods.
However, the obtained results and their interpretation can be further improved when the data
set is visualized as a volumetric rendering of the remains. This method allows anyone to
imagine how an area looked by looking into the 3D image.

The aim of this chapter is to show transparent 3D GPR data visualization with the most suitable
viewing angle into this 3D data volume including buried objects, which is called a transpar-
ent 3D half bird’s-eye view of the GPR data volume or its sub-volumes. Therefore, first, we
introduce the study areas and data acquisition, followed by general data processing steps of the
gathered 2D GPR profile data set. Third, we show a revised colour range of the amplitude scale,
representing the fourth dimension of the hybrid 2D/3D visualization. Fourth, we attempted to
realize a new amplitude—colour-balancing approximation, according to the travel time range
ordepthrange,asanalternativeapproximationofgaininordertopreventexaggeratedamplitude
gain, which affects transparency and obscures buried infrastructures. Fifth, we appointed anew
opaque function, which must support amplitude—colour scale in order to supply transparen-
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cy and reveal the fractures, cavities, buried wall remains and foundational infrastructures of
interest. The fourth and fifth steps are conducted one within the other.

In this chapter, first, the method was used to show micro-discontinuities in monumental statue
groups at Mustafa Kemal ATATURK’s mausoleum (ANITKABIR) in Ankara, Turkey. Second,
the method was used to define buried infrastructures and archaeological remains inside and
northeast of the Zeynel Bey tomb, in Hasankeyf ancient city in south-eastern Turkey. The
studies examined whether the proposed GPR method could yield useful results at these highly
restricted sites. Our visualization results were an interpretation of the two datasets with
different objectives.

2. Monitoring micro-discontinuities in monumental statues

2.1. Study area: Mustafa Kemal ATATURK’S Mausoleum, ANITKABIR

The Anitkabir mausoleum, was completed in 1953 in Ankara, Turkey (Figure 1). It hosts state
ceremonies during national festivals, and represents the Turkish people and Ghazi Mustafa
Kemal ATATURK, the founder of the Republic of Turkey (Figure 1b). Anitkabir was con-
structed in three phases. The first part is an entrance road, called the Lion Road, which is 262m
long and has a total of 24 lion statues along each side, representing power and peace (Figure
1c). The second part is a ceremonial square, and the third is the Mausoleum (Figure 1c). At the
beginning of the Lion Road, the Turkish people are represented by three large male statues in
front of the Freedom Tower on the left side (Figure 1d), and three large female statues in front
of the Independence Tower (Figure 1e) on the right side [29].

The monument groups (three women, three men) and twenty-four lion statues of Anitkabir
are mainly composed of white travertine from Pinarbasi, Kayseri, Turkey. The white-coloured
travertine has a banded and spongy texture under the microscope [23]. It is mainly composed
of calcite, aragonite with a small amount of salt, recrystallized calcite, gypsum and plant relicts.
Table 1 shows the modal mineralogical composition and physical properties of this travertine.
Micro-fractures were observed under a polarizing microscope, especially at the rim of the
vesicular of the rocks (Figure 2).

Mineral Composition Calcite (54%) and Aragonite (31%)

Alteration Products Recrystallized calcite (13.5) and rarely gypsum and halite (1.5%)
Colour White

Hardness 3 Mohs, 52.8 Schmidt

Unit Volume Weight 2.52 gr/cm3

Porosity Ratio (%) 9.8+£2.180

Cracks Ration (%) 34

Alteration Ratio (%) 25

Table 1. Mineralogical composition and physical properties of white-coloured travertine in Anitkabir.
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Figure 1. (a) Geographical location of the study area, (b) Ghazi Mustafa Kemal ATATURK, the founder of the Republic
of Turkey, (c) the ANITKABIR monument, Ankara-Turkey, (d) three large male statues at the beginning of the Lion
Road, which is the entrance to Anitkabir, on the left side, (e) female statues facing the male group, (f) 24 lion statues,
representing power and peace, sit on each side of the Lion Road.
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Figure 2. (a) A lion statue, (b) view close to surface of lion, and (c) microphotograph of white-coloured travertine.
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Figure 3. Data measurements on the female statues.

2.2. GPR survey description

The human statues were divided into several subparts such as skirt or under waist, between
waist and neck, arms, trousers, etc. for GPR survey. Some parts were divided into additional
subparts (Figures 3 and 4) according to their figures, in order to enable true 3D imaging and
protect the profile line position, because topography correction was not possible on the statues.
In addition, three profiles spaced 10 cm apart were arranged along the backs of lion statues.
The data acquisition scheme is shown in Figure 5, in which GPR data profiles gathered on the
body of the first female statue were split into two parts, called skirt and upper part between
waist and neck.

Profiles were spaced at 10 cm on each subpart, and were lined with a paper band sticker. First,
data survey tests were carried out to determine the recording time-window according to the
approximate thicknesses of the statues. A RAMAC CU II GPR system equipped with a 1.6-
GHz bistatic shielded antenna was employed on all the statue groups. Transmitter—receiver
antenna offset was 0.05m. Trace spacing was 0.0044m and time-sampling interval per trace on
each profile was 0.0327 ns.
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Figure 4. Data acquisitions on the male statues.
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2.3. GPR data processing

Data processing was performed on 2D GPR profile data sets for each part of the statues with
the REFLEXW program (ver. 5.5) developed by Sandmeier Scientific Software [30]. Start-time
correction, then de-wow and background removals were applied to all the profile data in order
to protect the true time scale, remove very low frequency effect and average amplitude
knowledge respectively. The amplitude decay compensation was applied to all traces of the
whole data set by using the same small-scale linear gain function. A second-order band-pass
Butterworth filter was used for the whole data set to eliminate low-frequency artifacts and
high-frequency noise. The resulting synthetic hyperbolas were matched with diffraction
patterns throughout the profiles to determine average velocity of the electromagnetic (EM)
wave. The best matching hyperbola provided the velocity of 0.12 m/ns. Finally, Kirchhoff
migration was applied to the radargrams using average velocity, in order to carry diffracted
electromagnetic (EM) waves true locations.

The quality of GPR images is strongly dependent on appropriate correction of the attenuation
effects, usually supplied by time-varying gain. However, historically, the use of amplitude
gain in basic processing of GPR data has been highly subjective and also very much displaying
methodology [31]. There are various methods available for amplitude gain for GPR data.
Traditional time-varying gain is carried out using linear, exponential functions, etc. functions,
including ground wave amplitudes. However, this operation is not linear. The time-gained
GPR data cannot recover the original information. Selection of the gain function depends
mostly on the user and the quality of the GPR data. Both exaggerated linear and exponential
time-gain change not only the amplitude range for each time step but also amplitude shape.
Exaggerated time gain to image 2D GPR data can result in erroneous interpretation, especially
when using such data to construct a 3D volume.

Time-gained signal is

s(x,t):r(x,t)h(t) (1)

rmax

rmin

h(t)=a,1<a< )

Where, K (t) , is a time gain function, |7, | and [ | are maximum- and minimum

amplitude of the reflected/diffracted wave r(x, t), respectively.h (t), has a constant decimal
value a between 1 and 2, and also is a linear function between 1 and a for a 2D data profile [32].

Our approximation concerns 2D or 3D image simplification in determining buried archaeo-
logical remains and discontinuities such as fractures. Therefore, we assigned a new amplitude—
colour range for 2D radargrams of the GPR profiles and opaque range in order to identify
anomalies and display the data set in a transparent 3D data volume. Figure 6a indicates some
processed radargrams of the profiles of the skirt of the first female statue, shown in Figure 5.
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Figure 5. GPR data acquisition scheme of the first female statue.
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Figure 6. a) Processed 2D radargrams of the GPR profiles 1 to 5, acquired from the skirt of the first female statue,
using (b) selected linear amplitude—colour function, (c) the same radargrams using (d) re-arranged amplitude—colour
scale of (b) to reveal small cavities and fractures on the radargrams.
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Alinear colour scale of the radargrams (Figure 6b) indicates the amplitude range, which begins
with maximum negative polarity and ends with maximum positive polarity. The blue colour
range represents maximum negative amplitude, while the purple colour range represents the
positive amplitudes according to their values. It is known that the maximum positive and
maximum negative amplitude ranges in the amplitude—colour scale represent the fractures
and cavities filled with air or buried archaeological remains in soil. Therefore, it is necessary
to check the maximum amplitude ranges on the time slices to identify these target objects. We
applied a new approximation to eliminate the weak reflections that are characteristic of
cemented rock [7, 23], and to activate the fractures and cavities represented by strong reflec-
tions/diffractions on the radargrams (Figure 6c). This involved assigning a new colour scale
for the amplitude range of the processed profile data set by means of a new amplitude-colour
function rather than linear amplitude-colour function (Figure 6d, Figure 7).

THIITRIIT

| I |

Amplitude = Amplitude *
() ()

Figure 7. (a) Alinear functioned amplitude—colour scale and (b) re-functioned colour scale of the same amplitude range.

Colour 255 Colour 155

Opacity

Amplitude +
() (1)

Amplitude

Figure 8. (a) A linear functioned opacity for the linear functioned amplitude-colour scale and (b) A re-arranged opac-
ity function using the same amplitude—colour scale to activate only maximum amplitude range and remove all others.
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Figure 9. (a) Traditional solid depth slices at 15 cm, 38 cm and 51 cm, (b) Transparent depth slices for the skirt of the
first female statue (same three depths).

The horizontal axis of the amplitude—colour function (Figure 7) is the amplitude scale of the
GPR data, whereas the vertical axis represents colour categories from 0 to 255. The colour
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limitation allowed simplification and made only fractures and native cavities visible on the
radargrams, as seen in Figure 6¢c. The horizontal x-axis of Figures 6a and 6c indicate the distance
along the measuring profile. The vertical axis shows depth range, which represents the
thickness of the statue skirt from front surface to back surface, transformed by using average
velocity of the EM wave.

2.4. Transparent 3D half bird’s-eye view of GPR data set

Generally, interactive visualization is carried out by constructing 3D data volumes of parallel-
aligned 2D GPR data sets to show the target objects. The 3D data volume can be displayed as
slices, including profiles, times (or depths) and common traces of the profiles; or separated
sub-blocks are rendered as solid iso-volumes with linear opacity, determined by the amplitude
of the anomalies. The buried fractures or cavities can be defined on the interactive slices,
particularly on depth slices with location, and shapes according to depth. Therefore, it was
necessary to check the most meaningful depth slices and profiles to define the structures of
the subsurface if the area is small and complex. However, the obtained results could be further
improved.

Our aim was to obtain a good 3D data volume display, which was a critical part of interpreting
the GPR data set. The 3D image is able to present a view of subsurface features such as a fracture
or cavity, in addition to objects such as industrial and/or archaeological remains, etc. This
imaging could be achieved by a transparent 3D half bird’s-eye view revealing only buried
objects. Therefore, firstly, transparency could be achieved by constructing an opacity function
instead of linear opacity determined by the amplitude scale (Figure 8). The horizontal axis of
the opacity function was the amplitude scale starting with maximum negative amplitude and
ending with maximum positive amplitude; the vertical axis represented opacity coefficients
of the amplitude range [11, 23]. Thus, any amplitude range could be highlighted or minimized
by the appointed opacity coefficient. The REFLEXW program allows the opacity coefficient to
be chosen between one (maximum opacity) and zero (transparent) (Figure 8b) [26]. A trans-
parent view could be obtained only by eliminating the unwanted amplitude range.

Therefore, the amplitude range was important. Because it was known that the maximum
amplitudes represented discontinuities, the weak amplitude range was eliminated by giving
these a zero opacity value, and transparent 3D imaging was obtained. The transparency was
achieved by allocating an opaque interval to the amplitude scale, similar to the re-arranged
amplitude-colour approximation for interested profile range or time range for the solid 3D
GPR data volume. This visualization type was applied to both the statues and archaeological
remains in this chapter. Figure 9a indicates traditional, solid depth-slices, while Figure 9b
indicates transparent depth slices at 15 cm, 38 cm and 51 cm of the data set for the skirt of the
first female statue. These slices were used to control micro-fractures and cavities according to
the skirt thickness. The horizontal x-axis and y-axis of slices indicate the profile sequence and
the distance along the measuring profile respectively. Locations of the micro-cavities could be
seen on the slices. It is necessary to carefully check interactive slices in order to determine
location and shapes according to depth (thickness).
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Figure 10. (a) Solid 3D GPR data volume visualization of the skirt of the first female statue (Figure 5) with all profiles
and depth range through special view angle of profile slices, (b) transparent half bird's-eye views of the same 3D data
volume of (a).

Secondly, it was necessary to arrange viewing angles of the x, y and z axes, to obtain the
maximum meaningful 3D data volume for the relevant depth range or profile range. The slices
could be interpreted differently with differing viewing angles, although the visualization of
the slices was required to be the same with the data measurement axes on the map or on a
picture. However, there was a general lack of knowledge about the subsurface, including the
remains, and about when to take data measurements with regard to information such as the
direction of a fracture or an archaeological wall. Therefore, the data measurement strategy was
decided according to the field size.

The slices obtained with the same axes on the map of the study site could not effectively
represent the subsurface. In addition, when the slices were rotated around the axes, a lining
fracture or a wall along the same direction as the angle of view of the slice could be imaged
more effectively than in the standard view. To image the fractures and native cavities in the
statues, it was decided to use a transparent 3D sub-volume of the profile and depth slices with
a half bird’s-eye view by arranging the view angles of the axes. Figures 10a and 11a indicate
the solid 3D data volume visualization of the skirt of the first female statue with all profiles
and depth range using a special viewing angle of profiles and depth slices. In addition, Figures
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Figure 11. (a) Solid 3D data volume visualization of the skirt of the first female statue (Figure 5) with all profiles and
depth range through special viewing angle of depth slices, (b) transparent half bird’s-eye visualization of the same 3D
data volumein (a).

10b and 11b represent our approximation with the transparent 3D half bird’s-eye view
visualization of the same data set. The horizontal x-axis of Figure 10 and Figure 11 indicates
the distance along the profile. The horizontal y-axis represents the profile sequence. The
vertical axis indicates thicknesses of statues from the front surface to the back surface of the
skirt of the statue. Figure 12 shows different depth ranges of transparent 3D half bird's-eye
views of the GPR data aligned on the first female statue (Figures 5 and 11b) between 0-10 cm,
10-20 cm, 20-30 cm 30-40 cm, 40-50 cm and 50-60 cm depth ranges, and shows the locations
of the micro-fractures and cavities with purple and blue colours, represent the maximum
amplitude ranges. Figure 13 indicates different profile ranges of transparent 3D half bird's-eye
views of the GPR data aligned on the skirt of the first statue (Figures 5 and 10b) between profiles
1-3, profiles 4-6, profiles 7-9 and profiles 10-11; and the upper part of the female statue
between profiles 1-3 and profiles 4-8 through special viewing angle of the profile slices; the
locations of micro-fractures and cavities are represented by purple and blue colours.
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Figure 12. Transparent half bird's-eye view results of the 3D sub-volumes of Figure 11b between 0-10 cm, 10-20 cm,
20-30 cm, 30-40 cm, 40-50 cm and 50-60 cm depth ranges, respectively, including internal micro-fractures and na-
tive cavities.

The profile ranges of Figure 13 give the locations of the fractures and cavities throughout the
depth of the profile ranges, while the depth ranges of Figure 12 give the locations of the
fractures and cavities along the full surface of the skirt through the depth ranges. Therefore,
it is possible to check both transparent profile ranges and depth ranges according to the most
appropriate viewing angle of the 3D GPR data volume in order to determine the locations and
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Figure 13. Transparent half bird's-eye results of the 3D sub-volumes shown in Fig. 10b between profiles 1-3, profiles
4-6, profiles 7-9 and profiles 10-11; and the upper part between profiles 1-3 and profiles 4-8 through special view-
ing angle of profile slices, including internal micro-fractures and cavities.

continuities of micro-fractures and cavities within very restricted study areas, such as those in
the present study.

The native micro-cavities are not effective to harm the lions. The micro-fractures show a lateral,
inclined or vertical linearity. According to Figures 12 and 13, the skirt of the statue had an
important fracture between profiles 1 and 3, ranging from 0-80 cm from the front surface as
far as the back surface. In addition, the figure had more small fractures and native cavities
between 0- and 30-cm depth. To summarize to our method, we present results from the
transparent 3D half bird’s-eye view of three GPR data sets gathered form the backs of three
lion sculptures, using three parallel-aligned profiles along the leg and head to visualize interior
fractures (Figure 14).

According to the visualization results in the first lion, there were three large fractures aligned
parallel to the surface along the back legs, which continue from the upper surface of the back
legs to the border lion along the depth; and there were native cavities in the back through the
belly. The second lion mostly had disorderly native cavities and micro-fractures along the back
surface until the belly. The last lion was seen very powerful, and only included some native
cavities in the back side.
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Figure 14. (a) One of the 24 lions on the Lion Road, (b) data acquired from three parallel profiles from the back to the
head of the lion, (c) the results of the transparent half bird’s-eye view of the three different lions.
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3. Picturing buried archaeological remains and foundational
infrastructures

3.1. Zeynel Bey tomb in Hasankeyf ancient city

Our new 3D visualization was applied to archaeological remains both inside and outside the
Zeynel Bey tomb in the ancient Turkish city of Hasankeyf. This site is among the last remaining
locations of the Silk Road in Anatolia, spreading towards the East, and is located in Batman
province, southeastern Turkey (Figure 15). A similar type of visualization for archaeological
remains was introduced by previous studies [26, 33].

The precise foundation date of Hasankeyf is not known. The geopolitical situation in Hasan-
keyf strengthens the possibility of its being a very ancient settlement area. Hasankeyf is
identified with the tomb built by Uzun Hasan for his son Zeynel Bey, who died in the war of
Otlukbeli (1473) by the Tigris [34]. The Zeynel Bey tomb, the first example of the Anatolian
mausoleum tradition (Figure 16), is on the north bank of the Tigris, across from the city.

The tomb is a cylinder of diagonal patterns made using brick and tile, with a pointed arch
portal doorway on the north and a window in the south wall (Figure 16). Above the main shaft
is a slightly smaller diameter shaft, which has small windows in each of the cardinal directions
and carries a hemispherical dome (Figures 16 and 17) [34-37]. Inside, the plan is octagonal,
with muqarnas niches supporting the transition to the round base of the dome. Each of the
eight walls has a rectangular arched niche, and the burial chamber is recessed into the floor
(Figure 17) [36].

o FeynelBevTomb

Y,

Figure 15. Geographical map of the Zeynel Bey tomb in Hasankeyf ancient city, Turkey.

125



126 Imaging and Radioanalytical Techniques in Interdisciplinary Research - Fundamentals and Cutting Edge Applications

Figure 16. Appearance of the Zeynel Bey Tomb, the first example of Anatolian mausoleum tradition, with some archi-
tectural details.

Figure 17. (a) GPR data measurements inside the Zeynel Bey Tomb, (b) Interior plan of Zeynel Bey Tomb: octagonal,
with mugarnas niches supporting the transition to the round base of the dome, (c) The data measurement plan inside
the tomb.
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Hasankeyf and many other Tigris Valley settlements that have previously directed world
history will be submerged when the proposed Ilisu Dam is completed. Despite proposals to
move the monuments, many historic sites and artifacts will be lost when the reservoir is filled.
Efforts to relocate and preserve culturally significant sites are currently led by Prof. Dr.
Abdiisselam Ulugam, the rector of Batman University [37].

3.2. GPR data measurements at the Zeynel Bey tomb

In this section, we present only two parts of the huge study area, including the tomb of Zeynel
Bey and the Ottoman bath, an area of approximately 150x200m. The first part was inside of
the tomb. The Zeynel Bey tomb is 4m along the east-west orientation and 3.5 m along the
south-west (Figure 17). ARAMAC CUII GPR system was used with a bi-static 500-MHz center
band shielded antenna to acquire the profile data. Within the tomb, 9 parallel profiles spaced
0.5m apart were directed from east to west, and 8 profiles were directed from north to south,
making a total of 17 profiles (Figure 17c). The second part of the survey was conducted on the
northeast side of the tomb, and 19 profiles were directed from south to north on the east side
(Figure 18). Parallel profiles were spaced 1m apart, and each profile had a trace spacing of 5cm
and a 70ns time-window per trace.

3.3. Data processing and a new amplitude-balancing approximation for transparent 3D half
bird’s-eye view of the GPR data set

The GPR data, gathered within and on the northeast side of the tomb, were processed using
REFLEXW software. After sequencing the profiles as discussed at the Anitkabir site, the start-
time correction was applied. De-wow and background removals were applied. The second-
order band-pass Butterworth filter was then applied to the whole data set, to eliminate
unwanted frequency noise. A simple linear gain function was applied as discussed in section
2.3. Velocity analysis indicated that the average velocity of electromagnetic wave propagation
was 0.11m/ns. Finally, Kirchhoff migration was applied to the data.

=
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Figure 18. (a) GPR data measurement on the northeast side of the Zeynel Bey tomb.
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Figure 19. Processed radargrams of the profiles along (a) the east-west direction and (b) the south-north direction
inside the Zeynel Bey tomb.

The remains of a buried archaeological wall and foundational infrastructures can be defined
on depth slices with location, and shapes according to depth. However, depth slices may not
explain the subsurface if the area is small and complex, as in the Zeynel Bey tomb. Therefore,
it is necessary to check the most meaningful depth slices and profiles to define the subsurface
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structures. During the control of the interactive depth slices, it is also important to control the
colour of the amplitude range of the remains. It is known that the maximum amplitude ranges
on an amplitude—colour scale represent subsurface features. However, the amplitude decreas-
es with increasing recording time even if an appropriate time gain is applied to the profile
data.

It is also known that if the colours of maximum amplitude ranges are dominant at the
beginning of the recording time or at depths very near to the surface, then the resolution of
the slices can not be sufficiently high to differentiate buried structures very near to the surface,
especially for small study areas as seen on Figure 19. Our third approximations after re-
arranged opacity function and viewing angle into the 3D volume, related to achieving
amplitude balance according to the recording time or the depth (Figure 20). The aim of the
amplitude balancing was to protect the colour range of the anomaly representing the target
remains according to the time or depth range of the 3D sub-volumes; this was achieved by
increasing or decreasing the maximum amplitude values of the amplitude-colour scale for the
special depth slice or for a depth range. Therefore, the full data volume should be divided into
sub-data volumes in time or depth.

To balance the amplitude—colour scale in a depth range, firstly the changing colour range of
the remains was controlled. Then, the amplitude range of the remains was determined in the
3D sub-volume and the maximum amplitude values of the colour range were reduced or
increased in the depth range. The balancing of the amplitude-colour scale according to the
amplitude range of the buried wall remnants produced better resolution and showed the
remains with the same colour ranges on the slices or their 3D sub-volumes with increasing
time or depth axis. The balancing procedure was also a time gain, which was a non-uniform
stair function, weighting the electromagnetic wave field according to the time axis (Figure
20). The approximation was important to obtain a 3D representation of the volume.

Admay 0 Colour
{ﬂ} Amay | I (b} 1 B ——
Ly o Amiax
g -\mal
G z
{T}n.' @
o =
g =1
Z 5
E‘ X
< t(ns) U=
tl t2 13 Tmax
= Amplitude *

Figure 20. (a) Re-scaling maximum amplitudes according to selected time or depth range of 3D GPR sub-volumes,
and assigning the same colour range; (b) assigning a new opaque range according to the re-scaled amplitude—colour
range.
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Figure 21. Transparent 3D half bird's-eye views of the GPR data set aligned in the south-north direction inside the
Zeynel Bey Tomb between (a) 0 and 20 cm, (b) 20 and 40 cm, (c) 40 and 60 cm, (d) 60 and 80 cm, and (e) 80 and 100
cm depth ranges; and (f) infrastructures (orange colour) of the base and a cemetery (yellow colour) in the base wall
inside the tomb.
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Figure 22. Transparent 3D half bird's-eye views of the GPR data set aligned east-west inside the Zeynel Bey tomb at
depths between (a) 90 and 120 cm, (b) 120 and 150 cm, and (c) 90 and 150 cm.

Practically, it was only possible to highlight the amplitude—colour ranges representing the
remains, which were previously established as maximum amplitude-colour ranges of the 3D
sub-data volumes. It was therefore straightforward to construct an opacity function by

appointing opacity coefficients of one (maximum opacity) for maximum negative and
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maximum positive amplitude-colour ranges and zero (transparent) for unwanted amplitude-
colour ranges on the amplitude—colour scale. A transparent 3D half bird’s-eye view was
obtained only by eliminating unwanted amplitude range to reveal subsurface remnants and
features. However, depth range depended on the maximum amplitude volume. In order to
construct a large depth range, the maximum amplitude-colour range would need to be
restricted more than the normal range to produce a meaningful image. Figure 21 shows
transparent 3D sub-data volumes with half bird’s-eye view between 0 and 20cm, 20 and 40 cm,
60 and 80 cm, and 80 and 100cm depth ranges from the GPR data set aligned in the south-
north direction inside the tomb. Wall structures and a cemetery with stair could be clearly seen.
In addition, Figure 22 shows transparent 3D sub-data volumes between 90-120 cm. 120-150
cm and 90-150cm depth ranges along the east-west direction inside the tomb. The visualiza-
tion results of the east-west side data set supported those of the south-north. However, the
results of the south-west side perfectly imaged the foundational infrastructure and buried
cemetery.

Figure 23. (a) The North side of the Zeynel Bey tomb, (b) the excavation on (a) and a cemetery, (c) the walls of the
cemetery and stairway.
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Although the maximum diameter inside the tomb was 4 m, it would be possible for users to
envisage buried archaeological remains when viewed using the transparent 3D image. Figure
23 shows the excavation results inside the tomb. The excavation findings perfectly matched
the transparent 3D half bird’s-eye view. The visualization results also precisely indicated all
details of the foundational wall remains and the cemetery with stairs.

Figure 24. Transparent 3D half bird's-eye views of the GPR data set on the northeast side of the Zeynel Bey tomb, and
pictured buried wall remains in depth between (a) 50 and 100 c¢m, (b) 75 and 150 cm; (c) 75 and 150 cm but with
different viewing angles of the x, y and z axes.

Half bird’s-eye views of the transparent 3D depth volume ranges of the GPR data were
also produced for the northeast side of the tomb (Figure 24). The wall structures were seen
exactly in the corresponding transparent 3D imaging. The results showed that the buried
walls were very near the surface and very complex. These imaging results remain to be
confirmed through direct observation, as excavation has not yet taken place at these sites.
The results could be confirmed by comparing the excavations inside of the tomb and their

3D visualization results.
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4. Results and conclusions

Interactive transparent 3D visualizations of GPR data volumes were produced for each part
of 6 human statues and a group of 24 lion sculptures at Anitkabir, Turkey. We produced images
of natural internal cavities and fractures within the statues via a proposed method of interac-
tive transparent 3D half bird’s-eye visualization of the GPR data volume of the profile range
and the depth range.

Our first approximation related to amplitude—colour simplification. This allowed us to
differentiate and locate native micro-cavities and micro-fractures inside the statues, based on
radargrams of the profiles gathered on the surface of the statues. The second approximation
related to our proposed opacity function, which dominated maximum positive and negative
amplitudes and eliminated other irrelevant amplitudes. Third, an interactive transparent 3D
half bird’s-eye view of the 2D GPR data set was achieved by carefully assigning the amplitude-
colour scale and its opacity range, together with a carefully selected viewing angle, profile and/
or depth range. The transparent 3D imaging proved successful in identifying changes in the
statues, accurate x—y locations and accurate depths. This monitoring replied to the aim of the
study. Mapping fractures and cavities within statue groups could enable evaluation of their
stability and indicate the best way to minimize restoration costs.

In the fourth approximation, the present study developed an improved amplitude-balancing
approximation in order to reveal and differentiate subsurface historical remains from the
surrounding soil medium. By combining the second and third approximations, the balancing
of the amplitude—colour scale achieved sufficiently high resolution to represent the remains
with the same colour ranges on both the slices and their transparent 3D imaging with increas-
ing depth axis. A viewing angle was allocated to the x, y and z axes of the 3D data-volume by
checking wall orientations and the data measurement directions on the map to obtain a good
half bird’s-eye view. The transparent 3D half bird’s-eye view of the 2D GPR data set provided
better imaging to accurately visualize the subsurface by sensing x-y locations and depths. The
results demonstrated that the GPR method and our developed 3D visualization gave perfect
results in a closed, circular area including remnants of very complex buried foundational wall,
including a cemetery, within the Zeynel Bey tomb without any risk of damage to the tomb and
infrastructures. In addition, the results also indicated that the visualization method perfectly
monitored the archaeological buried walls with accurate x-y locations and accurate depths.

We also indicated that GPR method provides highly accurate results for the position and depth
of targets within very complex and restricted areas, even on statues.
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1. Introduction

Analytical science to develop the methodology for the investigation of properties and struc-
ture of matter at level of single nucleus, atom and molecule, and scientific analysis to deter-
mine either chemical composition or elemental contents in a sample are indispensable in
basic research and development, as well as in industrial applications.

Following the discovery of neutron by J. Chadwick in 1932 (Nobel prize, 1935) and the re-
sults of F. Joliot and I. Curie in 1934, neutron activation analysis was first developed by G.
Hevesy and H. Levi in 1936. They used a neutron source (226Ra + Be) and a radiation detec-
tor (ionization chamber) and promptly recognized that the element Dy (dysprosium) in the
sample became highly radioactive after exposure to the neutron source. They showed that
the nuclear reaction may be used to determine the elements present in unknown samples by
measuring the induced radioactivity.

Thereafter, the development of the nuclear reactors in the 1940s, the application of radio-
chemical techniques using low resolution scintillation detectors like Nal (T1) in the 1950s, the
development of semiconductor detectors (Ge, Si, etc.) and multichannel analyzer in the
1960s, and the advent of computers and relevant software in the 1970s, the nuclear techni-
que has advanced to become an important analytical tool for determination of many ele-
ments at trace level. In spite of the developments in other chemical techniques, the
simplicity and selectivity, the speed of operation, the sensitivity and accuracy of NAA have
become and maintained its role as a powerful analytical technique. In 2011, Peter Bode de-
scribes in his paper “Neutron activation analysis: A primary method of measurements”, the
history of the development of NAA overall the world [1].

I m E H © 2013 Hamidatou et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Nowadays, there are many elemental analysis methods that use chemical, physical and nu-
clear characteristics. However, a particular method may be favoured for a specific task, de-
pending on the purpose. Neutron activation analysis (NAA) is very useful as sensitive
analytical technique for performing both qualitative and quantitative multielemental analy-
sis of major, minor and traces components in variety of terrestrial samples and extra-terres-
trial materials. In addition, because of its accuracy and reliability, NAA is generally
recognized as the "referee method" of choice when new procedures are being developed or
when other methods yield results that do not agree. It is usually used as an important refer-
ence for other analysis methods. Worldwide application of NAA is so widespread it is esti-
mated that approximately 100,000 samples undergo analysis each year.

The method is based on conversion of stable atomic nuclei into radioactive nuclei by irra-
diation with neutrons and subsequent detection of the radiation emitted by the radioac-
tive nuclei and its identification. The basic essentials required to carry out an analysis of
samples by NAA are a source of neutrons, instrumentation suitable for detecting gamma
rays, and a detailed knowledge of the reactions that occur when neutrons interact with
target nuclei. Brief descriptions of the NAA method, reactor neutron sources, and gamma-
ray detection are given below.

This chapter describes in the first part the basic essentials of the neutron activation analysis
such as the principles of the NAA method with reference to neutron induced reactions, neu-
tron capture cross-sections, production and decay of radioactive isotopes, and nuclear decay
and the detection of radiation. In the second part we illustrated the equipment requirements
neutron sources followed by a brief description of Es-Salam research reactor, gamma-ray de-
tectors, and multi-channel analysers. In addition, the preparation of samples for neutron ir-
radiation, the instrumental neutron activation analysis techniques, calculations, and
systematic errors are given below. Some schemes of irradiation facilities, equipment and
materials are given as examples in this section.

Finally, a great attention will be directed towards the most recent applications of the INAA
and kO0-NAA techniques applied in our laboratory. Examples of such samples, within a se-
lected group of disciplines are milk, milk formulae and salt (nutrition), human hair and me-
dicinal seeds (biomedicine), cigarette tobacco (environmental and health related fields) and
iron ores (exploration and mining).

All steps of work were performed using NAA facilities while starting with the prepara-
tion of samples in the laboratory. The activation of samples depends of neutron fluence
rate in irradiation channels of the Algerian Es-Salam research reactor. The radioactivity in-
duced is measured by gamma spectrometers consist of germanium based semiconductor
detectors connected to a computer used as a multichannel analyser for spectra evaluation
and calculation. Sustainable developments of advanced equipment, facilities and manpow-
er have been implemented to establish a state of the art measurement capability, to imple-
ment several applications, etc.
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2. Neutron activation analysis

Neutron activation analysis (NAA) is a nuclear process used for determining the concentra-
tions of elements in a vast amount of materials. NAA relies on excitation by neutrons so that
the treated sample emits gamma-rays. It allows the precise identification and quantification
of the elements, above all of the trace elements in the sample. NAA has applications in
chemistry but also in other research fields, such as geology, archaeology, medicine, environ-
mental monitoring and even in the forensic science.

2.1. Basis principles

The sequence of events occurring during the most common type of nuclear reaction used for
NAA, namely the neutron capture or (n, gamma) reaction, is illustrated in Figure 1. Creation
of a compound nucleus forms in an excited state when a neutron interacts with the target
nucleus via a non-elastic collision. The excitation energy of the compound nucleus is due to
the binding energy of the neutron with the nucleus. The compound nucleus will almost in-
stantaneously de-excite into a more stable configuration through emission of one or more
characteristic prompt gamma rays. In many cases, this new configuration yields a radioac-
tive nucleus which also de-excites (or decays) by emission of one or more characteristic de-
layed gamma rays, but at a much lower rate according to the unique half-life of the
radioactive nucleus. Depending upon the particular radioactive species, half-lives can range
from fractions of a second to several years.

In principle, therefore, with respect to the time of measurement, NAA falls into two catego-
ries: (1) prompt gamma-ray neutron activation analysis (PGNAA), where measurements
take place during irradiation, or (2) delayed gamma-ray neutron activation analysis
(DGNAA), where the measurements follow radioactive decay. The latter operational mode
is more common; thus, when one mentions NAA it is generally assumed that measurement
of the delayed gamma rays is intended. About 70% of the elements have properties suitable
for measurement by NAA.

The PGAA technique is generally performed by using a beam of neutrons extracted through a
reactor beam port. Fluxes on samples irradiated in beams are in the order of one million times
lower than on samples inside a reactor but detectors can be placed very close to the sample
compensating for much of the loss in sensitivity due to flux. The PGAA technique is most appli-
cable to elements with extremely high neutron capture cross-sections (B, Cd, Sm, and Gd); ele-
ments which decay too rapidly to be measured by DGAA; elements that produce only stable
isotopes (e.g. light elements); or elements with weak decay gamma-ray intensities. 2D, 3D-
analysis of (main) elements distribution in the samples can be performed by PGAA.

DGNAA (sometimes called conventional NAA) is useful for the vast majority of elements
that produce radioactive nuclides. The technique is flexible with respect to time such that
the sensitivity for a long-lived radionuclide that suffers from interference by a shorter-lived
radionuclide can be improved by waiting for the short-lived radionuclide to decay or quite
the contrary, the sensitivity for short-lived isotopes can be improved by reducing the time
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Figure 1. Diagramillustrating the process of neutron capture by atarget nucleus followed by the emission of gammarays.

irradiation to minimize the interference of long-lived isotopes. This selectivity is a key ad-
vantage of DGNAA over other analytical methods.

In most cases, the radioactive isotopes decay and emit beta particles accompanied by gam-
ma quanta of characteristic energies, and the radiation can be used both to identify and ac-
curately quantify the elements of the sample. Subsequent to irradiation, the samples can be
measured instrumentally by a high resolution semiconductor detector, or for better sensitiv-
ity, chemical separations can also be applied to reduce interferences. The qualitative charac-
teristics are: the energy of the emitted gamma quanta (Ey) and the half life of the nuclide
(T,,). The quantitative characteristic is: the Iy intensity, which is the number of gamma quan-
ta of energy Ey measured per unit time.

The n-gamma reaction is the fundamental reaction for neutron activation analysis. For ex-
ample, consider the following reaction:

58Fe +! n —* Fe + Beta+ gamma rays

Fe is a stable isotope of iron while *¥Fe is a radioactive isotope. The gamma rays emitted
during the decay of the ¥Fe nucleus have energies of 142.4, 1099.2, and 1291.6 KeV, and
these gamma ray energies are characteristic for this nuclide (see figure 2) [2]. The probability
of a neutron interacting with a nucleus is a function of the neutron energy. This probability
is referred to as the capture cross-section, and each nuclide has its own neutron energy-cap-
ture cross-section relationship. For many nuclides, the capture cross-section is greatest for
low energy neutrons (referred to as thermal neutrons). Some nuclides have greater capture
cross-sections for higher energy neutrons (epithermal neutrons). For routine neutron activa-
tion analysis we are generally looking at nuclides that are activated by thermal neutrons.

The most common reaction occurring in NAA is the (n,y) reaction, but also reactions such as
(n,p), (&), (nn’) and (n,2n) are important. The neutron cross section, o, is a measure for the
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Figure 2. Decay scheme of *°Fe.

probability that a reaction will take place, and can be strongly different for different reaction
types, elements and energy distributions of the bombarding neutrons. Some nuclei, like
235U are fissionable by neutron capture and the reaction is denoted as (n,f), yielding fission
products and fast (highly energetic) neutrons [1].

Neutrons are produced via

* Isotopic neutron sources, like ZRa(Be), '*Sb(Be), 2! Am(Be), #°Cf. The neutrons have dif-
ferent energy distributions with a maximum in the order of 3-4 MeV; the total output is
typically 10°-10” s ' GBq! or, for #*Cf, 2.2 102 s'g.
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* Particle accelerators or neutron generators. The most common types are based on the ac-
celeration of deuterium ions towards a target containing either deuterium or tritium, re-
sulting in the reactions 2H(2H,n)3He and 3H(2H,n)4He, respectively. The first reaction,
often denoted as (D,D), yields monoenergetic neutrons of 2.5 MeV and typical outputs in
the order of 108-10" s™; the second reaction (D,T) results in monoenergetic neutrons of
14.7 MeV and outputs of 10°-10" s™.

* Nuclear research reactors. The neutron energy distribution depends on design of the reac-
tor and its irradiation facilities. An example of an energy distribution in a light water
moderated reactor is given in Fig. 2.3 from which it can be seen that the major part of the
neutrons has a much lower energy distribution that in isotopic sources and neutron gen-
erators. The neutron output of research reactors is often quoted as neutron fluence rate in
an irradiation facility and varies, depending on reactor design and reactor power, be-
tween 10” and 10" m?s™.

Owing to the high neutron flux, experimental nuclear reactors operating in the maximum
thermal power region of 100 kW -10 MW with a maximum thermal neutron flux of 10'2-10"
neutrons cm? s are the most efficient neutron sources for high sensitivity activation analy-
sis induced by epithermal and thermal neutrons. The reason for the high sensitivity is that
the cross section of neutron activation is high in the thermal region for the majority of the
elements. There is a wide distribution of neutron energy in a reactor and, therefore, interfer-
ing reactions must be considered. In order to take these reactions into account, the neutron
spectrum in the channels of irradiation should be known exactly. E.g. if thermal neutron ir-
radiations are required, the most thermalized channels should be chosen.

Although there are several types of neutron sources (reactors, accelerators, and radioisotopic
neutron emitters) one can use for NAA, nuclear reactors with their high fluxes of neutrons
from uranium fission offer the highest available sensitivities for most elements. Different
types of reactors and different positions within a reactor can vary considerably with regard
to their neutron energy distributions and fluxes due to the materials used to moderate (or
reduce the energies of) the primary fission neutrons. This is further elaborated in the title
“Derivation of the measurement equation”. In our case, the NAA method is based on the
use of neutron flux in several irradiation channels of Es-Salam Research reactor. In 2011, Ha-
midatou L et Al, reported “Experimental and MCNP calculations of neutron flux parame-
ters in irradiation channel at Es-Salam reactor” the core modelling to calculate neutron
spectra using experimental and MCNP approaches. The Es-Salam reactor was designed for a
thermal power output of 15 Mw, with 72 cylindrical cluster fuel elements; each fuel element
consists of 12 cylindrical rods of low enriched UO2. In addition the both of fuel throttle tube
of the cluster and fuel element tube encloses heavy water as moderator and coolant. The fuel
elements are arranged on a heavy water square lattice. The core of the reactor is constituted
by a grid containing 72 fuel elements, 12 rods for reactivity control and two experimental
channels.

There is also a heavy water in the middle of the core including five experimental channels
called inner reflector, In addition, all fuel elements have a reflector at each end called upper
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and lower reflector. The core is reflected laterally by heavy water maintained in aluminium
tank followed by the graphite.

2.2. Neutron activation analysis procedure

In the majority of INAA procedures thermal reactor neutrons are used for the activation:
neutrons in thermal equilibrium with their environment. Sometimes activation with epither-
mal reactor neutrons (neutrons in the process of slowing down after their formation from
fission of 235U) is preferred to enhance the activation of elements with a high ratio of reso-
nance neutron cross section over thermal neutron cross section relatively to the activation of
elements with a lower such a ratio. In principle materials can be activated in any physical
state, viz. solid, liquid or gaseous. There is no fundamental necessity to convert solid materi-
al into a solution prior to activation; INAA is essentially considered to be a non-destructive
method although under certain conditions some material damage may occur due to thermal
heating, radiolysis and radiation tracks by e.g. fission fragments and a-radiation emitting
nuclei. It is essential to have more than two or three qualified full-time member of the staff
with responsibility for the NAA facilities. They should be able to control the counting equip-
ment and have good knowledge of basic principles of the technique. In addition, the facility
users and the operators must establish a good channel of communication. Other support
staff will be required to maintain and improve the equipment and facility. It seems, there-
fore, a multi-disciplinary team could run the NAA system well.

The analytical procedure is based on four steps:

Step 1: sample preparation (Figure 3) means in most cases only heating or freeze drying, crush-
ing or pulverization, fractionating or pelletizing, evaporation or pre-concentration, put
through a sieve, homogenising, weighing, washing, check of impurities (blank test), encapsu-
lation and sealing irradiation vial, as well as the selection of the best analytical process and the
preparation of the standards. The laboratory ambiance is also important for preservation and
storage of the samples. Standardization is the basis for good accuracy of analytical tools and of-
ten depends on particular technology, facility and personnel. For production of accurate data,
careful attention to all possible errors in preparing single or multi-element standards is impor-
tant, and standards must be well chosen depending on the nature of the samples.

Step 2: irradiation of samples can be taken from the various types of neutron sources ac-
cording to need and availability. For the INAA, one pneumatic transfer system installed in
the horizontal channel at Es-Salam research reactor for short irradiation of samples (Figure
4). In addition, two vertical channels located in different sites of the heavy water moderator
and the graphite reflector have been used for long irradiations. The neutron spectrum pa-
rameters at different irradiation channels such as alpha, f, Tn, etc are experimentally deter-
mined using cadmium ratio, cadmium cover, bare triple monitor and bi-isotopic methods
using H®gdhal convention and Westcott formalism Table 1 and Table 2. The calibration of
the irradiation positions has been carried out to implement the ki-NAA in our laboratory.
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Figure 3. Some instruments and materials used for the sample preparation.

method a f ralT,/T,
Cd-ratio 0.026+0.012 28.4+1.6 0.038+0.004
Cd-covered 0.024+0.010 28.7+2.1 -
Bare triple monitor 0.030+0.008 28.6+£1.8 -
Bare bi-isotopic - 29.5+£2.5 0.036+0.003
Average 0.027+0.010 28.8£2.0 0.037+0.003

Table 1. The parameters a, f and r(a),/T,, | Toobtained by different methods.

parameter a f Tn(°C) Rcd(Au) r(a)4/ T,IT,
Measured value 0.027+0.010 28.8+2.0 34+1.8 2.93+0.32 0.037+0.003

Table 2. Neutron spectrum parameters in the irradiation site at es-Salam research reactor.

Step 3: after the irradiation the measurement is performed after a suitable cooling time (t.).
In NAA, nearly exclusively the (energy of the) gamma radiation is measured because of its
higher penetrating power of this type of radiation, and the selectivity that can be obtained
from distinct energies of the photons - differently from beta radiation which is a continuous
energy distribution. The interaction of gamma- and X-radiation with matter results, among
others, in ionization processes and subsequent generation of electrical signals (currents) that

can be detected and recorded.

The instrumentation used to measure gamma rays from radioactive samples generally con-
sists of a semiconductor detector, associated electronics, and a computer-based multi-chan-

nel analyzer (MCA/computer).
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Figure 4. Pneumatic system for short irradiations using a thermal neutron flux at Es-Salam research reactor.

Most NAA labs operate one or more hyper-pure germanium (HPGe) detectors, which oper-
ate at liquid nitrogen temperature (77 K). Although HPGe detectors come in many different
shapes and sizes, the most common shape is coaxial. These detectors are very useful for
measurement of gamma rays with energies in the range from about 60 keV to 3.0 MeV. The
two most important characteristics a HPGe detector are its resolution and efficiency. Other
characteristics to consider are peak shape, peak-to-Compton ratio, pulse rise time, crystal di-
mensions or shape, and price. The detector’s resolution is a measure of its ability to separate
closely spaced peaks in the spectrum, and, in general, the resolution is specified in terms of
the full width at half maximum (FWHM) of the 122 keV photopeak of ¥Co and the 1,332
keV photopeak of “Co. For most NAA applications, a detector with 0.5 keV resolution or
less at 122 keV and 1.8 keV or less at 1,332 keV is sufficient. Detector efficiency for a given
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detector depends on gamma-ray energy and the sample and detector geometry, i.e. subtend-
ed solid angle. Of course, a larger volume detector will have a higher efficiency.

At Es-Salam NAA Lab, four gamma-ray spectrometers of Canberra for which one of them
consists of a HPGe detector 35% relative efficiency connected with Genie 2k Inspector and
the three other spectrometers are composed of detectors (30, 35 and 45 % relative efficiency)
connected with a three Lynx® Digital Signal Analyser, It is a 32K channel integrated signal
analyzer based on advanced digital signal processing (DSP) techniques. All spectrometers
operate with Genie™2000 spectroscopy software. A radiation detector therefore consists of
an absorbing material in which at least part of the radiation energy is converted into detecta-
ble products, and a system for the detection of these products. Figure 5 illustrates Gamma-
ray spectroscopy systems. The detectors are kept at liquid nitrogen temperatures (dewers
under cave). The boxes in the left and in the right of the computer are the Lynx Digital Spec-
trometer Processing.

Figure 5. Gamma-ray spectroscopy systems in NAA/CRNB laboratory.

Step 5: Measurement, evaluation and calculation involve taking the gamma spectra and the
calculating trace element concentrations of the sample and preparation of the NAA report.

In this part of work, Peter bode describes clearly in his paper [1] the analysis procedure of
gamma-spectrum to the determination of the amount of element in sample. The acquisition
of gamma spectrum Fig.6 and Fig.7 via the spectroscopy system Fig. 5 is analyzed to identi-
fy the radionuclides produced and their amounts of radioactivity in order to derive the tar-
get elements from which they have been produced and their masses in the activated sample.
The spectrum analysis starts with the determination of the location of the (centroids of the)
peaks. Secondly, the peaks are fitted to obtain their precise positions and net peak areas. The
Analytical protocol adopted in our NAA laboratory is presented in Fig.8.
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Figure 6. Gamma-ray spectrum showing several short-lived elements measured in a CRM-DSD-12 standard irradiat-
ed at Es-salam research reactor for 30 seconds, decayed for 30.7 minutes, and counted for 5 minutes with an
HPGe detector.

The positions — often expressed as channel numbers of the memory of a multi-channel pulse
height analyzer — can be converted into the energies of the radiation emitted; this is the basis
for the identification of the radioactive nuclei. On basis of knowledge of possible nuclear re-
actions upon neutron activation, the (stable) element composition is derived. The values of
the net peak areas can be used to calculate the amounts of radioactivity of the radionuclides
using the full energy photopeak efficiency of the detector.

The amounts (mass) of the elements may then be determined if the neutron fluence rate and
cross sections are known. In the practice, however, the masses of the elements are deter-
mined from the net peak areas by comparison with the induced radioactivity of the same
neutron activation produced radionuclides from known amounts of the element of interest.
The combination of energy of emitted radiation, relative intensities if photons of different
energies are emitted and the half life of the radionuclide is unique for each radionuclide,
and forms the basis of the qualitative information in NAA. The amount of the radiation is
directly proportional to the number of radioactive nuclei produced (and decaying), and thus
with the number of nuclei of the stable isotope that underwent the nuclear reaction. It pro-
vides the quantitative information in NAA.
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Figure 7. Gamma-ray spectrum (a) from 0 to 450 keV, (b) from 450 to 1000 keV and (c) from 1000 to 2000 keV:
showing medium- and long-lived elements measured in a sample of CRM-GSD-12 standard irradiated at Es-salam
research reactor for 4 hours, decayed for 5 days, and counted for 90 minutes on a HPGe detector.

The measured in NAA - the quantity intended to be measured - is the total mass of a given
element in a test portion of a sample of a given matrix in all physico-chemical states. The
quantity ‘subject to measurement’ is the number of disintegrating nuclei of a radionuclide.
The measurement results in the number of counts in a given period of time, from which the
disintegration rate and the number of disintegrating nuclei is calculated; the latter number is
directly proportional to the number of nuclei of the stable isotope subject to the nuclear reac-
tion, and thus to the number of nuclei of the element, which finally provides information on
the mass and amount of substance of that element (see Eq. 16). An example of typical ranges
of experimental conditions is given in Table 3 [1].

In practice, our laboratory proceeds in the treatment of spectra and calculation of elemental
concentrations of analyzed samples according the approach illustrated in figure 8.
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Figure 8. Analytical protocol adopted in NAA/CRNB laboratory [13].

Test portion mass : 5-500 mg

Neutron fluence rates available 10— 10'® m= 5!

Irradiation Decay Measurement Analyzed element
5-30 seconds 5-600 seconds 15-300 seconds Short lived
3-5days 1—-4hours Medium lived
1-8hours
20 days 1-16 hours Long lived

Table 3. Example of typical ranges of experimental conditions of an INAA procedure.
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2.3. Derivation of the measurement equation

The reaction rate R per nucleus capturing a neutron is given by:

0

R= j o) (v)dv = j o(E)¢/(E)E = j 1 (0)vo(V)dv, (1)
0 0 0

where:

o (v) is the (n,y) cross section (in cm?; 1 barn (b) = 10 cm?) at neutron velocity v (in cm s?);
o (E) is the (n,y) cross section (in cm?) at neutron energy E (in eV);

@’(v) is the neutron flux per unit of velocity interval (in cm™) at neutron velocity v;

n’(v) is the neutron density per unit of velocity interval (in cm™* s) at neutron velocity v;
@’(E) is the neutron flux per unit of energy interval (in cm? s eV") at neutron energy E.

In Eq.(1), o (v) = 0 (E) with E (in erg = 6.2415.10" eV) = 2 m, v? [m, rest mass of the neutron
=1.6749 10* g]. Furthermore, per definition, ¢’(v) dv = ¢’(E)dE (both in cm?s™).

In Eq.1, the functions o(v) [= o (E)] and ¢’(v) [ ¢’(E)] are complex and are respectively de-
pending on the (n,y) reaction and on the irradiation site.

In 1987, F De Corte describes in his Aggregate thesis “Chapter 1: fundamentals [3] that the
introduction of some generally valid characteristics yields the possibility of avoiding the ac-
tual integration and describing accurately the reaction rate in a relatively simple way by
means of so-called formalisms or conventions. In short, these characteristics are:

In nuclear research reactors — which are intense sources of neutrons — three types of neu-
trons can be distinguished. The neutron flux distribution can be divided into three compo-
nents (see Figure 9):

1. Fission or fast neutrons released in the fission of 235U. Their energy distribution ranges
from 100 keV to 25 MeV with a maximum fraction at 2 MeV. These neutrons are slowed
down by interaction with a moderator, e.g. H20, to enhance the probability of them
causing a fission chain reaction in the 235U.

2. The epithermal neutron component consists of neutrons (energies from 0.5 eV to about
100 keV). A cadmium foil 1 mm thick absorbs all thermal neutrons but will allow epi-
thermal and fast neutrons above 0.5 eV in energy to pass through. Both thermal and ep-
ithermal neutrons induce (n,y) reactions on target nuclei.

3. The thermal neutron component consists of low-energy neutrons (energies below 0.5
eV) in thermal equilibrium with atoms in the reactor's moderator. At room temperature,
the energy spectrum of thermal neutrons is best described by a Maxwell-Boltzmann dis-
tribution with a mean energy of 0.025 eV and a most probable velocity of 2200 m/s. In
general, a 1 MW reactor has a peak thermal neutron flux of approximately 10" n/cm?.
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The (n,y) cross section function, o(v) versus v can be interpreted as a o(v) ~ 1/v dependence,
or ¢ (E) ~ 1/E* dependence [log o (E) versus log E is linear with slope -1/2], on which (above
some eV) several resonances are superposed see Figure 10 taken from http://thor-
ea.wikia.com/wiki/Thermal,_Epithermal_and_Fast_Neutron_Spectra web page.
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Figure 9. A typical reactor neutron energy spectrum showing the various components used to describe the neutron
energy regions.
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Figure 10. Relation between neutron cross section and neutron energy for major actinides (n, capture).
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An NAA technique that employs only epithermal neutrons to induce (n,y) reactions by irra-
diating the samples being analyzed inside either cadmium or boron a shield is called epi-
thermal neutron activation analysis (ENAA).

The production of radioactive nuclei is described by:

’Z—Zj — RN, - AN )

In which N, number of target nuclei, N is the number of radioactive nuclei, A is the decay
constant in s™. The disintegration rate of the produced radionuclide at the end of the irradia-
tion time ti follows from:

D(t,) = N(t,)A = N R(1—e ") 3)

where:

D is the disintegration rate in Bq of the produced radionuclide, assuming that N=0 at t=0 and
NO=constant.

The dependence of the activation cross section and neutron fluence rate to the neutron ener-
gy can be taken into account in Eq. (1) by dividing the neutron spectrum into a thermal and
an epithermal region; the division is made at En=0.55 eV (the so-called cadmium cut-off en-
ergy). This approach is commonly known as the Hegdahl convention [4].

The integral in Eq. (1) can then be rewritten as:

R= 'C[d n(v)vo(v)do + T n(v)vo(v)do 4)

0 Vey

The first term can be integrated straightforward:

Ycd Yca
_[ n(v)odv =v,0, I n(v)dv =nv,0o, (5)
0 0

in which,
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is called the thermal neutron density, with ®y=nv,,

* @, is the conventional thermal neutron fluence rate, m™ s™, for energies up to the Cd cut-
off energy of 0.55 eV;

* g, is the thermal neutron activation cross section, m? at 0.025 eV;
* v, is the most probable neutron velocity at 20 °C: 2200 m s

The second term is re-formulated in terms of neutron energy rather than neutron velocity
and the infinite dilution resonance integral I, — which effectively is also a cross section (m?) -
is introduced:

0 E
" o(E, )dE
j n(v)odo = g, j —2 =gyl 7)
Ocd Ecq n
with:
Fnox (B )dE
U ®)
Ecq n
Here, @, the conventional epithermal neutron fluence rate per unit energy interval, at 1 eV.

From this definition of I, it can be seen that it assumes that the energy dependency of the
epithermal neutron fluence rate is proportional to 1/En. This requirement is fulfilled to a
good approximation by most of the (n,y) reactions.

In the practice of nuclear reactor facilities the epithermal neutron fluence rate ®epi is not
precisely following the inverse proportionality to the neutron energy; the small deviation
can be accounted for by introducing an epithermal fluence rate distribution parameter a:

E
e (B )E,
Io@)=(1 evy [ ZCaEe o)
Ecq n

The expression for the reaction rate can thus be re-written as:
R=gy00+0,,1(2) (10)

Expressing the ratio of the thermal neutron fluence rate and the epithermal neutron fluence
rate as f=0,/®,,; and the ratio of the resonance integral and the thermal activation cross sec-
tion as Qy(a)= Iy(a)/o,, an effective cross section can be defined:
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Qo)

O = o,(1+

) (11)

It simplifies the Eq. (10) for the reaction rate to:
R=9,,0,4 (12)

This reaction rate applies to infinite thin objects. In objects of defined dimensions, the inside
part will experience a lower neutron fluence rate than the outside part because neutrons are
removed by absorption.

The nuclear transformations are established by measurement of the number of nuclear de-
cays. The number of activated nuclei N(t, t;) present at the start of the measurement is given

by:
Nt bt )= %(1 —e Miye M (13)
and the number of nuclei AN disintegrating during the measurement is given by:
AN(t, b, t,) = %(1 —e My Ma(1-eMm) (14)

in which t, is the decay or waiting time, i.e. the time between the end of the irradiation and
the start of the measurement t,, is the duration of the measurement. Additional correction
resulting from high counting rates may be necessary depending upon the gamma-ray spec-
trometer hardware used as illustrated in chapter 2 [1]. Replacing the number of target nuclei
N, by (N4,m)/M and using the Eq. (12) for the reaction rate, the resulting net counts C in a
peak in the spectrum corresponding with a given photon energy is approximated by the ac-
tivation formula:

N 6 e g
Ny (1 _ g iy i (1M ) (15)

with:
* N, is the net counts in the y-ray peak of E,,
* N,, is the Avogadro's number in mol™;

* 0 is isotopic abundance of the target isotope;



Concepts, Instrumentation and Techniques of Neutron Activation Analysis
http://dx.doi.org/10.5772/53686

* m, is the mass of the irradiated element in g;
* M, is the atomic mass in g mol™;

* lis the gamma-ray abundance, i.e. the probability of the disintegrating nucleus emitting a
photon of E, (photons disintegration™);

* ¢ is the full energy photopeak efficiency of the detector, i.e. the probability that an emitted
photon of given energy will be detected and contribute to the photopeak at energy E, in
the spectrum.

Although the photons emitted have energies ranging from tens of keVs to MeVs and have
high penetrating powers, they still can be absorbed or scattered in the sample itself depend-
ing on the sample size, composition and photon energy. This effect is called gamma-ray self-
attenuation. Also, two or more photons may be detected simultaneously within the time
resolution of the detector; this effect is called summation.

Eq. (15) can be simply rewritten towards the measurement equation of NAA, which shows
how the mass of an element measured can be derived from the net peak area C:

M A

m, =N 4
Tee-(1—e My e M (1-em)

TN g (16)
Nav 0 P~ O

2.4. Standardization

Standardization is based on the determination of the proportionality factors F that relate the
net peak areas in the gamma-ray spectrum to the amounts of the elements present in the
sample under given experimental conditions:

(17)

ax
Il
2=

Both absolute and relative methods of calibration exist.

2.4.1.Absolute calibration

The values of the physical parameters determining the proportionality factor 0, N,,, M, 0y
I, A, are taken from literature. The parameters o, respectively I, A are not precisely known
for many (n,y) reactions and radionuclides, and in some cases 0 is also not accurately
known. Since the various parameters were often achieved via independent methods, their
individual uncertainties will add up in the combined uncertainty of measurement of the ele-
mental amounts, leading to a relatively large combined standard uncertainty. Moreover, the
metrological traceability of the values of the physical constants is not known for all radionu-
clides. The other parameters N, m,, D, ¢ t, t, t,, are determined, calculated or measured for
the given circumstances and uncertainties can be established.
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2.4.2. Relative calibration

a. Direct comparator method

The unknown sample is irradiated together with a calibrator containing a known amount of
the element(s) of interest. The calibrator is measured under the same conditions as the sam-
ple (sample-to-detector distance, equivalent sample size and if possible equivalent in com-
position). From comparison of the net peak areas in the two measured spectra the mass of
the element of interest can be calculated:

{ o ]
it —it,,
b o d—e My |

mx(unk) = mx(cal)' [ N ] (18)
cal

4
it —it,,
t,e .(1-e"m)

in which m,(unk), m,(cal) mass of the element of interest, in the unknown sample and the
calibrator, respectively in g.

In this procedure many of the experimental parameters - such as neutron fluence rate, cross
section and photopeak efficiency cancel out at the calculation of the mass and the remaining
parameters are all known. This calibration procedure is used if the highest degree of accura-
cy is required.

The relative calibration on basis of element calibrators is not immediately suitable for labo-
ratories aiming at the full multi-element powers of INAA. It takes considerable effort to pre-
pare multi-element calibrators for all 70 elements measurable via NAA with adequate
degree of accuracy in a volume closely matching the size and the shape of the samples. Sin-
gle comparator method Multi-element INAA on basis of the relative calibration method is
feasible when performed according to the principles of the single comparator method. As-
suming stability in time of all relevant experimental conditions, calibrators for all elements
are co-irradiated each in turn with the chosen single comparator element. Once the sensitivi-
ty for all elements relative to the comparator element has been determined (expressed as the
so-called k-factor, see below), only the comparator element has to be used in routine meas-
urements instead of individual calibrators for each element. The single comparator method
for multi-element INAA was based on the ratio of proportionality factors of the element of
interest and of the comparator element after correction for saturation, decay, counting and
sample weights defined the k-factor for each element i as:

ki _ (Ma )i,cal ycompgcompgcompo-eﬁ,comp (19)

Mi,culyi,calgi,calgi,cal(O-eff)i,cul
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Masses for each element i then can be calculated from these k; factors; for an element deter-
mined via a directly produced radionuclide the mass m,(unk) follows from:

NP
(1—e )t e M (1-e M)

comp)* Nr,
(1—e )t e i (1-e )

where: m,(comp) is the mass of element x in comparator in g.

k
mx(unk) = mx( - 'ki (20)

comp

These experimentally determined k-factors are often more accurate than when calculated on
basis of literature data as in the absolute calibration method. However, the k-factors are only
valid for a specific detector, a specific counting geometry and irradiation facility, and remain
valid only as long as the neutron fluence rate parameters of the irradiation facility remain
stable. The single comparator method requires laborious calibrations in advance, and finally
yield relatively (compared to the direct comparator method) higher uncertainties of the
measured values. Moreover, it requires experimental determination of the photopeak effi-
ciencies of the detector. Metrological traceability of the measured values to the S.I. may be
demonstrated.

b. The ky-comparator method

The kj-based neutron activation analysis (k-NAA) technique, developed in 1970s, is being
increasingly used for multielement analysis in a variety of matrices using reactor neu-
trons [4-10]. In our research reactor, the ki-method was successfully developed using the
Hegdahl formalism [11]. In the kO-based neutron activation analysis the evaluation of the
analytical result is based on the so-called k- factors that are associated with each gamma-
line in the gamma-spectrum of the activated sample. These factors replace nuclear con-
stants, such as cross sections and gamma-emission probabilities, and are determined in
specialized NAA laboratories. This technique has been reported to be flexible with re-
spect to changes in irradiation and measuring conditions, to be simpler than the relative
comparator technique in terms of experiments but involves more complex formulae and
calculations, and to eliminate the need for using multielement standards. The k-NAA
technique, in general, uses input parameters such as (1) the epithermal neutron flux shape
factor (a), (2) subcadmium-to-epithermal neutron flux ratio (f), (3) modified spectral index
r(@)T, /T, (4) Westcott’s g(T,)-factor, (5) the full energy peak detection efficiency (e,),
and (6) nuclear data on Q, (ratio of resonance integral (I;) to thermal neutron cross sec-
tion (0y) and k,. The parameters from (1) to (4) are dependent on each irradiation facility
and the parameter (5) is dependent on each counting facility. The neutron field in a nucle-
ar reactor contains an epithermal component that contributes to the sample neutron acti-
vation [12]. Furthermore, for nuclides with the Westcott’s g(T,)-factor different from unity,
the Hogdahl convention should not be applied and the neutron temperature should be in-
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troduced for application of a more sophisticated formalism [14], the Westcott formalism.
These two formalisms should be taken into account in order to preserve the accuracy of
k,-method.

The k-NAA method is at present capable of tackling a large variety of analytical problems
when it comes to the multi-element determination in many practical samples. In this part,
we have published a paper [15] for which the determination of the Westcott and Hogdahl
parameters have been carried out to assess the applicability of the k,-NAA method using the
experimental system and irradiation channels at Es-Salam research reactor.

During the three last decades Frans de Corte and his co-workers focused their investigations
to develop a method based on co-irradiation of a sample and a neutron flux monitor, such as
gold and the use of a composite nuclear constant called ky-factor [3, 16]. In addition, this
method allows to analyze the sample without use the reference standard like INAA method.
The k-factors have been defined as independent of neutron fluence rate parameters as well
as of spectrometer characteristics. In this approach, the irradiation parameter (1+Q(a)/f) (Eq.
(11)) and the detection efficiency e are separated in the expression (19) of the k-factor, which
resulted at the definition of the kj-factor.

_ 1 1+ Qo/comp(a)/f gcomp _ Mcomp eculo-o,calycal
O —_ . . - .
ko 1+ QO,cal(a) / f gcomp ecnmpo-(),comp?/ comp Mcal

(21)

[ N/t ]
o 1+ Qo compl(@)/ f Ecomp (1€ ) Mo (1=e ) ) 1 (22)
x(unk) x(comp) 1+Q0,cal(a)/f gcomp [ Np/tm ] k()

comp

(1-e).eMi(1—eHm)m

The applicability of HOGDAHL convention is restricted to (n,y) reactions for which WEST-
COTT’s g-factor is equal to unity (independent of neutron temperature), the cases for which
WESTCOTT’s g =1 [3, 4, 17], such as the reactions *'Eu(n, y) and “*Lu(n, y) are excluded
from being dealt with. Compared with relative method k-NAA is experimentally simpler (it
eliminates the need for multi-element standards [3, 18], but requires more complicated cal-
culations [19]. In our research reactor, the k-method was successfully developed using the
HOGDAHL convention and WESTCOTT formalism [11, 15]. The ky-method requires tedious
characterizations of the irradiation and measurement conditions and results, like the single
comparator method, in relatively high uncertainties of the measured values of the masses.
Moreover, metrological traceability of the currently existing k, values and associated param-
eters to the S.I. is not yet transparent and most probably not possible. Summarizing, relative
calibration by the direct comparator method renders the lowest uncertainties of the meas-
ured values whereas metrological traceability of these values to the S.I. can easily be demon-



Concepts, Instrumentation and Techniques of Neutron Activation Analysis
http://dx.doi.org/10.5772/53686

strated. As such, this approach is often preferred from a metrological viewpoint. The
concentration of an element can be determined as:

Np/tm
P (ppm): ShCw N 1 thx,Auf+Gepi,AuQ0,Au(a) gp,Au ><106 (23)
! Np/tm kO,Au(x) Gth,xf + Gepi,xQO,x(a) gp,x
SDCW N

Where: the indices x and Au refer to the sample and the monitor, respectively; W,, and W,
represent the mass of the gold monitor and the sample (in g); N, is the measured peak area,
corrected for dead time and true coincidence; S, D, C are the saturation, decay and counting
factors, respectively; tm is the measuring time; G, and G, are the correction factors for ther-
mal and epithermal neutron self shielding, respectively.

2.5. Sources errors

Many publications reported in literature [20-25] treat the concept of evaluation of uncertain-
ties in large range of analytical techniques.

We can give in this part of chapter, the evaluation of uncertainties for neutron activation
analysis measurements. Among the techniques of standardization the comparator method
for which the individual uncertainty components associated with measurements made with
neutron activation analysis (NAA) using the comparator method of standardization (calibra-
tion), as well as methods to evaluate each one of these uncertainty components [1].

This description assumes basic knowledge of the NAA method, and that experimental pa-
rameters including sample and standard masses, as well as activation, decay, and counting
times have been optimized for each measurement. It also assumes that the neutron irradia-
tion facilities and gamma-ray spectrometry systems have been characterized and optimized
appropriately, and that the choice of irradiation facility and detection system is appropriate
for the measurement performed. Careful and thoughtful experimental design is often the
best means of reducing uncertainties. The comparator method involves irradiating and
counting a known amount of each element under investigation using the same or very simi-
lar conditions as used for the unknown samples. Summarizing, relative calibration by the
direct comparator method renders the lowest uncertainties of the measured values whereas
metrological traceability of these values to the S.I. can easily be demonstrated. As such, this
approach is often preferred from a metrological viewpoint. The measurement equation can
be further simplified, by substituting:

AN e
4y = m-fpfuc (24)

in:
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AO( unk)

m cal

m

RyR4,R R, -blank (25)

unk =
0(cal)

Where: R, is the ratio of isotopic abundances for unknown sample and calibrator, R, is the ratio
of neutron fluence rates (including fluence gradient, neutron self shielding, and scattering) for
unknown sample and calibrator, R, is the ratio of effective cross sections if neutron spectrum
shape differs from unknown sample to calibrator, R, is the ratio of counting efficiencies (differ-
ences due to geometry and y-ray self shielding) for unknown sample and calibrator, blank is
the mass of element x in the blank, f; is the correction for pulse pileup (correction method de-
pends upon the actual hardware used) and fy. is the correction for inadequacy of live time ex-
tension (correction method depends upon the actual hardware used)

Note that the R values are normally very close to unity, and all units are either Sl-based or
dimensionless ratios. Thus an uncertainty budget can be developed using only SI units and
dimensionless ratios for an NAA measurement by evaluating the uncertainties for each of
the terms in Eqgs. (23) and (24), and for any additional corrections required (e.g., interferenc-
es, dry mass conversion factors, etc.).

Uncertainties for some of the terms in Eq. (24) have multiple components. If we sub-divide
the uncertainty for each term in the above equations into individual components, add terms
for potential corrections, and separate into the four stages of the measurement process, in-
cluding: pre-irradiation (sample preparation); irradiation; post-irradiation (gamma-ray spec-
trometry), and radiochemistry, we arrive at the complete list of individual uncertainty
components for NAA listed below in Table 4. Only uncertainties from the first three stages
should be considered for instrumental neutron activation analysis (INAA) measurements,
while all four stages should be considered for radiochemical neutron activation analysis
(RNAA) measurements. More details are given in chapter 2 of reference [1] for each subsec-
tion of uncertainty component.

1. Pre-irradiation (sample and standard preparation) stage

1.1. Elemental content of standards (comparators)

1.2. Target isotope abundance ratio — unknown samples/standards

1.3. Basis mass (or other sample basis) — including drying

1.4. Sample and standard blanks

2. Irradiation stage

2.1. Neutron fluence exposure differences (ratios) for unknown samples compared to standards (comparators)

2.1. Physical effects (fluence gradients within a single irradiation)

2.2. Temporal effects (fluence variations with time)

2.3. Neutron self shielding (absorption and scattering) effects within a single sample or standard

2.4. Neutron shielding effects from neighbouring samples or standards
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2.2.Irradiation interferences

2.2.1. Fast (high energy) neutron interferences

2.2.2. Fission interferences

2.2.3. Multiple neutron capture interferences

2.3. Effective cross section differences between samples and standards

2.4. Irradiation losses and gains

2.4.1. Hot atom transfer (losses and gains by recoil, nanometer movement)

2.4.2. Transfer of material through irradiation container

2.4.3. Sample loss during transfer from irradiation container

2.4.4. Target isotope burn up differences

2.5. Irradiation timing and decay corrections during irradiation (effects of half life and timing uncertainties)

3. Gamma-ray spectrometry stage

3.1. Measurement replication or counting statistics (depending on number of replicates) for unknown samples

3.2. Measurement replication or counting statistics (depending on number of replicates) for comparator
standards

3.3. Corrections for radioactive decay (effects of half life and timing uncertainties for each measurement)

3.3.1. From end of irradiation to start of measurement

3.3.2. Effects of clock time uncertainty

3.3.3. Effects of live time uncertainty

3.3.4. Count-rate effects for each measurement

3.3.4.1. Corrections for losses due to pulse pileup for conventional analyzer systems

3.3.4.2. Effects due to inadequacy of live-time extension for conventional analyzer systems

3.3.4.3. Uncertainties due to hardware corrections for Loss-Free or Zero Dead Time systems

3.4. Corrections for gamma-ray interferences

3.5. Corrections for counting efficiency differences (if necessary), or uncertainty for potential differences

3.5.1. Effects resulting from physical differences in size and shape of samples versus standards

3.5.2. Corrections for gamma-ray self absorption

3.6. Potential bias due to peak integration method

3.7. Potential bias due to perturbed angular correlations (-ray directional effects)

4. Radiochemical stage (only if radiochemical separations are employed)

4.1. Losses during chemical separation

4.2. Losses before equilibration with carrier or tracer

Table 4. Complete list of individual uncertainty components for NAA measurements using the comparator method of
standardization; line numbers in this table represent subsections.



166

Imaging and Radioanalytical Techniques in Interdisciplinary Research - Fundamentals and Cutting Edge Applications

2.6. Detection limits of NAA

The detection limit represents the ability of a given NAA procedure to determine the minimum
amounts of an element reliably. The detection limit depends on the irradiation, the decay and
the counting conditions. It also depends on the interference situation including such things as
the ambient background, the Compton continuum from higher energy-rays, as well as any-ray
spectrum interferences from such factors as the blank from pre-irradiation treatment and from
packing materials. The detection limit is often calculated using Currie's formula:

DL=2.71+4.65B, (26)

where: DL is the detection limit and B is the background under a gamma-ray peak. This re-
lation is valid only when the gamma-ray background (counting statistical error) is the major
interference.

However, practically, the INAA detection limits depend on:

1. The amount of material to be irradiated and to be counted. This is often set by availabil-
ity, sample encapsulation aspects and safety limits both related to irradiation (irradia-
tion containers) and counting (e.g. with Ge well-type detectors), and possibly because
of neutron self-shielding and gamma-ray self-absorption effects. For these reasons prac-
tically the sample mass is often limited to approximately 250 mg.

2. The neutron fluxes. These are clearly set by the available irradiation facilities.

3. The duration of the irradiation time. This is set by practical aspects, such as the limita-
tions in total irradiation dose of the plastic containers because of radiation damage. The
maximum irradiation time for polyethylene capsules is usually limited to several hours,

for instance 5 hours at 5 x 107 m2s™.

4. The total induced radioactivity that can be measured is set by the state-of-the-art of
counting and signal processing equipment, with additional radiation dose and shield-
ing considerations. As an example, the maximum activity at the moment of counting
may have to be limited to approximately 250 kBg.

5. The duration of the counting time. A very long counting time may set limits to the num-
ber of samples processed simultaneously in case the radioactivity decays considerably
during this counting time. Moreover, it reduces sample throughput.

6. The total turn-around time. Although sometimes better detection limits may be ob-
tained at long decay times, the demands regarding the turn-around time often imply
that a compromise has to be found between the longest permissible decay time and cus-
tomer satisfaction.

7. The detector size, counting geometry and background shielding. The detector's charac-
teristics may be set in advance by availability but several options exist.

It all illustrates that the detection limit for a given element by INAA may be different for
each individual type of material, and analysis conditions. In Table 5 are given, as an indica-
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tion, typical detection limits as derived from the analysis of a plant and a soil material. Peter
Bode in his PhD thesis, Instrumental and organizational aspects of a neutron activation anal-
ysis laboratory, the typical detection limits as derived from the analysis of a plant and a soil
material given in table 5 [26].
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Element Plant Soil Element Plant Soil Element Plant Soil
NA 2 10 Nd 0.7 8 Ag 0.2 2
Ca 700 4000 Eu 0.006 0.05 Sn 10 20
Cr 1 1 Yb 0.03 0.2 Te 0.3 3
Co 0.02 0.3 Hf 0.01 0.1 Ba 10 40
Zn 0.4 6 W 03 1 Ce 0.2 1
As 0.2 0.8 Os 0.1 0.6 Sm 0.01 0.03
Br 0.3 0.8 Au 0.003 0.01 Tb 0.008 0.1
Sr 5 60 Th 0.01 0.1 Lu 0.004 0.02
Mo 4 10 K 200 1500 Ta 0.01 0.2
Cd 3 8 Sc 0.001 0.02 Re 0.08 0.2
Sb 0.02 0.2 Fe 8 100 Ir 0.0006 0.004
Cs 0.02 0.3 Ni 2 30 Hg 0.05 0.4
La 0.1 0.3 Ga 2 10 U 0.2 2
Se 0.1 1 Rb 0.4 6 Zr 5 80

Table 5. Detection limits of elements in mg.kg' as observed in NAA procedure of plant material and a soil material.

3. Applications

It is hardly possible to provide a complete survey of current NAA applications; however,
some trends can be identified [27]. At specialized institutions, NAA is widely used for anal-
ysis of samples within environmental specimen banking programmes [28]. The extensive
use of NAA in environmental control and monitoring can be demonstrated by the large
number of papers presented at two symposia organized by the IAEA in these fields: "Appli-
cations of Isotopes and Radiation in Conservation of the Environment" in 1992 [29] and
"Harmonization of Health-Related Environmental Measurements Using Nuclear and Isotop-
ic Techniques" in 1996 [30]. Similar trends can also be identified from the topics discussed at
the regular conference on “Modern Trends in Activation Analysis (MTAA)” and at the sym-
posia on "Nuclear Analytical Methods in the Life Sciences" [31-33]. Additional sources of re-
cent information on utilizing NAA in selected fields, such as air pollution and
environmental analysis, food, forensic science, geological and inorganic materials as well as
water analysis can be found in the bi-annual reviews in Analytical Chemistry, for instance
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cf. Refs [34-42]. It follows from these reviews that NAA has been applied for determining
many elements, usually trace elements, in the following fields and sample types:

1. Archaeology: samples and objects such as amber, bone, ceramics, coins, glasses, jewel-
lery, metal artefacts and sculptures, mortars, paintings, pigments, pottery, raw materi-
als, soils and clays, stone artefacts and sculptures can be easily analyzed by NAA.

2. Biomedicine: the samples and objects that can be analysed include: animal and human
tissues activable tracers, bile, blood and blood components, bone, brain cell components
and other tissues, breast tissue, cancerous tissues, colon, dialysis fluids, drugs and med-
icines, eye, faeces, foetus, gallstones, hair, implant corrosion, kidney and kidney stones,
liver, lung, medical plants and herbs, milk, mineral availability, muscle, nails, placenta,
snake venom, rat tissues (normal and diseased), teeth, dental enamel and dental fillings,
thyroid, urine and urinary stones.

In this work, we have used the INAA technique to analyse the traditional medicinal seeds
prescribed for specific treatment purposes, were purchased from local markets [43]. The
samples were irradiated at Es-Salam research reactor, at a power of 5 MW for 6 h. The accu-
racy of the method was established by analyzing reference materials. Twenty elements were
measured, with good accuracy and reproducibility (Table 6'). The concentration of elements
determined, was found to vary depending on the seeds (Fig.11). The daily intake of essential
and toxic elements was determined, and compared with the recommended values. The
probable cumulative intake of toxic elements is well below the tolerance limits.

Element Unity Black seeds Fenugeek Caraway

Ba mg/Kg 7.7+55 100.3+5.8 1124+6.5

Br mg/Kg 136.9+4.6 119.6+3.9 729+24

Ca g/Kg 3.77+455 3.14+0.39 1.50+0.21
Ce mg/Kg 1.44+0.07 26+0.1 1.98+0.11

Co mg/Kg 0.66+0.02 0.73+0.02 0.81+0.03

Cr mg/Kg 4.44+0.19 293+1.0 2.96£0.20

Cs mg/Kg 0.25+0.01 0.51+0.02 0.22+0.01

Eu mg/Kg 0.022 +£0.002 0.039£0.002 0.023 +0.002
Fe mg/Kg 656.2+71.6 823.2+89.8 674.67 +74.16
K 9/Kg 3.67+1.79 3.75+0.20 37+0.2

La mg/Kg 0.74+0.04 1.53+0.06 1.50+0.06
Na mg/Kg 1028 + 34 804.20 + 26.69 615.50 +20.41
Rb mg/Kg 24+2 368+ 14 263+19

Sc mg/Kg 0,258 + 0,037 0,362 +0,051 0,272 +0,008
Se mg/Kg 0,29 +0,04 ND ND

1 nd : not detected.
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Element Unity Black seeds Fenugeek Caraway

Sm mg/Kg 0,092 + 0,004 0,18+0,01 0,142 + 0,005
Sr mg/Kg 203,2+7,8 136,88+7,4 101,7+4,7
Th mg/Kg 0,159 0,009 0,32+0,02 0,195+0,014
n mg/Kg 68,06 +£2,11 42,8+14 40,24 £ 1,30

Table 6. Elemental concentrations in the medicinal seed samples (Black seeds, Fenugreek, Caraway).
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Figure 11. Concentration of the major and minor (a) and trace (b) elements in the medicinal seed samples.

3. Environmental: in this domain, related fields concerned by NAA are: aerosols, atmos-
pheric particulates (size fractionated), dust, fossil fuels and their ashes, flue gas, ani-
mals, birds, insects, fish, aquatic and marine biota, seaweed, algae, lichens, mosses,
plants, trees (leaves, needles, tree bark), household and municipal waste, rain and hori-
zontal precipitations (fog, icing, hoarfrost), soils, sediments and their leachates, sewage
sludges, tobacco and tobacco smoke, surface and ground waters, volcanic gases.

Recently, our laboratory is strongly involved in various areas of application of k-NAA.
The present work focuses on the application of the k-NAA method in Nutritional and
Health-Related Environmental field [44]. Tobacco holds a leading position among differ-
ent commodities of human consumption. The adverse health effects of toxic and trace el-
ements in tobacco smoke on smokers and non-smokers are a special concern. In the
present study, the concentration of 24 trace elements in cigarette tobacco of five different
brands of Algerian and American cigarettes have been determined by ki -based INAA
method. The results were compared with those obtained for samples from Iranian, Turk-
ish, Brazilian and Mexican cigarettes tobacco. To evaluate the accurate of the results the
SRM TAEA-140/TM was executed.

A multi-element analysis procedure based on the ki-NAA method was developed at Es-
Salam research reactor allowing to simultaneously determine concentrations for 24 ele-
ments (As, Ba, Br, Ca, Ce, Co, Cr, Cs, Eu, Fe, Hf, K, La, Na, Rb, Sb, Sc, Se, Sm, Sr, Ta,
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Tb, Th, Zn). The determination of toxic and trace elements in cigarette tobacco is impor-
tant both from the point of view of health studies connected with smoking and more
general aspects of the uptake of trace elements by plants (table 7). Because of its great
sensitivity, k,-NAA method is very suitable for determination of heavy metals such as
As, Sb, Se and Zn. The accuracy of the results was checked by the analysis of standard
reference material and good agreement was obtained with certified or literature values.
The results of Algerian tobacco (table 8) were compared with analyses of Turkey [45],
Iran [46], Mexican [47] and Brazilian tobacco [48].

Designated sample code

Element

T T2 LE] T4 T5
As 4.05+0.16 6.4+0.24 2.16 +£0.09 2.42+0,09 4.27 +0.28
Ba 101355 100.3+5.8 1124+6.5 83.1+4.4 120.0+7.7
Br 136.9+4.6 119.6 £3.9 729+24 541+£1.7 68.7+2.3
Ca% 3.77 +4.55 3.14+0.39 1.50+0.21 2.11+0.26 2.39+0.31
Ce 1.44+0.07 26+0.1 1.98+0.11 1.01+0.05 1.81+0.11
Co 0.66+0.02 0.73+0.02 0.81+0.03 0.51+0.02 0.78 +0.03
Cr 4.44+0.19 29.3+1.0 2.96+£0.20 237011 2.80+0.22
Cs 0.25+0.01 0.51+0.02 0.22+0.01 0.191+0.008 0.42+0.02
Eu 0.022 +£0.002 0.039 +0.002 0.023+0.002 0.021+0.001 0.032+0.002
Fe 656 £ 72 823+90 675+74 384+13 664 + 24
Hf 0.127 £0.007 0.224 £0.015 0.24+0.02 0.144+£0.014 0.143+£0.010
K % 3.67£1.79 3.75+0.20 3.7+0.2 292+0.14 3.38+0.18
La 0.74 £0.04 1.53+0.06 1.50+0.06 1.082 +0.043 1.68+0.06
Na 1028 +34 804 +27 616+ 20 653 +22 575+19
Rb 24 +2 368+1.4 263+19 14.33+0.59 254+1.6
Sb 0.089+£0.014 0.180+0.020 0.036 +£0.007 0.127 £0.015 0.346 +0.037
Sc 0.258 £0.037 0.362 +£0.051 0.272 £0.008 0.165+0.023 0.264 +0.037
Se 0.29+0.04 ND ND ND ND

Sm 0.092 +0.004 0.18+0.01 0.142 +£0.005 0.095+0.004 0.152 +0.005
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Designated sample code

Element

T T2 T3 T4 T5
Sr 203.2+7.8 136.9+74 101.7+4.7 82.37+£3.62 106.80 +5.39
Ta 0.021+0.003 0.043 +0.006 0.023 £0.004 0.029 +0.004 0.023 £0.004
Tb 0.018 +0.004 0.021+0.003 0.014 +0.004 0.008 +0.002 0.018 +0.004
Th 0.159 +0.009 0.32+0.02 0.195+0.014 0.153+0.012 0.19+0.02
Zn 68.06+2.11 428+14 40.24 +1.30 27.53+0.89 4299 +1.38
Table 7. Concentration values (mg kg-1) of five brands of tobacco by k,-NAA method.
Element Algeria Turkey Iran Mexican Brazilian
As 4.05-6.4 1.0 - <0.55-3.24 -
Ba 100.3-101.3 64.6 1.15+£0.01 64 - 251 458-99.7
Br 119.6-136.9 59.2 137+2 49-136 -
Ca% 3.14-3.77 - - R
Ce 1.44-26 1.19+0.02 <0.3-1.7 1.2-83
Co 0.66-0.73 0.77 0.21+0.01 0.29-0.55 0.70-1.2
Cr 444-293 7.1 3.14+0.14 <08-24 -
Cs 0.25-0.51 0.20 0.17 £0.02 0.091-04 -
Eu 0.022-0.039 0.034 0.045+0.010 <0.03 0.036-0.037
Fe 656.2-823.2 1000 649+6 420-680 710-4100
Hf 0.127-0.224 0.15 0.09+0.01 <0.03-0.13 0.15-0.87
K % 3.67-3.75 2.6 0.220 £ 0.005 1.83-4.03 -
La 0.74-1.53 1.0 0.62+0.02 <0.2-0.66 1.9-48
Na 804.2-1028 394 347 £18 309-566 -
Rb 24.0-36.8 17.7 22.6+3.6 19-50 30.3-45.0
Sb 0.089-0.180 0.10 0.68+0.03 <07 0.079-047
Sc 0.258-0.362 0.35 0.43+0.03 0.13-0.22 0.23-1.50
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Element Algeria Turkey Iran Mexican Brazilian
Se 0.29 0.18 - <07 -

Sm 0.092-0.180 - 0.88+0.01 0.07-0.14 0.24-0.60
Sr 136.88 -203.20 - - 227 -472 -

Ta 0.021-0.043 - - - R

Tb 0.018-0.021 - 0.034+0.002 - -

Th 0.159-0.320 0.32 0.177£0.010 <0.1-0.17 0.34-4.00
Zn 42.80-68.06 35 126+04 14-56 -

Table 8. Comparison between our results (Algerian cigarettes tobacco) and those reported in the literature.

Forensics: bomb debris, bullet lead, explosives detection, glass fragments, paint, hair,
gunshot residue swabs, shotgun pellets.

Geology and geochemistry: asbestos, bore hole samples, bulk coals and coal products,
coal and oil shale components, crude oils, kerosene, petroleum, cosmo-chemical sam-
ples, cosmic dust, lunar samples, coral, diamonds, exploration and geochemistry, mete-
orites, ocean nodules, rocks, sediments, soils, glacial till, ores and separated minerals.

Industrial products: alloys, catalysts, ceramics and refractory materials, coatings, elec-
tronic materials, fertilizers, fissile material detection and other safeguard materials,
graphite, high purity and high-tech materials, integrated circuit packing materials, on-
line, flow analysis, oil products and solvents, pharmaceutical products, plastics, process
control applications, semiconductors, pure silicon and silicon processing, silicon diox-
ide, NAA irradiation vials, textile dyes, thin metal layers on various substrates.

Nutrition: composite diets, foods, food colours, grains, honey, seeds, spices, vegetables,
milk and milk formulae, yeast. In this chapter, we focus on the application of the k,
method of instrumental neutron activation analysis in Nutritional and Health-Related
Environmental field [49]. Three kinds of milk were purchased in the powder form from
local supermarket. The samples of milk powder were analyzed using k,-NAA method.
Concentrations of six elements Br, Ca, K, Na, Rb and Zn have been determined by long
irradiation time with a thermal and epithermal flux of 4.7.10" n.cm™2.s™ and 2.29.10"
n.cm2s7, respectively (see table 9). The reactor neutron spectrum and detection effi-
ciency calibration parameters such as a, f and ep have been used for the calculation of
elemental concentrations. The analytical results for three kinds of milk using k-NAA
are compared with the certified values of SRMs. In this work, we have determined six
elements in three kinds of milk and two reference materials, IAEA-153 and IAEA-155.
The elements Br, Ca, K, Na, Rb and Zn were determined in each kind of the three sam-
ples of milk.
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Element Designated sample code

Element

M1 M2 M3
Br 12.74+0.81 389+1.26 72.73£0.56
Ca 9040 + 150 (9300) 9560 + 820(9600) 9210+ 130
K 12970 + 780 (12000) 12700 + 700 (12600) 12700 + 500
Na 280+ 100 (3500) 33900 + 100 (4400) 41400 + 130
Rb 12.03+0.08 14.7+0.7 8.2+0.8
Zn 48.03+0.08 42.7+0.2 424+0.2

Table 9. Concentration values of Milk: M1, M2 and M3; units are in mg/kg, NB: (value) is the concentration value of
indicated by producer.
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Figure 12. Comparison of k,-NAA data to certified values for IAEA-153 and IAEA-155.

The accuracy of the measurements was evaluated by analyzing two SRMs Whey powder
AIEA-155 and Milk powder AIEA-153. The analysis results illustrated in figure 12 showed
that the deviations between experimental and certified values were mostly less than 10%.

As an example, an investigation in the nutrition field was carried out by the radiochemical
neutron activation analysis to the proportioning of iodine in food salt [50].

8. Quality assurance: this include analysis of reference materials, certification of element
contents and homogeneity testing of mainly biological and environmental reference
materials of chemical composition and methods inter-comparisons. Additional informa-
tion about these applications can be found in the Proceedings of the Int. Symposia on
Biological and Environmental Reference Materials (BERM). In 2012, Hamidatou L et all
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reported “k0-NAA quality assessment in an Algerian laboratory by analysis of SMELS
and four IAEA reference materials using Es-Salam Research reactor” the internal quali-
ty control of the kO-NAA technique [51]. The concept of QC/QA, internal and external
validation is considered as an advanced stage in the life cycle of an analytical method.

Our contribution in this domain is considered as periodic activities. Since the Nineties our
laboratory participated through AFRA/AIEA projects in different inter-laboratory proficien-
cy tests. Recently, our laboratory was participated in four inter-comparison tests organized
by IAEA within the framework of the AFRA project to assess the analytical performance of
18 analytical laboratories participating in the RAF /4/022 project, Enhancement of Research
Reactor Utilization and Safety by taking part in analytical proficiency testing IAEA in con-
junction with WEPAL, the Wageningen Evaluating Programs for Analytical Laboratories.
The Proficiency Testing tests related to the determination of major, minor and trace elements
in materials of the International Soil and Plant Analytical Exchange material (Wepal codes
ISE, IPE).

9. Neutron flux characterization: theoretical and experimental study, calibration of irradi-
ation channels, simulations using Monte Carlo Code. In general, the implementation of
new techniques based on the neutron beams or flux around the research reactors needs
the knowledge of the essential parameters of neutron flux in different sites to obtain a
better precision during the development.

In this context, we give a great interest in the neutron study for our irradiation channels by
making periodic calibrations using experimental and simulation approaches [11, 15, 52].

4. Conclusions

NAA plays a complementary role in materials analysis in an industrial analytical laboratory.
There are applications where it is highly desirable, and may play the dominant role as the
method of choice e.g. bulk analysis of Si. The advantages of NAA are still the minimum
sample preparation and ultra high sensitivity while turnaround time and lack of spatial res-
olution is a significant limitation.

The many diverse applications in varied fields show that NAA is extremely useful, even
though it is a relatively simple analytical method. Irradiation of samples may be done at nu-
clear reactors that offer such services. Such centres are easily accessible nowadays. Even if
these centres are inaccessible, other neutron sources that emit thermal neutrons may be
used. Hence any laboratory that has a gamma counter can perform NAA experiments. De-
velopment of research programs based on NAA is accessible to any laboratory that is will-
ing to invest a minimal amount of funds. In this chapter, we have presented the neutron
activation analysis in different angles such as: basis principles, derivation of several equa-
tions, techniques, procedures, etc. In addition, we have associated in each part of general
work, some examples of our technical developments and applications of NAA method in
several fields. All analytical works were executed in our centre using irradiation facilities of
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Es-Salam research reactor and all necessary equipments installed in the NAA department to
cover all steps of analytical process.
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1. Introduction

“Interest in problems relating to the food and nutrition of man is already widespread and sincere (...) The time is not distant when
it will be generally recognized that man should pay at least much attention to problems relating to his own food as to the study of the

food of domestic animals”. [1]

Those statements above were made by the US Secretary of Agriculture, J. Sterling Morton in
the name of the USDA (United States Department of Agriculture) in 1896 to introduce the
publication “The Chemical Composition of American Food Materials’ of Atwater and Woods [1].

In his Letter of Transmittal, 116 years ago, Sterling Morton pointed-out the relevance of the
knowledge of nutritive values of national food materials, since there were available in North
American only results made in German products [1].

Since 1896, sensitive analytical techniques have become available which allow measurement
of essential and toxic elements in food, feed and animal products. Several improvements have
taken place in the last decades contributing to great improvements in the analytical quality of
results produces. Substantial progress was also achieved by providing standardized equip-
ment based in semiconductor detectors.

Chemical analyses have been improved and laboratories are largely widespread in the five
continents, but Sterling’s concerns are contemporary and vivid as never before.

In 1936, Hevesy and Levi first utilized a neutron source to analyze dysprosium in Y,0;
inaugurating an era of great development in studies involving multi-element determination

I m E H © 2013 Avelar et licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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in many and varied areas of Sciences, including: material engineering, chemistry, agronomy,
animal sciences and nutrition. Later, the Hevesy and Levi’'s technique were identified as
Neutron Activation Analysis [2].

The Instrumental Neutron Activation Analysis (NAA) has a great advantage to other (humid)
techniques due to the absence of effects of chemical binding to the trueness of results since the
NAA is the only technique for quantitative element determination based on phenomena
occurring in the atomic nucleus. The total dissolution may not be guaranteed for the entire
sample in humid techniques [3].

Other outstanding characteristics include: element specificity, multi-element determination
capacity, and sensitivity [2,3].

Potential interferences, sources of error and contributions to uncertainty of measurement are
well known and quantifiable [3].

Some authors define NAA as “Mature, completed in development”, a stage in which the initial
problems have been overcome. However, there are various analytical challenges in the many
applications for which INAA may be the preferred technique to obtain information on
elements and their concentrations [3].

Oppositely, applying others analytical techniques to study solid samples by flame atomic
absorption spectroscopy, graphite furnace absorption spectroscopy, inductively coupled
plasma spectroscopy, or inductively coupled plasma mass spectrometry, the sample must first
be digested to get the analyte metals in solution. Digestion dissolves only those fractions of
metals that can be put into solution under relatively extreme conditions and therefore enables
measurement of available metals. Sample digestion by humid procedures generally uses
highly corrosive reagents that are strong acids and strong oxidants and demand expert
personnel using the proper equipment, including fume hoods and adequate personnel
protection. It is expected new developments of high-powered microwave digestions systems
coupled to these “open-sample dependent” techniques [4].

2. Neutron activation analysis in Brazil in the new millennium

Brazil has developed technology based on nuclear research reactors, two (IPEN and CDTN)
work on neutron activation analysis. At IPEN, Sdo Paulo, there is one research reactor (a 5 MW
pool type) and a cyclotron both involved with radioisotopes production. At the CDTN, Belo
Horizonte, there is a very active Triga research (IPR-R1) reactor [5]. Two unique duties in both
of these institutes are promoting of basic nuclear teaching for students and workers in nuclear
industry and embracing the applied research in many fields like: medicine, nutrition, animal
sciences, geology, environmental sciences among others [5].

There is an interesting study of lunch meals served at the Cafeteria of the School of Public
Health used by students and workers in the University of Sao Paulo (USP). That study could
be considered an turning-point in Nuclear Analytical Applications in Brazil, giving pace for a
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new generation of studies in Life Sciences. The aim of that study from 2000 was to assessing
the nutritional adequacy of diets served to University students related to essential elements
and also monitoring for some toxic elements [6].

Since 2000, our research group has been dedicated to apply Neutron Activation Analysis
in Animal Sciences. Starting from acquiring data for minerals in bovine tissues of the
Brazilian cattle; at that point we could not find any study involving such tissues in Brazil
in the nutrition field [7].

In that first study [7], our objective was focused to assess the elemental composition of animal
tissues to support health and nutritional studies. Since cattle were and still are the most
prevalent source of protein among Brazilian families, including meat, milk and dairy products.
Determining the elemental concentration in cattle tissues is especially important because these
materials are used for multipurpose objectives such as the assessment of animal health, the
quality of human foods consumed, and as a potential environmental biomonitor. Chromium,
copper, sodium, potassium, iron, and zinc levels were determined in bovine tissues—kidney,
liver and muscle—from cattle bred and raised in a potentially metal contaminated region
because of mineral activities.

We verified the essential element concentration and possible contamination by toxic
elements in cattle tissues that can affect human nutrition. There was a good agreement the
between values reported international organizations such USDA and FAO and the Brazilian
analytical results obtained; the required data quality was also achieved. The higher iron,
chromium, and copper concentrations could reflect the influence of the fate of environmen-
tal contaminants depositing in the animal tissues by biochemical processes. The pollu-
tants in the environment reaching the livestock through water and forage may have caused
it. In this first study it is not possible to affirm that the higher iron, chromium, and copper
concentrations mean that these elements are playing the role of toxic elements because it
was a preliminary sampling. However, the presence of such elements that is not report-
ed elsewhere should be verified in detail during other studies. It is important to analyze
animal tissues since this matrix can be used an efficient biomonitor to assess the ani-
mal’s health, and the quality of human foods as well. The application of k0-instrumental
neutron activation analysis was considered an effective multi-elemental method used to
determine mineral concentration of biological material.

It is well established that (tropical) Brazilian soils are phosphorus deficient or/and have low
phosphorus bioavailability as long most of the phosphate molecules are biding in insoluble
composts [8]. This phosphorus deficiency affects both crops and livestock produced in Brazil.
To avoid it, it has been applied phosphorus sources in soil, plant and animal nutrition. The
most popular sources of phosphorus are rock phosphates, dicalcic phosphate, and in some
cases, bone meal.

Rock phosphates are a source of many elements considered as contaminants in animal
nutrition and to the environment as well. These product are plenty used in Animal
Nutrition.

181
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3. A Case of nuclear analytical application in animal sciences: Uranium in
rock phosphates and rabbit muscles from animals receiving uranium
determined by neutron activation analysis

Nuclear applications in Animal Sciences are not a novelty. It could be considered as the
two first studies from 1949 using rabbits to assess the biological consequences of the
uranium ingestion: Decreased body weight was reported for rabbits exposed to 11 mg U/
m’ as uranium tetrachloride dust for 35-40 days [9]. Rabbits lost 22% of their body weight
during a 30 days exposure to 0.9 mg U/m?, dogs and cats lost approximately 25% of their
body weight during a similar exposure to 9.5 mg U/m?®. Similar effects were observed with
uranium tetrafluoride [10].

Introduction: Phosphorus (P) deficiency in crops is an important constraining factor n plant
and animal yields, especially in hot humid tropics where soils are predominantly acidic and
often extremely P deficient with high P fixation capacities [11,12].

Phosphorus combines with oxygen forming oxides called phosphates. Phosphates are defined
as compounds, which contain phosphorus-oxygen (P-O) linkages. The P-O bond has a length
of 1.62A with bond angles of 130° at the oxygen atoms and 102° at the phosphorus atoms at
the pentoxide P,O;, the only oxide of phosphorus that is produced commercially [13].

Phosphate rock denotes the product obtained from the mining and subsequent metallurgical
processing of phosphorus bearing ores. By flotation of phosphate rock it is formed apatite
concentrates. These phosphate products are the major phosphorus sources in soil nutrition,
also plenty used in animal formulations by industries [14].

..."On their way up the chimney the gases go through four separate treatments. P,O; used to go right out of circulation every tine
they cremated some one. Now they recover over ninety-eight per cent of it. More than a kilo and a half per adult corpse. Which makes
the best part of four hundred tons of phosphorus every year from England alone.” Henry spoke with a happy pride, rejoicing whole-
heartedly in the achievement, as though it had been his own. “Fine to think we can go on being socially useful even after we're dead.

Making plants grow.’...} Brave New World, Aldous Leonard Huxley [15].

This text above was extracted from the 1932 fictional worldwide bestseller Brave New World
[15]. It could sound so fantasist back when it was firstly published. Maybe it will sound reality
in a future not far ahead. Currently, a reduced and shortening number of phosphate sites are
mined around the world. Based on current phosphate extraction rates and economic trends in
the 1990s, more than half of main phosphate producer countries will have exceeded the life of
their reserves up to 2024 [16].

Phosphate ranks second (coal and hydrocarbons excluded) in terms of gross tonnage and
volume of international trade [16].
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Sedimentary ore deposits have provided about 80%—90% of world production of phosphate
[6]. Oppositely, in Brazil igneous deposits represent 80% of the national reserves of phosphate
rocks. The major Brazilian phosphate rock reserves are concentrated in the states of Minas
Gerais, Goias and Sao Paulo [17].

In 2009, the Brazilian phosphate-related products market was shared as phosphate fertilizers
(89.12%), animal feed — mainly dicalcium phosphate (6.91%), soil amendment (1.01%), and the
remaining was not informed (2.96%) [17].

Ingredient (tons.year") 2005 2011 2012Y
Dicalcium Phosphate 216.400 404.761 560.274
Bone Meal 225.400 n.i. n.i.
Limestone 634.000 1.247.016 1.276.388

n.i, not informed., V forecasted in 2012, May for the entire year

Table 1. Phosphorus and calcium sources used in the Brazilian Feed Industry [8]

Products Quantity (tons) FOB x U$1,000.00
Raw material 915.449 84.040
Industrialized 2.861.719 945.170
Total 3.777.168 1.029.210

Table 2. Brazilian imports of phosphates, raw and industrialized products [17]

Country Raw Material Industrialized Material Total
(%) (%) (%)
United States n.a. 33.31 30.59
Algeria 20.90 n.a. n.a.
Morocco 63.80 24.54 27.74
Israel 10.30 8.97 9.08
Tunisia 4.71 7.95 7.68
Russia n.a. 6.74 6.19
Spain 0.13 n.a. n.a.
Others 0.16 18.49 18.71

Table 3. Brazilian imports of phosphates by countries, raw and industrialized products. Total pondered by the price
FOB, DNPM [17]
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Data in table 1 demonstrate the economic relevance of the products under consideration
in this study for the Brazilian feed industry. Foreign products are also of concern, as long
Brazilian crops and animal yields rely on a great amount of imported phosphate prod-
ucts (tables 2 and 3).

Indeed, any phosphate mined worldwide may contain accessory-gangue minerals and
impurities that can be hazardous to man and animal such: Cd, Hg, Pb and V [16].

The United States Agency for Toxic Substances and Disease Registry [19] publishes the
CERCLA Priority List of Hazardous Substances that includes substances, which have been
determined to be of the greatest public health concern [19]. Uranium is the 97" substance
ranked in the list (table 4).

Rank Substance Total Points*
1 Arsenic 1665
5 Polychlorinated Biphenyls 1344
97 Uranium 832
*The ranking of hazardous substances on the CERCLA Priority List is based on three criteria (i,ii,iii). They form altogether

the Total Score =¥ (i) Frequency of Occurrence + (i) Toxicity + (iii) Potential for Human Exposure =¥ (i) up to 1.800 Points
+ (i) up to 600 points + (iii) up to [300 concentration points + 300 exposure points] [20]

Table 4. Compilation of some hazardous substances (including uranium) in the CERCLA List [19, 20]

This study deals with the uranium, since to face the main constraints low inherent P in soil
and plants, rock phosphates are likely to be more extensively disseminated in the agriculture
and these phosphorus sources carry uranium from their structures to the environment and
human food chain as well [21].

Uranium is the heaviest natural element in the nature; it is hazardous element in man and
animal health, not just it presents radioactivity but also it presents metallotoxicity once it
is a heavy metal. Furthermore, uranium presents many radionuclides with high radioactiv-
ity and energy [22].

Health implications of human exposure to uranium are well documented: cancer, liver and
kidney diseases and reproduction impairment [21,22].

Uranium in nature is more plentiful than silver (Ag) and about as abundant as arsenic
(As). It is found in very small amounts in the form of minerals, especially in rocks, soil,
water, air, plants and animal tissues that could be consumed as food containing varying
amounts of uranium [23].
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Practically every rock phosphate contains uranium in its structure [16,24]. The amounts of this
and others hazardous substances vary widely among phosphates sources and it may vary even
in the same deposit. Thus, mining, milling, industrializing and using phosphate products in
soil and animal nutrition are anthropogenic activities increasing the potential for human
exposure to uranium [24,25].

German studies in the 1970’s pointed-out the evidence for a raising uranium presence in rivers
and groundwater in regions with intensive use of phosphate fertilizers in agriculture (figure
1). Uranium derived from phosphate fertilizers is likely to be adsorbed on the uppermost soil
layers and its content on the water is correlated to the HCO; content in the river [25].

Uranium content can be determined by the nuclear method of the Neutron Activation
Analysis. This is a precise, fast (short turn-around), sensitive and non-destructive method [2].

4. Material and procedures

Phosphate sample preparation: phosphates were acquired in the local market of Minas Gerais.
Aliquots of 100 grams were randomly taken for each product pack to be grounded to obtain a
particle size of 200 Tyler mesh (75 pum) establishing similar conditions for all samples (99% of
conformity of the particle size of each product). Aliquot of 1000 mg of each grounded product
was weighted and sealed in small polystyrene capsules.

Animal breeding: Two groups of twelve (6 females and 6 males) New Zealand white rabbits (30
days of life) were selected and separated in two groups housed individually receiving a
different phosphorus source (dicalcium phosphate and bovine bone meal).

Two rabbit feeds were designed to allow the introduction of the P source and to offer sufficient
nutrient intake to meet rabbit nutritive requirements. Each one of the feeds had the same 98
percent (dry basis) of fiber, energy, and amino acids. Both formulations were based in raw
materials as %, dry basis: Alfalfa meal 34.63, Soy oil 1.00, Sugar cane 2.00, Salt 0.50, Lysine 0.25,
Methionine 0.04, Limestone 1.0, Premix 0.40, Maize 6.05, Wheat straw 25.0, Soybean meal 12.13,
Maize by products 15.00 and the remaining 2.0 from the selected P source — dicalcium
phosphate and bone meal, both materials analyzed in first part of the experiment.

Feeds were processed in order to turn the mixed products into a compact mixture. After that,
the meal was conditioned by mixing it on dry steam in a conditioner; this conditioned product
was pressed by rolls to pass through the holes of the pelleting die which shapes the meal into
the final pellet shape of 3.00 mm to permit a good balance between pellet quality and good
intestinal motility.

Animals were housed in stainless steel cages with a fenestrated floor to allow feces to drop
through into a pan. Absorbent material was placed in the pan to collect urine and minimize
ammonia release due to the bacterial breakdown of urea.

Good quality water was provided through a nipple-drinking system that provides water
at all times. Food was provided by a J-hopper attached to the front of the cage. J-hopper
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prevents the rabbit from defecating in their food. Animals were fed ad libitum from 30 to
72 days - age considered as ideal slaughtering that allows rabbit to reach its commercial
live weight, i.e. 2.0 kilograms.

The 24 rabbits were slaughtered via humanitarian euthanasia and their longissimus dorsi
muscles were extracted and prepared by freeze-dry process in order to be irradiated.
Approximately 100 g of each specimen was frozen at —70°C and lyophilized. Each freeze-
dried sample was powdered and homogenized and around 1000 mg was taken into
polyethylene irradiation vials.

Irradiation: Each one of the full-filled capsules with samples was placed in a polyethylene
container for the pneumatic transporting system. Individually, samples and standards in the
vials were transported into the neutron flux using the pneumatic transport system of the
reactor IPR-R1 in the CDTN/CNEN (Centre of the Nuclear Technology Development) in Belo
Horizonte, Brazil. The reactor was operated at 100 kW-thermal power under a neutron flux of
6.6x10" neutrons.cm?s. Additionally, phosphates were studied by the well-established
Colorimetric Method to assess their phosphorus - P,O5 content, at the EC-4 Sector of the
Nuclear Technology Development Centre, institute from the Brazilian Nuclear Energy
Commission (CDTN/CNEN).

5. Analytical technique applied on elemental determination

The neutron activation technique (NA) is based on nuclear properties of the nucleus of the
atom, radio- activity, and the interaction of radiation with matter. The simplest description of
the technique says that when one natural element is submitted to a neu- tron flux, the reaction
(n,y) occurs. The radionuclide formed emits gamma radiation, which can be meas- ured by
suitable equipment. About 70% of the ele- ments have nuclides possessing properties suitable
for neutron activation analysis. At the Nuclear Technology Development Centre (CDTN), there
is a nuclear reac- tor TRIGA MARK I IPR-R1 that allows the application of this technique [7].

The k0-instrumental neutron activation analysis (kO-INAA,) a variation of NA in which the
sample is irradiated without previous chemical preparation was used in this study. This
specific method is based on nuclear constants—the k0 factors and some reactor parameters.

Rabbit tissues were irradiated in the reactor TRIGA MARK I IPR-R1. At 150 kW the thermal
neutron flux is 6.6 x 10" neutrons cm? s'. The samples were irradiated simultaneously with
standards of gold and sodium as comparators, and the reference materials. The elements were
determined through three schemes of irradiation: 5 minutes to detect the short half-life
radionuclides; 4 hours to detect the medium, and 20 hours, the long half-life radionuclides.

After suitable decay time, the gamma spectroscopy was performed in a HPGe detector, 10%
of efficiency, FWHM 1.85 keV and ®Co, 1332 keV, connected to a multichannel analyzer. The
calculations were based on the reactor parameters: k0 constants using the Solcoy Sofware ©.
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6. Results
Phosphate Total U [pg.g'] Ratio P:U
Amm. polyphosphate, 45% P,0Os, Brazil 37 £ 4° 5580:1
Super-simple phosphate, 17% P,0s, Brazil 49 + 52 1485:1
Dicalcium phosphate, 45%, P,Os, Brazil 187+ 92 1050:1
Monoamm. phosphate, 51% P,Os, Brazil 183 +9° 1215:1
Super-triple phosphate, 45% P,0s, Brazil 34+42 3975:1
Israeli rock phosphate, 31% P,Os, Israel 145+ 72 935:1
Rock phosphate, 31% P,Os, Florida, USA 59b 2300:1
Rock phosphate, 28% P,Os, Tanzania 390° 303:1
Rock phosphate, 29% P, 05, Mali 1230 1030:1
Bovine Bone Meal 1.0+0.8° 27650:1

2 U experimental results by Delayed Neutrons Technique, P by Colorimetric Method

b U and P data extracted from FAO/IAEA [16]

Table 5. U content and the ratio [phosphorus: uranium] in the tested phosphates

Phosphorus Source U Concentration [pg.g']
Dicalcium Phosphate 1.25+0.45°
Bovine Bone Meal 0.91+0.292

2The results were evaluated (p < 0.05) by t-test using Microsoft Excel 2000 software [26]. Means with the same letter (?)
are not significantly different.

Table 6. Uranium content in the longissimus dorsi muscle from rabbits fed with two different sources (as 2% in the
feed) of phosphorus, n=12. The data are presented as mean + SD, raw basis.

7. Discussion

Concentrations of uranium are quite variable in the phosphate products. The average ratio of
phosphorus to uranium in phosphates appeared not to be only related to their origin since all
tested Brazilian phosphates are from igneous deposits (ratio varying from 1000-4000 atoms of
phosphorus to 1 atom of uranium), instead the foreign data are related exclusively to sedi-
mentary rocks (ratio varying from 300-2400 atoms of phosphorus to 1 atom of Uranium).
Differences amongst tested products are the region of exploitation of phosphate ores that
implies different ages of mineralization, deposit types and accessory minerals associated that
may vary in phosphates of the same origin, and finally they are separated by the routes of
production of each final product for those are industrialized.

No significant difference was observed in uranium presence in the muscle tissues from rabbits
(tab. 6) receiving dicalcium phosphate and those animals receiving bovine bone meal: average
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uranium content are 1.25+0.45 ug.g* for dicalcium phosphate fed group and 0.91 +0.29 pg.g™
for the bovine bone meal fed group. Possibly, longissimus dorsi muscle is not a target tissue for
uranium in mammals. Indeed, uranium is often associated to replace calcium in the bone
hydroxyapatites; both are considered mutual inorganic cation exchangers in apatite [21].

8. Conclusions

In conclusion, Nuclear analytical techniques have been helping to improve the human welfare
in terms of health acting as outstanding tools working around the triade: diagnosis, prevention
and treatment. In many analyses, Nuclear techniques are not merely an option, but are the
only feasible solution to address some assessments.

Following the ‘Precautionary Principle’ [27] what states that if an action might theoretically or
logically cause harm, then those who wish to undertake this action (of using these substances
in this case) have a greater moral responsibility to demonstrate good evidence that the use
does not cause any harm, not now not in the long run.

Nuclear Analytical Techniques have a long and useful history in Life Sciences. These applica-
tions in Agriculture are a warranty for mutual benefits for both arenas, as long Nuclear Power
generation is currently in a moratorium after Fukushima-Daichi 2011 disaster, and Agriculture
for food and energy production is boosting and evolving,.

Disclaimer

Data and statements expressed in this paper are those from the authors, and do not necessarily
reflect organisations with which the authors are affiliated. The authors do not endorse any
equipment or material cited herein.

Acronyms and abbreviations

AOAC Association of Official Analytical Chemists
ASTDR Agency for Toxic Substances and Disease Registry
CERCLA Comprehensive Environmental Response, Compensation, and Liability Act

CDTN Centro de Desenvolvimento da Tecnologia Nuclear, Nuclear Technology Development
Centre, Belo Horizonte, Brazil

CNEN Comissdo Nacional de Energia Nuclear Nuclear Energy (Brazilian) National Commission
CRM Certified Reference Material

DNPM Departamento Nacional de Producido Mineral, National Department for Mineral Produc-
tion, Brazil
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IPEN Instituto de Pesquisas Energéticas Nucleares Nuclear Energy Research Institute, Sdo Paulo,
Brazil

USDA United States Department of Agriculture
USEPA United State Environment Protection Agency
USP University of Sao Paulo

pg picogram

pmol picomole

PHS Public Health Service

PMR proportionate mortality ratio

ppb parts per billion

ppm parts per million

ppt parts per trillion

VT year
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