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Preface

Since the sixth edition of this book in 2010, armamentariums in nuclear medicine
have changed with new additions and some deletions and hence the seventh edition.
Obsolete and outdated radiopharmaceuticals and techniques have been removed,
and new useful ones have been added. Like the previous editions, the book is aimed
to the nuclear medicine and radiology fellows, residents, and technologists in prepa-
ration for their respective professional board examinations. Also nuclear medicine
physicians and radiologists should find it a useful reference in their practice.

The organization of the book remains the same as the previous editions with a total of
16 chapters with the same titles. Chapters 1, 2, and 3 remain almost unchanged except the
addition of a section on Gaussian distribution in Chap. 2 and a small section on PET/MR
imaging in Chap. 3. A number of radionuclides have been added in Chap. 4, and the
221 Ac—??"Th—?**Ra generator has been added in Chap. 5. There is no change in Chaps. 6,
8, and 12. New US FDA-approved and some non-US FDA-approved radiopharmaceuti-
cals for clinical use are described in Chap. 7. Several radiopharmacyrelated accessories
have been added to Chap. 9, and radiation doses for new radiopharmaceuticals have been
included in Chap. 10. Revised and new regulations of the US FDA as well as a brief update
of European Union regulations have been cited in Chap. 11. Specific clinical uses of new
radiopharmaceuticals described in Chap. 7 have been presented in Chap. 13. Chapter 14
contains two new sections — theranostics and translational medicine. The use of Xofigo in
the treatment of castration-resistant prostate cancer has been added in Chap. 15. Chapter
16 has been revised with new information on adverse reactions from radiopharmaceutical
administration to humans. Appendix F is a new addition containing the decay factors of
18F. Appropriate references and additional questions have been added in each chapter.

I would like to thank Dr. Guiyun Wu, staff of Nuclear Medicine at Cleveland Clinic,
for providing a few images on neuroimaging. Many thanks are due to Ms. Stephanie
Frost, developmental editor, for her skillful editing; Ms. Miranda Finch, editorial assis-
tant, Clinical Medicine; and Ms. Margaret Moore, editor, Clinical Medicine, of Springer,
for their sincere help and guidance during the production of the book. I thank Ms. Janet
Foltin, former senior editor of Clinical Medicine of Springer, for her help in the initial
phase of the book. Thanks and appreciation are due to Mr. Sivakumar Krishnamoorthy of
SPi Global for a job well done in the production of the book. Finally, I am ever grateful
to Springer Nature for its perpetual support through decades in my publication efforts.

Cleveland, OH, USA Gopal B. Saha, PhD
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The Atom

According to Bohr’s atomic theory, an atom is composed of a nucleus at the center
and one or more electrons rotating around the nucleus along different energy orbits.
The nucleus is primarily composed of protons and neutrons, collectively called
nucleons. For an atom of a given element, the number of electrons moving around the
nucleus equals the number of protons, balancing the electrical charge of the nucleus.
Protons are positively charged, electrons are negatively charged and neutrons have no
charge. The size of an atom is of the order of 10~® cm (1 angstrom, A), and that of a
nucleus is of the order of 10=13 ¢cm (1 fermi, F). The electron configuration of the
atom determines the chemical properties of an element, whereas the nuclear structure
characterizes the stability and radioactive decay of the nucleus of an atom.

1.1 Electronic Structure of the Atom

The Bohr atomic theory states that electrons in an atom rotate around the nucleus
in discrete energy orbits or shells. These energy shells, referred to as the K shell, L
shell, M shell, N shell, and so forth, are stationary and arranged in order of increas-
ing energy. When there is a transition of an electron from an upper orbit to a lower
orbit, the energy difference between the two orbits is released as the photon radia-
tion. If the electron is raised from a lower orbit to an upper orbit, the energy dif-
ference between the two orbits is absorbed and must be supplied for the transition
to occur.

According to the quantum theory, each shell is designated by a quantum number
n, called the principal quantum number, and denoted by integers, for example, 1 for
the K shell, 2 for the L shell, 3 for the M shell, 4 for the N shell, and 5 for the O shell
(Table 1.1). Each energy shell is subdivided into subshells or orbitals, which are
designated as s, p, d, f, and so forth. For a principal quantum number 7, there are n
orbitals in the main shell. These orbitals are assigned azimuthal quantum numbers,
I, which designate the electron’s angular momentum and can assume numerical
values of [ =0, 1, 2,..., n — 1. Thus for the s orbital / = 0, the p orbital / = 1, the d
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2 1 The Atom

Table 1.1 Electron configuration in different energy shells

Principal Principal No. of electrons =2(2 [ + 1)
shell quantumnumber (7) Orbital (/) in each orbital 2n?
K 1 s(0)
L 2 s(0)
p(1)
M 3 s(0)
p(1)
d2)
N 4 s(0)
p(1)
d(2)
f3)
o 5 s(0)
p(1)
d2) 10
f(3) 14
g(4) 18 50

—_

18

—_—
AN PBEOANDOANADNDDN

32

orbital [ = 2, and so forth. According to the above description, the K shell has one
orbital, designated as 1s; the L shell has two orbitals, designated as 2s and 2p, and
so forth. The orientation of the electron’s magnetic moment in a magnetic field is
described by the magnetic quantum number, m. The values of m can be m = —I, —
(-1, ..., .., (—=1),L Another quantum number, the spin quantum number,
s(s = —1/2 or +1/2), is assigned to each electron in order to specify its rotation about
its own axis. Each orbital can accommodate a maximum of 2(2/ + 1) electrons, and
the total number of electrons in a given shell is 2r°. Thus, the K shell can contain
only 2 electrons, the next L shell 8 electrons, the M shell 18 electrons, the N shell 32
electrons, and the O shell 50 electrons. In atoms, the orbitals are filled in order of
increasing energy; that is, the lowest energy orbital is filled in first. However, when
d orbitals start filling, there are some exceptions to this rule as seen in the examples
of the electron configurations of some elements given below:

uNa 1522522p°3s’

1sAT 1522522p®3s? 3p°

2sFe §22522p%3s? 3p°3dias?

sTc 15%2522p®3s? 3p®3d!°4s*4p4ds5s’
sl 15%2522p°3s? 3p°3d'°4s*4p°4d'*55°5p!

The electron configuration in different orbitals and shells is illustrated in
Table 1.1, and, for example, the structure of »5Ni is shown in Fig. 1.1.

1.2 Chemical Bonds

The electronic structure of the atom of an element determines to a large degree the
chemical properties of the element. The periodic table has been devised to arrange
the groups of elements of similar chemical properties in order of increasing atomic
number. In the periodic table (Fig. 1.2), nine groups are presented vertically, and
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Fig. 1.1 Schematic
electron configuration of
K, L, and M shells in a
nickel atom

Lanthanide
Series™

Actinide
Series**

Al
26.98

31
Ga
69.72
49 50
In Sn
114.8 1187
81 82 83
il Pb  Bi
204.38 207.2 209.0

113 114 115 116 117 118

Uut  FI Uup  Lv Uus  Uuo
(284) (289) (288) (293) (294) (294)

Fig. 1.2 Periodic table of elements (Reproduced from http://periodic.lanl.gov/index.shtml under

the rule of fair use of material)

seven periods are shown horizontally. Each group contains elements of similar
chemical properties, whereas the periods consist of elements having the same num-
ber of electron shells but dissimilar chemical properties. As can be seen in Fig. 1.2,
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group VIIB consists of manganese, technetium, and rhenium, whose chemical
properties are very similar. Period 2 contains lithium, beryllium, boron, carbon,
nitrogen, oxygen, fluorine, and neon, all of which have the K shell and L shell in
common, but are widely different in their chemical behavior.

The valence of an element is the tendency of the atom to lose or gain electrons to
achieve a stable electron configuration. It is primarily determined by the number of
electrons present in the outermost shell, referred to as the valence shell. In the most
stable and chemically inert elements, such as neon, argon, krypton, and xenon, the
valence shell has the electron configuration ns’np®. Helium, although a noble gas,
has the configuration 1s* The electrons in the valence shell are termed the valence
electrons. To achieve the stable electron configurations ns?np®, electrons can be
added to or given up from the valence shell for chemical bond formation between
the atoms of appropriate elements. All chemical bond formation is governed by the
octet rule, which states that the electronic structure of each atom in a chemical bond
assumes ns’np® containing eight electrons, with the exception of hydrogen and lith-
ium atoms, which essentially assume the structure 1s*. The energy involved in
chemical bond formation is of the order of a few electron volts (eV). An electron
volt is the energy acquired by an electron accelerated through a potential difference
of 1 V. There are three main types of chemical bonds, described below.

1.2.1 Electrovalent or lonic Bond

An electrovalent or ionic bond is formed by the complete transfer of an electron
from the valence shell of one atom to that of another atom. In ionic bonds, two
oppositely charged ions are held together in the compound by coulombic forces.
The compound NacCl is formed as follows:

Na® +Cl” - NaCl

The sodium atom has the structure 1s?25?2p%3s', which can spare the s’ elec-
tron to achieve the stable structure of neon, 15*25?2p°. On the other hand, the chlo-
rine atom has the structure 1s?25?2p°3s23p°, which is short of one electron in
achieving the electronic structure of argon, 15*25?2p®3s23p®. Thus, in the formation
of NaCl, the sodium atom loses one electron to become Na*, and the chlorine atom
receives the electron to become Cl~. Both ions are then held by an electrovalent
bond. Because of their ionic properties, compounds with electrovalent bonds con-
duct electricity in the solid state as well as in solution.

1.2.2 Covalent Bond

In covalent bonds, each of the two atoms participating in bond formation contrib-
utes one electron to the bond. Both electrons are shared equally by each atom and,
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unlike electrovalent bonds, do not belong exclusively to one atom alone. The shared
electrons are localized in the region between the two atoms and the molecules are
nonionic. The following molecules are examples of covalent bonds:

H, H x H
HCl H x CI
BeCl,Cl x Be x ClI

Here the symbols x and - represent electrons from separate partners in the bond.
Because the compounds with covalent bonds are nonionic, they are poor conductors
of electricity.

1.2.3 Coordinate Covalent Bond

In a coordinate covalent bond, the pair of electrons required for bond formation is
donated by only one atom to another that can accommodate two electrons in octet
formation. These bonds are also called semipolar bonds, because only a partial posi-
tive charge is generated on the donor atom and a partial negative charge on the
acceptor atom. Some donor atoms with a lone pair of electrons are N:, O:, S:,
and so forth, and they can form coordinate covalent bonds with various metal ions
to form metal complexes. The following molecules are examples of coordinate
covalent bonds:

H
X
NH :
H x N x H
H
H .. H+
Hgo{ x 0 x }
il

In these examples, nitrogen and oxygen atoms have donated their lone pair of
electrons to a hydrogen ion.

1.2.4 Complex Formation

Metal complexes are produced by coordinate covalent bonds that are formed by the
electrons donated by the chemical species having a lone pair of electrons. These
complexes can be cationic, anionic, or neutral, examples of which are [Co(NH;),]*,
[Fe(CN)s]*-, and [Ni(CO),], respectively.
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Fig. 1.3 Molecular HOOCH,C CH,COOH CH,COOH
\ /
structure of DTPA /N—CH2 —CH, —N—CH, — CH, —N,
HOOCH,C CH,COOH

Diethylenetriaminepentaacetic Acid (DTPA; MW = 393)

The molecules containing NH;, —CN, —SH, —COO, —NH,, CO, etc. are called
ligands, which may be neutral or ionic in structure. The common characteristic of
the ligands is that they all possess an unshared pair of electrons that can be donated
to a metal ion to form a complex. These ligands are firmly attached to the metal ion,
and the number of ligands in a complex is called the coordination number of the
complex. For example, Co in [Co(NH;)]** has the coordination number 6.

A single ligand molecule can possess more than one donor atom and can donate
more than one pair of electrons in the complex, provided spatial configuration per-
mits. In such cases, more than one coordinate covalent bond is formed in the com-
plex, and the mechanism of bond formation is called chelation (from Greek,
meaning “clawlike configuration”). Such ligands are called chelating agents.
Ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid
(DTPA) are typical examples of chelating agents; the structure of the latter is shown
in Fig. 1.3. Donor atoms are nitrogen in the amino groups and oxygen in carboxyl
groups. Depending on the number of electron pair donating groups in the molecule,
the ligands are named unidentate, bidentate, tridentate, and so on.

The stability of a metal complex is influenced by the sizes of the metal ion and
the ligand and the dipole moment of the ligand molecule. The smaller the size of
the metal ion and the ligand, the more stable the coordinate covalent bond. Ligands
with larger dipole moments form more stable complexes. The stability of a com-
plex is also increased by chelation and the number of electron donor atoms in the
chelating agent.

Various **"Tc-radiopharmaceuticals, such as *"Tc-DTPA and *™Tc-
dimercaptosuccinate (DMSA), are complexes formed by coordinate covalent bonds
between *"Tc and the chelating compounds. The coordination number of techne-
tium in these complexes varies between 4 and 9 (see in Chap. 6).

1.3 Structure of the Nucleus

The nucleus of an atom is composed of protons and neutrons, collectively called
nucleons. The characteristics of nucleons and electrons are summarized in Table 1.2.
The number of protons in a nucleus is called the atomic number of the atom, denoted
by Z. The number of neutrons is denoted by N. The total number of nucleons in a
nucleus is referred to as the mass number, denoted by A. Thus, A is equal to Z + N.
An elemental atom X having a mass number A, atomic number Z, and neutron



1.3 Structure of the Nucleus 7

Table 1.2 Characteristics of electrons and nucleons

Particle Charge Mass (amu)* Mass (kg) Mass (MeV)°
Electron -1 0.000549 0.9108 x 10 0.511
Proton +1 1.00728 1.6721 x 107 938.78
Neutron 0 1.00867 1.6744 x 107 939.07

“amu, 1 atomic mass unit = 1.66 x 10" kg = one twelfth of the mass of '>C
] atomic mass unit = 931 MeV

number N is represented by 5 X, . For example, the stable aluminum nucleus has 13
protons (Z) and 14 neutrons (N), and therefore its mass number is 27. Thus it is
designated as 7] Al,,. Since all the aluminum atoms have the same atomic number,
and the neutron number can be calculated as A—Z, both the atomic number 13 and
the neutron number 14 are omitted from its representation. Thus, the aluminum
nucleus is normally designated as >’Al. Alternatively, it is written as Al-27.

Different models have been postulated for the arrangement of the nucleons in a
nucleus to explain various experimental observations. According to the Bohr liquid
drop model, the nucleus is assumed to be spherical and composed of closely packed
nucleons, and particle emission by the nucleus resembles evaporation of molecules
from a liquid drop. This theory explains various phenomena, such as nuclear den-
sity, binding energy, energetics of particle emission by radioactive nuclei, and fis-
sion of heavy nuclei.

In the shell model, nucleons are arranged in discrete energy shells similar to the
electron shells of the atom in the Bohr atomic theory. Nuclei containing 2, 8, 20, 50,
82, or 126 protons or neutrons are very stable, and these nucleon numbers are called
magic numbers.

Nuclei are less stable if they contain an odd number of protons or neutrons,
whereas nuclei with even number of protons and neutrons are more stable. The
ratio of the number of neutrons to the number of protons (N/Z) is also an approxi-
mate index of the stability of an atom. This ratio equals 1 in the stable nuclei with
a lower atomic number, such as ';C, 'S0, and "N, and the ratio increases with
the increasing atomic number of the nucleus. For example, it is 1.40 for '2/I and
1.54 for *3Pb. Nuclei with N/Z different from that of stable nuclei are unstable and
decay by p-particle emission or electron capture. The shell model explains vari-
ous nuclear characteristics such as the angular momentum, magnetic moment, and
parity of the nucleus.

According to the classical electrostatic theory, a nucleus should not hold as a
single entity because of the electrostatic repulsive forces among the protons in the
nucleus. However, its stable existence has been explained by the postulation of a
binding force, referred to as the nuclear force, which is much stronger than the
electrostatic force and binds equally protons and neutrons within the nucleus. The
nuclear force exists only in the nucleus and has no influence outside the nucleus.
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The short range of nuclear force results in the very small size (~107!* cm) and very
high density (~10" g/cm?) of the nucleus.

The mass M of a nucleus is always less than the combined masses of the nucle-
ons A in the nucleus. This difference in mass (M-A) is termed the mass defect,
which has been used as energy in binding all the nucleons in the nucleus. This energy
is the binding energy of the nucleus and needs to be supplied to separate all nucle-
ons completely from each other. The binding energy of an individual nucleon has a
definite value depending on the shell it occupies; the average energy is approxi-
mately equal to the total binding energy divided by the number of nucleons. This
energy is about 6-9 MeV and has to be supplied to remove a single nucleon from
the nucleus.

1.3.1 Nomenclature

Several nomenclatures are important and need to be mentioned here. An exact
nuclear composition including the mass number A, atomic number Z, and arrange-
ment of nucleons in the nucleus identifies a distinct species, called the nuclide.
Some nuclides (~288 or so) are stable and naturally occurring of which nearly 54
nuclides have half-life of >50 million and are considered stable. There are about
3400 artificially produced nuclides which are unstable or radioactive and decay by
spontaneous fission or emission of a-particle, f-particle, and y-ray. This group of
nuclides are termed radionuclides. Nuclides of the same atomic number are called
isotopes and exhibit the same chemical properties. Examples of oxygen isotopes are
0, %0, 70, and "0 . Nuclides having the same number of neutrons but differ-
ent atomic numbers are called isotones. Examples are 3, Fe, 5% Co, and 5Cu each
having 33 neutrons. Isobars are nuclides with the same number of nucleons, that is,
the same mass number, but a different number of protons and neutrons. For exam-
ple, $Cu, ¥Zn, Ga, and {Ge are isobars having the same mass number 67.
Nuclides having the same number of protons and neutrons but differing in energy
states and spins are called isomers. *Tc and *™Tc are isomers of the same nuclide.
The lifetime of the isomeric states ranges from picoseconds to years, and those with
long half-life are represented by “m” as in *™Tc.

The nuclides, both stable and radioactive, are arranged in the form of a chart,
referred to as the chart of the nuclides, a section of which is presented in Fig. 1.4.
Each nuclide is represented by a square containing various information such as the
half-life, type and energy of radiations, and so forth, of the radionuclide and the
neutron capture cross-section of the stable nuclides (see Chap. 4). The nuclides are
arranged in increasing neutron number horizontally and in increasing proton number
vertically. Each horizontal bar contains all isotopes of the same element; for exam-
ple, all silicon isotopes are grouped in the horizontal block designated by the proton
number 14. All isotones are grouped vertically; for example, ;sSi, 5 Al, and ;; Mg
are isotones with 12 neutrons and are positioned in the vertical column identified by
the neutron number 12. The diagonal nuclides in the chart are isobars, for example,

7Si, 7Al, and ;] Mg . The radionuclides s Al and ;s Al each have an isomer.
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10 1 The Atom
Questions
1. Describe the basic concept and significance of the Bohr atomic theory.

10.

11.

. Write the electron configuration of (C, ;Cl, 5,Xe, ;;Rb, 4;3Tc, and ln.
. What is the octet rule? Why is it necessary that the electron configuration of the

atoms be ns’np® in a chemical bond?

. The compounds with electrovalent bonds dissociate mostly into ions in water,

whereas those with covalent bonds rarely do so. Explain.

. What are ligands and chelating agents? Define coordination number and explain

complex formation.

. Group the following nuclides into isotopes, isobars, isotones, and isomers: ';C,

12 14 14 17 17 19 113 113 57 57 STNI;
sC, xC. 5B, UN, Z0, (Ne, ,In, sIn, 5;Co, ;Fe,and 3;Ni.

. Define mass defect and magic number. What does the mass defect account for?
. Explain why the nuclear force differs from the electrostatic force in the nucleus

of an atom.

. Write the following nuclides in order of increasing stability: 5 Y, 3%Sr, and

LY.

What are the sizes of an atom and a nucleus? What is responsible for this size
difference? What is the difference in magnitude between the chemical and
nuclear binding energies?

The mass of ;’ZGa is 66.9858. (a) Calculate the mass defect in MeV. (b)
Calculate the average binding energy in MeV of each nucleon in § Ga .

Suggested Reading

Cherry SR, Sorensen JA, Phelps ME. Physics in nuclear medicine. 4th ed. Philadelphia: Saunders;

2012.

Friedlander G, Kennedy JW, Macias ES, Miller JM. Nuclear and radiochemistry. 3rd ed. New York:

Wiley; 1981.

Los Alamos National Laboratory website (URL: http://periodic.lanl.gov/index.shtml).
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Radioactive Decay

2.1 Decay of Radionuclides

As mentioned in Chap. 1, some 3700 nuclides have been discovered thus far, and the
majority of them are unstable. Unstable nuclei decay by spontaneous fission,
a-particle, p-particle, y-ray emission, or electron capture (EC) in order to achieve
stability. The stability of a nuclide is governed by the structural arrangement and
binding energy of the nucleons in the nucleus. One criterion of stability is the
neutron-to-proton ratio (N/Z) of the stable nuclides; the radionuclides decay to
achieve the N/Z of the nearest possible stable nuclide. Radioactive decay by particle
emission or electron capture changes the atomic number of the radionuclide,
whereas decay by y-ray emission does not.

Radionuclides may decay by any one or a combination of six processes: sponta-
neous fission, a-decay, f-decay, f#*-decay, electron capture, and isomeric transition
(IT). In radioactive decay, particle emission or electron capture may be followed by
isomeric transition. In all decay processes, the energy, mass, and charge of radionu-
clides must be conserved. Each of these decay processes is briefly described below.

2.1.1 Spontaneous Fission

Fission is a process in which a heavy nucleus breaks down into two fragments typi-
cally in the ratio of 60:40. This process is accompanied by the emission of two or
three neutrons with a mean energy of 1.5 MeV and a release of nearly 200-MeV
energy, which appears mostly as heat.

Fission in heavy nuclei can occur spontaneously or by bombardment with ener-
getic particles. Spontaneous fission occurs due to dumbbell-shape structure of the
heavy nucleus, the middle neck part of which is prone to breakage by molecular
vibration causing fission. The probability of spontaneous fission is low and increases
with mass number of the heavy nuclei. The half-life for spontaneous fission is
2 x 107 years for »U and only 55 days for **Cf. It should be noted that

© Springer International Publishing AG 2018 1
G.B. Saha, Fundamentals of Nuclear Pharmacy,
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12 2 Radioactive Decay

spontaneous fission is an alternative to a-decay or y-emission. An example of spon-
taneous fission of 2°U is given below.

8Rb + '¥Cs+2n

250 $Mo + '8Sn +3n

~ %BSr + 'EiXe +2n

54

2.1.2 AlphaDecay (a-Decay)

Usually heavy nuclei such as radon, uranium, neptunium, and so forth decay by
a-particle emission. The a-particle is a helium ion with two electrons stripped off
the atom and contains two protons and two neutrons bound together in the nucleus.
In a-decay, the atomic number of the parent nuclide is therefore reduced by 2 and
the mass number by 4. An example of a-decay is

22U 5 2Th +af $He']

An a-transition may be followed by f-emission or y-ray emission or both. The
a-particles are monoenergetic, and their range in matter is very short (on the order
of 1076 cm) and is approximately 0.03 mm in body tissue.

2.1.3 BetaDecay (f-Decay)

When a nucleus is “neutron rich” (i.e., has a higher N/Z ratio compared to the stable
nucleus), it decays by f~-particle emission along with an antineutrino. An antineu-
trino (V) is an entity almost without mass and charge and is primarily needed to
conserve energy in the decay. In f~-decay, a neutron (n) essentially decays into a
proton (p) and a ~-particle; for example,

n—>p+p +v

The f-particle is emitted with variable energy from zero up to the decay energy.
The decay or transition energy is the difference in energy between the parent and
daughter nuclides. An antineutrino carries away the difference between the f--
particle energy and the decay energy. The f-decay may be followed by y-ray emis-
sion, if the daughter nuclide is in an excited state, and the number of y-rays emitted
depends on the excitation energy. After f~-decay, the atomic number of the daughter
nuclide is one more than that of the parent nuclide; however, the mass number
remains the same for both nuclides.

Some examples of f~-decay are

131 131 = =
Sl Xe+p + v
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99 99m = =
oMo—" S Te+pB + v

59 59 = =
xFe—>, Co+f + v

60 60 2 - -
,5,Co—e Ni+ ™+ v

The radioactive decay of nuclides is represented schematically by decay schemes,
and examples of the decay schemes of "*'T and Mo are given in Figs. 2.1 and 2.2,

respectively.

The f-particles emitted by radionuclides can produce what is called bremsstrah-
lung by interaction with surrounding medium. Electrons passing through matter are
decelerated in the Coulomb field of atomic nuclei, and as a result, the loss in

Fig. 2.1 Decay scheme of
311, Eighty one percent of
the total *'T disintegrations
decay by 364-keV y-ray
emission. The half-life of
31T is shown in parentheses

Fig. 2.2 Decay scheme of
“Mo. There is a 2-keV
isomeric transition from
the 142-keV level to the
140-keV level, which
occurs by internal
conversion. Approximately
87% of the total Mo
ultimately decays to *™Tc,
and the remaining 13%
decays to #Tc. (The energy
levels are not shown in
scale.)

131

53 | (8 days) 6
723 keV
1.6% 637
6.9%
90.4%
364
Y
80
w} \ AR *
131
54 Xe (stable)
gg Mo (66 hr)
b
0.3%
1110 keV
17%
922
<1%
513
2% 182
142 99m
Tc (6 hr)
¢ 120 4
99
\4i Te (2.1 x 10% yr)
(E N 22 Ru (stable)
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electron energy appears as continuous X-rays. These X-rays are called bremsstrah-
lung (German for “braking” or “slowing down” radiation) and are used in radio-
graphic procedures. The probability of producing bremsstrahlung increases with
increasing electron energy and increasing atomic number of the medium. In tung-
sten, for example, a 10-MeV electron loses about 50% of its energy by bremsstrah-
lung, whereas a 100-MeV electron loses more than 90% of its energy by this
process.

2.1.4 Positron or §*-Decay

Nuclei that are “neutron deficient” or “proton rich” (i.e., have an N/Z ratio less than
that of the stable nuclei) can decay by f*-particle emission accompanied by the
emission of a neutrino (v), which is an opposite entity of the antineutrino. After 5*-
particle emission, the daughter nuclide has an atomic number that is 1 less than that
of the parent. The range of positrons is short in matter. At the end of the path of f*-
particles, positrons combine with electrons and are thus annihilated, each event giv-
ing rise to two photons of 511 keV that are emitted in opposite directions. These
photons are referred to as annihilation radiations.

In f*-decay, a proton transforms into a neutron by emitting a f*-particle and a
neutrino; for example,

p—o>n+p+v

Since a f*-particle can be emitted with energy between zero and decay energy,
the neutrino carries away the difference between decay energy and f*-energy. We
know that a neutron is equivalent to one proton plus an electron. Therefore, in f*-
decay, a mass equivalent of two electrons is created by the conversion of a proton to
a neutron, as shown in the above equations, i.e., 1.02 MeV is needed to create these
two particles. So positron emission takes place only when the energy difference
between the parent and daughter nuclides is equal to or greater than 1.02 MeV. Some
examples of f*-decay are

55 Cu—5% Ni+ " +v
BFS%0+8 +v
POU N+B +v

2Fe— Mn+ B +v

The decay scheme of '®F is presented in Fig. 2.3.

2.1.5 Electron Capture

When a nucleus has a smaller N/Z ratio compared to the stable nucleus, as an
alternative to f*-decay, it may also decay by the so-called electron capture
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Fig. 2.3 Decay scheme of 1g|: (110 min)
18E. The positrons are
annihilated in a medium to
give rise to two 511-keV
y-rays emitted in opposite
directions

B* 97%
EC 3%

%0 (stable)

process, in which an electron is captured from the extranuclear electron shells,
thus transforming a proton into a neutron and emitting a neutrino. For this pro-
cess to occur, the energy difference between the parent and daughter nuclides
is usually, but not necessarily, less than 1.02 MeV. Nuclides having an energy
difference greater than 1.02 MeV may also decay by electron capture. The
larger the energy difference, the higher the positron decay. The atomic number
of the parent is reduced by 1 in this process. Some examples of electron capture
decay are

67 = 67
2 Gat+e =5 Zn+v
111 = 111
oIn+te —, Cd+v

57 = 57
»Co+e” =5 Fe+v

Usually the K-shell electrons are captured because of their proximity to the
nucleus; the process is then called K capture. Thus, in L capture, an L-shell electron
is captured and so on. The vacancy created in the K shell after electron capture is
filled by the transition of electrons from an upper level (probably the L shell and
possibly the M or N shell). The difference in energies of the electron shells will
appear as an X-ray that is characteristic of the daughter nucleus. These X-rays are
termed characteristic K X-rays, L X-rays, and so on belonging to the daughter
nuclide. The probability of electron capture increases with increasing atomic num-
ber, because electron shells in these nuclei are closer to the nucleus. The decay
scheme of !!In is given in Fig. 2.4.

2.1.6 Isomeric Transition

A nucleus can remain in several excited energy states above the ground state that are
defined by quantum mechanics. All these excited states are referred to as isomeric
states and decay to the ground state, with a lifetime of fractions of picoseconds to
many years. The decay of an upper excited state to a lower excited state is called the
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Fig. 2.4 Decay scheme of 111
"Tn illustrating the 49 In (2.81 days)
electron capture process.
The abundances of

171-keV and 245-keV >99% EC
y-rays are 90% and 94%,
respectively
171 keV
245 keV
111
480d (stable)

isomeric transition. In -, #*-, or electron capture decay, the parent nucleus may
reach any of these isomeric states of the daughter nucleus in lieu of the ground state,
and therefore these decay processes are often accompanied by isomeric transition.
In isomeric transition, the energy difference between the energy states may appear
as y-rays. When isomeric states are long lived, they are referred to as metastable
states and can be detected by appropriate instruments. The metastable state is
denoted by “m” as in ®™Tc. The decay scheme of *™Tc is given in Fig. 2.5. Some
examples of isomeric transitions are given below:

®mTe— PTe+y
113mh1—> 1131n+}/
¥mCo— *Co+y

There is a probability that instead of emitting a y-ray photon, the excited
nucleus may transfer its excitation energy to an electron in the extranuclear elec-
tron shell of its own atom, particularly the K shell, which is then ejected, provided
the excitation energy is greater than the binding energy of the K-shell electron
(Fig. 2.6). The ejected electron is referred to as the conversion electron and will
have the kinetic energy equal to E, — E, where E, is the excitation energy and Eg
is the binding energy of the ejected electron. This process is an alternative to y-ray
emission and is termed internal conversion. The ratio of the conversion electrons
(N,) to the observed y-rays (N,) is referred to as the conversion coefficient, given
by @ = NJ/N,. The larger the conversion coefficient, the smaller the number of
observed y-rays. The probability of internal conversion is higher when the transi-
tion energy is low.

When an electron is ejected from, for example, the K shell by internal conver-
sion, an upper shell electron will fall into the vacancy of the K shell, and the differ-
ence in energy between the two shells will appear as an X-ray called the characteristic
K X-ray, which is characteristic of the daughter nuclide. The corresponding conver-
sion coefficient is designated as ag. Similarly, it is also probable that instead of
K-shell electrons, L, M, ... shell electrons are ejected, followed by the emission of
L, M, ... X-rays in this process. The corresponding conversion coefficients then will
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Fig. 2.5 Decay scheme of 99m
9mT¢ illustrating isomeric 43 Te (6.02hn)
transition. Ten percent of 142 keV
the decay follows internal N 140 keV
conversion

99 5

43Tc (2.12 x 10 yr)

/ e- (Augar electron)

L shell K x-ray

e- (conversion electron)

yray

Fig. 2.6 Internal conversion process. Nuclear excitation energy is transferred to a K-shell elec-
tron, which is then emitted, and the vacancy is filled by the transition of an electron from the L
shell. The energy difference between the L shell and the K shell appears as the characteristic K
X-ray

be ar, ay.... The total conversion coefficient is given by the sum of all possible
conversion coefficients; that is, ar=ax+ o, + ---.

As an alternative to characteristic X-ray emission in either electron capture or
internal conversion process, the transition energy between the two shells can be
transferred to an orbital electron, which is then emitted from the atom, if energeti-
cally permitted. The process is referred to as the Auger process. The electron
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emitted is called an Auger electron and is similar to a conversion electron in inter-
nal conversion. The vacancy in the shell due to an Auger process is filled by an
electron transition from the upper shells, followed by emission of characteristic
X-rays or Auger electrons as in internal conversion. Whether a particular vacancy
in a given shell will result in the emission of a characteristic X-ray or an Auger
electron is a matter of probability. The fraction of vacancies in a given shell that
is filled with accompanying X-ray emission and no Auger electron is referred to
as the fluorescence yield. The fluorescence yield increases with the increasing
atomic number of the atom. The transition energy (i.e., the characteristic X-ray
energy) between the two shells is always less than the binding energy of an elec-
tron in the lower shell and therefore cannot eject it. For example, the characteristic
K X-ray energy is always less than the binding energy of the K-shell electron, so
the latter cannot undergo the Auger process and cannot be emitted as an Auger
electron.

2.2 Radioactive Decay Equations
2.2.1 General Equation

As already mentioned, radionuclides are unstable and decay by particle emission,
electron capture, or y-ray emission. The decay of radionuclides is a random process,
that is, one cannot tell which atom from a group of atoms will decay at a specific
time. Therefore, one can only talk about the average number of radionuclides disin-
tegrating during a period of time. This gives the disintegration rate of that particular
radionuclide.

The number of disintegrations per unit time (disintegration rate), —dN/dt, of a
radionuclide at any time is proportional to the total number of radioactive atoms
present at that time. Mathematically,

—dN /dt = AN @2.1)

where N is the number of radioactive atoms and A is a decay constant that is defined
as the probability of disintegration per unit time for the radioactive atom. The disin-
tegration rate, —dN/dt, is termed the radioactivity or simply the activity of a radio-
nuclide and denoted by A. It should be clearly understood from the above equation
that the same amount of radioactivity means the same disintegration rate for any
radionuclide, but the total number of atoms present and the decay constant may be
different for different radionuclides. From the above statements, the following equa-
tion can be written:

A=AN 2.2)

From a knowledge of the decay constant and radioactivity of a radionuclide, one
can calculate the total number of atoms or the total mass of the radionuclide present
(using Avogadro’s number, 1 g - atom (g - atom) = 6.02 x 10?* atoms).
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Fig. 2.7 Plot of A,
radioactivity versus time

on a linear graph. The time

is plotted in units of

half-life. The graph shows

an exponential decay of

radioactivity with time

Activity (Linear Scale)
no|>

A|o:'>

1 2 3 4 5 6 7
Time (half-lives)

Equation (2.1) is a differential equation and can be solved by proper integration.
The solution of this equation leads to

N, =Nye™ (2.3)

where N, and N, are the number of radioactive atoms present at = 0 and time ¢,
respectively. Equation (2.3) represents the exponential decay of any radionuclide. In
terms of radioactivity, Eq. (2.3) may be written as

A =A™ (2.4)

The graphical representations of the above equation are given in Figs. 2.7 and 2.8
on linear and semilogarithmic plots, respectively.

2.2.2 Half-Life and Mean Life

Every radionuclide is characterized by a half-life, which is defined as the time
required to reduce its initial activity to one half. It is usually denoted by #,,, and is



20 2 Radioactive Decay

unique for a given radionuclide. The decay constant A of a radionuclide is related to
half-life by

2 =0.693/1,, 2.5)

To determine the half-life of a radionuclide, its radioactivity is measured at different
time intervals and plotted on semilogarithmic paper, resulting in a straight line as in
Fig. 2.8. The slope of the straight line is A, from which the half-life is determined by
Eq. (2.5). It can also be simply read from the graph as the time difference between
the two values of activities where one value is one half of the other. For a very long-
lived radionuclide, it is determined by Eq. (2.2) from the knowledge of its activity
and the number of atoms present.

From the definition of half-life, it is understood that A, is reduced to Ay/2 in one
half-life of decay, to Ay/4, that is, Ay/2? in two half-lives, to Ay/8, that is, A¢/2° in
three half-lives, and so forth. In n half-lives of decay, it is reduced to Ay/2". Thus, the
radioactivity A, at time ¢ can be calculated from the initial radioactivity A, by

A_ 4
0T ? - 2(”’1/2) (26)

Here, the number of half-lives n is equal to (#/¢,,,), where ¢ is the time of decay and
11 1s the half-life of the radionuclide. As an example, suppose a radioactive sample
with a half-life of 10 days contains 250-mCi radioactivity. The radioactivity of the
sample after 23 days would be 250/2?310 = 250/223 = 250/4.92 = 50.8 mCi.

100

50 |

20

Activity (arbitrary unit in log scale)
=

Fig. 2.8 Plot of the
data in Fig. 2.7 on a
semilogarithmic graph ! : L L
showing a straight-line 1 2 3 4 5 6
relationship Time (half-lives)
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Another relevant quantity of a radionuclide is its mean life, which is the average
life of a group of the radioactive atoms. It is denoted by 7 and related to decay con-
stant A and half-life 7, as follows:

t=1/1 2.7)
T=1,,/0.693 =144, (2.8)

In one mean life, the activity of a radionuclide is reduced to 37% of its initial
value.

2.2.3 Units of Radioactivity

Radioactivity is expressed in units called curies. Historically, it was initially defined
as the disintegration rate of 1-g radium, which was considered to be 3.7 x 10'° disin-
tegrations per second. Later the disintegration rate of 1-g radium was found to be
slightly different from this value, but the original definition of curie was still retained:

lcurie (Ci)
=3.7x10" disintegrations per second (dps)
=2.22x10" disintegrations per minute (dpm)
Imillicurie (mCi)
=3.7x10" dps
=2.22x10°dpm
Imicrocurie (uCi)
=3.7x10*dps
=2.22x10°dpm

The System Internationale (SI) unit for radioactivity is becquerel (Bq), which is
defined as one disintegration per second. Thus,

Ibecquerel (Bq) =1dps =2.7x10™"Ci
1kilobecquerel (kBq) =10°dps =2.7x107*Ci

1 megabecquerel (MBq) =10°dps =2.7x107°Ci
1gigabecquerel (GBq) =10"dps = 2.7x10°Ci

1 terabecquerel (TBq) =10 dps = 27 Ci

Similarly,

1Ci=3.7x10""Bq =37 GBq
ImCi=3.7x10"Bq =37 MBq
1uCi=3.7x10*"Bq =37 kBq
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2.2.4 Calculations
Two examples of calculations related to radioactivity are presented below.

Problem 2.1
Calculate the total number of atoms and total mass of *'I present in 5-mCi
(185 MBq) 1 (f,, = 8 d).

Answer

0.693

— 7 —1.0x10°sec
8x24x60x60

Afor”'T =

A=5x3.7x10" =1.85x10% dps

Using Eq. (2.2),

8
N=é=w=1,85x10'4atoms
A 1x10

Since 1 g - atom T = 131 g BT = 6.02 x 10* atoms of *'T (Avogadro’s
number),

1.85x10" x131

6.02x10%
40.3x107g
40.3 ng

Massof*'Tin 5mCi (185 MBq) =

Therefore, 5-mCi (185 MBq) *'I contains 1.85 x 10'* atoms and 40.3-ng
1311.

Problem 2.2

At 11:00 a.m., the *™Tc radioactivity was measured as 9 mCi (333 MBq) on
a certain day. What was the activity at 8:00 a.m. and 4:00 p.m. on the same
day (t,, for ™Tc = 6 h)?
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Answer
Time from 8:00 a.m. to 11:00 a.m. is 3 h;

A4, =9mCi (333MBq)
4,="
Using Eq. (2.4),

9= Aoe+0.1155><3
AO — 9X60A3465

=12.7mCi (470 MBq) at 8:00 a.m.

Time from 11:00 a.m. to 4:00 p.m. is 5 h;

4, =9 mCi
4,=?

t

Using Eq. (2.4),

_ —0.1155x5
A4, =9xe
— 9 x e—0.5775

=5.05mCi (187MBq) at 4:00 p.m.

2.3  Successive Decay Equations

2.3.1 General Equation

In the above section, we have derived equations for the activity of any radionuclide

that is decaying. Here, we shall derive equations for the activity of a radionuclide

that is growing from another radionuclide and, at the same time, is itself decaying.

If a parent radionuclide p decays to a daughter radionuclide d, which in turn

decays, then the rate of growth of radionuclide d becomes

dN,
T;j:)«pr—lde

(2.9)
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AN, is the growth rate of the daughter from the parent, and A,N, is the decay rate of
the daughter. By integration, Eq. (2.9) becomes

A,(4,)
_ _ 0 At _ At
(4,), =N, =i (e ™) (2.10)
Equation (2.10) gives the net activity of radionuclide d at time ¢ due to the growth

from the decay of radionuclide p. If there is an initial activity (A,), of radionuclide
d, then the term (4,), e has to be added to Eq. (2.10). Thus,

(Ad), =)*de = )’d _)«p

(e =) +(4,) e 2.11)

2.3.2 Transient Equilibrium

gt

If Ay > 4, that is, (t0), < (i), then e ™ in Eq. (2.11) is negligible compared to
e ™' when tis sufficiently long. Equation (2.11) then becomes

(Ad )t _ )’d (Ap)o e—/l,,t _ )Ld (AP );

= — (2.12)
A=A, A=,

This relationship is called the transient equilibrium. This equilibrium holds true
when (1), and (t,,,), differ by a factor of about 10-50. It can be seen from Eq.
(2.12) that the daughter activity is always greater than the parent activity. Initially,
the daughter activity grows owing to the decay of the parent radionuclide, reaches a
maximum followed by an equilibrium, and then decays with a half-life of the par-
ent. The time to reach maximum activity is given by

B L44x(t,,), %(t), % ln[(tm ),/ (t )J

o = |:(t1/2 )p _(tl/Z )d:|

A typical example of transient equilibrium is *Mo (7,,, = 66 h) decaying to *™Tc
(t,, = 6.0 h) represented in Fig. 2.9. Because overall 87% of *Mo decays to *"Tc,
the *"Tc activity is lower than the Mo activity in the time activity plot (Fig. 2.9).
The *"Tc activity reaches a maximum in about 23 h, i.e., about four half-lives of
9mTe, followed by the equilibrium.

(2.13)
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Fig. 2.9 Plot of logarithm 100
of Mo and *"Tc activities

versus time showing

transient equilibrium. The 50
activity of the daughter
9mTe is less than that of
the parent *’Mo, because
only 87% of Mo decays
to *"Tc radionuclide. If
100% of the parent were to
decay to the daughter, then
the daughter activity would
be higher than the parent
activity after reaching
equilibrium, as recognized
from Eq. (2.12) 2+

%Mo (66 hr)

f

9MTc (6 hr)

Radioactivity

—_
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T
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Problem 2.3

Yttrium-87 (¢, = 80 h) decays to *™Sr (¢,,, = 2.83 h). The activity of a pure
sample of ¥Y is calibrated at noon on Wednesday and measured to be 300 mCi
(11.1 GBq). Calculate the activity of #™Sr at 6:00 p.m. on Wednesday and at
6:00 p.m. on Thursday.

Answer
In Eq. (2.10), we have

A = 0693 =0.0087h™"
80

P

2y = 2993 _ 6 2449n
3
2, 0.2449

=1.0368

Ja—7,  0.2449-0.0084

(4,), =300mCi
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¢ = 6h (from noon to 6p.m.Wednesday)

e = e "7 = 0.9491
e =" 202301
(Ad )t =?

Using the above values in Eq. (2.10), the activity of ¥™Sr at 6:00 p.m. on
Wednesday can be calculated as

(4,), =1.0368x300x(0.9491 0.2301)=223.6mCi(8.27 GBq)

For the activity of ¥™Sr at 6:00 p.m. on Thursday, we assume a transient
equilibrium between #Y and 8™Sr because the half-lives of the parent and
daughter nuclides differ by a factor of 28 and more than ten half-lives (i.e.,
30 h) of the daughter nuclide have elapsed between noon on Wednesday and
6:00 p.m. on Thursday. Using Eq. (2.12), we have

t=30h
(4,) =300xe ™ =231.1mCi
(4,), =1.0368x231.1=239.6mCi

Therefore, the activity of 8™Sr at 6:00 p.m. on Thursday is 239.6 mCi
(8.87 GBq).

2.3.3 Secular Equilibrium

When A, » 4,, that is, the parent half-life is much longer than that of the daughter
nuclide, in Eq. (2.12), we can neglect 4, compared to 1,. Then Eq. (2.12) reduces to

(4,),=(4,), (2.14)

Equation (2.14) is called the secular equilibrium and is valid when the half-lives
of the parent and the daughter differ by more than a factor of 100. In secular equi-
librium, the parent and daughter radioactivities are equal and both decay with the
half-life of the parent nuclide. A typical example of secular equilibrium is ¥’Cs
(t1, = 30 y) decaying to *"™Ba (¢,,, = 2.6 min). A graphical representation of secular
equilibrium between *Sn (#,, = 117 d) and '“*™In (¢, = 100 min) is shown in
Fig. 2.10.
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logarithm of '3Sn and
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secular equilibrium. In -
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Problem 2.4

Germanium-68 has a half-life of 280 days and decays to ®*Ga, whose half-life
is 68 min. The activity of a pure sample of %Ge is calibrated to be 450 mCi
(16.7 GBq) at noon on Tuesday. Calculate the activity of %Ga at midnight on
Tuesday and at 5:00 p.m. on Wednesday.

Answer

The time from Tuesday noon to midnight Tuesday is 12 h, and the time from
Tuesday noon until 5:00 p.m. Wednesday is 29 h. Since the half-lives of %Ge
and %®Ga differ by a factor of about 5800, a secular equilibrium is established
between the two nuclides within 12 h (~11 half-lives of ®®Ga) and 29 h. The
decay of %Ge in a 29-h period is negligible, and therefore the activity of %Ge
at both midnight Tuesday and 5:00 p.m. on Wednesday would be approxi-
mately 450 mCi (16.7 GBq). Then, according to Eq. (2.14), the activity of
%Ga at these times would also be 450 mCi (16.7 GBq).

2.4  Statistics of Counting

Although it is beyond the scope of this book to discuss the details of statistics related
to radioactive disintegration, it would be appropriate to describe briefly the salient
points of statistics as applied to the measurement of radioactivity. Since nuclear
pharmacists and technologists are routinely involved in radioactive counting, the
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following discussion of statistics will be helpful in determining how long a radioac-
tive sample should be counted and how many counts should be accumulated for
better precision and accuracy.

2.4.1 Error, Accuracy, and Precision

In the measurement of any quantity, an error or a deviation from the true value of the
quantity is likely to occur. There are two types of errors — systematic and random.
Systematic errors arise from malfunctioning equipment and inappropriate experimental
conditions and can be corrected by rectifying the situation. Random errors arise from
random fluctuations in the experimental conditions, for example, high-voltage fluctua-
tions or fluctuations in the quantity to be measured, such as the radioactive decay.

The accuracy of a measurement indicates how closely it agrees with the “true”
value. The precision of a series of measurements describes the reproducibility of the
measurement and indicates the deviation from the “average” value. Remember that
the average value may be far from the true value of the measurement. The closer the
measurement is to the average value, the higher is the precision, whereas the closer
the measurement is to the true value, the more accurate is the measurement.
Precision can be improved by eliminating the random errors, whereas both the ran-
dom and systematic errors must be eliminated for better accuracy.

2.4.2 Standard Deviation

The standard deviation for a group of measurements indicates the precision of the
measurements. Radioactive disintegration follows the Poisson distribution law, and
from this, one can show that if a radioactive sample gives an average or mean count
of n , then its standard deviation o is given by

o=+ (2.15)
The mean count with standard deviation is then expressed as
nto
The standard deviations in radioactive measurements indicate the statistical fluc-
tuation of radioactive disintegration. If we make a large number of measurements
repeatedly on a radioactive sample giving a mean count 7 , the data are distributed
around 7 in a Gaussian form as illustrated in Fig. 2.11. From this distribution, it is
found that 68% of these measurements would fall within one standard deviation (o)
on either side of the mean, that is, in the range of 7 —o ton +o . This is called the
«68% confidence level» for 7 . Similarly, 95% of the measurements will fall within
two standard deviations (7 —2oton + 20 ) and 99% of the data within three stan-
dard deviations (7 —3oton +30 ). These are designated as the 95% and 99% confi-
dence levels, respectively. Note that Gaussian distribution is symmetrical around 7
with half of the measurements below 7 and the other half above it.
If a single count, n, of a radioactive sample is quite large, then n can be estimated
as close to 7 and substitute for it in Eq. (2.15) (i.e., o= \/;). For example, the
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Fig.2.11 Gaussian
distribution of counts of
radioactivity with mean 7
showing 68% confidence
level (1 = 16),95%
confidence level (1 + 20),
and 99% confidence level
(n +30)

~< 68%>
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standard deviation of the measurement of a radioactive sample giving 10,000 counts
will be 100.

A more useful quantity in the statistical analysis of the counting data is the per-
cent standard deviation, which is given by

s = Z 100 = 100V _ 100
n n In

Equation (2.16) indicates that as n increases, the % o decreases, and hence the
precision of the measurement increases. Thus, the precision of a count of a radioac-
tive sample can be increased by accumulating a large number of counts. For a count
of 10,000, % o is 1%, whereas for 1,000,000, % o is 0.1%.

(2.16)

Problem 2.5
How many counts should be collected in a sample in order to have a 1% error
at 95% confidence level?

Answer
95% confidence level is 20, i.€., 2\/;

20100 24/nx100
n n |
200

-

1% error

Therefore, 1=

Jn =200

n = 40,000 counts
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2.4.3 Standard Deviation of Count Rates

The standard deviation of a count rate o, is
o.=0/t

where o is the standard deviation of the total count n obtained in time ¢. Since n is
equal to the count rate ¢ times the time of counting ¢,

o, =~nlt=AlctIt=+c/t (2.17)

Problem 2.6
A radioactive sample is counted for 8 min and gives 3200 counts. Calculate
the count rate and standard deviation for the sample.

Answer

Count rate ¢ = 3200/8 = 400 counts per minute (cpm)
Standard deviation o, =+vc/t =+/400/8 =7
Therefore, the average count rate is 400 + 7 cpm.

2.4.4 Propagation of Errors

Situations may arise in which two quantities, x and y, with their respective standard
deviations, o, and o,, are either added, subtracted, multiplied, or divided. The stan-
dard deviations of results of these arithmetic operations are expressed by the follow-
ing equations:

Addition: o, =,/o} +0} (2.18)
Subtraction: o,_, =,[o; +0 (2.19)
Multiplication: o, = (x><y)\/(c7)c /x)2 +(c7y /y)2 (2.20)
Division : o, = (x/y)\/(ox /x)’ +(0'y /y)2 (2.21)
Problem 2.7

A radioactive sample gives an average count of 9390 = 95, and the counting
time for each count is 20 = 1 min. Calculate the average count rate and its
standard deviation.
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Answer

Countratec = % =470 cpm

2

Standard deviationo, = (9390/20)\/(95/9390)2+(1/20)
= 470+0.0026

= 470%0.051
= 24

Thus, the average count rate is 470 + 24 cpm.

Questions

1.

10.
1.

12.

13.

Describe how the N/Z ratio of a radionuclide determines whether a radionuclide
would decay by - or f*-emission or electron capture.

. Why is an antineutrino emitted in f—-decay?
. What is the threshold energy for *-emission? If the decay energy between two

radionuclides is 1.3 MeV, are both f*-emission and electron capture possible?

. Discuss bremsstrahlung and internal conversion. What are the common charac-

teristics of electron capture and internal conversion?

. An excited nucleus with 190-keV energy ejects a K-shell electron of an atom by

internal conversion. What is the kinetic energy of the electron if the binding
energy of the K-shell electron is 20 keV?

. The internal conversion coefficient of a 0.169-MeV photon is 0.310. Calculate

the abundance in percent of the photon emission.

. Calculate (a) the disintegration rate per minute and (b) the activity in curies and

becquerels present in 1ug n (¢, = 2.8 d).

. Calculate the total number of atoms and total mass of *™Tc present in 15-mCi

(555 MBq) ®™Tc activity (¢, = 6 h).

. If the radioactivity of ”Hg (¢,,, = 65 h) is 100 mCi (3.7 GBq) on Wednesday

noon, what is its activity (a) at 8 a.m. the Tuesday before and (b) at noon the
Friday after?

State the specific conditions of transient equilibrium and secular equilibrium.
The half-lives of Mo and *™Tc are 66 h and 6 h, respectively, and both are in
transient equilibrium in a sample. If the Mo activity is 75 mCi (2.8 GBq), what
is the activity of "Tc? (Assume 87% “Mo decay to *"Tc.)

How long will it take for a 10-mCi (370 MBq) sample of 3P (#,, = 14.3 d) and
a 100-mCi (3.7 GBq) sample of “Ga (r,, = 3.2 d) to possess the same
activity?

What is the time interval during which ’Ga (¢,,, = 3.2 d) decays to 37% of the
original activity?
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14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

For the treatment of a thyroid patient, 100-mCi (3.7 GBq) "*'I is required. What
amount of "*'I should be shipped if transportation takes 3 days?

How much time would it take for the decay of eight ninth of a sample of %Ge
whose half-life is 270.8 days?

What is the half-life of a radionuclide if a sample of it gives 10,000 cpm and 2 h
later gives 3895 cpm?

Iodine-127 is the only stable isotope of iodine. What modes of decay would you
expect for I and *21?

If a radionuclide decays for a time interval equal to the mean life of the radio-
nuclide, what fraction of the original activity has decayed?

Draw a graph of the following activity versus time and find the half-life of the
radionuclide.

Time (h) cpm

4 8021
9 5991
15 4213
20 3153
26 2250
30 1789
38 1130

A radioactive sample gives 12,390 counts in 12 min. (a) What are the count rate
and standard deviation of the sample? (b) If the sample contained a background
count rate of 50 cpm obtained from a 2-min count, what would be the net count
rate of the sample and its standard deviation?

How many counts of a radioactive sample are to be collected in order to have a
2% error at 95% confidence level?

How many standard deviations of a mean count of 82,944 is 5767

What is the minimum number of counts that would give 1 standard deviation
confidence level and no more than a 3% error?
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Instruments for Radiation Detection
and Measurement

In nuclear medicine, it is necessary to ascertain the presence, type, intensity, and
energy of radiations emitted by radionuclides, and these are accomplished by
radiation-detecting instruments. The two commonly used devices are gas-filled
detectors and scintillation detectors with associated electronics. These instruments
are described below.

3.1 Gas-Filled Detectors

The operation of a gas-filled detector is based on the ionization of gas molecules by
radiations, followed by collection of the ion pairs as current with the application of
a voltage between two electrodes. The measured current is primarily proportional to
the applied voltage and the amount of radiations. A schematic diagram of a gas-
filled detector is shown in Fig. 3.1.

The two most commonly used gas-filled detectors are ionization chambers and
Geiger—Miiller (GM) counters. The primary difference between the two devices lies
in the operating voltage that is applied between the two electrodes. Ionization cham-
bers are operated at 50-300 V, whereas the GM counters are operated at around
1000 V. Examples of ionization chambers are “Cutie-Pie” counters and dose cali-
brators, which are used for measuring high-intensity radiation sources, such as out-
put from X-ray machines (Cutie-Pie) and activity of radiopharmaceuticals (dose
calibrators). The GM counters are used for detecting low-level beta and gamma
radiations.

3.1.1 Dose Calibrators

The dose calibrator is one of the most essential instruments in nuclear medicine for
measuring the activity of radionuclides for formulating and dispensing radiophar-
maceuticals. It is a cylindrically shaped, sealed chamber made with two concentric
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Fig. 3.2 A radionuclide
dose calibrator, Biodex
model Atomlab 500 (Photo
courtesy of Biodex
Medical Systems, Inc.)

walls and a central well. It is filled with argon and traces of halogen at high pressure.
Its operating voltage is about 150 V. A typical dose calibrator is shown in Fig. 3.2.
Because radiations of different types and energies produce different amounts of
ionization (hence current), equal activities of different radionuclides generate differ-
ent quantities of current. For example, current produced by 1 mCi (37 MBq) *™Tc is
different from that by 1 mCi (37 MBq) "'I. Isotope selectors are the feedback resis-
tors to compensate for differences in ionization (current) produced by different
radionuclides so the equal activities produce the same reading. In most dose calibra-
tors, the isotope selectors for commonly used radionuclides are push-button types,
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Fig.3.3 A Geiger—Miiller a
survey meter. (a) Ludlum
pancake probe model 44-9.
(b) Ludlum model 14C
survey meter (Photo
courtesy of Ludlum
Measurements, Inc.)

whereas those for other radionuclides are set by a continuous dial. The settings of
isotope selectors are basically the calibration factors for different radionuclides,
which are determined by measuring the current produced by 1 millicurie of each
radionuclide. The unknown activity of a radionuclide is then measured by the current
it produces divided by the calibration factor for that radionuclide, which is displayed
in the appropriate unit on the dose calibrator. An activity range selector is a variable
resistor that adjusts the range of activity (uCi, mCi, Ci or MBq, GBq) for display.

For measurement of the activity of a radionuclide, one first sets the calibration
factor for the radionuclide using the appropriate push-button or dial setting. Then
the sample in a syringe, vial, or any other appropriate container is placed inside the
chamber well of the dose calibrator, whereupon the reading of activity is displayed
on the digital meter of the dose calibrator. The quality control methods of the dose
calibrators are discussed in Chap. 8.

3.1.2 Geiger-Miiller Counters

The GM counters are used for the measurement of exposure delivered by a radiation
source and called survey meters. A typical GM survey meter is shown in Fig. 3.3.
The GM counter is one of the most sensitive detectors and can be constructed in
different configurations. One end of the detector is made of a thin mica window that
allows passage of p-particles and low-energy gamma radiations that would other-
wise be stopped by the metal cover provided for detection of gamma radiations. It
is usually battery operated and operates as a ratemeter. The readings are given in
microroentgen (#R) per hour, milliroentgen (mR) per hour, roentgen (R) per hour,
or counts per minute (cpm). The GM counters do not have any energy-discriminative
capabilities. Some GM counters are equipped with audible alarms or flashing light
alarms that are triggered by radiations above a preset intensity. The latter kind is
called an area monitor.
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The GM counters are primarily used for area survey for contamination with low-
level activity. According to Nuclear Regulatory Commission (NRC) regulations, these
survey meters must be calibrated annually with standard sources such as ?Ra and '¥Cs.

3.2  Scintillation-Detecting Instruments

A variety of scintillation- or y-ray-detecting equipment is currently used in nuclear
medicine. The well counters, thyroid probes, and y or scintillation cameras are most
commonly used. All these instruments are y-ray-detecting devices and consist of a
collimator (excluding well counter); sodium iodide detector; photomultiplier tube;
preamplifier; pulse height analyzer; X, Y positioning circuit (only in scintillation
cameras); and display or storage. Basically, y-rays from a source interact in the
sodium iodide detector, and light photons are emitted. The latter strike the photo-
cathode of a photomultiplier (PM) tube, and a pulse is generated at the end of the
PM tube. The pulse is first amplified by a preamplifier and then by a linear amplifier.
A pulse height analyzer sorts out the amplified pulses according to the desired
energy of the y-ray and finally feeds the pulse into a scaler, magnetic tape, computer,
cathode ray tube, or X-ray film.

3.2.1 Collimator

In all nuclear medicine equipment for imaging, a collimator is attached to the face
of a sodium iodide detector to limit the field of view so that all radiations from out-
side the field of view are prevented from reaching the detector. Collimators are
made of lead and have a number of holes of different shapes and sizes. In thyroid
probes, they are single bore and cylindrical in shape. In scintillation cameras, col-
limators are classified as parallel hole, diverging, pinhole, and converging (see
later), depending on the type of focusing.

When the number of holes in a collimator is increased, the sensitivity of the detec-
tor increases, but there is a comparable loss of septal thickness that results in septal
penetration by relatively high-energy y-rays and hence a loss in spatial resolution.
One can increase the resolution' or the detail of the image by decreasing the size of
the holes in a given collimator or increasing the length of the collimator. This results
in a decrease in the sensitivity (i.e., y-ray detection efficiency) of the camera.

3.2.2 Detector

For y-ray detection, a sodium iodide crystal doped with a very small amount of thal-
lium [NaI(TI)] is most commonly used. Other detectors such as lithium-drifted
germanium detector [Ge(Li)], bismuth germanate (BGO), barium fluoride (BaF,),

'Resolution is the minimum distance between two points in an image that can be detected by a
detecting device.
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gadolinium oxyorthosilicate (GSO), and lutetium oxyorthosilicate (LSO) are also
used for scintillation detection.

The choice of Nal(T1) crystals for y-ray detection is primarily due to their reason-
able density (3.67 g/cm?) and high atomic number of iodine (Z = 53) that result in
efficient production of light photons (about one light photon per approximately
30 eV) upon interaction with y-rays in the presence of a trace amount of thallium
(0.1-0.4 mole %). The light generated in the crystal is directed toward the PM tube
by coating the outside surface of the crystal with reflector material such as magne-
sium oxide or by using light pipes between the crystal and the PM tube. Sodium
iodide is hygroscopic, and absorbed water causes color changes that distort light
transmission to the PM tubes. Therefore, the crystals are hermetically sealed in
aluminum containers. Room temperature should not be abruptly changed, because
such changes in temperatures can cause cracks in the crystal. Also, mechanical
stress must be avoided in handling them, because Nal crystals are very fragile.

The Nal(T1) detectors of different sizes are used in different instruments. In well-
type Nal(T1) detectors, the crystals have a hole in the middle deep enough to cover
the counting sample almost completely. In these crystals, counting efficiency is very
high and no collimator is needed. In thyroid probes and well counters, the smaller
cylindrical but thicker (7.6 x 7.6 cm or 12.7 x 12.7 cm) Nal(T1) crystals are used,
whereas in scintillation cameras, the larger rectangular (33-59 c¢m) and thinner
(0.64-1.9 cm) crystals are employed.

3.2.3 Photomultiplier Tube

A PM tube consists of a light-sensitive photocathode at one end, a series (usually ten)
of metallic electrodes called dynodes in the middle, and an anode at the other end — all
enclosed in a vacuum glass tube. The PM tube is fixed on to the Nal(TI) crystal with
the photocathode facing the crystal with a special optical grease. The number of PM
tubes in the thyroid probe and the well counter is one, whereas in scintillation cameras
it varies from 19 to 94 which are attached on the back face of the Nal(Tl) crystal.

A high voltage of ~1000 V is applied from the photocathode to the anode of the PM
tube in steps of ~100 V between dynodes. When a light photon from the Nal(T1) crystal
strikes the photocathode, photoelectrons are emitted, which are accelerated toward the
immediate dynode by the voltage difference between the electrodes. The accelerated
electrons strike the dynode, and more secondary electrons are emitted, which are fur-
ther accelerated. The process of multiplication of secondary electrons continues until
the last dynode is reached, where a pulse of 10°-108 electrons is produced. The pulse is
then attracted to the anode and finally delivered to the preamplifier.

3.2.4 Preamplifier

The pulse from the PM tube is small in amplitude and must be amplified before
further processing. It is initially amplified with a preamplifier that is connected to
the PM tube. A preamplifier is needed to adjust the voltage of the pulse shape and
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match the impedance levels between the detector and subsequent components so
that the pulse is appropriately processed by the system.

3.2.5 Linear Amplifier

The output pulse from the preamplifier is further amplified and properly shaped by
a linear amplifier. The amplified pulse is then delivered to a pulse height analyzer
for analysis as to its voltage. The amplification of the pulse is defined by the ampli-
fier gain given by the ratio of the amplitude of the outgoing pulse to that of the
incoming pulse, and the gain can be adjusted in the range of 1-1000 by gain con-
trols provided on the amplifier. The amplitudes of output pulses normally are of the
order of 010 V.

3.2.6 Pulse Height Analyzer

Gamma rays of different energies can arise from a source, either from the same radio-
nuclide or from different radionuclides, or due to scattering of y-rays in the source. The
pulses coming out of the amplifier may then be different in amplitude due to differing
y-ray energies. The pulse height analyzer (PHA) is a device that selects for counting
only those pulses falling within preselected voltage amplitude intervals or “channels”
and rejects all others. This selection of pulses is made by control knobs, called the
lower level and upper level, or the base and window, provided on the PHA. Proper
choice of settings of these knobs determines the range of y-ray energies that will be
accepted for further processing such as recording, counting, and so on. In scintillation
cameras, these two knobs are normally replaced by a peak voltage control and a per-
cent window control. The peak voltage control relates to the desired y-ray energy, and
the percent window control indicates the window width in percentage of the desired
y-ray energy, which is set symmetrically on each side of the peak voltage.

The above mode of counting is called differential counting, in which only pulses
of preselected energy are counted. If y-rays of all energies or all y-rays of energies
above a certain preselected energy need to be counted, the mode of counting is
called integral counting, in which case only the lower level or baseline is operative
and the window mechanism is bypassed.

A pulse height analyzer normally selects only one range of pulses and is called a
single-channel analyzer (SCA). A multichannel analyzer (MCA) is a device that
can simultaneously sort out pulses of different energies into a number of channels.
By using an MCA, one can obtain simultaneously a spectrum of y-rays of different
energies arising from a source (Fig. 3.4).

3.2.7 Display or Storage
Information processed by the PHA is normally given in the form of pulses and

counts that are stored for further processing. Counts can be recorded for preset
counts or time. In thyroid probes and well counters, counts are displayed on a scaler,
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Fig.3.4 A y-ray spectrum of different photon energies taken with a Nal(Tl) detector coupled to a
multichannel analyzer

whereas in scintillation cameras, these counts are stored in a computer and pro-
cessed further to form images.

3.3 Scintillation Camera

A scintillation camera, also known as a gamma camera, basically operates on the
same principles as described above. It consists of a collimator; detector; X, Y posi-
tioning circuit; PHA; and display or storage. Although PM tubes, preamplifiers, and
linear amplifiers are also basic components of gamma cameras, their functions are
the same as described above and, therefore, will not be discussed further here.
A schematic electronics diagram of a scintillation camera is illustrated in Fig. 3.5,
and a typical scintillation camera is shown in Fig. 3.6.

3.3.1 Collimator

As already mentioned, classification of collimators used in scintillation cameras
depends primarily on the type of focusing, and also on the septal thickness of the
holes. Depending on the type of focusing, collimators are classified as parallel hole,
pinhole, converging, and diverging types; these are illustrated in Fig. 3.7.

Pinhole collimators are used in imaging small organs such as thyroid glands.
Converging collimators are employed when the target organ is smaller than the size
of the detector, whereas diverging collimators are used in imaging organs such as
lungs that are larger than the size of the detector. Parallel hole collimators are most
commonly used in nuclear medicine procedures.
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Fig. 3.5 A schematic electronics diagram of a scintillation camera
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Parallel hole collimators are classified as high-resolution, all-purpose, and high-
sensitivity types. Most manufacturers keep the size and number of holes the same
for all these collimators, but only change the thickness. High-sensitivity collimators
are made with smaller thickness than all-purpose collimators, whereas high-resolu-
tion collimators are made thickest of all. The deterioration in spatial resolution is
related to the thickness of the collimator; thus, the high-sensitivity collimator shows
the sharpest drop in spatial resolution, followed in order by the all-purpose and
high-resolution collimators. For all parallel hole collimators, the spatial resolution
is best at the collimator face and deteriorates with increasing distance between the
collimator and the object. It is therefore desirable to image patients in close proxim-
ity to the collimator face.

3.3.2 Detector

The Nal(T1I) crystals used as the detector in scintillation cameras are mostly rectan-
gular in shape and have the dimension between 33 x 43 cm and 37 x 59 cm with
thickness varying between 0.64 cm and 1.9 cm. The most common thickness is
0.95 cm. The 0.64-cm thick detectors are usually used in portable cameras for
nuclear cardiac studies.

Increasing the thickness of a crystal increases the probability of complete absorp-
tion of y-rays and hence the sensitivity of the detector. However, there is a probabil-
ity of multiple interactions of a y-ray in a thick crystal, and the X, Y coordinates of
the point of y-ray interaction can be obscured (see later). This results in poor resolu-
tion of the image of the organ. For this reason, thin Nal(Tl) crystals are used in
scintillation cameras, but this decreases the sensitivity of the camera since many
y-rays escape from the detector without interaction and only a few y-rays interact in
the detector.

3.3.3 X, Y Positioning Circuit

When a y-ray interacts in the crystal, its exact location is determined by the X, Y posi-
tioning circuit in conjunction with an array of PM tubes. Many PM tubes (19-94) are
mounted on the Nal(TI) crystal in scintillation cameras. After y-ray interaction in the
crystal, a maximum amount of light will be received by the PM tube nearest to the
point of interaction, whereas other PM tubes will receive an amount of light directly
proportional to the solid angle subtended by the PM tube at the point of interaction.
The X, Y positioning circuit sums up the output of different PM tubes and produces X
and Y pulses in direct proportion to the X, Y coordinates of the point of interaction of
y-rays and thus gives an image of the distribution of activity in a source. The pulses
are stored in a computer, for further processing.

The larger the number of PM tubes, the better the depiction on the image of the
X, Y coordinates of the point of y-ray interaction, that is, better resolution of the
image. Also, the higher the energy of y-rays, the better the resolution, because they
produce more light in the crystal. However, it should be remembered that very high-
energy y-rays can penetrate the collimator septa and thus blur the image.
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Low-energy y-rays (<80 keV) are largely scattered in the source and the crystal and
give poor resolution.

3.3.4 Pulse Height Analyzer

It is a circuit that sums up the output of all PM tubes to produce a pulse known as
the Z pulse that represents the energy of a y-ray. The SCA analyzes the amplitude of
the Z pulses and selects only those of desired energy by the use of appropriate peak
energy and percent window settings. In many scintillation cameras, the energy
selection is made automatically by push-button-type isotope selectors designated
for different radionuclides such as 'I, "Tc, and so on. In some scintillation cam-
eras, two or three SCAs are used to select simultaneously two or three y-rays of
different energies, particularly while imaging with ’Ga and !!'In that possess two or
three predominant y-rays. For most studies, a 20% window, centered on the photo-
peak, is used.

It should be pointed out that X, Y pulses are accepted only if the Z pulse is within
the energy range selected by the PHA. If the Z pulses are outside this range, then X,
Y pulses are discarded.

3.3.5 Digital Image

The following discussion is presented for understanding the principle of image for-
mation with pulses produced by interaction of radiation with detectors. Because
computers used in nuclear medicine operate with digital numbers, they cannot pro-
cess analog signals from scintillation cameras that are continuous in time. The ana-
log signals need to be digitized, which is accomplished by an electronic circuit
called the analog-to-digital (ADC) circuit. Digitization is performed by converting
the amplitudes of the X and Y signals into binary digits (bits). In the binary system,
bits are expressed by only two digits, 0 and 1, raised to the powers of 2, instead of
the powers of 10 in the decimal system. Typically, 6-bit (2° = 64), 8-bit (28 = 256),
or 12-bit (2!2=4096) ADCs are available for digitization. A 6-bit ADC will digitize
the X and Y pulses to be stored in a 64 x 64 matrix in the computer memory. Each
element of the matrix is called a pixel. Since the maximum values of X and Y pulses
are assumed to equal the diameter of the detector, the detector area is considered to
be equal to the matrix size, i.e., 64 x 64, and each pixel of the matrix in the computer
memory corresponds to a specific location of the detector. X and Y signals of vary-
ing magnitude arising from the different positions of the detector would fall into
corresponding pixels between (0, 0) and (64, 64) after digitization by the ADC.
Following an interaction of a photon in the detector, the Z pulse (energy) is digi-
tized by the ADC in appropriate bits, and if it falls within the acceptable range of
energy, then it triggers the digitization of the corresponding X and Y signals by the
ADC. Based on the digitized values of X, Y signals, one count is added to the cor-
responding (X, Y) pixel in the matrix in the computer. Many counts are accumulated
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for statistical accuracy in the same pixel corresponding to the X, Y signals of the
same magnitude from many photon interactions. A digital image is generated after
X, Y signals from all photon interactions are processed for a set period of time. The
image can be displayed later on a monitor in different color shades. Nowadays, most
modern gamma cameras use digital techniques in image formation and are called
the digital scintillation cameras.

3.3.6 Display and Storage

Currently, most cameras employ digital computers in acquiring, storing, and pro-
cessing of image data. Some cameras have built-in computers and use a single con-
sole for both the camera and the computer, while others have stand-alone computers
that are custom-designed for the specific camera. In institutions having several scin-
tillation cameras, a single, large-capacity computer is interfaced with all cameras to
acquire and process the data. Instant images can be seen on a computer monitor as
the data are collected. This is essential for positioning the detector on the organ of
interest. Data are collected for a preset time or counts. Software for different pur-
poses is normally provided by the commercial vendors. However, software for spe-
cific needs can be developed by an experienced computer specialist, if available in
the nuclear medicine department. Data from patient studies are archived for later
processing. This is accomplished by storing them in a computer with a large mem-
ory using picture archiving communication systems (PACS).

3.4 Tomographiclmagers

Detailed description for tomographic imagers is available in standard nuclear medi-
cine physics books, and only a brief outline is presented here. A basic limitation of
the scintillation cameras is that they depict images of three-dimensional activity
distributions in two-dimensional displays. Images of structures in the third dimen-
sion, depth, are obscured by the underlying and overlying structures. One way to
solve this problem is to obtain images at different angles around the patient such as
anterior, posterior, lateral, and oblique projections. However, success of the tech-
nique is limited because of the complexity of structures surrounding the organ of
interest. Currently, tomographic techniques are employed to delineate the depth of
the object of imaging.

The common tomographic technique is computed tomography, which is based
on rigorous mathematical algorithms, to reconstruct the images at distinct focal
planes (slices). Simulated illustrations of four tomographic slices of the heart are
shown in Fig. 3.8. In nuclear medicine, two types of computed tomography are
employed based on the type of radionuclides used: single-photon emission com-
puted tomography (SPECT), which uses y-emitting radionuclides such as *™Tc, %I,
’Ga, '"""In, and so forth, and positron emission tomography (PET), which uses f*-
emitting radionuclides such as ''C, BN, 10, F, %Ga, $2Rb, and so forth.
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Fig. 3.8 Four schematic
four slices of the heart in
the short axis (transverse)

3.4.1 Single-Photon Emission Computed Tomography

The most common SPECT systems consist of a typical gamma camera with one to
three Nal(T1) detector heads mounted on a gantry, an online computer for acquisi-
tion and processing of data, and a display system. The detector head rotates around
the long axis of the patient at small angle increments (3—10°) for 180° or 360° angu-
lar sampling. The data are stored in a 64 x 64 or 128 x 128 matrix in the computer
for later reconstruction of the images of the planes (slices) of interest. Transverse,
sagittal, and coronal images are obtained from the collected data. Examples of
SPECT images are shown in Chap. 13. Details of SPECT are available in standard
nuclear medicine physics books.

3.4.2 Positron Emission Tomography

The PET is based on the detection in coincidence of the two 511-keV photons emit-
ted in opposite directions after annihilation of a positron from a positron emitter and
an electron in the medium. Two photons are detected by two detectors in coinci-
dence, and data collected over many angles around the body axis of the patient are
used to reconstruct the image of the activity distribution in the slice of interest. Such
coincidence counting obviates the need for a collimator to define the field of view.
A schematic diagram of the PET system using four pairs of detectors is illustrated
in Fig. 3.9.

The detectors are primarily made of bismuth germanate (BGO), Nal(Tl), lute-
tium oxyorthosilicate (LSO), gadolinium oxyorthosilicate (GSO), or lutetium
yttrium oxyorthosilicate (LYSO). Different manufacturers use detectors of their
choice.

PET systems use multiple detectors distributed in two to eight circular, hexago-
nal, or octagonal circumferential rings around the patient. Each detector is connected
to the opposite detector by a coincidence circuit. Thus, all coincident counts from
different slices over 360° angles around the patient are acquired simultaneously in a
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Fig. 3.9 Schematic diagram of a PET system using four pairs of detectors

64 x 64, 128 x 128, or higher matrix in a computer. The data are then processed to
reconstruct the images depicting the activity distribution in each slice. Examples of
PET images are illustrated in Chap. 13. Readers are referred to books on physics in
nuclear medicine for further details.

3.4.3 PET/CT, PET/MR, and SPECT/CT

For precise localization of lesions, PET or SPECT images are often fused with CT
or MR images, resulting in PET/CT(MR) or SPECT/CT(MR) images, which are
particularly useful in assessing the effectiveness of tumor treatments. In this method,
functional PET or SPECT images are coregistered with anatomical CT or MR
images by aligning the two images with respect to the matrix size, the voxel inten-
sity, and the rotation. Algorithm has been developed by commercial vendors for
coregistration of images of different modalities, namely, Siemens Medical Solutions’
Syngo fusion D and TrueD, Philips Healthcare’s Syntegra, MIM VISTA’s MIM, and
so on. Coregistered images are displayed side by side or overlaid on each other in
color or gray scale. Patient’s motion and involuntary movement of internal organs
add to the uncertainty of coregistration. An overall error of 2-3 mm in alignment is
not uncommon. To circumvent uncertainty in positioning of images from different
equipment, an integrated system have been developed, in which both PET and CT
units or SPECT and CT units are mounted on a common support with the CT unit
in the front and the PET or SPECT unit in the back next to CT. Both units use the
same gantry and a common imaging table. The CT unit is an X-ray producing unit,
which consists of a cathode filament that emits electrons by application of a voltage
and a rotating tungsten anode. Bremsstrahlung and characteristic X-rays are pro-
duced when accelerated electrons impinge upon the tungsten target. The CT
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transmits the X-ray beam through the patient’s body, and the transmitted beam is
detected by solid detectors such as ceramics, gemstone, etc. In the full-ring method,
the X-ray unit is rotated around the patient, and the transmitted beam is detected by
an array of fixed detectors around 360°, whereas in the arc method, the X-ray tube
and the detector mechanically tied at 180° are rotated together around the patient.
Data acquired are stored in the computer, and images are formed by using various
reconstruction algorithms. CT scanners can provide many slices of images such as
6, 16, 32, 64, 128, etc. Next, PET or SPECT images of the patient are obtained, and
fusion of these images with CT images is accomplished by various algorithms men-
tioned above.

When X-rays are projected through the patient’s body, the beam is attenuated
by the tissue. The extent of attenuation depends on the density of the body tissue
affecting the image formation. Algorithms have been developed for attenuation
correction using CT scans in PET/CT or SPECT/CT scanning, obviating the need
for a separate lengthy transmission scan using a radioactive source. Initially, a
bank CT scan is obtained without the patient in the scanner, followed by a CT
transmission scan of the patient, and then PET or SPECT images are obtained.
Attenuation correction factors are calculated from the blank and transmission
scans and are then applied to the PET or SPECT images. Attenuation corrections
are easier to apply in PET/CT than SPECT/CT, because of the nature of physics
involved in the coincidence detection of photons in PET. While PET/CT is more
commonly practiced in nuclear medicine, SPECT/CT, however, is growing rap-
idly with the enormous advancement in software development and improved
attenuation correction. Readers are referred to standard physics books on these
topics for further details.

MR imaging is based on the magnetic behavior of nuclear spins (protons) in liv-
ing species. When a patient is placed in side the bore of a MR machine, the protons
in the body randomly line up parallel or antiparallel to the magnetic field (Bo) of the
machine, although parallel spins are somewhat more in number causing a net mag-
netization (M,). When a radiofrequency (RF) pulse is applied parallel to M,, the
latter flips toward the X, Y plane at 90° or 180° depending on the direction of RF
pulse, and spins remain excited. When RF is shut off, the flipped spins reverse to
original M, losing excitation energy by spin—lattice interaction (T1) and spin—spin
(T2) interaction. The loss in energy appears as an MR signals that are used in the
formation of an image. The MR image is coregistered with the PET image for better
delineation of lesions in patients. Since MR does not involve any radiation, unlike
in PET/CT, attenuation correction in PET/MR is complicated, and readers are
referred to MR physics books.

Questions

1. What are the differences between an ionization chamber and a Geiger—Miiller
counter?
2. What is the function of a push-button isotope selector on a dose calibrator?
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3. Can you discriminate between 140-keV and 364-keV y-rays by a Geiger—
Miiller counter?

4. What type of instruments would you use for detection of (a) X-ray beam expo-
sure, (b) spill of 1 mCi (37 MBq) %'T1, and (c) 10 mCi (370 MBq) *™Tc?

5. Describe how a scintillation camera works. Explain why the following are used
in a scintillation camera: (a) a collimator, (b) many PM tubes, and (c) a thin
Nal(TI) crystal.

6. Define the resolution and sensitivity of a scintillation camera.

7. Describe how a digital computer works.

8. Describe the principles of tomographic imaging.

9. What is the difference between SPECT and PET?

10. In PET/CT imaging, what are the two purposes of CT imaging?
11. What is the common collimator used in nuclear medicine?
12. What is the common thickness of Nal(T1) in scintillation cameras?
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Production of Radionuclides

In 1896, Becquerel discovered the natural radioactivity in potassium uranyl sulfate.
Since then, Pierre and Marie Curie, E. Rutherford, and F. Soddy all made tremen-
dous contributions to the discovery of many other radioactive elements. The work
of all these scientists has shown that all elements found in nature with an atomic
number greater than 83 (bismuth) are radioactive. Artificial radioactivity was first
reported by I. Curie and F. Joliot in 1934. These scientists irradiated boron and alu-
minum targets with a-particles from polonium and observed positrons emitted from
the target even after the removal of the a-particle source. This discovery of induced
or artificial radioactivity opened up a brand new field of tremendous importance.
Around the same time, the discovery of the cyclotron, neutron, and deuteron by
various scientists facilitated the production of many more artificial radioactivities.
At present, more than 3400 radionuclides have been produced artificially in the
cyclotron, the reactor, and the linear accelerator.

Radionuclides used in nuclear medicine are mostly artificial ones. These are pri-
marily produced in a cyclotron or a reactor. The type of radionuclide produced in a
cyclotron or a reactor depends on the irradiating particle, its energy, and the target
nuclei. Since they are expensive, the facilities having such equipment are limited
and supply radionuclides to remote facilities that do not possess them. Very short-
lived radionuclides are available only in the institutions that have the cyclotron or
reactor facilities; they cannot be supplied to remote institutions or hospitals because
they decay rapidly. For remote facilities, however, there is a secondary source of
radionuclides, particularly short-lived ones, which is called a radionuclide generator
discussed in detail in the next chapter.

4.1  Cyclotron-Produced Radionuclides

In a cyclotron, charged particles such as protons, deuterons, a-particles, *He parti-
cles, and so forth are accelerated in circular paths in so-called dees A and B under
vacuum by means of an electromagnetic field (Fig. 4.1). These accelerated particles
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Fig. 4.1 Schematics of a
cyclotron. V alternating
voltage, S ion source, A
and B dees with vacuum, D
deflector, W window

W

can possess a few kiloelectron volts (keV) to several billion electron volts (BeV) of
energy depending on the design and type of the cyclotron. Since the charged parti-
cles move along the circular paths under the magnetic field with gradually increas-
ing energy, the larger the radius of the particle trajectory, the higher the energy of
the particle. In a given cyclotron, this relationship of energy to radius is definitely
established. The particle beam can be deflected by a deflector D to provide an exter-
nal beam through a window W. Heavy ions such as '°0, N, and *2S have also been
successfully accelerated in heavy-ion accelerators.

When targets of stable elements are irradiated by placing them in the external
beam of the accelerated particles or in the internal beam at a given radius in a cyclo-
tron, the accelerated particles irradiate the target nuclei and nuclear reactions take
place. In a nuclear reaction, the incident particle may leave the nucleus after interac-
tion, leaving some of its energy in it, or it may be completely absorbed by the
nucleus, depending on the energy of the incident particle. In either case, a nucleus
with excitation energy is formed, and the excitation energy is disposed of by the
emission of nucleons (i.e., protons and neutrons). Particle emission is followed by
y-ray emission when the former is no longer energetically feasible. Depending on
the energy deposited by the incident particle, a number of nucleons are emitted
randomly from the irradiated target nucleus, leading to the formation of different
nuclides. As the energy of the irradiating particle is increased, more nucleons are
emitted, and therefore a much greater variety of nuclides are produced.

Each nuclear reaction for the production of a nuclide has a definite threshold or
O energy, which is either absorbed or released in the reaction. This energy require-
ment arises from the difference between the masses of the target nucleus plus the
irradiating particle and the masses of the product nuclide plus the emitted particles.
In nuclear reactions requiring the absorption of energy, the irradiating particles must
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possess energy above the threshold energy; otherwise, the nuclear reaction would
not take place. Furthermore, if the irradiating or emitted particles are charged, then
an additional Coulomb energy due to the Coulomb barrier between the charged
particle and the target nucleus or the emitting nucleus must be added to the Q value
for the nuclear reaction to occur.

An example of a simple cyclotron-produced radionuclide is !!!In, which is pro-
duced by irradiating '''Cd with 12-MeV protons in a cyclotron. The nuclear reaction
is written as follows:

"cd(p,n) In
where "''Cd is the target, the proton p is the irradiating particle, the neutron n is the
emitted particle, and '''In is the product radionuclide. In this case, a second nucleon
may not be emitted because there may not be enough energy left after the emission
of the first neutron. The excitation energy that is not sufficient to emit any more
nucleons will be dissipated by y-ray emission.
As another example, relatively high-energy nuclear reactions induced in ¥Y by
irradiation with 40-MeV protons are listed below:

®Y +p(40 MeV)—>* Zr+n
->YY +p
—% Zr+2n
->%Y +pn
—* Sr+2p
- Zr+3n
—>Y +p2n

Although all reactions mentioned in the above example are feasible, the most
probable reactions are (p, 3n) and (p, p2n) reactions with 40-MeV protons.

As can be understood, radionuclides produced with atomic numbers different
from those of the target isotopes theoretically should not contain any stable (“cold”
or “carrier”’) isotope detectable by ordinary analytical methods, and such prepara-
tions are called carrier-free. In practice, however, it is impossible to have these
preparations without the presence of any stable isotopes. Another term for these
preparations is no carrier added (NCA), meaning that no stable isotope has been
added purposely to the preparations.

The target material for irradiation must be pure and preferably monoisotopic or
at least enriched isotope in order to avoid the production of extraneous radionu-
clides. The energy and type of the irradiating particle must be chosen so that con-
tamination with undesirable radionuclides resulting from extraneous nuclear
reactions can be avoided. Since various isotopes of different elements may be pro-
duced in a particular irradiating system, it is necessary to isolate isotopes of a single
element; this can be accomplished by appropriate chemical methods such as solvent
extraction, precipitation, ion exchange, and distillation. Cyclotron-produced radio-
nuclides are usually neutron deficient and therefore decay by f*-emission or elec-
tron capture.
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Considerable interest has developed for the production of short-lived radionu-
clides and their clinical uses because of the availability of the positron emission
tomography (PET) imaging systems. Among them are the key radionuclides such as
1C, BN, 150, and "F, which decay by positron emission (hence annihilation radia-
tions of 511 keV). These positron emitters are useful in imaging by PET. Because
of the short half-lives, these are produced in medical cyclotrons normally located in
healthcare facilities. A medical cyclotron is a small version of a cyclotron that pro-
vides low-energy charged particles of high intensity and is used primarily for pro-
duction of radionuclides for medical applications. In some medical cyclotrons, both
deuterons and protons can be accelerated alternately, as needed.

Methods of preparation of several useful cyclotron-produced radionuclides are
described below.

4.1.1 Gallium-67

Gallium-67 (1, = 78.2 h) decays to “Zn by 100% EC with concomitant y-ray emis-
sions of 93 keV (40%), 184 keV (20%), 300 keV (17%), and 393 keV (5%).
Gallium-67 is produced by several nuclear reactions such as *Zn (d, n) “’Ga (deu-
teron is denoted d), ®*Zn (p, 2n) ’Ga, and *Zn (a, p) ’Ga. A pure natural zinc target
or enriched zinc isotope in the form of oxide is irradiated with 20-MeV protons,
8-MeV deuterons, or 23-MeV a-particles in a cyclotron at a certain beam current for
a specified time. After irradiation the target is dissolved in 7.5 N hydrochloric acid
(HCI), and carrier-free ’Ga is extracted with isopropyl ether (IAEA 2008). The
organic phase is then evaporated to dryness in a water bath, and the residue is taken
up in dilute HCI for supply as gallium chloride. It may be complexed with citric acid
to form gallium citrate, which is most commonly used in nuclear medicine.

Natural zinc targets can lead to impurities such as *Ga, which has a half-life of
9 h, as compared to the 78.2-h half-life of “’Ga. The radiocontaminant Ga can,
however, be eliminated by allowing it to decay completely before the chemical pro-
cessing of ®’Ga. Enriched zinc isotope targets produce less radioactive impurities,
but they are expensive to prepare.

4.1.2 lodine-123

Iodine-123 is very useful in nuclear medicine because it has favorable radiation
characteristics such as decay by electron capture, half-life of 13.2 h, and y-ray emis-
sion of 159 keV. It is produced directly or indirectly in a cyclotron by several nuclear
reactions (IAEA 2008). Direct nuclear reactions are those reactions whereby 21 is
produced directly and likely to be contaminated with other iodine radioisotopes
such as I and '*I, depending on the type of target and the irradiating particle.
Examples of such reactions are '2!Sb (a, 2n) %1, '#*Te (p, n) '2’I, '*Te (d, n) '**I, and
124Te (p, 2n) 'Z1. Depending on the target composition and energy of the irradiating
particles, other side reactions may produce various radioisotopes of iodine. In the
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direct methods, after irradiation the target is dissolved in mineral acid, and iodine is
collected by distillation into dilute sodium hydroxide (NaOH).

In the indirect method, the nuclear reaction is so chosen that '**Xe is produced
initially, which then decays with a half-life of 2.1 h to produce '*’I. These reactions
allow the production of '2I free of other radioisotopes of iodine. Various reactions
include '*2Te (a, 3n) 2*Xe using 42- to 46-MeV a-particles, '??Te (*He, 2n) '2*Xe using
20- to 30-MeV *He particles, '*Te (*He, 3n) '*Xe using 25-MeV °*He particles, and
1271 (p, 5n) '*Xe using 60- to 70-MeV protons. In all cases except the last, the target
consists of natural or enriched tellurium powder coated inside a water-cooled chamber
that is irradiated with a or *He particles. During irradiation, helium gas is passed
through the target, sweeping '»*Xe and some directly produced iodine isotopes. The
gas mixture is initially passed through a trap maintained at —79 °C with solid carbon
dioxide to remove iodine and then through another trap maintained at —196 °C with
liquid nitrogen to remove '**Xe. Todine can be removed simply by leaching the nitro-
gen trap. The major contaminant in these samples is I (7, = 4.2 d). For the '¥'I (p,
5n) '2Xe reaction, the target is dissolved in aqueous potassium iodide, and '*Xe is
removed by helium gas bubbled through the solution and isolated by a liquid nitrogen
trap. Such preparations contain '*I as contaminant.

Another important method of producing pure ' is by the **Xe (p, 2n) '*Cs
reaction, in which case '2*Cs (¢, = 5.9 min) decays to '2*Xe. The **Xe gas is con-
tained under pressure in a chamber and the chamber is irradiated with protons.
Sufficient time is allowed for '*Cs to decay completely to '**Xe, which is then
processed as above to yield '*I. Such preparations are '**I-free.

4.1.3 lodine-124

Iodine-124 has a half-life of 4.2 days and decays to **Te by two f*-emissions (net
23%), some f~-emissions, and several high-energy y-radiations. It is produced in a
medical cyclotron via the '**Te (p, n) '**I reaction by irradiation of 99.8% enriched
124Te oxide with 10-20-MeV protons (Braghirolli et al. 2014). Sometimes 5% Al,O;
is mixed with TeO, for better heat exchange in the target. '** is separated from the
Te target matrix by dry distillation at 750°C and flushing > with oxygen, whereby
the '**Te oxide target remains intact for further irradiation. The iodine vapor is then
taken up in NaOH solution for further use.

Because of the positron emission and reasonable half-life, it has been used to
label a variety of tracers for PET imaging. However, low abundance of * and the
presence of high-energy photons cause problems in imaging.

4.1.4 Germanium-68

Germanium-68 has a half-life of 270.8 days and decays by 100% electron capture
to %Ga (100%). ®*Ge can be produced by the *Zn (a, 2n) %Ge reaction, or the
25-MeV proton irradiation of a gallium target leading to the ®Ga (p, 2n) ®Ge and
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"Ga (p, 4n) **Ge reactions, or by spallation reaction in a molybdenum target bom-
barded with high-energy protons. The irradiated target is dissolved in dilute HCI
and the solution is passed through a Sephadex-25 column followed by washing with
citrate buffer, which elute impurities (Zn, Ga, Co) (Fitzsimmons and Mausner
2015). %Ge is then eluted with dilute HCI as Ge chloride with radiochemical purity
of 99%. The yield can be as high as 1 MBg/pA-h at EOB.

%Ge decays to %Ga (1, = 68 min) which is used in positron emission tomogra-
phy. Because of the half-life difference, the ®*Ge-**Ga generator has been manufac-
tured and commercially available. The solid ®*Ge source has been used as a
transmission source for attenuation correction in PET imaging.

4.1.5 Strontium-82

Strontium-82 (z,, = 25.5 d) decays to ?Rb (¢,, = 75 s) by 100% electron capture and
is primarily produced by the 40-90-MeV proton irradiation of rubidium chloride or
by 500-700-MeV proton spallation reaction on *Mo in accelerators, although the
former is the most common. In the USA, the accelerators at the Brookhaven National
Laboratory and Los Alamos National Laboratory are used, and #Sr is abundantly
produced by the 3Rb (p, 4n) *2Sr nuclear reaction along with contaminants %Sr
(t;,, = 1.3 d) and ¥Sr (7,, = 64.8 d). Prior to chemical separation after irradiation,
time is allowed for ®Sr to decay, but ®Sr remains the major contaminant. The
85Sr/82Sr ratio varies from 0.4 to 5.0 at the end of bombardment. *Sr is chemically
separated by two steps: First, rubidium target is dissolved in water and the solution
is allowed through a Chelex 100 cation-exchange column whereby 82 Sr?* is adsorbed
on the column and 2Rb* passes through. Second, 32Sr** is desorbed from the column
with HCI and, for further purification, loaded onto an AG 50W-X8 cation-exchange
column, which is washed with HCI to remove traces of Rb. Finally, the column is
eluted with diluted HCI to yield high-purity #Sr. The activity can be produced in the
range of 2—12 mCi (74-445 GBq).

Sr-82 is primarily used to manufacture the *Sr/*?Rb generator to provide **Rb
that is used to evaluate myocardial perfusion.

4.1.6 Indium-111

In-111 decays by 100% EC to '"'Cd with a half-life of 2.8 days and emits two useful
y-rays of 171 keV (90%) and 245 keV (94%). Indium-111 is produced by the "''Cd (p,
n) ""In and '®Ag (a, 2n) """In reactions (Lahiri et al. 2013). After irradiation with
15-MeV protons, the cadmium target is dissolved in mineral acid and the acidity is
adjusted to 1 N in HCI. The solution is passed through anion-exchange resin (Dowex-1).
Indium-111 is removed by elution with 1 N hydrochloric acid, leaving cadmium on the
column. Similarly, the silver target is dissolved in mineral acid after irradiation with
30-MeV a-particles, and pure and high-yield '"'In is separated by the solvent extraction
method. It is used for labeling various ligands for detection of different diseases.
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4.1.7 Copper-64

Copper-64 has a half-life of 12.1 h and decays by 17.9% emission to %Ni, 39.0% /-
decay to ®Zn, 43% EC to *Ni, and 0.48% y-emission/internal conversion. It is abun-
dantly produced by the *Ni (p, n) %Cu reaction by 10-12-MeV proton irradiation of an
enriched *Ni target in a medical cyclotron. The target is dissolved in HCI and the solu-
tion is passed through an ion-exchange column, whereby *Ni washes out and *Cu is
retained on the column, which is then eluted with water (IAEA 2008). With enrichment
of 95% ®Ni, the radionuclidic purity of #Cu is nearly 99%. Because of the low natural
abundance (0.93%) of N, the recovery of the irradiated target is required for reuse.

Because of the positron emission, %Cu has been used to label a variety of mole-
cules such as antibodies and nanoparticles for PET imaging. An example is
%Cu-ATSM, which has been approved by the US FDA for measurement of hypoxia
in tumor by PET imaging.

4.1.8 Thallium-201

Thallium-201 decays to 3°Hg with a half-life of 73 h by 100% EC and emits 69-83-keV
X-rays (93%) and a photon of 167 keV (99.4%). It is primarily produced by the **TI (p,
3n) 2'Pb reaction, whereby *'Pb decays to **' Tl with a half-life of 9.4 h (Lebowitz et al.
1975). *'T1 obtained in this way is pure and free of other contaminants. After irradiation
with 35- to 45-MeV protons, the natural thallium target is dissolved in concentrated
nitric acid and then evaporated to dryness. The residue is dissolved in 0.025 M EDTA
and passed through a Dowex resin column. Most of the thallium is adsorbed on the
column, while 2°'Pb passes through. The eluate is purified once more by passing through
another Dowex resin column. The eluate containing *°'Pb is allowed to decay for
30-35 h to produce *'TI and is then passed through a Dowex 1 x 8 column. 2'TI**
adheres to the column and 2°'Pb passes through. 2! TI** is eluted with hydrazine-sulfate
solution, reducing T1** to T1'*. The eluate is evaporated to dryness with HNO; and HCI
and finally taken up with NaOH to give >99% pure TICI. It is used for the study of myo-
cardial perfusion and occasionally for parathyroid disease.

4.1.9 Zirconium-89

Zirconium-89 has a half-life of 78.1 h and decays to ¥Y by 23% f*-emission and 77%
EC accompanied by a high-energy y-ray of 909 keV (100%). Proton irradiation of
natural ¥Y target at 11 MeV in a cyclotron produces Zr by the ¥Y (p, n) ¥Zr reaction
(Holland et al. 2009). The target is dissolved in HCI and the solution is loaded on a
hydroxamate resin column. ¥Zr is eluted with 1 M oxalic acid; the solution is further
purified by passing through a Sep-Pak anion-exchange resin, wherein %Zr is retained
on the column and oxalic acid passes through. ¥Zr is finally eluted with water or 0.9%
NaCl solution. Its radionuclide purity is 99.9%. BV Cyclotron VU University Medical
Center supplies this product commercially in concentrations of 20-50 mCi/mL
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(740-1850 MBg/mL). Because of the convenient half-life and positron emission, ¥Zr
has been chelated to many antibodies for PET imaging in human and animal research,
but is not yet approved by the US FDA for clinical use.

4.1.10 Carbon-11

Carbon-11 has a half-life of 20.4 min and can be produced by °B (d, n) ''C, "B (p, n)
1C, and N (p, @) '!C reactions in the cyclotron. In the first two reactions, B,O; is the
target and nitrogen gas in the third. Both '"CO and ''CO, are produced in boron tar-
gets, which are then flushed out by neutral gases. Either 'CO is oxidized to have all
the gas in ''CO, form or ''CO, is reduced to have all the gas in ''CO form. Both '"CO
and '""CO, are commonly used as precursors in the preparation of various clinically
useful compounds, such as ''C-palmitate for myocardial perfusion imaging by PET.

The "“N(p, a) ''C reaction is carried out by bombardment of a mixture of N, + H,
to give ''C, which reacts with N, to give ''CN, followed by radiolysis of "'CN to give
“CH, (95-100% radiochemical yield). Carbon-11-methane is allowed to react with
NH; over platinum at 1000 °C to give a 95% overall yield of H''CN. Various bio-
logical molecules such as aliphatic amines, amino nitriles, and hydantoins have
been labeled with ''C using ''CN as a precursor.

"'C-methyl iodide is often utilized as a precursor to label many clinically useful
tracers. It is prepared in two steps: First, 'C-CO, is converted to ''C-methane by
reduction at —180° using a Ni catalyst, which is then converted to ''C-methyl iodide
by simple iodination. The total synthesis takes about 7 min and the non-decay-
corrected radiochemical yield of ''C-methyl iodide is better than 50%.

4.1.11 Nitrogen-13

Nitrogen-13 decays to '*C by 100% f*-emission with a half-life of 10 min and is
commonly used as NH;. It is produced by the '*C (d, n) N reaction by bombarding
Al1,C; or methane with 6- to 7-MeV deuterons or by the °O (p, @) *N or *C (p, n)
BN reaction (Kumar et al. 2009). In the latter two reactions, a target of slurried mix-
ture of *C powder and water is used for irradiation with 11- to 12-MeV protons.
Nitrogen-13 is converted to NH; in aqueous medium. However, for *N-ammonia
production, the '®O (p, a) N reaction is commonly used on an ethanol target by
irradiation with 12-MeV protons. *NHj in the form of NHj ion is used primarily
for myocardial perfusion imaging by PET. *NH3 is also used to label glutamine and
asparagine for assessment of viability of tissues.

4.1.12 Oxygen-15

Oxygen-15 decays to "N by 100% p*-emission with a half-life of 2 min and is pro-
duced by the “N (d, n) 'O reaction by deuteron irradiation of gaseous nitrogen or
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by the N (p, n) 'O reaction by proton bombardment of enriched "N target (Powell
and O’Neal 2005). O, is then passed over activated charcoal heated at 600°C to
convert it to C'*0 and C'30,, which are then used for labeling hemoglobins and for
clinical investigations of pulmonary and cardiac malfunctions. Oxygen-15-labeled
water is prepared by mixing the N, target with 5% H, gas and, after irradiation, by
passing the mixture over the palladium catalyst at 175°C. O-water is recovered in
saline and is useful for cerebral and myocardial perfusion studies.

4.1.13 Copper-62

Copper-62 has a half-life of 9.7 min and decays by 98% f*-emission and 2% EC
providing scope for PET imaging. Because of its short half-life and %Zn (#,,=9.3 h)
decays to ©Cu, the 2Zn-%Cu generator has been devised conveniently to supply this
radionuclide, which is marketed by Proportional Technologies, Inc., Houston. Zinc-
62 is produced by the %*Cu (p, 2n) ?Zn reaction by bombarding a 99% pure **Cu foil
target with 25-30-MeV protons in a cyclotron (Green et al. 1990). The irradiated
target is etched with hot nitric acid, the solution evaporated to dryness, and then
taken up in HCI. The solution is passed through an AG 1 x 8 anion-exchange col-
umn, whereby %?Zn is retained on the column, which is eluted with water. The typi-
cal yield is about 4.5 mCi (166.5 MBq)/pAh at EOB. %Zn is reconstituted in 2 N
HCI and loaded on a Dowex 1 x 8 anion-exchange column to manufacture the
02Zn—%2Cu generator. ©*Cu is eluted with 2 N HCl and is used for synthesis of several
radiopharmaceuticals. 2Cu-PTSM has been synthesized and used for measurement
of perfusion in the heart, brain, and kidneys.

4.1.14 Fluorine-18

Fluorine-18 (¢, = 110 min) decays to *O by 97% f*-emission and 3% EC. It is
commonly produced by the "*O (p, n) "¥F reaction on a pressurized '®O-water target.
18F is recovered as F~ ion from water by passing the mixture through a column of
quaternary ammonium resins, and recovered 'O-water can be reused as the target.
Fluorine-18 is used primarily to label glucose to give '®F-labeled fluorodeoxyglu-
cose (FDG) for myocardial and cerebral metabolic studies using PET imaging. It is
also used to label many potential ligands for a variety of tumors, and currently ‘*F-
NaF is used for bone imaging.

4.2 Reactor-Produced Radionuclides

A variety of radionuclides are produced in nuclear reactors. A nuclear reactor is
constructed with fuel rods made of fissile materials such as enriched ***U and »*°Pu
(Fig. 4.2). These fuel nuclei undergo spontaneous fission with extremely low prob-
ability. Fission is defined as the breakup of a heavy nucleus into two fragments of
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Fig. 4.2 A schematic illustration of a nuclear reactor

approximately equal mass, accompanied by emission of two to three neutrons with
mean energies of about 1.5 MeV. In each fission, there is a concomitant energy
release of 200 MeV that appears as heat and is usually removed by heat exchangers
to produce electricity in the nuclear power plant.

Neutrons emitted in each fission can cause further fission of other fissionable
nuclei in the fuel rod provided the right conditions exist. This obviously can initiate
a chain reaction, ultimately leading to a possible meltdown situation in the reactor.
This chain reaction must be controlled, which is accomplished by the proper size,
shape, and mass of the fuel material and other complicated and ingenious engineer-
ing techniques. To control a self-sustained chain reaction, excess neutrons (more
than one) are removed by positioning cadmium rods (called control rods) in the fuel
core (cadmium has a high probability of absorbing a thermal neutron). Even in con-
trolled state of reactor operation, there is a huge release of heat which is removed by
circulating a coolant such as water, helium, and liquid sodium metal.

The fuel rods of fissile materials are interspersed in the reactor core with spaces
in between. Neutrons emitted with a mean energy of 1.5 MeV from the surface of
the fuel rod have a low probability of interaction with other nuclei and therefore do
not serve any useful purpose. It has been found, however, that neutrons with thermal
energy (0.025 eV) interact with many nuclei, efficiently producing various radionu-
clides. To make the high-energy or so-called fast neutrons more useful, they are
thermalized or slowed down by interaction with low molecular weight materials,
such as water, heavy water, beryllium, and graphite, which are distributed in the
spaces between the fuel rods. These materials are called moderators. The flux or
intensity of the thermal neutrons so obtained ranges from 10" to 10'* neutrons/
(cm?.s), and they are utilized in the production of many radionuclides. When a target
element is inserted in the reactor core, a thermal neutron will interact with the target
nucleus with a definite probability to produce another nuclide. The probability of
formation of a radionuclide by thermal neutrons varies from element to element.
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In the reactor, two types of interaction with thermal neutrons are of considerable
importance in the production of various useful radionuclides: fission of heavy elements
and neutron capture or (n, y) reaction. These two reactions are described below.

4.2.1 Fission or (n, f) Reaction

As already mentioned, fission is a breakup of a heavy nucleus into two fragments of
approximately equal mass. When a target of heavy elements is inserted in the reac-
tor core, heavy nuclei absorb thermal neutrons and undergo fission. Fissionable
heavy elements are 2*°U, 2*°Pu, 2'Np, 233U, #*’Th, and many others having atomic
numbers greater than 90, although 235U fission of heavy elements may also be
induced in a cyclotron by irradiation with high-energy charged particles, but the
fission probability depends on the type and energy of the irradiating particle.
Nuclides produced by fission may range in atomic number from about 28 to nearly
65. These isotopes of different elements are separated by appropriate chemical pro-
cedures that involve precipitation, solvent extraction, ion exchange, chromatogra-
phy, and distillation. These methods are described in detail in Chap. 8. The fission
radionuclides are normally carrier-free or NCA, and therefore isotopes of high spe-
cific activity are available from fission. Since the chemical behavior of isotopes of
many different elements is similar, contamination often becomes a serious problem
in the isolation of a desired radionuclide; therefore, meticulous methods of purifica-
tion are needed to remove the contaminants. The fission products are usually neu-
tron rich and decay by f~-emission.

Many clinically useful radionuclides such as Mo, *'I, 1¥3Xe, '¥’Cs, etc. are pro-
duced by fission of 2°U. An example of thermal fission of **°U is presented below,
showing only a few representative radionuclides:

3 Utln 53U S8 142y 13y
—5 Mo+ Sn+2yn
-V Pd+')] Pd+2{n
—'% Xe+'% Sr+2yn
-7 Cs+;] Rb+2{n
—" Sm+] Zn+3;n
- Sm+] Zn+3n
It should be understood that many other nuclides besides those mentioned in the

example are also produced. A good review of reactor-produced radionuclides is
given in an article by (Mirzadeh et al. 2003).

Yttrium-90

Yttrium-90 decays to *°Zr by 2.28-MeV f~-emission with a half-life of 64.1 h and is
obtained from a **Sr/*°Y generator. *°Sr (¢;,, = 28.8 y) is produced by fission of 23U
in a reactor and decays to Y by 100% f~-emission. There are several methods of
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making the *Sr/°Y generator including column chromatography and electrolytic
method, but the column chromatographic method has disadvantage of the resin
being damaged by high-energy f~-radiations from *Sr over the acceptable period of
generator use. The electrolytic method involves two steps. First, °Sr-nitrate is elec-
trolyzed for 90 min in nitric acid with pH adjusted to 3.0 using two platinum elec-
trodes. In the second electrolysis, the cathode containing Y from the first
electrolysis is used as the anode and a cylindrical platinum electrode as the cathode.
After 45 min of electrolysis, Y deposited on the cylindrical electrode is leached off
with acetate buffer at pH 4.75. *Sr remains in the original electrolytic cell and is
allowed to grow °Y for subsequent extraction. The yield of *°Y is 97-98% after
each electrolysis and the radiochemical purity is 99.99% (IAEA 2009). *°Y is com-
plexed with a variety of chelating agents suitable for targeted therapy of various
cancers. It has been incorporated in glass microspheres which are used to treat hepa-
tocellular carcinoma.

Molybdenum-99

As the primary source of *™Tc, Mo is the most important radionuclide produced
by the fission of *3U. Irradiation of U in a reactor with a neutron flux of 10'* neu-
rons/cm?s for 5 to 7 days would produce nearly maximum *Mo. Approximately
6% of the fission products are Mo atoms. Even at maximum production of Mo,
only 3% of the >°U is used up and the remainder of the target is treated as waste.

The irradiated uranium target is cooled in water for half a day, and then for Mo
separation, two methods of processing are employed (National Research Council
(US) Committee 2009). In one method, the target (containing Al covering) is dis-
solved in NaOH whereby sodium molybdate (Na,MoO,) and sodium aluminate
(NaAlO,) are formed in solution along with a solid residue containing uranium and
most fission products. The residue is removed by filtration and the solution is passed
through an alumina (Al,O;) column whereby molybdate is adsorbed on the column.
Molybdate is eluted with an ammonium hydroxide solution to give ammonium
molybdate ((NH,),Mo00,), which is further purified by ion exchange for use in the
manufacture of Mo—"""Tc generators discussed in Chap. 5.

In the second method, the target is dissolved in nitric acid and the solution is
adsorbed on an alumina (Al,O;) column. The column is then washed with nitric acid
to remove uranium and other fission product cations in the wash. Molybdenum is
then eluted with ammonium hydroxide. The eluted ammonium molybdate is further
purified by adsorption on Dowex-1 anion-exchange resin and washing of the col-
umn with concentrated HCI to remove other impurities. Ammonium molybdate is
eluted with dilute HCI and used in manufacturing *?Mo—"""Tc generators discussed
in Chap. 5.

The entire process of Mo separation by both methods is carried out in a hot cell. The
yield of Mo in both methods is greater than 85-90%. The Mo radionuclide produced
by fission is carrier-free or NCA and its common contaminants are '*'I and 'Ru.

Over more than a decade, the nuclear medicine community has faced several
times an acute shortage of Mo worldwide due to closing or maintenance of several
aging reactors, affecting the supply of " Tc and hence patient care. Natural uranium
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consists of 99.3% nonfissionable 23U and 0.7% fissile **U. For efficient operation
of a reactor, highly enriched U (HEU; 20% or more enrichment) is conventionally
used. But for the potential shutdown of these reactors affecting adversely patient
care in the future, many stakeholders are advocating, and even some are adopting,
the idea of using lowly enriched U (LEU; less than 20% enrichment) for produc-
tion of Mo. However, the quantity of Mo produced by this method is less than the
global need, and also it requires longer irradiation and a tedious and expensive con-
version of the reactor from HEU to LEU system. Because of the uncertainty in Mo
supply from the current HEU reactors, the US Congress is encouraging the adoption
of LEU Mo with financial incentive to the care providers.

lodine-131

Iodine-131(t,, = 8 d) decays by 100% f~-emission to "*'Xe, followed by three
y-emissions of 364 keV (81%), 637 keV (7%), and 284 keV (6%). It is produced by
fission of 2°U in a reactor. For chemical separation of '*' from the irradiated target,
the latter is dissolved in 18% NaOH by heating, and hydroxides of many metal ions
are precipitated by cooling. The supernatant containing sodium iodide is acidified
with sulfuric acid in a closed distillation system. lodide is oxidized to iodine by the
acid, and iodine is collected in a NaOH solution by distillation, with high radio-
chemical yield. It is available in the form of sodium iodide, and to prevent oxidation
of iodide to iodine, a reducing agent is added, although it may interfere with iodin-
ation of many organic compounds. It is used for the detection and treatment of
thyroid disease and for labeling various ligands for different diseases.

Xenon-133

Xenon-133 has a half-life of 5.3 days and decays to '**Cs by 100% f~-emission and
81-keV y-emission (37%). It is produced by the fission of U in a reactor, and gas-
eous products including '**Xe are recovered from the solution of the target in a
mixture of NaOH and NaNO; and passing nitrogen gas as carrier. Further purifica-
tion involves adsorption of the gas mixture in activated charcoal at low temperature
of liquid nitrogen, where '**Xe and krypton isotopes are trapped. Krypton is flushed
out first by passing helium at room temperature and **Xe is desorbed by flushing
with heated (60°C) helium (Jao et al. 1989). It is dispensed in closed vials contain-
ing 10 and 20 mCi (370 and 740 MBq) of the gas mixture of 5% '%*Xe and 95%
carbon dioxide for ventilation study of the lungs. It is supplied as solution in 0.9%
NacCl for blood flow study in the brain.

4.2.2 Neutron Capture or (n, y) Reaction

In neutron capture reaction, the target nucleus captures a thermal neutron in the
reactor resulting in an excited nucleus that releases the excitation energy as a y-ray
to produce an isotope of the same element. The radionuclide so produced is there-
fore not carrier-free and its specific activity (described later) is relatively low. This
reaction takes place in almost all elements with varying probability. Since the target
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and the product nuclei belong to the same element, chemical separation is obviously
unnecessary unless impurities develop due to decay of various radioisotopes or
extraneous radionuclides produced by impurities in the target. In all these cases,
chemical separation must be carried out.

Various useful radionuclides produced by this reaction are '3!'Te (which produces
BIT by f~-decay with a half-life of 25 min), ®Mo, '"’Hg, *Fe, *'Cr, and many more.
These radionuclides are often neutron rich and therefore decay by f~-emission.
Some examples of neutron capture reactions are **Mo (n, y) Mo, '*Hg (n, y) '""Hg,
and *Cr (n, y) 3'Cr. Molybdenum-99 so produced is called the irradiated molybde-
num as opposed to the fission molybdenum described earlier, and its specific activ-
ity is very low making it unsuitable for the Mo—"""T¢ generator.

It should be pointed out that the neutron capture reaction is the basis of the neu-
tron activation analysis of various trace metals. A sample containing trace metals is
irradiated with thermal neutrons, and the trace metal atom captures a neutron to
produce a radionuclide that can be detected by radiation detectors. Neutron activa-
tion analysis has proved to be an important tool in detecting the presence of trace
elements in forensic, industrial, and biological sciences.

The following are some examples of neutron capture reactions.

Phosphorus-32

Phosphorus-32 (¢,, = 14.3 d) is a 100% 1.18-keV p~-emitting radionuclide
decaying to *2S. It is produced by the 32S (n, p) 32P or *'P (n, y) **P reaction in the
reactor, although the former method is more commonly used. After irradiation
the target is dissolved in 0.01 N HCI, and after further chemical processing, it is
recovered as sodium orthophosphate for clinical use. For an irradiation period
of 60 days in the reactor, the yield is approximately 4.05 Ci (150 GBq) of high-
purity *?P and specific activity of 5500 Ci (200TBq) (Vimalnath et al. 2014). It
is used in the form of sodium orthophosphate for the treatment of leukemia and
polycythemia vera.

Strontium-89

Strontium-89 has a half-life of 50.6 days and decays to *Y by 100% f~-emission. It
is produced by the ¥Y (n, y) ¥Sr in a high-neutron-flux reactor using a *¥Sr carbon-
ate target (IAEA 2003). The irradiated target is dissolved in 1 M HCI, evaporated to
dryness, and taken up in water for assaying and dispensing. The radiochemical
purity is 99.9% and specific activity is 94—170 pCi (3.5-6.3 MBq)/mg Sr. It is sup-
plied in a concentration of 1 mCi (37 MBq)/ml and at pH 4-7. Because of its -
emission, long half-life, and avidity for bone matrix in the body, it has been used for
palliation of bone pain from metastatic cancer.

lodine-125

Todine-125 decays with a half-life of 60 days to '»Te by 100% EC. It emits 7%
35 keV and 140% X-rays. It is produced by the **Xe (n, y) I reaction. 'I is com-
mercially available in dilute sodium hydroxide solution with high chemical and
radiochemical purity. Its radioactive concentration lies at 4—11 GBg/ml. It is com-
monly used for in vitro studies and brachytherapy using '*I seeds.
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Gadolinium-153

Gadolinium-153 ('3Gd) has a half-life of 241.6 days and decays by 100% electron
capture to europium-153 ('**Eu) accompanied by y-emissions of 97 keV (28%) and
103 keV (20%). Tt is produced by the neutron capture reaction, '*>Gd (n, y) '*Gd, on
natural gadolinium (Gd,O;) target in a reactor (IAEA 2003). Irradiation is carried
out for 2 months and the target is cooled for 2 weeks to allow the short-lived iso-
topes to decay. The target is dissolved in 3 N HCI by heating and the solution is
diluted to a concentration of 0.1 N HCI for intended use. About 50 mCi (1.85 GBq)
of '3Gd is produced by 2 months of irradiation of a target of 50-mg natural Gd with
a neutron flux of 6 x 10" n/cm?.s, and its specific activity is >700 MBq/g of Gd.
Alternatively, it can be produced by the '>'Eu (n, y) '?Eu reaction by bombarding a

B
51Eu target in the reactor, followed by the '?Eu — 32Gd (n, y) *Gd reaction. '**Gd
is used for absorptiometry of bone to assess the bone density and also for photon
attenuation correction in SPECT studies.

Samarium-153

Samarium-153 decays to '¥*Eu with a half-life of 1.9 days emitting 100% (825 keV)
p-emission and 103-keV (28%) and 70-keV (5%) y-emissions. It is produced in a
high-neutron-flux reactor by the 2Sm (n, y) *Sm reaction on a samarium oxide
(Sm,0;) target, which is 98% enriched in '%Sm. After irradiation for 2 days, the
target is dissolved in HCI, and *3Sm is separated from other isotope impurities by
the ion-exchange method (IAEA 2003). The radionuclidic purity is 99%. *Sm-—
ethylenediamine tetramethylene phosphonic acid (**Sm-EDTMP) is easily pre-
pared by directly dissolving the target in an alkaline solution of EDTMP and heating
at 75-80°C for 45-60 min and is used for palliation of bone pain due to metastasis
of cancer.

Lutetium-177

Lutetium-177 is a lanthanum isotope that decays with a half-life of 6.65 days to ""Hf
by f~-emission of energies 497 keV, 384 keV, and 176 keV. Natural lutetium contains
Lu (97.4%) and "°Lu (2.6%). It is produced directly by the (n, y) reaction on
enriched '"Lu (82%) by bombarding the target (Lu,O;) or indirectly by '"Yb (n, y)
Yb ﬁ—) ""Lu in high-neutron-flux reactors for 5-30 days (Dash et al. 2015). In the
direct reaction, the target is dissolved in dilute HCI, the solution is evaporated, and
""LuCl, is taken up in water. In the indirect reaction, chemical separation of Lu from
YD target is quite complicated due to similarities in their chemical behavior and has
been achieved by ion exchange, solvent extraction, electrochemical method, etc. with
limited success. For this reason the direct method is preferred producing '"’Lu with a
specific activity of 20-30 mCi (740-1110 MBq)/mg, sufficient for preparing radio-
pharmaceuticals for targeted radionuclide therapy. There is slight contamination with
ML (¢, = 160.1 d), which is produced by the "Lu (n, y) 7Lu reaction in small
quantity because of low cross-section for production. However, radiation dose to the
patient due to such small contamination of !”™Lu is considered insignificant, provided
7Lu is used within a week from the end of bombardment. ”’Lu has been bound to
antibodies specific for a variety of cancers.
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Rhenium-186

Rhenium-186 decays by p-emission (92%) and electron capture (8%) with a half-
life of 3.8 days. It is produced in a nuclear reactor by the '°Re (n, y) '*Re reaction
and chemically separated from the target as sodium perrehnate. However, produc-
tion by this method yields low specific activity of '**Re, thus limiting its clinical use.
Alternatively, it can be produced in a cyclotron by the W (p, n) '*Re or '*W (d,
2n) %Re reaction in accelerators with higher specific activity (Fassbender et al.
2013). After irradiating the enriched WO? target in the accelerator at low energy
(~resin column, whereby rhenium is retained and Na,WO, is eluted; rhenium is then
rinsed from 15 MeV), the target is dissolved in NaOH solution, and the solution is
loaded on a Bio-Rad AG 1-X8 column with HNO3, the solution evaporated to dry-
ness, and '*°Re finally taken up in HCI. '3Re can be produced with a batch yield of
42.7 pCi (1.6 MBq)/pAh at 15.5-MeV proton bombardment with radiochemical
purity of 97% and specific activity of 1900 Ci (70.3 TBq)/mmol at the end of
bombardment.

Since technetium and rhenium belong to the same group in the periodic table,
they have similar chemical behavior, and so '**Re can be used like *"Tc¢ to prepare
radiopharmaceuticals for clinical use. This radionuclide has not yet been approved
by the US FDA for clinical use.

Tungsten-188

Tungsten-188 has a half-life of 69.8 days and decays to '**Re (¢;, = 16.9 h) by 100%
S-emission. '*¥Re decays to '%30s by 100% p~-emission (2.12 MeV) followed by a
155-keV y-emission (15%). Since it chemically behaves like *™Tc, it can be tagged
to various antibodies and chelating agents for clinical use, particularly for treatment
of cancers. Because of the half-life difference, '38W-'$¥Re radionuclide generators
have been manufactured for as-needed supply of '*8Re for clinical use. "W is pro-
duced by irradiation of solid-enriched "W oxide targets or pressed and sintered
metallic tungsten targets in a high-neutron-flux reactor by double-neutron capture
reactions ['8W (n, y) "'W, 7"W (n, y) W] (IAEA 2003). The yield of %W is
4-5 mCi (148-155 MBq)/mg with a purity of 99%. The target is dissolved in NaOH
and the solution is converted to tungstic acid, which is then adsorbed on alumina in
a glass column. "*®Re is eluted with 0.9% NaCl solution (saline) with a radiochemi-
cal purity of 75-85%. The generator strength ranges from 250 mCi to 3 Ci
(9.25-111 GBq).

Because '**Re belongs to the periodic group of *™Tc, it can be used to prepare
radiopharmaceuticals similar to *Tc and has shown promise in experimental stud-
ies. No '%¥Re radiopharmaceutical has been approved yet by the US Food and Drug
Administration for clinical use.

Radium-223

Radium-223 decays with a half-life of 11.4 days by emission of 95.3% 5.9-MeV
a-particles, 3.6% p~-particles, and 1.1% y-radiations. For its production, *°Ra is
irradiated in a reactor to produce **’Ra by neutron capture. The latter decays with a
half-life of 42 min by ~-emission to **’Ac (z,, = 21.8 y), which in turn decays by
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f~-emission to 2*"Th (¢,, = 18.7 d), and ***Ra is produced from the a-decay of *’Th
(Package insert from Bayer Pharmaceuticals Inc, 2016). The difference in half-lives
of 22’Ac, ?’Th, and ?**Ra makes them ideal nuclides for a radionuclide generator,
2TAc — 22"Th — 22Ra, to provide sufficient supply of *Ra. ?**Ra chloride is pri-
marily used in the treatment of castration-resistant prostate cancer.

4.3 Target and Its Processing

Various types of targets have been designed and used for both reactor and cyclotron
irradiation. In the design of targets, primary consideration is given to heat deposi-
tion in the target by irradiation with neutrons in the reactor or by charged particles
in the cyclotron. In both cases, the temperature can rise to 1000°C, and, if proper
material is not used or a method of heat dissipation is not properly designed, the
target is likely to be burned. For this reason, water cooling of the cyclotron probe to
which the target is attached is commonly adopted. In the case of the reactor, the core
cooling is sufficient to cool the target. Most often, the targets are designed in the
form of a foil to maximize the heat dissipation.

The target element ideally should be monoisotopic or at least an enriched isotope
to avoid extraneous nuclear reactions. The enrichment of a given isotope is made by
an isotope separator, and the degree of enrichment depends on the percent abun-
dance of the isotope in the natural element. If the interfering nuclear reactions are
minimal, then targets of natural abundance also can be used.

The common form of target is metallic foil, for example, copper, aluminum,
uranium, vanadium, and so on. Other forms of targets are oxides, carbonates,
nitrates, and chlorides contained in an aluminum tubing which is then flattened.
Aluminum tubing is used because of its high melting point. In some cases, com-
pounds are deposited on the appropriate metallic foil by vacuum distillation or by
electrodeposition, and the products are then used as targets. A pneumatic tube is
often used to carry the target to and from the inside of the reactor or the cyclotron.
In special cases, such as in the production of '2’I, a chamber whose inside is coated
with tellurium powder is used as the target (discussed earlier).

After irradiation, the target must be dissolved in an appropriate solvent, either an
acid or an alkali. Various chemical methods, such as precipitation, ion exchange,
solvent extraction, distillation, and gel chromatography, are employed to separate
different isotopes from the target solution. These methods are described in detail in
Chap. 8 (the chemical separation methods of all elemental radionuclides have been
described in the Nuclear Science Series published by National Academy of
Sciences — National Research Council of the USA).

4.4  Equation for Production of Radionuclides

While irradiating a target for the production of a radionuclide, it is essential to know
various parameters affecting its production, preferably in mathematical form, in
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order to estimate how much of it would be produced for a given set of parameters.
These parameters are therefore discussed and presented in some detail in a mathe-
matical form.

The activity of a radionuclide produced by irradiation of a target material
with charged particles in a cyclotron or with neutrons in a nuclear reactor is
given by

AzINO'(l—e’A’) 4.1

where:

A = the activity in disintegrations per second of the radionuclide produced.

I = the intensity or flux of the irradiating particles [number of particles/(cm?.s)].

N = the number of target atoms.

o = the formation cross-section (probability) of the radionuclide (cm?); it is given in
units of “barn,” which is equal to 1072 cm?.

A = the decay constant given by 0.693/t,,,(s™").

t = the duration of irradiation (s).

Equation (4.1) indicates that the amount of radioactivity produced depends on
the intensity and energy (related to the cross-section o) of the incident particles, the
amount of the target material, the half-life of the radionuclide produced, and the
duration of irradiation. The term (1 — e¢*) is called the saturation factor and
approaches unity when ¢ is approximately five to six half-lives of the radionuclide
in question. At that time, the yield of the product nuclide becomes maximum and its
rates of production and decay become equal. For a period of irradiation of five to six
half-lives, Eq. (4.1) becomes

A=INo 4.2)

A graphic representation of Eq. (4.1) and Eq. (4.2) is given in Fig. 4.3.

The intensity of the irradiating particles is measured by various physical tech-
niques, and the description of which is beyond the scope of this book; however, the
values are available from the operator of the cyclotron or the reactor. The cross-
sections of various nuclides are determined by experimental methods using Eq.
(4.1), and they have been compiled and published by many investigators. The num-
ber of atoms N of the target is calculated from the weight W of the material irradi-
ated, the atomic weight A, and natural abundance K of the target atom, and
Avogadro’s number (6.02 x 10?) as follows:

W x K

N= x6.02x10% 4.3)

W

After irradiation, isotopes of different elements may be produced and therefore
separated by appropriate chemical methods. These radionuclides are identified and
quantitated by the Nal(Tl) or Ge(Li) detectors coupled to a multichannel pulse
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height analyzer. They may also be assayed in an ionization chamber if the amount
of radioactivity is high.

We shall now do two problems using Eq. (4.1) to calculate the radioactivity of the
commonly used radionuclides produced by irradiation in a cyclotron and a reactor.
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Fig. 4.3 Production of radionuclides in a reactor or a cyclotron. The activity produced reaches a
maximum (saturation) in five to six half-lives of the radionuclide

Problem 4.1

In a reactor, 10 g 2°U is irradiated with 2 x 10'* neutrons/(cm?.s) for 10 days.
Calculate the radioactivity of Mo produced if its #;,, is 66 h and formation
cross-section by fission is 10726 cm?.

Answer
Number of g.atoms in 10 g 2 U = 10/235
Number of atoms of 2°U = (10/235) x 6.02 x 10 =2.56 x 10?2

0.693

———=2091x10° s
66x60x 60

A for”Mo =

I =2 x 10" neutrons/cm?.s

t=10x24x60x60=8.64x10" s
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Using Eq. (4.1),

A(dps) = 2x10"x2.56x10” x10 x| 1 - exp(~2.91x10 x8.64x10°) |
=4.71x10"dps(47.1GBq)

Since 1 Ci = 3.7 x 10'° dps, the activity A of ®?Mo is calculated as

_4.71x10"°

Problem 4.2

Calculate the radioactivity of !''In produced by irradiation of 1 g "''Cd with a
proton beam current of 1 microampere (¢A) per cm? in a cyclotron for a
period of 10 h. The half-life of ''In is 2.8 days and its cross-section for forma-
tion by the (p, n) reaction is 1 barn.

Answer
Since 1 ampere is equal to 1 coulomb (C)/s and one proton carries 1.6 x 10~"
C, the number of protons in 1 pA/cm? is

6
1= % =6.25%10" protons/(cmz.s)
.OX

N=%x6.02><1023 =5.42x10*" atoms''Cd

A= 0693 5 86x107s for''In
2.8%24x60x 60

t=10x60x60=3.60x10"s

Using Eq. (4.1),

A(dps) =6.25x102 x5.42x10% x10°*
x[l—exp(—2.86x10’6 ><3.6><104)]
=3.39x10" x(1-0.9022)
—3.32x10°dps(3.32GBq)
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L 3:32x10

~3.7x10’
=89.7 mCi

mCi

Using this example, activities of *’Ga, '*’I, and other cyclotron-produced
radionuclides can be calculated from the knowledge of all the relevant
parameters.

In Table 4.1, the radiation characteristics and production methods of several use-

ful radionuclides are summarized.

Table 4.1 Characteristics of common radionuclides

Nuclides
'H

161 C

l; N

12 C

1; O

l: F

2l
2#Cr
26Fe
»Co
3Co
> Fe
2Co

62
55 CU

Physical
half-life
123y

20.4 min

10 min

5730y
2 min
110 min
14.3d
27.7d

83h

271d

71d
45d
52y

9.7 min

Mode of
decay (%)
p~(100)
$+(100)

£+(100)

£7(100)
£+(100)

prO7)
EC(3)

£7(100)

EC(100)

B*(56)
EC(44)

EC(100)

B(14.9)
EC(85.1)

p(100)
p(100)

prO7)
EC(3)

y-Ray energy*
(MeV)

0.511
(annihilation)

0.511
(annihilation)

0.511
(annihilation)
0.511
(annihilation)

0.320

0.165

0.511
(annihilation)
0.014

0.122

0.136

511 (annihilation)
0.811

1.099
1.292

1.173
1.332

0.511
(annihilation)

Abundance
(%)

200

200

200

194

100
112

86
11
30
99.5

56
43

100
100

194

Common production
method

°Li(n, a)*H

10B(d, n)!'C
4N(p, a)''C

lzc(d, n)l3N
lGO(p, a)”N
BC(p, m)*N
MN(I], p)14C

4N(d, n)50
lSN(p, n)lSO
ISO(p, n)lsF
3zs(n, p)32P

Cr(n, y)*'Cr

>Mn(n, 4n)>’Fe
XCr(a, 2n)**Fe

*Fe(d, n)*’Co

3Mn(a, n)**Co
8Fe(n, y)*Fe
3Co(n, y)®*Co
©Ni(p, n)®*Cu

93h 62

“Zn —» Cu
B*EC

(continued)
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Table 4.1 (continued)

Physical Mode of y-Ray energy* Abundance Common production
Nuclides half-life decay (%) (MeV) (%) method
12.1h £17.9) 511 36 6Ni (p, n) “Cu
»Cu $39) (annihilation)
EC(43)
26d (100)  0.185 49 Zn(n, p)’Cu
SiCu 0.92 23
9.3 h £1(8) 0.420 25 %Cu(p, 2n)*Zn
©7Zn EC(92) 0.511 16
(annihilation) 15
0.548 26
0.597
78.2h EC(100) 0.093 40 %Zn(p, 2n)*’Ga
31Ga 0.184 20
0.300 17
0.393 5
68 min £1(89) 0.511 178 %Zn(p, n)**Ga
%Ga EC(11) (annihilation)
270.8 d EC(100) - - Zn(a, 2n)*%Ge
68 Ge
32
75s £1(95) 0.511 190
2Rb (annihilation) 25.5days
82 82
EC(5) 776 13 St — “Rb
25.5d EC(100) - - 8Rb(p, 4n)*?Sr
82
3551 Mo(p,
spallation)®Sr
50.6d B—(100) - - $Sr(n, 7)¥Sr
89Sr
38
286y B—(100) - - 250(n, £)*Sr
90 Sr
38
2.7d B—(100) - - 9Y (n, 7)0Y
90
39 Y
9OSr B 90Y
28.6y
78.1h £+(23) 0.511 46 9Y (p, n) ¥Zr
S Zr EC(77) (annihilation) 100
909
66 h p~(100) 0.181 6 “Mo(n, 7)Mo
Mo 0.740 12 *U(n, £)*Mo
0.780 4
6.0 h IT(100) 0.140 90
99:; Tc 66 hr
Mo — *"Tc
=
2.8d EC(100) 0.171 90 MCd(p, n)!'In
'pln 0.245 94
100 min  IT(100)  0.392 64 112§ (n, 7)!3Sn
113::19 In
7 days

11
IISSn N 113mIn
EC
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Table 4.1 (continued)

Physical Mode of y-Ray energy* Abundance Common production
Nuclides half-life decay (%) (MeV) (%) method
13.2h EC(100) 0.159 83 21Sb(a, 2n)'»1
B
42d £7(23) 0.511 46 (@, m) I
21 EC(77) (annihilation)
60 d EC(100) 0.035 7 124Xe(n, y)'>Xe
1 X-ray(0.027- 140
0.032) 17 hours
125 Xe N 125 I
EC
8.0d $7(100) 0.284 6 130Te(n, y)"3'Te
B 0.364 81 235U(n, £)B!Te
0.637 7
25min
131 Te N 131 I
pod
ZSSU(H, f)1311
5.3d £~(100) 0.081 37 25U(n, £)'33Xe
133 XC
54
300y $7(100) 0.662 85 R, ) "(Cl
137 CS
55
1.9d £~(100) 70 5 152Sm(n, y)'**Sm
1 Sm 103 28
241.6d EC (100) 97 28 192Gd(n, y)"**Gd
'uGd 103 20
6.65d $-(100) - - 76Yb(n, y)'""Yb
177
nLu 5
177Yb —) 177Lu
1.9k
3.8d $(92) 137 9 15Re(n, y)'*Re
% Re EC(8)
69.8 d S7(100) 155 15 186W (n, y)'8'W, 187W
W (n, )W
73 h EC(100) 167 9.4 203T1(p, 3n)*'Pb
20811T1 X-ray 93
(0.069-0.083) 2ipp “i;' 201y
[EC
11.4d a (95.3) ZZiRa (n, ) 2*'Ra
iRa B (3.6) 5" miac p; h
— »Ra

Note: IT isomeric transition, EC electron capture, f fission, d deuteron or day, n neutron, p proton,
a alpha particle

dy-Rays with abundance less than 4% and those having energy less than 20 keV have not been
cited. Data are from many different references available in literature and websites
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4,5 Specific Activity

Specific activity is defined as the radioactivity per unit mass of a radionuclide or a
labeled compound. For example, suppose that 100-mg '*'I-labeled albumin contains
150-mCi (5.55 GBq) "*'I radioactivity. Its specific activity would be 150/100, that is,
1.5 mCi/mg or 55.5 MBg/mg. Sometimes it is confused with concentration, which
is defined as the radioactivity per unit volume of a sample. A 10-ml solution con-
taining 45-mCi (1.67 GBq) radioactivity will have a concentration of 4.5 mCi/ml
(167 MBg/ml). Specific activity is at times expressed in terms of the radioactivity
per mole of a labeled compound, for example, mCi/mole (MBg/mole) or mCi/ymole
(MBg/umole) for *H-, *C-, and **S-labeled compounds.

The specific activity of a carrier-free radionuclide sample is related to the half-
life of the radionuclide: the shorter the half-life, the higher the specific activity. For
example, carrier-free *™Tc and *'I have specific activities of 5.27 x 10° mCi/mg
(1.95 x 10° GBg/mg) and 1.25 x 10> mCi/mg (4.6 x 10° GBq/mg), respectively. The
derivation of these values should be understood from the following problem.

Problem 4.3
What is the specific activity of carrier-free !!!In (¢,, = 67 h)?

Answer
In 1 mg "'In, the number of atoms N of !In is

= 1x107°x6.02x10%
111

The decay constant A of 'In is
_ 0.693 ¢!
67%x60x 60

In 1 mg '""In, the number of atoms N of '''In is

_ 1x107° x6.02x10*
111

N

The decay constant A of !In is

0693
67 % 60 % 60
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A=AN
~0.693x107 x6.02x10

67x60x60x111
=1.56x10"dps

=4.22x10°mCi

Therefore, the specific activity of ''In is 4.22 x 10° mCi/mg or
1.56 x 10* GBq/mg.

The specific activity of a carrier-free or NCA radionuclide can be calculated by
the following formula:

9
Specific activity(mCi/mg) = 3.13x107 (4.4)
Axt,,
where A is the mass number of the radionuclide and #,), is the half-life in hours of
the radionuclide.
The specific activity of a radiopharmaceutical is an important information for
a particular nuclear medicine test and is often provided on the label posted on the
vial. Low specific activity is of little value in some labeling procedures because
the cold atoms compete with radioactive atoms for the binding sites of the react-
ing molecules and thus lower the labeling yield. Similarly in nuclear medicine
studies, cold atoms in low-specificity sample compromises the uptake of the tracer
in the tissue of interest in vivo. On the other hand, high specific activity can cause
radiolysis in the solution of a compound, resulting in the breakdown of the com-
pound into undesirable impurities. Proteins are denatured by high specific
activities.

Questions

1. Describe the different methods of production of radionuclides and discuss
the merits and disadvantages of each method.

2. If "7Tis irradiated with protons in a cyclotron and three neutrons are emitted
from the nucleus, what is the product of the nuclear reaction? Write the
nuclear reaction.

3. Infission, how many neutrons are emitted and what is their average energy?
What is the average energy released in fission?

4.  Why are cadmium rods and graphite used in the reactor?

5. Which are the important therapeutic radiopharmaceuticals in nuclear
medicine?

6. Outline the procedure for separating *'I and *Mo from the fission products
of 2U.
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7. (a) Calculate the activity in millicuries of '2’I produced by the >!Sb (a, 2n)
23] reaction, when 200-mg natural antimony (natural abundance of '2!Sb is
57.3%) is irradiated for 2 h with an a-particle beam of 25-MeV energy and
an intensity of 10 particles/(cm?.s). The cross-section for formation of 2*I
(tip = 13.2 h) is 28 mbarns.

8. After how many half-lives of irradiation does the radionuclide yield reach

maximum?

9. (b) What is the number of 2 atoms produced after irradiation?

10. (c) What is the activity of ’I 6 h after irradiation?

11. Calculate the specific activities of carrier-free or NCA B!, #™Tc, 2P, and
Ga (t,,=8d, 6 h, 14.3 d, and 78 h, respectively).

12. Why is the specific activity of radionuclides higher in fission than in the (n,
y) reaction?

13. Is the specific activity higher for radionuclides having a longer half-life?

14. Calculate the duration of irradiation necessary to produce 600 mCi
(22.2 GBq) of Mo by irradiating 4 g of 25U in the nuclear reactor whose
thermal neutron flux is 2 x 10'* neutrons/(cm?.s). (Assume the formation
cross-section of ®?Mo is 20 mbarns and the half-life of Mo is 66 h.)

15. Describe what type of radiations is needed for therapeutic radiopharmaceu-
ticals and diagnostic radiopharmaceuticals.
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Radionuclide Generators

5.1 Principles of a Generator

The use of short-lived radionuclides has grown considerably, because larger dosages
of these radionuclides can be administered to the patient with only minimal radiation
dose and produce excellent image quality. This increasing appreciation of short-lived
radionuclides has led to the development of radionuclide generators that serve as con-
venient sources of their production (Guillaume and Brihaye 1986; Rosch and Knapp
2003). A generator is constructed on the principle of the decay—growth relationship
between a long-lived parent radionuclide and its short-lived daughter radionuclide.
The chemical property of the daughter nuclide must be distinctly different from that
of the parent nuclide so that the former can be readily separated. In a generator, basi-
cally along-lived parent nuclide is allowed to decay to its short-lived daughter nuclide,
and the latter is then chemically separated. The importance of radionuclide generators
lies in the fact that they are easily transportable and serve as sources of short-lived
radionuclides in institutions far from the site of a cyclotron or reactor facility.

A radionuclide generator consists of a glass or plastic column fitted at the bottom
with a fritted disk. The column is filled with adsorbent material such as cation- or
anion-exchange resin, alumina, and zirconia, on which the parent nuclide is
adsorbed. The daughter radionuclide grows as a result of the decay of the parent
until either a transient or a secular equilibrium is reached within several half-lives
of the daughter, after which the daughter appears to decay with the same half-life as
the parent. Because there are differences in chemical properties, the daughter activ-
ity is eluted in a carrier-free state with an appropriate solvent, leaving the parent on
the column. After elution, the daughter activity starts to grow again in the column
until an equilibrium is reached in the manner mentioned above; the elution of activ-
ity can be made repeatedly. A schematic of a typical generator is presented in
Fig. 5.1. The vial containing the eluent is first inverted onto needle A, and another
evacuated vial is inverted onto the other needle B. The vacuum in the vial on needle
B draws the eluent through the column and elutes the daughter nuclide, leaving the
parent nuclide on the column.

© Springer International Publishing AG 2018 77
G.B. Saha, Fundamentals of Nuclear Pharmacy,
https://doi.org/10.1007/978-3-319-57580-3_5
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EVACUATED VIAL
ELUTING SOLVENT —

ELUTED DAUGHTER
ACTIVITY
AIRVENT ———E
GLASS COLUMN
PARENT + DAUGHTER
ACTIVITY
LEAD SHIELD

Fig.5.1 Typical generator system. The daughter activity grown by the decay of the parent is sepa-
rated chemically from the parent. The eluent in vial A is drawn through the column, and the daugh-
ter nuclide is collected in vial B under vacuum

A radionuclide generator must be sterile and pyrogen-free. The generator system
may be sterilized either by autoclaving the entire column or by preparing it from
sterile materials under aseptic conditions. Often, bacteriostatic agents are added to
the generator column to maintain sterility, or a membrane filter unit is attached to
the end of the column. Elution or “milking” of the generator is carried out under
aseptic conditions.

An ideal radionuclide generator should be simple, convenient, and rapid to use and
give a high yield of the daughter nuclide repeatedly and reproducibly. It should be
properly shielded to minimize radiation exposure and sturdy and compact for shipping.
The generator eluate should be free from the parent radionuclide and the adsorbent
material. Other extraneous radioactive contaminants should be absent in the eluate. The
daughter nuclide should decay to a stable or very long-lived nuclide so that the radia-
tion dose to the patient is minimal. Even though the parent activity may be eluted in an
extremely small quantity (107-107¢ times the daughter activity), the radiation dose to
the patient may become appreciable if it has a long effective half-life (see Chap. 6).

The first commercial radionuclide generator was the '*Te (¢, = 78 h)-'¥I
(tyo = 2.3 h) system developed at the Brookhaven National Laboratory in the early
1960s. Since then, a number of other generator systems have been developed and
tried for routine use in nuclear medicine. Only a few of these generators are of
importance in nuclear medicine; they are the Mo—""Tc, #2Sr-%2Rb, and ®Ge-%Ga
systems. Several generator systems, including those above, are presented in
Table 5.1 along with their properties.
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Table 5.1 Several generator systems useful in nuclear medicine

Principal
Mode of photon energy
Parent Nuclear Daughter daughter (keV)
Parent ¢, reaction Daughter 1, decay (% abundance) Column Eluent
“Mo 66h  Fission, Eeilic 6h IT 140 (90) AlLO; 0.9%
%Mo(n, ) NaCl
%Ge 270.8 “Ga(p,2n) %Ga 68 min B+ 511 (178) TiO, 0.1HC1
d
SnO, 0.6 N
HCI
27Zn  9.3h %Cu(p, 2n) “Cu 9.7 min  p* 511 (194) Dowex 2N
1X8 HCI
SIRb  4.6h Br(a,2n) *"Kr 13s IT 190 (67) Bio-Rad Water
AG 50 orair
8Sr  25.5d *Rb(p, 4n) *Rb 75s B 511 (190) SnO, 0.9%
NaCl
“Sr  28.6y Fission 0y 64.1h B - Dowex 0.03 M
50 EDTA
2IAc 21.8y ?’Ac —» 7 »Ra 11.2d a _ EHMDP 1M
| 18.7d Th on silica HCI

227Th

IT isomeric transition. Data are collected from many sources in literature

5.2 Important Radionuclide Generators
5.2.1 %°Mo-*"Tc Generator

The Mo radionuclide has a half-life of 66 h and decays by f~-emission; 87% of its
decay goes ultimately to the metastable state *Tc and the remaining 13% to the
ground state **Tc. It has photon transitions of 740 and 780 keV. The radionuclide *"Tc
has a half-life of 6 h and decays to *Tc by isomeric transition of 140 keV. Approximately
10% of these transitions are via internal conversion. The ground state *Tc has a half-
life of 2.1 x 10° years and decays to stable ’Ru by ~-emission.

Because the half-lives of Mo and **"Tc differ by a factor of about 11, these two
radionuclides lend themselves to the construction of a useful generator. The extreme
usefulness of this generator is due to the excellent radiation characteristics of T,
namely, its 6-h half-life, little electron emission, and a high yield of 140-keV y-rays
(90%), which are nearly ideal for the current generation of imaging devices in
nuclear medicine (Eckelman and Coursey 1982).

Liquid Column Generator

The Mo-""Tc generator was first introduced at the Brookhaven National
Laboratory. Before this generator was developed, the *"Tc radioactivity used to be
extracted with methyl ethyl ketone (MEK) from a 20% NaOH solution (pH ~ 10-12)
of Mo. After extraction, the organic phase was evaporated, and the *"Tc O, dis-
solved in isotonic saline for clinical use. This method of solvent extraction has been
employed to construct the liquid-liquid extractor type of generator for the
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PMo—-""Tc system. The basic principle involves placing the 20% NaOH solution of
%Mo in a glass column and then letting MEK flow through the column from the
bottom. MEK will extract *Tc O, leaving " Mo in the aqueous solution. Repeated
elutions of the column can be made after or before the transient equilibrium between
%Mo and *"Tc is reached. The advantage of this generator is that the cost of *"Tc
is low. But the disadvantage is that it needs a lot of manipulation in the overall
method. It is rarely used in nuclear medicine.

Solid Column Generator

The solvent extraction technique has been replaced by the solid column generator
for obtaining *™Tc. The *Mo-"*"Tc or “Moly” generator is constructed with alu-
mina (AL,O3) loaded in a plastic or glass column. The amount of alumina used is of
the order of 5-10 g, depending on the total activity of *?Mo. The *Mo radioactivity
is adsorbed on alumina in the chemical form Mo Oi_ (molybdate) and in various
amounts. The column is thoroughly washed with 0.9% NaCl solution to remove any
undesirable activity. Currently, all generators are made with fission-produced *Mo.

The generator columns are shielded with lead for radiation protection. Some
commercial firms use depleted uranium in lieu of lead for shielding high *Mo activ-
ity generators (8.3—16.6 Ci or 307-614 GBq) because *** U has higher Z and there-
fore attenuates y-rays more efficiently (depleted uranium is natural uranium from
which U has been removed, leaving only >*U).

After adsorption of Mo on alumina, **Tc grows by the decay of ® Mo accord-
ing to Eq. (2.10) until its maximum activity is reached after approximately four
half-lives of *Tc. At equilibrium and thereafter, the *™Tc radioactivity follows the
half-life of ®Mo. The typical decay—growth relationship between Mo and *™Tc¢ is
illustrated in Fig. 5.2 for a 100-mCi (3.7-GBq) generator.

Fig. 5.2 Typical 100
decay—growth relationship

of Mo and *™Tc activities

in a Moly generator. On

day 2, “"Tc activity is 99mT¢ (6 hr)
eluted with saline and then
starts growing after elution.
The yield of *™Tc is
approximately 80-90%. It
takes approximately 24 h
to reach maximum activity
of #"Tc after elution.
Positions a and b indicate
elutions of *"Tc activity at
8 and 17 h after elution on
day 4

99Mo (66 hr)

10

Activity (mCi)

1 2 3 4 5 6
Time (days)
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The *"Tc radionuclide is eluted as sodium pertechnetate (Na®***TcO,) with a
0.9% NaCl solution (saline without any additives). After elution, the ***Tc radioac-
tivity starts to grow again in the column. Elution may be carried out, if needed, even
before equilibrium is reached (a and b in Fig. 5.2). The amount of *™Tc¢ activity
obtained in this case will depend on the time elapsed between the previous and pres-
ent elutions.

The Mo—""Tc generators are available from several commercial suppliers. In
some commercial generators, isotonic saline is provided in a bottle that is placed
inside the generator housing, and aliquots of saline are used up to elute *™Tc-
pertechnetate (*"Tc O, ) using evacuated vials. Evacuated vials of different volumes
are supplied by vendors for elution in order to have approximately the same daily
concentrations of *™Tc activity on consecutive days. Larger volume vials are used in
the beginning of the week, and smaller volume vials are used in the latter part of the
week. In other generators, vials with definite volumes of saline for each elution are
provided. A generator supplied by Mallinckrodt Pharmaceuticals is shown in Fig. 5.3.

Uitra-TechneKow* DTE

TCMI L, e 3

Fig. 5.3 A “Mo-""Tc generator (Ultra-Technekow DTE) (Courtesy of Mallinckrodt
Pharmaceuticals)
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There are two types of solid Moly generators, wet column generators and dry
column generators, supplied by different manufacturers. The difference between the
two types is that in a dry column generator after routine elution, the leftover saline in
the column is drawn out by using an evacuated vial without adding any more saline
or the vacuum in the evacuated eluent vial is sufficient to remove all saline from the
column. The suggestion for a dry column generator came from the fact that radiation
can cause radiolysis of water in a wet generator resulting in the formation of hydro-
gen peroxide (H,O,) and perhydroxyl free radical (HO}, ). These species are oxidants
and, if present in the ®™Tc-eluate, can interfere with the technetium chemistry out-
lined in Chap. 6. The radiolysis of water is likely to be greater in high-activity gen-
erators. Also, in wet column generators, saline in the tubing may possibly freeze in
extremely cold weather during shipping, thus preventing elution until thawed.

Yield of #"Tc

It is often necessary to calculate the theoretical yield of *™Tc one would obtain after
elution from a generator at a given time Holland et al. 1986a, b. The yields at various
times can be calculated from Eq. (2.10) as follows (the mass numbers of *"Tc¢ and
%Mo have been omitted in equations in order to avoid complications in representing
different symbols):

Ay =0.693/66=0.0105h""
Ay, =0.693/6=0.1155h""

Then Eq. (2.10) becomes

A’l‘c — l‘l(AMo )o (67040105” _6411155:) 5.1)

where ¢ is the time in hours elapsed after the previous elution. If there is any activity
of ®mTc left from the previous elution, that should also be added. Thus,

ATc _ 1'1(AM0 )0 (e—040105t _‘3—0‘11551)_’_(ATC )0 6—0.11551 (5.2)

Since 87% of all Mo nuclides ultimately decay to *™Tc, this factor should be
included in the above equation by multiplying Ay, by 0.87. Taking this factor into
consideration, Eq. (5.2) reduces to

ATC — 0957(AM0 )0 (e—0.0IOSt _e—0.1155t)+(14Tc )0 e—0.11551 (53)

From Eq. (5.3), one can calculate the theoretical yield of *™Tc from a Moly gen-
erator at a given time. For practical reasons, it is not possible to obtain a complete
yield of #™Tc¢ from a generator as predicted by Eq. (5.3). The yield may be reduced
by a column defect, such as channeling in the adsorbent bed, or by autoradiolysis
due to high radioactivity whereby the chemical form of *Tc changes. The practical
yield of *™Tc varies from generator to generator and usually ranges from 80% to
90% of the theoretical value. The concentration of *™Tc activity in the eluate ini-
tially increases, then reaches a maximum, and finally decreases with increasing vol-
ume of the eluate (Fig. 5.4).
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Fig. 5.4 Elution profile of
the *™Tc activity expressed
as concentration of
radioactivity versus eluate
volume. The profile may
be broader or narrower
depending on the type of
generator. For generators
using fission-produced
%Mo, the eluate volume is
about 2-3 ml due to the
smaller alumina column
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It is important to note that in a Moly generator, (Ar.), is zero at the time of load-
ing Mo on the generator column. Afterward, if it is eluted only once daily, the
amount of (Ar.)y (~5—15%) would have decayed to less than 1% in 24 h and would
not be significant enough to be considered in the calculation of the theoretical yield
of ™T¢ the next day. However, if the time difference between the two successive
elutions is only several hours, the contribution of (Ar.), could be appreciable and
must be taken into account. If (Ar.), is neglected in the daily elution of a generator,
then the maximum activity of *"Tc is achieved in about four half-lives (i.e., in
approximately 24 h). Thereafter, the transient equilibrium between Mo and *"Tc
will be reached and Eq. (5.3) becomes

Ay, =0.957(4,,), (5.4)

where

(14M0 )t — (AMO )0 e—0.0lOSt (5.5)

It should be pointed out that *Tc decays by 140-keV y-transition (90%) and via
internal conversion (10%). Therefore, one has to multiply the above Ay, values by
0.90 in order to estimate the number of photons available for imaging.

Usually the amount of ®Mo along with the date and time of calibration is recorded
on the generator by the commercial supplier. Different suppliers use different days of
the week for calibration. As required by the US Food and Drug Administration
(FDA), *Mo radioactivity is calibrated as of the day of shipping and must be so
stated on the label posted on the generator. The amount of calibrated *Mo activity in
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a given generator can vary from 0.22 to 3 Ci (8.1-111 GBq) depending on the manu-
facturer. In a 3-Ci (111-GBq) Covidien (formerly Mallinckrodt) generator calibrated
for Friday 8:00 p.m. (shipping day), the *’Mo activity reduces to 600 mCi (22.2 GBq)
at 8:00 a.m. the following Friday. One manufacturer uses 8.3-16.6 Ci (307-614 GBq)
%Mo in generators. These generators are used by large institutions in lieu of two to
three 2-3-Ci (74-111-GBq) generators. An institution or a commercial nuclear phar-
macy purchases a given-size Moly generator depending on its need so that enough
PmTe activity is available on the last day of the workweek.

Problem 5.1

A 2.6-Ci (96.2-GBq) Moly generator calibrated for Wednesday noon was
received on Tuesday before. What would be the total **™Tc activity eluted at
8:00 a.m. on Friday?

Answer

It is assumed that by the time the generator is received, the equilibrium
between Mo and *"Tc has been reached and still exists at 8:00 a.m. on
Friday. The time from Wednesday noon to Friday 8:00 a.m. is 44 h.

*’Mo activity on Wednesday noon = 2.6 Ci(96.2 GBq)
Mo activity at 8 : 00 a.m.on Friday = 2.6 x exp(—0.0105x 44)
~1.64 Ci(61GBq)

Assuming complete elution, according to Eq. (5.4), *™Tc activity at
8:00 a.m. on Friday will be

PMTeactivity = 0.957 x1.64Ci = 1.57Ci(58.1GBq)

Problem 5.2

A 3000-mCi (111-GBq) Moly generator calibrated for Friday 8:00 p.m. was
eluted at 8:00 a.m. the following Wednesday. Assuming that 80% of ***Tc
activity was eluted, what would be the theoretical activity of *™Tc on the
column at 1:00 p.m. on the same day (Wednesday)?

Answer
The time from Friday 8:00 p.m. to Wednesday 8:00 a.m. is 108 h. Therefore,
%Mo activity at 8:00 a.m. on Wednesday

=3000xexp(—0.0105x108) = 965mCi(35.7GBq)

Assuming transient equilibrium, according to Eq. (5.4),
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P"Te activity = 0.957x 965 =923mCi(34.2GBq)

With 80% elution, 20% remained in the generator; i.e., 0.2 x 923 = 184.6-
mCi (6.83 GBq) #™Tc remained on the column. This is (Ar.), in Eq. (5.3).

The time from 8:00 a.m. to 1:00 p.m. on Wednesday is 5 h. From Eq. (5.3),

Ar, =0.957x965[ exp(—0.0105% 5) —exp(—0.1155x5) |
+184.6 exp(—O.l 155x% 5)
=923(0.9489-0.5613)+103.6
=461.4mCi(17.1GBq)

9mTc Content in **"Tc-Eluate
Both Mo (13%) and *™Tc decay to *Tc, and, therefore, both *Tc¢ and *™Tc are
present in the Tc-eluate from the Moly generator. Because of the rapid decay of
?mTc, the fraction of *Tc in the generator eluate decreases, and that of *Tc
increases over time after elution and as the time between generator elutions
increases. Since *Tc competes with *™Tc¢ in chemical binding, it can reduce the
labeling efficiency in radiopharmaceutical kits containing small amounts of stan-
nous ion. This situation becomes critical when the generators are left without elu-
tion over the weekend and then first eluted on Monday or Tuesday. In some
radiopharmaceutical preparations, limits on the content of *Tc in the Tc-eluate are
implicitly specified in that only the *™Tc eluted at specific times can be used. For
example, in *"Tc-HMPAO preparation for brain imaging, the *™Tc-eluate must not
be more than 2-h old and also must be obtained from a generator that was eluted at
least once in the past 24 h.

The *™Tc¢ content in the Tc-eluate is given by the mole fraction (F) of *"Tc¢
expressed as follows:

NA

—— A 5.6
N, +Ng (56)

where N, and Ny are the number of atoms of **Tc and *Tc, respectively. The F at
any time ¢ can be calculated from the following expression (Lamson et al. 1975):

~ 0.874, (exp(~47) —exp(=2yt))

(2= )(1-exp(-A1))
where A, and 1, are decay constants of Mo and **"Tc, respectively, and the factor
0.87 indicates that 87% of *Mo decays to *"Tc. Using 4, = 0.0105 h™' and
A, = 0.1155 h7!, the values of F at various times are calculated and tabulated in

Table 5.2. It can be seen that, for example, at 24 h after elution, only 27.9% of Tc
atoms are *™Tc¢ in the eluate, and the remaining 72.1% are *Tc.

(5.7)
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Table 5.2 Mole fractions of *"Tc in Tc-eluate at different times after elution

Days after
elution Hours after elution
0 3 6 9 12 15 18 21

0 0.7346  0.6254 0.5366 0.4641  0.4044 0.3550 0.3138
1 0.2791 0.2498  0.2249 0.2035 0.1851  0.1691 0.1551 0.1428
2 0.1319 0.1222  0.1136  0.1059  0.0990 0.0927 0.0869 0.0817
3 0.0770 0.0726  0.0686 0.0649 0.0614  0.0583 0.0553 0.0526
4 0.0500 0.0476  0.0454 0.0432 0.0413 0.0394 0.0377 0.0360

Since the total number (N) of Tc atoms affects the labeling yield of *™Tc radio-
pharmaceuticals, its prior knowledge is important in many preparations. It can be
calculated by the following formula using F from Table 5.2:

#MTe Activity
N, = 5.8
(Toa) ™ 0.1155x F (>8)

Quality Control of **"Tc-Eluate
Since *™Tc activity is used for humans, several quality control tests of the *"Tc-
eluate are mandatory. These tests are discussed below in some detail.

%Mo Breakthrough
This is ®Mo contamination in the *"Tc-eluate and originates from the small quan-
tity of ®Mo that may be eluted with " Tc. The US Pharmacopeia (USP 39) limit
[also the NRC limit] is 0.15-uCi ®Mo/mCi (0.15 kBg/MBq) *™Tc at the time of
administration. For Mo-**"T¢ generators, the Mo breakthrough must be deter-
mined for every elution. The Mo contamination is measured by detecting
740-keV and 780-keV photons of Mo in a dose calibrator or a Nal(Tl) detector
coupled to a pulse height analyzer. The eluate vial is placed in a lead pot (about
6-mm thick) to stop all 140-keV photons from *™Tc and to count only 740-keV
and 780-keV photons from *?Mo. The shielded vial is then assayed in the dose cali-
brator using the Mo setting. Molybdenum-99 along with **Mo (from the molyb-
denum target) can also be detected by adding phenylhydrazine to the eluate and
observing the color change due to the Mo-phenylhydrazine complex by the use of
a colorimeter.

The Ayo/Aq. ratio increases with time because *Mo (t;,, = 66 h) decays more
slowly than *™Tc¢ (#,, = 6 h). The time at which the Ay /A ratio will exceed 0.15
can be calculated by

(AMO )0 e%lOlOSt
(Al-c )0 e%lllSSt

where (Ay)o is the activity of Mo in microcurie, (Ar.), is the activity of *™Tc in
millicurie at the time of elution, and ¢ is the time after initial elution. Rearranging
the equation, ¢ in hours can be calculated as

0.15=
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_]n[(AM0 )0 /(ATc )o:l
0.105

#mTc O, obtained from the Moly generator has an expiration period of 12 h for
clinical use. For valid use of #™TcO, for 12 h, the (Amo)o/(Ar)o ratio at the initial
elution can be calculated by Eq. (5.9) to be 0.043 uCi of *Mo/mCi of *"Tc or
0.043 kBq of Mo/MB(q of *"Tc.

=

—18.07 (5.9)

Other Radionuclide Contamination

In generators using fission-produced molybdenum, a number of extraneous activi-
ties such as those of '“Ru, *Te, B, *Zr, 124Sb, 13Cs, ¥Sr, *Sr, and %Rb may
remain in the eluate as contaminants. The USP 39 limits of these radionuclides in
PmTc-eluate are B!, 0.05-uCi/mCi (0.05 Bg/kBq) *™Tc; “Ru, 0.05-uCi/mCi
(0.05 Bg/kBq) *™Tc; ¥Sr, 0.0006-uCi/mCi (0.0006 Bg/kBq) *™Tc; *Sr, 0.00006-
u#Ci/mCi (0.00006 Bg/kBq) *™Tc; other - and y-emitting radionuclides, not more
than 0.01% of all activity at the time of administration; and gross a-particle impu-
rity, not more than 0.001-nCi/mCi (0.001 Bq/MBq) *™Tc. These contaminants can
be checked by a multichannel pulse height analyzer after allowing **Tc, Mo, and
other relatively short-lived radionuclides to decay completely. Usually these tests
are performed by the manufacturer.

Aluminum Breakthrough

The aluminum contamination originates from the alumina bed of the generator. The
presence of aluminum in the *"Tc-eluate interferes with the preparation of *™Tc-
sulfur colloid; particularly phosphate buffer in colloid preparations tends to precipi-
tate with excessive aluminum. It also interferes with the labeling of red blood cells
with #™Tc, causing their agglutination. The USP 39 limit is 10ug Al/ml *™Tc for
fission-produced *Mo.

The presence of aluminum can be detected by the colorimetric method using
aurintricarboxylic acid or methyl orange and can be quantitated by comparison with
a standard solution of aluminum. Test kits are commercially available for the deter-
mination of aluminum. In these kits, strips containing a color complexing agent are
provided along with a standard solution of aluminum (~10 gg/ml). In a routine test,
one drop each of the ®™Tc-eluate and the standard aluminum solution are spotted on
a test strip, and the intensities of the colors of the two spots are visually compared.
If the ®™Tc-eluate spot is denser than the standard aluminum spot, then the amount
of aluminum is considered excessive, and the **™Tc-eluate should be discarded.
Excessive amounts of aluminum in the eluate indicate lack of stability of the
column.

pH

The pH of the eluate should be between 4.5 and 7.5; this can be checked quantita-
tively with a pH meter or qualitatively with pH paper. The actual pH of the *™Tc-
eluate from the generator is about 5.5. The pH of the *™Tc solution obtained by
methyl ethyl ketone extraction is slightly higher (~6-7).
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Radiochemical Purity

The radiochemical impurities of the **Tc-eluate are different chemical forms of
radioactivity other than *"Tc O, . These impurities should be checked by suitable
analytical methods. These methods are described in Chap. 8.

As already mentioned in Chap. 4, because of the uncertainty of Mo supply,
alternative methods are being sought for **Tc production. A viable option is the use
of a medium-energy cyclotron, in which **Tc is directly produced by the Mo (p,
2n) #"Tc reaction. Nearly 74.3 Ci (2.75 GBq) of ™Tc¢ should be produced by two
6-h bombardments using 24-MeV protons and a beam current of 500 uA (Scholten
et al. 1999), which would provide nearly 800 dosages of *"Tc dosages — sufficient
for a metropolitan of ~5—7 million people.

5.2.2 ¢%Ge-%%Ga Generator (GalliaPharm)

Germanium-68 decays to ®Ga by electron capture with a half-life of 270.8 days, and
%Ga (1,, = 68 min) decays by positron emission and hence 511-keV annihilation radia-
tions. This generator is made up of titanium dioxide (TiO,) loaded in a plastic or glass
column on which carrier-free %Ge is loaded. %Ga is eluted from the column with 0.1 N
HCI solution with a typical yield of more than 60%. Alternatively, ®Ge is adsorbed on
a stannous dioxide (SnO,) column, and %Ga is eluted with 0.6 N HCI with the same
yield. The generator can be eluted quite frequently, because the maximum growth of
%Ga is achieved in several hours. If the generator has not been eluted for 3 days or
more, it should be pre-eluted with 10 ml of sterile 0.1 N HCI 7-24 h prior to elution for
clinical use. It should be stored at room temperature and has a shelf-life of 12 months.

The %Ge—*%Ga generator is approved in Europe for clinical use, particularly for
preparation of %Ga-DOTATATE and ®*Ga-DOTATOC for detecting neuroendocrine
tumors and is marketed by Eckert & Ziegler under the brand name of GalliaPharm.
The strength of the generator ranges from 20 to 50 mCi (0.74 to 1.65 GBq). Because
of the equilibrium between %Ge and ®*Ga, ®*Ge is used as standard sealed sources
for transmission scans for attenuation correction of images in PET imaging.

5.2.3 °°Sr-°°Y Generator

Strontium-90 has a half-life of 28.6 years and decays by f-emission to 64.1 h
Y. This generator is manufactured by loading *°Sr onto a Dowex 50 cation-
exchange resin, and °Y is eluted with 0.03 M ethylenediaminetetraacetic acid
(EDTA) with a yield of almost 98% and negligible *°Sr breakthrough. “Y-EDTA is
converted to *°Y-acetate at pH 6, which is then used to label a variety of ligands use-
ful for radiotherapy. *°Y-labeled Zevalin is an example of such compounds that is
used for the treatment of non-Hodgkin’s lymphoma. Because of the potential dan-
gers in handling and spill of *°Sr, this generator is not installed in hospital-based
nuclear pharmacies and is usually supplied by commercial sources with appropriate
GMP processing facilities.
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5.2.4 62Zn-%2Cu Generator

Zinc-62 decays to “Cu (¢,, = 9.7 min) by positron emission with a 7,, of 9.3 h. In
this generator, ®*Zn is loaded onto a Dowex 1X8 anion-exchange column, and ®Cu
is eluted with 2 N hydrochloric acid, which is used to label ligands for imaging.
Because of the short half-life, it is produced and supplied daily by the manufacturer.
2Cu forms a complex with PTSM, which is used for perfusion studies in the heart,
brain, and kidneys using PET.

5.2.5 #2Sr-32Rb Generator (Cardiogen-82)

Strontium-82 has a half-life of 25.5 days and decays to 32Rb by electron capture.
Rubidium-82 decays by f*-emission (95%) with a half-life of 75 s. The %Sr is
loaded on a SnO, column, and ¥Rb is eluted with 0.9% NaCl solution (Saha et al.
1990). Because of its short half-life, *Rb can be eluted repeatedly every 10-15 min
with maximum yield. Because of its short half-life, 32Rb is administered to the
patient using an infusion system for myocardial perfusion imaging by the PET tech-
nique. Bracco Diagnostics supplies this generator under the brand name
Cardiogen-82 to the customers every 6 weeks. Normally 100-110-mCi (3.7-
41.1 GBq) %Sr is supplied in each generator. However, the fivefold (about 500 mCi
[18.5 GBq]) amount of 3Sr (#,,, = 65 d) is also present, which is produced during the
cyclotron production of #2Sr. 8Sr emits 510-keV photons.

Because of the short half-life of #Rb, an infusion system is required to elute 8*Rb
for patient administration (Fig. 5.5). It consists of a cart in which the generator is
installed in a lead castle. The cart is equipped with several electronic controls on a
console to select flow rate (ml/min), dosage (mCi/s or MBq/s) and total volume (ml),

DIVERGENCE
VALVE

PATIENTLINE

I
FILTER

FILTER
i CHECK VALVE

LEAD SHIELD

LEAD SHIELD
SYRINGE

WASTE BOTTLE

825r.82Rh GENERATOR
PUMP

Fig.5.5 A schematic diagram of an infusion pump used for the elution of *’Rb from the 32Sr—*’Rb
generator showing the flow of activity to the patient
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and calculated dosage (mCi or MBq) administered. An electrical pump draws the
required volume of saline for elution from a supply bottle into a syringe through a
polyethylene tubing and delivers it into the generator by means of a check valve. The
pump action elutes the 32Rb activity from the generator and pushes through a positron
probe to monitor the activity. Afterward, the eluate is either diverted to a wash bottle
or to the patient using a divergence valve. Before a patient study is started, the low-
activity volume is flushed out to the wash bottle, which is emptied daily. When the
activity starts flowing, it is directed to the patient line. After the set dosage is admin-
istered, the pump stops and all parameters are printed out. The system must be cali-
brated daily according to the manufacturer’s recommendation. The generator is
replaced every 6 weeks and the old generator is returned to the vendor.

Jubilant DraxImage has developed a similar $*Sr—%*Rb generator with the brand
name RUBY-FILL generator, which is recently approved for clinical use by the US
FDA. The approval requires the concomitant use of a specially designed elution
system similar to Bracco’s infusion system to elute the generator.

The 2Rb obtained from #Sr—%2Rb generator is used for myocardial perfusion studies
using PET. Since #Rb is eluted from the 32Sr-**Rb generator for patient administration,
there is a likelihood of 32Sr and ®Sr breakthrough in the elution, which must be deter-
mined prior to administration. The NRC requires a limit of 0.02 xCi of Sr per mCi of
82Rb (0.02 kBq of #2Sr per MBq of #Rb) and 0.2 uCi of ¥Sr per mCi of 2Rb (0.2 kBq
Sr per MBq of #2Rb). The breakthrough of both radionuclides is measured as follows:
Before any patient is administered, the generator is eluted with 50 ml of 0.9% NaCl
solution, and immediately the #Rb activity is measured and decay corrected to end of
elution. Then, the activity is allowed to decay for an hour, and the breakthrough activity
A in uCi is measured, which contains both 82Sr and #Sr. The ratio K of #Sr/**Sr on the
calibration day and ratio factors F for subsequent days of use are supplied by the manu-
facturer. The ratio of ®¥Sr/%2Sr on the day of measurement is calculated by

R=KxF (5.10)

It is further corrected for contribution from ¥Sr using a factor Q(0.478) given in
the following equation. Thus, the total Sr activity in the elution is

2Sr(uCi)=A4/(1+RxQ) (5.11)

The %2Sr activity in Eq. (5.11) is divided by the #Rb activity at the end of elution
to obtain the #2Sr breakthrough, which should be less than 0.02.

The 35Sr breakthrough is obtained by multiplying the %*Sr breakthrough by the F
factor for the day of measurement given by the manufacturer, which should be less
than 0.2.

5.2.6 2???Ac — ?»Th — ?»3Ra Generator

The availability of ?Ra from a generator has been described in Chap. 4. Briefly, the
difference in half-lives of **?Ac, **'Th, and ***Ra makes them ideal nuclides for a
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radionuclide generator, 22’Ac — 2*'Th — ?**Ra. The ?*’Ac/**’Th nuclides are loaded
on a chromatographic column containing P,P’-di(2-ethylhexyl)methanediphos-
phonic acid (EHMDP) on silica, and high-purity, carrier-free **’Ra is eluted with
1 M hydrochloric acid as chloride from the generator. It is supplied by Bayer
HealthCare Pharmaceutical Inc. under the brand name Xofigo. The supplied vial
contains 178 uCi (6600 kBq) of activity in 6 ml of 0.9% NaCl solution at a concen-
tration of 29.7 uCi (1100 kBq)/ml. Because of « emission, **Ra chloride is ideal for
the treatment of castration-resistant prostate cancer and symptomatic bone
metastasis.

Questions

1. Describe the principles of a radionuclide generator.

2. List the ideal characteristics of a radionuclide generator.

3. Describe in detail the construction of a Moly generator. What are the common
radionuclide contaminants in this generator?

4. A 1700-mCi (62.9-GBq) Moly generator calibrated for Friday noon was
eluted at 9:00 a.m. on the following Tuesday. (a) Calculate the activity of
PmTc assuming 90% yield. (b) Calculate the activity of Mo at 1:00 p.m. on
the following Wednesday.

5. A 10-mCi (370-MBq) sample of the *"Tc-eluate is found to contain
20-uCi (0.74 MBq) *Mo. Can this preparation be used for injection into
humans?

6. A 100-mCi (3.7-GBq) sample of *™Tc-DTPA contains 60-uCi (2.22 MBq)
%Mo. If a brain scan requires 10-mCi (370 MBq) *"Tc-DTPA, can you use
this for the patient?

7. Suppose an institution regularly purchases a 2200-mCi (81.4-GBq) Moly
generator calibrated for Friday noon and the elution volume of the eluent as
provided by the supplier is 5 ml. On the following Wednesday morning at
8:00 a.m., what volumes of activity would you draw from the *™Tc-eluate in
order to prepare (a) 50-mCi (1.85 GBq) *™Tc-methylene diphosphonate, (b)
30-mCi (1.11 GBq) *™Tc-sulfur colloid, and (¢) 20-mCi (740 MBq) *"Tc-
labeled macroaggregated albumin (assume 80% elution)?

8. Why is aluminum undesirable in the *"Tc-eluate? What is the permissible
limit of aluminum concentration in the *™Tc-eluate?

9. A 50-mCi (1.85 GBq) *"Tc-DISIDA sample contains 5-uCi (0.185 MBq)
%Mo. If a patient is to be injected with 5-mCi (185 MBq) *™Tc-DISIDA for
hepatobiliary studies 6 h later, can you administer this radiopharmaceutical to
the patient?

10. A 1350-mCi (50-GBq) *Mo—""Tc generator calibrated for Wednesday
8:00 a.m. was eluted daily at 7:00 a.m. for 3 days starting from the calibra-
tion day. What would be the *™Tc activity in the generator at 12:00 noon on
the fifth day after calibration?

11. Describe the construction principle of GalliaPharm generator.

12. What and why is ?**Ra used for in nuclear medicine?
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Radiopharmaceuticals and General
Methods of Radiolabeling

6.1 Definition of a Radiopharmaceutical

A radiopharmaceutical is a radioactive compound used for the diagnosis and thera-
peutic treatment of human diseases. In nuclear medicine nearly 90% of the radio-
pharmaceuticals are used for diagnostic purposes, while the rest are used for
therapeutic treatment. Radiopharmaceuticals usually have minimal pharmacologic
effect, because in most cases they are used in tracer quantities. Therapeutic radio-
pharmaceuticals can cause tissue damage by radiation. Because they are adminis-
tered to humans, they should be sterile and pyrogen-free and should undergo all
quality control measures required of a conventional drug. A radiopharmaceutical
may be a radioactive element such as !**Xe or a labeled compound such as
BlT-jodinated proteins and **Tc-labeled compounds.

Although the term radiopharmaceutical is most commonly used, other terms
such as radiotracer, radiodiagnostic agent, and tracer have been used by various
groups. We shall use the term radiopharmaceutical throughout, although the term
radiotracer or tracer will be used occasionally.

Another point of interest is the difference between radiochemicals and
radiopharmaceuticals. The former are not usable for administration to humans
due to possible lack of sterility and nonpyrogenicity. On the other hand, radio-
pharmaceuticals are sterile and nonpyrogenic and can be administered safely to
humans.

A radiopharmaceutical has two components: a radionuclide and a pharma-
ceutical. The usefulness of a radiopharmaceutical is dictated by the characteris-
tics of these two components. In designing a radiopharmaceutical, a
pharmaceutical is first chosen on the basis of its preferential localization in
a given organ or its participation in the physiologic function of the organ. Then
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a suitable radionuclide is tagged onto the chosen pharmaceutical such that after
administration of the radiopharmaceutical, radiations emitted from it are
detected by a radiation detector. Thus, the morphologic structure or the physi-
ologic function of the organ can be assessed. The pharmaceutical of choice
should be safe and nontoxic for human administration. Radiations from the
radionuclide of choice should be easily detected by nuclear instruments, and the
radiation dose to the patient should be minimal.

6.2 Ideal Radiopharmaceutical

Since radiopharmaceuticals are administered to humans, and because there are sev-
eral limitations on the detection of radiations by currently available instruments,
radiopharmaceuticals should possess some important characteristics. The ideal
characteristics for radiopharmaceuticals are elaborated below.

6.2.1 Easy Availability

The radiopharmaceutical should be easily produced, inexpensive, and readily avail-
able in any nuclear medicine facility. Complicated methods of production of radio-
nuclides or labeled compounds increase the cost of the radiopharmaceuticals. The
geographic distance between the user and the supplier also limits the availability of
short-lived radiopharmaceuticals.

6.2.2 Short Effective Half-Life

A radionuclide decays with a definite half-life, which is called the physical half-life,
denoted T, (or #;,). The physical half-life is independent of any physicochemical
condition and is a characteristic for a given radionuclide. It has been discussed in
detail in Chap. 2.

Radiopharmaceuticals administered to humans disappear from the biological
system through fecal or urinary excretion, perspiration, or other mechanisms.
This biologic disappearance of a radiopharmaceutical follows an exponential
law similar to that of radionuclide decay. Thus, every radiopharmaceutical has a
biologic half-life (7}). It is the time needed for half of the radiopharmaceutical
to disappear from the biologic system and therefore is related to a decay con-
stant, A, = 0.693/T;.

Obviously, in any biologic system, the loss of a radiopharmaceutical is due to
both the physical decay of the radionuclide and the biologic elimination of the
radiopharmaceutical. The net or effective rate A, of the loss of radioactivity is then
related to the physical decay constant 4, and the biologic decay constant A,
Mathematically, this is expressed as
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A=A+, ©6.1)
Since A1 = 0.693/t,,,, it follows that
111 (6.2)
T, T,
or
T xT
== (6.3)
T,+T,

The effective half-life 7. is always less than the shorter of 7, or 7. For a very
long 7, and a short T, 7 is almost equal to 7;. Similarly, for a very long T, and a
short T, T. is almost equal to 7,

Problem 6.1

The physical half-life of '"'In is 67 h and the biologic half-life of "'In-DTPA
used for measurement of the glomerular filtration rate is 1.5 h. What is the
effective half-life of !''In-DTPA?

Answer
Using Eq. (6.3),

T=1‘5X67=100'5=1.47hr
¢ 67+1.5 685

Radiopharmaceuticals should have a relatively short effective half-life, which
should not be longer than the time necessary to complete the study in ques-
tion. The time to start the imaging of the tracer varies with different studies
depending on the in vivo pharmacokinetics of the tracer. The faster the accu-
mulation of the tracer in the organ of interest, the sooner imaging should start.
However, the duration of imaging depends primarily on the amount of activity
administered, the fraction thereof accumulated in the target organ, and the
window setting of the gamma camera.

6.2.3 No Particle Emission

Radionuclides decaying by a- or f-particle emission should not be used as the
label in diagnostic radiopharmaceuticals, because they cause more radiation
damage to the tissue than do y-rays. Although y-ray emission is preferable, many
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S-emitting radionuclides, such as 3!I-iodinated compounds, are often used for
clinical studies. However, a-emitters should never be used for in vivo diagnostic
studies because they give a high radiation dose to the patient. But a- and
p-emitters are useful for therapy, because of the effective radiation damage to
abnormal cells.

6.2.4 Decay by Electron Capture or Isomeric Transition

Because radionuclides emitting particles are less desirable, the diagnostic radionu-
clides used should decay by electron capture or isomeric transition without any
internal conversion. Whatever the mode of decay, for diagnostic studies, the radio-
nuclide must emit a y-radiation with an energy preferably between 30 keV and
300 keV. Below 30 keV, y-rays are absorbed by tissue and are not detected by the
Nal(TI) detector. Above 300 keV, effective collimation of y-rays cannot be achieved
with commonly available collimators and can penetrate through the collimator septa
and interact in the detector. This degrades the spatial resolution. However, manufac-
turers have made collimators for 511-keV photons, which have been used for planar
or SPECT imaging using *F-FDG. The phenomenon of collimation with 30-300-
keV photons is illustrated in Fig. 6.1. y-Rays should be monochromatic and have an
energy of approximately 150 keV, which is most suitable for present-day commonly
used collimators. Moreover, the photon abundance should be high so that imaging
time can be minimized.

> 300 keV
. A Ny ':1=' —> Detector
Fig. 6.1 Photon ™! Collimator

interaction in the Nal(TI)
detector using collimators.
A 30-keV photon is
absorbed by the tissue.

A >300-keV photon may
penetrate through the
collimator septa and strike 30-300 keV, > 300 keV
the detector or may escape ] ———
the detector without any [ N
interaction. Photons of
30-300 keV may escape
the organ of the body, pass
through the collimator

holes, and interact in the
detector 30 keV  Liver
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6.2.5 High Target-to-Nontarget Activity Ratio

For a diagnostic study, it is desirable that the radiopharmaceutical be localized pref-
erentially in the organ under study since the activity from nontarget areas can
obscure the structural details of the picture of the target organ. Therefore, the target-
to-nontarget activity ratio should be high.

An ideal radiopharmaceutical should have all the above characteristics to pro-
vide maximum efficacy in the diagnosis of diseases and a minimum radiation dose
to the patient. However, it is difficult for a given radiopharmaceutical to meet all
these criteria, and the one of choice is the best of many compromises.

6.3  Design of New Radiopharmaceuticals
6.3.1 General Considerations

Continual effort is being made to discover newer radiopharmaceuticals to improve
diagnostic accuracy and therapeutic efficacy in nuclear medicine studies. A radio-
pharmaceutical for a particular organ study is designed on the basis of the mecha-
nism of its localization in the organ. The following are the different mechanisms of
localization that are commonly applied to development of radiopharmaceuticals for
nuclear medicine imaging.

1. Passive diffusion: ®"Tc-DTPA in brain imaging, *™Tc-DTPA aerosol and **Xe
in ventilation imaging, '''In-DTPA in cisternography.
2. Ton exchange: uptake of *Tc-phosphonate complexes in bone.
3. Capillary blockage: ***Tc-macroaggregated albumin (MAA) particles trapped
in the lung capillaries.
4. Phagocytosis: removal of ®™Tc-sulfur colloid particles by the reticuloendothe-
lial cells in the liver, spleen, and bone marrow.
Active transport: *'I uptake in the thyroid, 2°'T1 uptake in the myocardium.
6. Cell sequestration: sequestration of heat-damaged ***Tc-labeled red blood cells
by the spleen.
7. Metabolism: 8F-FDG uptake in myocardial and brain tissues.
Receptor binding: !'C-dopamine binding to the dopamine receptors in the brain.
9. Compartmental localization: *™Tc-labeled red blood cells used in the gated
blood pool study.
10. Antigen—antibody complex formation: *!I-, !!In-, and *™Tc-labeled antibody
to localize tumors.
11. Chemotaxis: !!'In-labeled leukocytes to localize infections.

9,1

*
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Once a radiopharmaceutical is conceptually designed, a definite protocol is
developed based on the physicochemical properties of the basic ingredients to pre-
pare the radiopharmaceutical. The method of preparation should be simple, easy,
and reproducible and should not alter the desired property of the labeled compound.
Optimum conditions of temperature, pH, ionic strength, and molar ratios should be
established and maintained for maximum efficacy of the radiopharmaceutical.

The clinical efficacy of a well-formulated radiopharmaceutical must be evalu-
ated first in animals and then in humans. For use in humans, one needs to have a
Notice of Claimed Investigational Exemption for a New Drug (IND) from the US
Food and Drug Administration (FDA), which strictly regulates the human trials of
drugs. If there is any severe adverse effect in humans due to administration of the
radiopharmaceutical or if intended biodistribution is not achieved, then the radio-
pharmaceutical is discarded.

6.3.2 Factors Influencing the Design of New
Radiopharmaceuticals

The following factors need to be considered before, during, and after the prepara-
tion of a new radiopharmaceutical.

Compatibility

When a labeled compound is to be prepared, the first criterion to consider is whether
the label can be incorporated into the molecule to be labeled. This may be assessed
from the knowledge of the chemical properties of the two partners. For example,
"Tn jon can form coordinate covalent bonds, and DTPA is a chelating agent con-
taining nitrogen and oxygen atoms with lone pairs of electrons that can be donated
to form coordinated covalent bonds. Therefore, when '''In ion and DTPA are mixed
under appropriate physicochemical conditions, "'In-DTPA is formed and remains
stable for a long time. If, however, ''In ion is added to benzene or similar com-
pounds, it does not label them. Iodine primarily binds to the tyrosyl group of pro-
teins. Mercury radionuclides bind to the sulthydryl group of proteins. These
examples illustrate the point that only specific radionuclides label certain com-
pounds, depending on their chemical structure and behavior.

Stoichiometry

In preparing a new radiopharmaceutical, one needs to know the correct amount of
each component to be added. This is particularly important in tracer level chemistry
and in *™Tc chemistry. The concentration of *™Tc in the *™Tc-eluate is approxi-
mately 10~ M. Although for reduction of this trace amount of ™ Tc only an equiva-
lent amount of Sn** is needed, 1000—1,000,000 times more of the latter is added to
the preparation in order to ensure complete reduction. Similarly, enough chelating
agent, such as DTPA or MDP, is also added to use all the reduced *™Tc. The stoi-
chiometric ratio of different components can be obtained by setting up the appropri-
ate equations for the chemical reactions. An unduly high or low concentration of
any one component may sometimes affect the integrity of the preparation.
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Charge of the Molecule

The charge on a radiopharmaceutical determines its solubility in various solvents.
The greater the charge, the higher the solubility in aqueous solution. Nonpolar mol-
ecules tend to be more soluble in organic solvents and lipids.

Size of the Molecule

The molecular size of a radiopharmaceutical is an important determinant in its
absorption in the biologic system. Larger molecules (mol. wt. > ~60,000) are not
filtered by the glomeruli in the kidney. This information should give some clue as to
the range of molecular weights of the desired radiopharmaceutical that should be
chosen for a given study.

Protein Binding

Almost all drugs, radioactive or not, bind to plasma proteins to variable degrees.
The primary candidate for binding is albumin, although many compounds specifi-
cally bind to globulin and other proteins as well. Indium, gallium, and many metal-
lic ions bind firmly to transferrin in plasma. Protein binding is greatly influenced by
a number of factors, such as the charge on the radiopharmaceutical molecule, the
pH, the nature of protein, and the concentration of anions in plasma. At a lower pH,
plasma proteins become more positively charged, and therefore anionic drugs bind
firmly to them. The nature of a protein, particularly its content of hydroxyl, car-
boxyl, and amino groups and their configuration in protein structure, determines the
extent and strength of its binding to the radiopharmaceutical. Metal chelates can
exchange the metal ions with proteins because of the stronger affinity of the metal
for the protein. Such a process is called “transchelation” and leads to in vivo break-
down of the complex. For example, ''In-chelates exchange '''In with transferrin to
form '"In-transferrin.

Protein binding affects the tissue distribution and plasma clearance of a radio-
pharmaceutical and its uptake by the organ of interest. Therefore, one should deter-
mine the extent of protein binding of any new radiopharmaceutical before its clinical
use. This can be accomplished by precipitating the proteins with trichloroacetic acid
from the plasma after administration of the radiopharmaceutical and then measuring
the activity in the precipitate.

Solubility

For injection, the radiopharmaceutical should be in aqueous solution at a pH
compatible with blood pH (7.4). The ionic strength and osmolality of the agent
should also be appropriate for blood. In many cases, lipid solubility of a radio-
pharmaceutical is a determining factor in its localization in an organ; the cell
membrane is primarily composed of phospholipids, and unless the radiophar-
maceutical is lipid soluble, it will hardly diffuse through the cell membrane. The
higher the lipid solubility of a radiopharmaceutical, the greater the diffusion
through the cell membrane and hence the greater its localization in the organ.
Protein binding reduces the lipid solubility of a radiopharmaceutical. Ionized
drugs are less lipid soluble, whereas nonpolar drugs are highly soluble in lipids
and hence easily diffuse through cell membranes. The radiopharmaceutical
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1n-oxine is highly soluble in lipid and is hence used specifically for labeling
leukocytes and platelets.

Stability

The stability of a labeled compound is one of the major concerns in labeling
chemistry. It must be stable both in vitro and in vivo. In vivo breakdown of a radio-
pharmaceutical results in undesirable biodistribution of radioactivity. For example,
dehalogenation of radioiodinated compounds gives rise to free radioiodide, which
raises the background activity in the clinical study. Temperature, pH, and light affect
the in vitro stability of many compounds, and the optimal range of these physico-
chemical conditions must be established for the preparation and storage of labeled
compounds.

Biodistribution

The study of biodistribution of a radiopharmaceutical is essential in establishing its
efficacy and usefulness. This includes tissue distribution, plasma clearance, urinary
excretion, and fecal excretion after administration of the radiopharmaceutical.

In tissue distribution studies, the radiopharmaceutical is injected into animals
such as mice, rats, and rabbits. The animals are then sacrificed at different time
intervals, and different organs are removed. The activities in these organs are mea-
sured and compared. The tissue distribution data will tell how good the radiophar-
maceutical is for imaging the organ of interest. At times, human biodistribution data
are obtained by gamma camera imaging.

The rate of localization of a radiopharmaceutical in an organ is related to its rate
of plasma clearance after administration. The plasma clearance half-time of a radio-
pharmaceutical is defined by the time required to reduce its initial plasma activity to
one half. It can be measured by collecting serial samples of blood at different time
intervals after injection and measuring the plasma activity. From a plot of activity
versus time, one can determine the half-time for plasma clearance of the tracer.

Urinary and fecal excretions of a radiopharmaceutical are important in its clini-
cal evaluation. The faster the urinary or fecal excretion, the less the radiation dose.
These values are determined by collecting the urine or feces at definite time inter-
vals after injection and measuring the activity in the samples.

Toxic effects of radiopharmaceuticals must also be evaluated. These effects
include damage to the tissues, physiologic dysfunction of organs, and even the death
of the species. These considerations are discussed in Chap. 8.

6.4 Methods of Radiolabeling

In the medical field, compounds labeled with f~-emitting radionuclides are mainly
restricted to in vitro experiments and therapeutic treatment, whereas those labeled
with y-emitting radionuclides have much wider applications, particularly in diagnosis
of diseases. The latter are particularly useful for in vivo imaging of different organs.
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Table 6.1 General methods of radiolabeling

Isotope exchange 12]-labeled T3 and T4
14C-, 8-, and *H-labeled compounds
Introduction of a foreign label All #"Tc-radiopharmaceuticals

125]-labeled proteins
125]-labeled hormones
n-labeled cells
8F-fluorodeoxyglucose
Labeling with bifunctional chelating agent '''In-DTPA-albumin
#mTc-DTPA-antibody
Biosynthesis 3Se-selenomethionine
S’Co-cyanocobalamin
14C-labeled compounds

Recoil labeling H-labeled compounds
Todinated compounds
Excitation labeling 123]-labeled compounds (from '*Xe decay)

""Br-labeled compounds (from ""Kr decay)

In a radiolabeled compound, atoms or groups of atoms of a molecule are substi-
tuted by similar or different radioactive atoms or groups of atoms. In any labeling
process, a variety of physicochemical conditions can be employed to achieve a spe-
cific kind of labeling. There are essentially six methods employed in the preparation
of labeled compounds for clinical use (Table 6.1). These methods and various fac-
tors affecting the labeled compounds are discussed below.

6.4.1 Isotope Exchange Reactions

In isotope exchange reactions, one or more atoms in a molecule are replaced by
isotopes of the same element having different mass numbers. Since the radiolabeled
and parent molecules are identical except for the isotope effect, they are expected to
have the same biologic and chemical properties.

Examples are '®I-triiodothyronine (T3), '*I-thyroxine (T4), and *C-, 33S-, and
3H-labeled compounds. These labeling reactions are reversible and are useful for
labeling iodine-containing material with iodine radioisotopes and for labeling many
compounds with tritium.

6.4.2 Introduction of a Foreign Label

In this type of labeling, a radionuclide is incorporated into a molecule that has a
known biologic role, primarily by the formation of covalent or coordinate covalent
bonds. The tagging radionuclide is foreign to the molecule and does not label it by
the exchange of one of its isotopes. Some examples are *™Tc-labeled albumin,
PmTc-DTPA, 3'Cr-labeled red blood cells, and many iodinated proteins and enzymes.
In several instances, the in vivo stability of the material is uncertain, and one should
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be cautious about any alteration in the chemical and biologic properties of the
labeled compound.

In many compounds of this category, the chemical bond is formed by chelation,
that is, more than one atom donates a pair of electrons to the foreign acceptor atom,
which is usually a transition metal. Most of the *"Tc-labeled compounds used in
nuclear medicine are formed by chelation. For example, *™Tc binds to DTPA, glu-
ceptate, and other ligands by chelation.

6.4.3 Labeling with Bifunctional Chelating Agents

In this approach, a bifunctional chelating agent is conjugated to a macromolecule
(e.g., protein, antibody) on one side and to a metal ion (e.g., Tc) by chelation on
the other side. Examples of bifunctional chelating agents are DTPA, metallo-
thionein, diamide dimercaptide (N,S,), hydrazinonicotinamide (HYNIC), and
dithiosemicarbazone.

There are two methods — the preformed radiometal chelate method and the indi-
rect chelator-antibody method. In the preformed radiometal chelate method, a
radiometal chelate is initially preformed using chelating agents such as diamidodi-
thiol, cyclam, and so on, which are then used to label macromolecules by forming
bonds between the chelating agent and the protein. In contrast, in the indirect
method, the bifunctional chelating agent is initially conjugated with a macromole-
cule, which is then allowed to react with the metal ion to form a metal—chelate—mac-
romolecule complex. Various antibodies are labeled by the latter method. Because
of the presence of the chelating agent, the biological properties of the labeled pro-
tein may be altered and must be assessed before clinical use.

6.4.4 Biosynthesis

In biosynthesis, a living organism is grown in a culture medium containing the
radioactive tracer, the tracer is incorporated into metabolites produced by the meta-
bolic processes of the organism, and the metabolites are then chemically separated.
For example, vitamin B, is labeled with ®’Co or *’Co by adding the tracer to a cul-
ture medium in which the organism Streptomyces griseus is grown. Other examples
of biosynthesis include '“C-labeled carbohydrates, proteins, and fats.

Two other methods — recoil method and excitation method — are of little signifi-
cance in nuclear medicine because of low yield and are not discussed.

6.5 Important Factors in Labeling

The majority of radiopharmaceuticals used in clinical practice are relatively easy to
prepare in ionic, colloidal, macroaggregated, or chelated forms, and many can be
made using commercially available kits. Several factors that influence the integrity of
labeled compounds should be kept in mind. These factors are described briefly below.
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6.5.1 Efficiency of Labeling

A high labeling yield is always desirable, although it may not be achievable in many
cases. However, a lower yield is sometimes acceptable if the product is pure and not
damaged by the labeling method, the expense involved is minimal, and no better
method of labeling is available.

6.5.2 Chemical Stability of Product

Stability is related to the type of bond between the radionuclide and the compound.
Compounds with covalent bonds are relatively stable under various physicochemical con-
ditions. The stability constant of the labeled product should be large for greater stability.

6.5.3 Denaturation or Alteration

The structure and/or the biologic properties of a labeled compound can be altered
by various physicochemical conditions during a labeling procedure. For example,
proteins are denatured by heating, at pH below 2 and above 10, and by excessive
iodination, and red blood cells are denatured by heating.

6.5.4 Isotope Effect

The isotope effect results in different physical (and perhaps biologic) properties due
to differences in isotope weights. For example, in tritiated compounds, H atoms are
replaced by *H atoms, and the difference in mass numbers of *H and H may alter the
property of the labeled compounds. It has been found that the physiologic behavior
of tritiated water is different from that of normal water in the body. The isotope
effect is not as serious when the isotopes are heavier.

6.5.5 Carrier-Free or No-Carrier-Added State

Radiopharmaceuticals tend to be adsorbed on the inner walls of the containers if
they are in a carrier-free or no-carrier-added (NCA) state. Techniques have to be
developed in which the labeling yield is not affected by the low concentration of the
tracer in a carrier-free or NCA state.

6.5.6 Storage Conditions
Many labeled compounds are susceptible to decomposition at higher temperatures.

Proteins and labeled dyes are degraded by heat and therefore should be stored at
proper temperatures; for example, albumin should be stored under refrigeration.
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Light may also break down some labeled compounds and these should be stored in
the dark. The loss of carrier-free tracers by adsorption on the walls of the container
can be prevented by the use of silicon-coated vials.

6.5.7 Specific Activity

Specific activity is defined as the activity per gram of the labeled material and has
been discussed in Chap. 4. In many instances, high specific activity is required in
the applications of radiolabeled compounds, and appropriate methods should be
devised to this end. In others, high specific activity can cause more radiolysis (see
below) in the labeled compound and should be avoided.

6.5.8 Radiolysis

Many labeled compounds are decomposed by radiations emitted by the radionu-
clides present in them. This type of decomposition is called radiolysis. The higher
the specific activity, the greater the effect of radiolysis. When the chemical bond
breaks down by radiations from its own molecule, the process is termed “autoradi-
olysis.” Radiations may also decompose the solvent, producing free radicals that
can break down the chemical bond of the labeled compounds; this process is indi-
rect radiolysis. For example, radiations from a labeled molecule can decompose
water to produce hydrogen peroxide or perhydroxyl free radical, which oxidizes
another labeled molecule. To help prevent indirect radiolysis, the pH of the solvent
should be neutral because more reactions of this nature can occur at alkaline or
acidic pH.

The longer the half-life of the radionuclide, the more extensive is the radiolysis,
and the more energetic the radiations, the greater is the radiolysis. In essence, radi-
olysis introduces a number of radiochemical impurities in the sample of labeled
material, and one should be cautious about these unwanted products. These factors
set the guidelines for the expiration date of a radiopharmaceutical.

6.5.9 Purification and Analysis

Radionuclide impurities are radioactive contaminants arising from the method of
production of radionuclides. Fission in a reactor is likely to produce more impu-
rities than nuclear reactions in a cyclotron because fission of the heavy nuclei
produces many product nuclides. Target impurities also add to the radionuclidic
contaminants. The removal of radioactive contaminants can be accomplished by
various chemical separation techniques, usually at the radionuclide production
stage.

Radiochemical and chemical impurities arise from incomplete labeling of com-
pounds and can be estimated by various analytical methods such as solvent
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extraction, ion exchange, paper, gel, or thin-layer chromatography, and electropho-
resis. Often these impurities arise after labeling from natural degradation as well as
from radiolysis. This subject is discussed in detail in Chap. 8.

6.5.10 Shelf-Life

A labeled compound has a shelf-life during which it can be used safely for its
intended purpose. The loss of efficacy of a labeled compound over a period of time
may result from radiolysis and/or chemical decomposition depends on the physical
half-life of the radionuclide, the solvent, any additive, the labeled molecule, the
nature of emitted radiations, and the nature of the chemical bond between the radio-
nuclide and the molecule. Usually a period of one to three physical half-lives or a
maximum of 6 months is suggested as the limit for the shelf-life of a labeled com-
pound. The shelf-life of ®™Tc-labeled compounds varies between 0.5 h and 18 h, the
most common value being 6 h.

6.6 Specific Methods of Labeling

In nuclear medicine, *"Tc-labeled compounds constitute nearly 80% of all radio-
pharmaceuticals used in nuclear medicine, and '’I- and "*!I-labeled compounds and
other radionuclides account for the rest. The general principles of iodination and
%mTc-labeling are discussed below.

6.6.1 Radioiodination

Iodination is used extensively for labeling the compounds of medical and biological
interest. lodine is an element belonging to the halogen group VIIA. Its atomic num-
ber is 53 and its only stable isotope is '*I. A number of iodine radioisotopes are
commonly used for radioiodination, and those of clinical importance are presented in
Table 4.1. Of all iodine isotopes, '*I is most suitable for in vivo diagnostic proce-
dures because it has a convenient half-life (13.2 h) and photon energy (159 keV) and
gives a low radiation dose to the patient. It is a cyclotron-produced isotope and there-
fore is expensive. The isotope *°I is commonly used for producing radiolabeled anti-
gens and other compounds for in vitro procedures and has the advantage of a long
half-life (60 d). However, its low-energy (27-35 keV) photons make it unsuitable for
in vivo imaging. The isotope *'T has an 8-day half-life and 364-keV photons and is
used for thyroid uptake and scan. However, its - emission gives a larger radiation
dose to the patient than %I, and it is exclusively used for thyroid treatment.

In 21 preparations, '*I remains an undesirable radionuclidic impurity that is
produced by the a-particle bombardment of Te targets, because of its long half-life
(4.2 d) and its annihilation and other high-energy radiations [511 keV (46%),
603 keV (61%), 723 keV (10%), and 1.69 MeV (10.4%)]. These high-energy
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photons degrade resolution of scintigraphic images because of their septal penetra-
tion of the collimator and also spillover of the scattered radiations in the 159-keV
window of 1. Therefore, high-purity I needs to be produced via appropriate
nuclear reactions described in Chap. 4.

Principles of lodination

Iodination of a molecule is governed primarily by the oxidation state of iodine. In
the oxidized form, iodine binds strongly to various molecules, whereas in the
reduced form, it does not. Commonly, iodine is available as Nal and I~ oxidized to
I* by various oxidizing agents. The free molecular iodine has the structure of [*-I~ in
aqueous solution. In either case the electrophilic species I* does not exist as a free
species but forms complexes with nucleophilic entities such as water or pyridine:

I,+H,0 = H,0I" +I° (6.4)
I,+OH = HOI+I (6.5)

The hydrated iodonium ion, H,OI* and hypoiodous acid, HOI, are believed to be
the iodinating species in the iodination process. Iodination occurs by electrophilic
substitution of a hydrogen ion by an iodonium ion in the molecule of interest, or by
nucleophilic substitution (isotope exchange) where a radioactive iodine atom is
exchanged with a stable iodine atom that is already present in the molecule. These
reactions are represented as follows:

Nucleophilic substitution:

R—I+Na”'T=R-"'T+Nal+H,0 (6.6)

Electrophilic substitution:

R-I1+H,0"'T=R-"'1 +HI+H,0 6.7)

In protein iodination, the phenolic ring of tyrosine is the primary site of iodin-
ation, and the next important site is the imidazole ring of histidine. The pH plays an
important role in protein iodination. The optimum pH is 7-9. Temperature and dura-
tion of iodination depend on the type of molecule to be iodinated and the method of
iodination used. The degree of iodination affects the integrity of a protein molecule
and generally depends on the type of protein and the iodination method. Normally,
one atom of iodine per protein molecule is desirable.

Methods of lodination
There are several methods of iodination, and principles of only the important ones
are described below.

Triiodide Method
The triiodide method essentially consists of adding radioiodine to the compound to
be labeled in the presence of a mixture of iodine and potassium iodide:
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I, +KI+"', + 2RH — R"®'T+ K"'T+ RI+2HI (6.8)

where RH is an organic compound being labeled. In the case of protein labeling by
this method, minimum denaturation of proteins occurs, but the yield is low, usually
about 10-30%. Because cold iodine is present, the specific activity of the labeled
product is considerably diminished.

lodine Monochloride Method

In the iodine monochloride (ICI) method, radioiodine is first equilibrated with
stable '?I in iodine monochloride in dilute HCI, and then the mixture is added
directly to the compound of interest for labeling at a specific pH and temperature.
Yields of 50-80% can be achieved by this process. However, cold iodine of IC1
can be introduced in the molecule, which lowers the specific activity of the
labeled compound, and the yield becomes unpredictable, depending on the
amount of ICI added.

Chloramine-T Method

Chloramine-T is a sodium salt of N-monochloro-p-toluenesulfonamide and is a
mild oxidizing agent. In this method of iodination, first the compound for labeling
and then chloramine-T are added to a solution of '*'I-sodium iodide. Chloramine-T
oxidizes iodide to a reactive iodine species, which labels the compound. In the
absence of cold iodine, high specific activity compounds can be obtained by this
method, and the labeling efficiency can be very high (~90%). However, chloramine-
T is a highly reactive substance and can cause denaturation of proteins. Sometimes
milder oxidants such as sodium nitrite and sodium hypochlorite can be used in lieu
of chloramine-T.

Electrolytic Method

Many proteins can be radioiodinated by the electrolytic method, which consists of
the electrolysis of a mixture of radioiodide and the material to be labeled. In the
electrolytic cell, the anode and cathode compartments are separated by a dialyzing
bag that contains the cathode immersed in saline, whereas the anode compartment
contains the electrolytic mixture. Electrolysis releases reactive iodine, which labels
the compound. Slow and steady liberation of iodine causes uniform iodination of
the compound, and in the absence of any carrier iodine, a labeling yield of almost
80% can be achieved.

Enzymatic Method

In enzymatic iodination, enzymes, such as lactoperoxidase and chloroperoxi-
dase, and nanomolar quantities of H,O, are added to the iodination mixture
containing radioiodine and the compound to be labeled. Hydrogen peroxide oxi-
dizes iodide to form reactive iodine, which in turn iodinates the compound.
Denaturation of proteins or alteration in organic molecules is minimal because
only a low concentration of hydrogen peroxide is added. Yields of 60—-85% and
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high specific activity can be achieved by this method. This method is mild and
useful in the iodination of many proteins and hormones.

Conjugation Method

In the conjugation method, initially N-succinimidyl-3(4-hydroxyphenyl)-propionate
(N-SHPP) is radioiodinated by the chloramine-T method and separated from the
reaction mixture. The radioiodinated N-SHPP in dry benzene is available commer-
cially. Proteins are labeled by this agent by allowing it to react with the protein
molecule, resulting in an amide bond with lysine groups of the protein. The labeling
yield is not very high, but the method does not cause alteration of the tyrosine moi-
eties of protein molecules, although in vivo dehalogenation is encountered in some
instances.

Demetallation Method

To improve the in vivo stability of iodinated proteins, various organometallic inter-
mediates such as organothallium, organomercury, organosilane, organoborane, and
organostannane have been used to iodinate the aromatic ring of the precursor. The
carbon-metal bond has a lower binding energy than the corresponding carbon-
hydrogen bond and is easily cleaved by radioiodination. Of all these, organostan-
nane [example, succinimidyl para-tri-n-butylstannyl benzoate (SBSB)] is most
attractive because of the ease of preparation, stability, and easy exchange reaction
with radioiodine. SBSB is first radioiodinated by a suitable method whereby tribu-
tylstannyl group is substituted by radioiodine (Fig. 6.2). Protein is then coupled to
SBSB by mixing the two at alkaline pH. This method is mild to the protein and
in vivo dehalogenation is minimal. Tamoxifen, vinyl estradiol, and phenyl fatty
acids have been iodinated by this technique.

SnR3

—> PROTEIN
P |

SBSE IODINATED

PROTEIN
N— o—\/
@O

P = Succinimidyl group

R = butyl

Fig. 6.2 Principle of the demetallation method
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lodogen Method

Proteins and cell membranes can be radioiodinated by the iodogen method. Iodogen
or chloramide (1,3,4,6-tetrachloro-3a, 6a-diphenylglycoluril) dissolved in methy-
lene chloride is evaporated in tubes to obtain a uniform film coating inside the tube.
The radioiodide and protein are mixed together in the tube for 10-15 min, and the
mixture is removed by decantation. lodogen oxidizes iodide, and iodine then labels
the protein. The unreacted iodide is separated by column chromatography of the
mixture using Sephadex gel or DEAE ion exchange material. The denaturation of
protein is minimal, because the reaction occurs on a solid phase of iodogen, which
is poorly soluble in water. The labeling yield is of the order of 70-80%.

lodo-Bead Method

In the iodo-bead method, iodo-beads are used to iodinate various peptides and pro-
teins containing a tyrosine moiety. lodo-beads consist of the oxidant
N-chlorobenzenesulfonamide immobilized on 2.8-mm diameter nonporous poly-
styrene spheres. These spheres are stable for at least 6 months if stored in an amber
bottle at 4°C. Radioiodination is carried out by simply adding five to six iodo-beads
to a mixture of protein (~100 pg) and I or ¥'I-sodium iodide in 0.5 ml of phos-
phate buffer solution contained in a capped polystyrene tube. The reaction is allowed
for 15 min at room temperature. The iodination mixture can be removed by pipet-
ting, and iodinated protein is then separated by conventional techniques. This
method has been claimed to be very successful with little denaturation of the pro-
tein. The labeling yield is almost 99%.

Radioiodinated Compounds

After radioiodination the residual free iodide is removed by precipitation, anion
exchange, gel filtration, or dialysis; the particular method of choice depends on the
iodinated compound. Many iodinated compounds can be sterilized by autoclaving,
but sterilization of labeled proteins must be carried out by membrane filtration
because autoclaving denatures proteins.

In general, iodine binds firmly and irreversibly to aromatic compounds, but its
binding to aliphatic compounds is rather reversible. Iodine binds with amino and
sulfhydryl groups, but these reactions are reversible. Partially unsaturated aliphatic
fatty acids and neutral fats (e.g., oleic acid and triolein) can be labeled with radioio-
dine. However, iodination saturates the double bond in these molecules and thus
alters their chemical and perhaps biological properties.

Various examples of radioiodinated compounds are '*’I-, or *'I-labeled human
serum albumin, fibrinogen, insulin, globulin, and many hormones, antibodies, and
enzymes. The major drawback of 13!I-labeled compounds is the high radiation dose
to the patient and high-energy photons (364 keV). The radiation characteristics of
23] are suitable for use in vivo, and with their increasing availability, many
123[-radiopharmaceuticals are prepared for clinical use in nuclear medicine. In many
institutions, ?*I-sodium iodide is used routinely for thyroid studies.
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6.6.2 Labeling with *°*™Tc

General Properties of Technetium-99m

As previously mentioned, nearly 80% of radiopharmaceuticals used in nuclear med-
icine are *™Tc-labeled compounds. The reason for such a preeminent position of
mTc in clinical use is its favorable physical and radiation characteristics. The 6-h
physical half-life and the small amount of electron emission permit the administra-
tion of millicurie amounts of ***Tc radioactivity without significant radiation dose
to the patient. In addition, the monochromatic 140-keV photons are readily colli-
mated to give images of superior spatial resolution. Furthermore, *™Tc is readily
available in a sterile, pyrogen-free, and carrier-free state from *Mo-*"Tc
generators.

Chemistry of Technetium

Technetium is a transition metal of silvery gray color belonging to group VIIB (Mn,
Tc, and Re) and has the atomic number 43. No stable isotope of technetium exists
in nature. The ground state *Tc has a half-life of 2.1 x 103 years. The electronic
structure of the neutral technetium atom is 18*2s22p®3s23p®3d1%4s24p4d®5s!.
Technetium can exist in eight oxidation states, namely, 1— to 7+, which result from
the loss of a given number of electrons from the 4d and 5 s orbitals or gain of an
electron to the 4d orbital. The stability of these oxidation states depends on the type
of ligands and chemical environment. The 7+ and 4+ states are most stable and exist
in oxides, sulfides, halides, and pertechnetates. The lower oxidation states, 1—, 1+,
2+, and 3+, are normally stabilized by complexation with ligands, for example, Tc!*
complexed with six isonitrile groups in *"Tc-sestamibi (see Chap. 7). Otherwise,
they are oxidized to the 4+ state and finally to the 7+ state. The Tc>* and Tc®* species
frequently disproportionate into Tc** and Tc’* states:

3Tc™ — 2Tc* +Tc™ (6.9)
3Tc* — Te** +2Tc"™ (6.10)

The coordination number of ®™Tc-complexes can vary between 4 and 9.

The low concentration of carrier-free **Tc(~10"° M) in many *™Tc-labeled
compounds presents a difficult problem in assessing its chemistry. Most of the
information regarding the chemistry of technetium has been obtained from that of
Tc, which is available in concentrations of 10~ to 10~ M, by applying various
analytic techniques such as polarography, mass spectrometry, X-ray crystallogra-
phy, chromatography, and so on.

The principles of dilute solutions play an important role in the chemistry of
%mTc, because the concentration of ™Tc in *™Tc-radiopharmaceuticals is very low.
For example, a 20 ml 3-Ci (111-GBq) sample of the *™Tc-eluate from the Moly
generator would have a *™Tc concentration of about 2.8 x 107 M. Because *Tc
competes with *™Tc in all chemical reactions, the chemistry of *"Tc-
radiopharmaceuticals is further complicated by the presence of *Tc, which arises
from the 13% direct decay of Mo and the decay of ™Tc over time. In preparations
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containing only a limited amount of Sn**, the total amount of both *™Tc and *Tc
may be too high to undergo complete reduction by Sn?*, thus lowering the labeling
yield. For example, the tin content in HMPAO kits is limited, and therefore freshly
eluted *™Tc is required for maximum labeling yield. Thus it is essential to have
knowledge of the relative proportions of *™Tc¢ and *’Tc in the Tc-eluate to estimate
the labeling yield of a ®"Tc-radiopharmaceutical.

It has been found that the amount of Sn** available for *™Tc labeling in typical
lyophilized kits is much lower than expected from the original amount added to the
formulation. This has been attributed to the likely formation of colloidal tin oxide
during the later phase of lyophilization. At present, there is no method to prevent
this loss of Sn**.

Reduction of #"Tc O,
The chemical form of *™Tc obtained from the Moly generator is sodium pertechnetate
(*Tc-NaTcO,). The pertechnetate ion, "Tc O, , having the oxidation state 7+ for
#mTe, resembles the permanganate ion, Mn O, , and the perrhenate ion, Re O, . It has a
configuration of a pyramidal tetrahedron with Tc™* located at the center and four oxygen
atoms at the apex and corners of the pyramid. Chemically, *Tc O, is a rather nonreac-
tive species and does not label any compound by direct addition. In ®™Tc-labeling of
many compounds, prior reduction of *Tc from the 7+ state to a lower oxidation state is
required. Various reducing agents that have been used are stannous chloride
(SnCl,-2H,0), stannous citrate, stannous tartrate, concentrated HCI, sodium borohy-
dride (NaBH,), dithionite, and ferrous sulfate. Among these, stannous chloride is the
commonly used reducing agent in most preparations of *"Tc-labeled compounds.
Another method of reduction of *Tc’* involves the electrolysis of a mixture of sodium
pertechnetate and the compound to be labeled using an anode of zirconium.

The chemical reactions that occur in the reduction of technetium by stannous
chloride in acidic medium can be stated as follows:

3Sn* = 3Sn* +6e (6.11)
2”"TcO,” +16H" +6e” = 2""Tc* +8H,0 (6.12)

Adding the two equations, one has

2”"TcO,” +16H" +3Sn** = 2”"Tc* +3Sn*" +8H,0 (6.13)

Equation (6.12) indicates that ®™Tc"™ has been reduced to *™Tc*". Other reduced
states such as "Tc** and *™Tc> may be formed under different physicochemical
conditions. It may also be possible for a mixture of these species to be present in a
given preparation. Experiments with millimolar quantities of *Tc have shown that
Sn?* reduces *Tc to the 5+ state and then slowly to the 4+ state in citrate buffer at
pH 7. Technetium-99 is reduced to the 4+ state by Sn** in concentrated HCI.

The amount of *™Tc atoms in the " Tc-eluate is very small (~10~° M), and there-
fore only a minimal amount of Sn** is required for reduction of such a small quan-
tity of ®™Tc; however, enough Sn** is added to ensure complete reduction. The ratio
of Sn** ions to " Tc atoms may be as large as 10°.
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Labeling with Reduced Technetium
The reduced *™Tc species are chemically reactive and combine with a wide variety
of chelating agents. A schematic reaction would be

Reduced”™Tc + chelating agent = *"Tc-chelate (6.14)

The chelating agent usually donates lone pairs of electrons to form coordinate
covalent bonds with reduced *™Tc. Chemical groups such as -COO~, —OH~, —
NH,, and —SH are the electron donors in compounds such as DTPA, gluceptate, and
so on. Several investigators proposed that tin is incorporated into the *Tc-chelate,
for example, *"Tc-Sn-dimethylglyoxime. However, it has been shown by experi-
ments that ®™Tc-labeled DTPA, N[N’-(2,6-dimethylphenyl)carbamoylmethyl] imi-
nodiacetic acid (HIDA), methylene diphosphonate (MDP), pyrophosphate (PYP),
hydroxyethylidene diphosphonate (HEDP), and gluconate do not contain any tin in
the structure of the complex.

Free Pertechnetate in **"Tc-Radiopharmaceuticals

In a typical preparation of *"Tc-radiopharmaceutical in the kit vial, the quantity of
free pertechnetate usually remains within the acceptable limit. However, the pres-
ence of oxygen in the vial, particularly before the addition of *™Tc, can cause oxi-
dation of the stannous ion to stannic ion whereby the amount of stannous ion
available for reduction of Tc’* decreases. This results in an increase in free " TcO,
in #Tc-radiopharmaceuticals. Further, the high activity of *™Tc in the presence of
oxygen can cause radiolysis of water or other products in the sample producing
hydroxy(OH), alkoxy(RO), and peroxy(RO,) free radicals. These species interact
with ®"Tc-chelates producing free "TcO, in the sample. However, limits of *™Tc
activity suggested for adding to the commercial kits are sufficiently low such that
the radiolytic effects are normally negligible.

The above effects can be mitigated by using sufficient quantity of stannous ion
and by avoiding oxygen, air, or any oxidizing agent in the vial throughout its shelf-
life. It is a common practice to flush the kit vials with N, gas to maintain inert gas
atmosphere in them. In some kits such as MDP and HDP Kkits, antioxidants (e.g.,
ascorbic acid and gentisic acid) are added to prevent oxidation.

Hydrolysis of Reduced Technetium and Tin
There is a possibility that reduced *Tc may undergo hydrolysis in aqueous solution.
In this case, reduced *"Tc reacts with water to form various hydrolyzed species
depending on the pH, duration of hydrolysis, and presence of other agents. An analy-
sis of chemical reactions shows that hydrolyzed technetium is a compound of *™TcO,
complexed with other ingredients (e.g., SnO, MoO;, or Al). This hydrolysis competes
with the chelation process of the desired compound and thus reduces the yield of the
PmTc-chelate. The hydrolyzed species can also interfere with the diagnostic test in
question if they are present in large quantities in the radiopharmaceutical.

The use of stannous chloride has a disadvantage in that the Sn* ion also readily
undergoes hydrolysis in aqueous solution at pH 6—7 and forms insoluble colloids.
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These colloids bind to reduced *"Tc and thus compromise the labeling yield. For
this reason, an acid is added to prevent the hydrolysis of Sn** before the reduction
of technetium if the preparation is made using basic ingredients rather than a kit.

These two disadvantages, namely, the hydrolysis of reduced *"Tc and Sn**, can
be circumvented by adding enough chelating agents. The latter will bind to reduced
PmTc and Sn?* and thus prevent their hydrolysis. The ratio of the chelating agent to
Sn?* should be large enough to ensure complete binding. Binding between the che-
lating agent and reduced *™Tc or Sn?* is highly dependent on the affinity constant
of the chelating agent. If it is a weak chelating agent (e.g., phosphate compounds),
then hydrolyzed species in the Tc-labeled preparation tend to be relatively high.
However, if the chelating agent has a high affinity constant (e.g., DTPA), then the
amount of hydrolyzed species will be minimal.

At any rate, in a preparation of a ®"Tc-labeled compound, three ***Tc species
may be present:

1. “Free” *™Tc as *™TcO, that has not been reduced by Sn**.

2. “Hydrolyzed” *"Tc, such as ®"TcO, that did not react with the chelating agent;
this includes reduced *™Tc bound to hydrolyzed Sn** [Sn(OH),].

3. “Bound” *"Tc-chelate, which is the desired compound formed by binding of
reduced *™Tc to the chelating agent.

In most routine preparations, the major fraction of radioactivity is in the bound
form. The free and hydrolyzed fractions are undesirable and must be removed or
reduced to a minimum level so that they do not interfere significantly with the diagnos-
tic test in question. Analysis of *"Tc- and *Tc-HEDP samples by high-performance
liquid chromatography has revealed that there are at least seven Tc-containing species
of unknown oxidation states. The distribution of different components in these mix-
tures depends on reaction time and the presence of molecular oxygen.

Formation of #"Tc-Complexes by Ligand Exchange

The ligand exchange method, also termed the transchelation, involves first forming
a #"Tc-complex with a weak ligand in aqueous media and then allowing the com-
plex to react with a second ligand, which is relatively more stable. Because of the
difference in stability of the two ligands, a ligand exchange occurs, forming a more
stable *™Tc-complex with the second ligand. For example, in the preparation of
PmTc-labeled mercaptoacetylglycylglycylglycine (MAG3), ™ Tc-tartrate or *™Tc-
gluconate is first formed by reduction of ®"Tc O, with stannous ion in the presence
of sodium tartrate or gluconate. Subsequent heating with MAG3 results in *™Tc-
MAGS3. The following are the sequences of reactions for "Tc-MAG3:

#"TcO,” +Sn*" = Reduced”"Tc+Sn* (6.15)
Reduced”™"Tc + tartrate =" Tc-tartrate (6.16)

9m Tetartrate + MAG3 =™ Tc-MAG3+ tartrate (6.17)
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Stronger ligands such as MAG3, isonitrile, and ECD are less soluble in aqueous
solution and require heating or a long time without heating to dissolve. In contrast,
weaker ligands such as tartrate, citrate, and EDTA are highly soluble in aqueous
solution. In kits containing both weak and strong ligands, stannous ions primarily
remain bound to weaker ligands rather than stronger ligands because of the ready
solubility of the former. After the addition of *"Tc O, , Tc’* is reduced by Sn** ions,
and the reduced Tc readily forms *"Tc-chelate with the weaker ligands. Upon heat-
ing or with a long reaction time, stronger ligands dissolve and ligand exchange
occurs between the stronger ligand and *™Tc-chelate.

The addition of a weaker chelating agent is necessary to stabilize the reduced Tc,
particularly in the lower oxidation states. Because the reaction between the stronger
ligand and the reduced Tc is slow due to poor solubility of the ligand, the stronger
ligand alone, in the absence of a weaker ligand, would tend to precipitate most of
the reduced Tc as colloid.

Based on these principles, several kits for ™Tc-labeling have been formulated
containing both weak and stronger ligands along with stannous ions. Examples are
tartrate and MAG3 for renal imaging, EDTA and ethyl cysteine dimer (ECD) for
brain imaging, and hexakis-methoxyisobutyl isonitrile and sodium citrate for myo-
cardial imaging.

6.6.3 Structure of **Tc-Complexes

The oxidation state of technetium in many ***Tc-complexes is not known with cer-
tainty. Polarographic measurements and iodometric titrations have been employed
to determine the oxidation state of technetium in these compounds. In *"Tc-DTPA,
the oxidation state of technetium has been reported to be **Tc*, whereas in " Tc-
labeled albumin it has been suggested to be ***Tc>*. Various physicochemical fac-
tors influence the reduction of ™ Tc’* and hence the oxidation state of technetium in
a P"Tc-complex.

Various methods such as electronic and vibrational spectroscopy, X-ray crystal-
lography, solvent extraction, electrophoresis, and mass spectrometry are employed in
the separation and characterization of *Tc-complexes. It has been shown that many
PmTc-complexes studied thus far have technetium in the 5+ oxidation state. It has also
been found that most of these compounds are stabilized by oxo groups and contain
oxotechnetium (*"Tc = O) cores such as *"TcO*, trans-*"TcOj, and *"Tc, O}
(Jones and Davison 1982). The structures of *™TcO* and trans-*"Tc O, are illus-
trated in Fig. 6.3. In the figure, “L” represents ligands in the cis position that form
coordinate covalent bonds with technetium of the " Tc¢ = O core. In Fig. 6.3b, there is
an oxygen atom in the trans-position to the *™Tc = O core. Figure 6.3a is an illustra-
tion of a five-coordinate complex and Fig. 6.3b represents a six-coordinate complex.
The oxygen in the frans-position may become labile by the influence of the electronic
structure of the cis ligands and can easily undergo solvolysis in alcohols and water.

The charge of a *™Tc-complex is determined by adding the charges of the ligands
to that of the ®™Tc = O core. The coordination number of *"Tc-complexes can vary
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from four to nine depending on the nature of the ligands. The pentavalent Tc
(*mTc*) is coordinated by four thiolates of two DMSA ligands and an apical oxo
group, and the complex has the formula [TcO(DMSA),]* with coordination num-
ber 5, as shown in Fig. 6.4.

The biodistribution and in vivo kinetics of **Tc-radiopharmaceuticals are influ-
enced by their stereochemical structures. The latter depend on the ligand stereochem-
istry, the number, type and arrangement of donor atoms, chelate ring size and
conformation, the coordination geometry of the metal, and the number of possible
ways a ligand can arrange around the metal. The majority of stereochemical studies
on ®"Tc-radiopharmaceuticals have been made with six-coordinate octahedral com-
plexes containing two or more bidentate ligands and five-coordinate square pyramidal
Tc = O complexes. For example, ™Tc-hexamethylpropyleneamine oxime (HMPAO)
is an octahedral complex having the d,/ stereoisomer as well as the mesoisomer, and
PmTe-ECD has the five-coordinate square pyramidal structure giving rise to L/, d.d,
and mesoisomers. However, d,/ HMPAO and [,/ ECD isomers only are used for clini-
cal purposes, because of their preferential localization in the brain.

6.6.4 Oxidation States of *"Tc in *"Tc-Radiopharmaceuticals

As already mentioned, technetium can exist in various oxidation states from 1— to
7+. The Tc* oxidation state is most common in *™Tc-complexes, although com-
pounds containing *™Tc in other oxidation states exist and are being developed in
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increasing numbers. Various *™Tc-complexes in different oxidation states are dis-
cussed below. No useful Tc®, Tc?, and Tc® complexes have been developed for
clinical use, and therefore, these complexes have been omitted.

Tc7+
This state is most stable and is found in pertechnetate (**"Tc O, ) and technetium
heptasulfide (**"Tc,S,).

Tc5+

This oxidation state exists in *"Tc-citrate, " Tc-gluconate, and *™Tc-gluceptate
prepared by SnCl, reduction of pertechnetate in aqueous solution. Tc’* forms com-
plexes with various dithiols (containing sulfur) in which the coordination number of
the complex is 5 in the solid state. The four sulfur atoms occupy the four corners of
the square base plane and an oxygen atom at the apex of the square pyramid. In
solution, six-coordinate compounds are formed, in which case the octahedral struc-
ture renders the molecule more labile. One example of this type is diaminodithiol
(DADT) compounds. The oxidation state of ™Tc in these complexes is 5+, and the
complexes are neutral, stable, and lipophilic. Other Tc>* complexes include EDTA,
pyridine, and imidazole ligands containing nitrogen bases. X-ray crystallography of
the *"Tc-HMPAO complex shows Tc* to have five-coordinate groups with an oxo
group at the apex and four nitrogen atoms at the corners of the square base of a pyra-
mid. Loss of a hydrogen atom from two amine groups and an oxime group in the
ligand results in a neutral complex.

Tc4+

The common examples of the Tc** oxidation state are found in TcO, and hexahalo
complexes. *™TcO,-xH,0 is produced by reduction of pertechnetate with zinc in
HCI. But in this process, 20% of the technetium is reduced to metal. Hydrolysis of
hexaiodo complex results in a pure TcO,-xH,O product. Hexahalo complexes are
stable only in a nonaqueous solution, whereas they undergo hydrolysis in aqueous
solution.

The oxidation state of ™Tc¢ in *"Tc-hydroxyethylidene diphosphonate (HEDP)
has been reported to be variable, depending on the pH of the preparation. The Tc**
state exists at acidic pH, the Tc** in alkaline solution, and the Tc* at neutral
pH. Since a slight variation of pH can alter the oxidation state, *"Tc may exist in a
mixture of 3+, 4+, and 5+ states in **"Tc-HEDP.

Tc3+
PmTe-complexes of DTPA, EDTA, dimercaptosuccinic acid (DMSA), and HIDA
all are found to have the Tc** state when prepared in acid solutions. However, the
Tc** state is found in both alkaline and neutral solutions of DTPA and EDTA.
Various arsine and phosphine complexes of Tc** have been prepared mostly for
myocardial imaging. These complexes are of the type [TcD,X,]* where D stands for
a chelating diphosphine ligand and X represents a halogen. The organic ligands
include [1,2 bis-diphenylphosphino] ethane (DPPE), [bis (1,2-dimethylphosphino)
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ethane] (DMPE), and [o-phenylene bis (dimethylarsine)], whereas the halogen and
halogen-like ligands are Cl, Br, and SCN. The structure of DPPE is found to be
octahedral, in which the centrally located Tc is coordinated with four equatorial
phosphorus atoms and two transaxial halogen atoms. The electrochemistry of these
compounds shows that complexes with Cl~ and Br~ are highly stable.

The Tc?* state exists in *Tc-labeled oxime complex and the most common
example of this type is ®™Tc-labeled dimethylglyoxime, which is prepared by Sn**
reduction of *"TcO, in the presence of dimethylglyoxime. In this compound, Sn*
is found to be incorporated in the structure of the complex.

Another class of compounds, called BATOs (boronic acid adducts of technetium
dioxime complexes), is found to contain the Tc** state in the structure, when com-
plexed with #"Tc. ®"Tc-teboroxime (Cardiotec; Squibb Diagnostics, Princeton, NJ)
belongs to this group and was once used for myocardial imaging. In the structure of
9mTe-teboroxime, technetium is coordinated to three N-bonded dioxime molecules
and one Cl atom in an axial position. However, its very rapid washout from the myo-
cardium made it impractical to collect meaningful data using the SPECT technique.

Tc1+

This oxidation state is primarily stabilized in aqueous medium by coordination
bonds with various ligands. For example, Tc!* in " Tc-sestamibi is stabilized by the
isonitrile groups. Other isonitrile complexes such as tert-butyl, methyl, cyclohexile,
and phenyl isocyanide groups form stable compounds with ***Tc in the 1+ oxidation
state. These compounds are stable in air and water.

6.6.5 Oxidation States in **"Tc-Labeled Proteins

The oxidation state of technetium in **Tc-labeled protein depends on the reducing
agents used in the preparation. For example, when concentrated HCI is used as the
reducing agent, Tc* is the likely oxidation state in *™Tc-albumin. However, when
ascorbic acid is used as the reducing agent, Tc>* is the probable oxidation state. This
is true in the case of direct labeling method (described later). In the case of indirect
labeling in which a bifunctional chelating agent is added as a spacer between the Tc
and the protein (antibody), Tc exists primarily in the Tc* state, where one end of the
chelator binds to Tc, while the other end is bound to the protein.

6.6.6 Kits for **"Tc-Labeling

The introduction of kits for many ***Tc-radiopharmaceuticals has facilitated the
practice of nuclear pharmacy significantly. The kits have a long shelf-life and can be
purchased and stored well ahead of daily preparation; *™Tc-labeling can be accom-
plished simply by adding *"TcO, to most kits.

Kits for most *Tc-radiopharmaceuticals are prepared from a “master” solution
consisting of the compound to be labeled mixed with an acidic solution of a
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stannous compound in appropriate proportions. The pH of the solution is adjusted
to 5-7 with dilute NaOH, purged with nitrogen, and aliquots of the solution are
dispensed into individual kit vials. The solution is then lyophilized (freeze-dried)
and the vial flushed and filled with sterile nitrogen. Lyophilization renders the dried
material in the vial readily soluble in aqueous solution and thus aids in labeling by
chelation. The preparation is carried out using sterile materials and under strict
aseptic conditions in a laminar flow hood filled with nitrogen under positive
pressure.

Various stannous compounds, such as stannous chloride, stannous fluoride, stan-
nous citrate, stannous tartrate, stannous pyrophosphate, and so on, have been used
by different commercial manufacturers, although stannous chloride is most com-
monly used. In the kit preparation, when the acidic solution of Sn** is added, a
complex is formed between Sn** and the chelating agent:

Sn** + chelating agent = Sn-chelate (6.18)

When the pH of the solution is raised, hydrolysis of Sn** does not occur because
Sn?* is already chelated in the presence of a large amount of the chelating agent.

The chemistry of tin as described earlier prevails when the *Tc O, solution is
added to the lyophilized chelating agent in the kit vial. ™ Tc¢’* is reduced by Sn?** in
the Sn-chelate or by the free Sn** at equilibrium in Eq. (6.18). The amount of Sn?**
in the kit should be more than sufficient to reduce the nanomolar quantity of ™ T¢’™*
added to the kit.

In each kit, the initial amounts of Sn?* and chelating agent in the master solution
are very important. If too much tin is used, the possibility of hydrolysis of tin
increases, in which case hydrolyzed tin may coprecipitate some of the reduced *™Tc
to form *™Tc-Sn-colloid and other Sn-complexes, thus diminishing the yield of the
labeled chelate. Too little tin may lead to incomplete reduction of *™Tc to the
desired oxidation state and hence an unreliable yield of the *™Tc-complex along
with unreacted *™Tc O, . A large excess of the chelating agent should be used to
keep the tin complexed. This prevents the hydrolysis of tin and technetium at pH 6
to 7 after the addition of ®™Tc O, to the kit and thus results in an improved yield of
#mTc-complex. For a weak chelating agent, the ratio of chelating agent to tin should
be even higher. However, the optimum value of this ratio must be established for
each kit by trial and error.

6.7 Colloids and Labeled Particles

In true solutions, such as those of sucrose, sodium chloride, and so on, the particles
of a solute dissolved in the solvent are believed to be of molecular size. The particle
size is less than 1 nm (1 nm = 10~ m), and the particles are not visible under the
microscope. On the other hand, a suspension or emulsion contains particles large
enough to be visible to the naked eye or at least under the light microscope. These
particles are greater than 1 pm (I pm = 10 m = 10~* c¢cm). Colloidal particles fall
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between the two extremes of true solutions and suspensions. The size of colloidal
particles ranges between 10 nm and 1 pm, and they are usually electrically charged.
The surface charge of the particles (immobile) is balanced by an equal and opposite
charge of the mobile layer of the solvent. The potential developed between the two
layers is called the {-potential. Addition of electrolytes (salts, acids, or bases) to a
colloid breaks down this potential and eventually causes aggregation or flocculation
of colloids.

Stabilizing agents such as gelatin, polyvinylpyrrolidone, or carboxymethyl cel-
lulose are added to many colloidal preparations to prevent aggregation. The stability
and characteristics of a colloid depend on many factors such as size, primary charge,
{-potential, valence of the ions, surface tension, viscosity, and polarity of the disper-
sion medium. Colloidal particles are not visible under the light microscope but can
be detected under the ultramicroscope or electron microscope. Colloids are some-
times referred to as “macroaggregates”, although many investigators define the lat-
ter as having a size range of 0.5-5 pm. An example of a colloid used in nuclear
medicine is *™Tc-sulfur colloid. These particles are removed by reticuloendothelial
cells and therefore can be used for imaging the liver, spleen, and bone marrow.
Colloids of smaller sizes, such as " Tc-antimony sulfide colloid, have been used for
lymphoscintigraphy.

Larger particles, or macroaggregates as they are often called, are larger than
5 pm and can be seen under the light microscope. The size of these particles can be
measured using a hemocytometer under a light microscope. Examples of larger par-
ticles are *"Tc-MAA particles, which range in size between 15 and 100 pm. These
particles are trapped in the capillary bed of the lungs and are used widely for imag-
ing the lungs.

6.8 Additives and Preservatives

Additives, or preservatives as they are sometimes called, are added to many radio-
pharmaceuticals or labeled compounds to preserve their integrity and efficacy. As
previously mentioned, labeled compounds are prone to degradation by radiolysis,
and there is a possibility of bacterial growth in many radiopharmaceuticals. In many
cases additives prevent these complications. A preservative can function as a stabi-
lizer, an antioxidant, or a bactericidal agent, and some additives can perform all
these functions simultaneously. Additives must not react with any ingredient of the
radiopharmaceutical preparation.

Stabilizers are added to maintain the integrity of a radiopharmaceutical or a labeled
compound in its original state. They are very important in radiopharmaceutical prepa-
rations, particularly if the preparations are to be preserved for a long time. Ascorbic
acid, gentisic acid, citrates, and acetates are all stabilizers for many *™Tc-labeled prep-
arations. Gelatin is a widely used stabilizer for colloidal preparations, but its property
as a growth medium tends to encourage bacterial growth. For this reason, proper ster-
ilization and aseptic handling of preparations containing gelatin are essential.
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Bactericidal agents are used to prevent bacterial growth in a solution. Benzyl
alcohol in a concentration of 0.9% is widely used for this purpose. Such a low con-
centration of this compound is used because it has a vasodilating effect. Benzyl
alcohol also reduces radiolysis in the radiopharmaceutical preparation. Sometimes
ethanol (2.0%) is used as a bactericidal agent. These agents are not usually added to
9mTc-radiopharmaceuticals.

The pH of a radiopharmaceutical is very important for its stability and biological
properties; maintenance of the proper pH of the solution is achieved by adding acid,
alkali, or suitable buffers such as Tris buffer or phosphate buffers to the radiophar-
maceutical preparation.

The loss of radioiodine due to oxidation of iodide in an iodide solution is often
prevented by the addition of a reducing agent such as sodium thiosulfate, sodium
sulfite, or ascorbic acid or by maintaining an alkaline pH.

Questions

1. Discuss various factors that should be considered in the labeling
procedure.

2. (a) What is the oxidation state of '*'T required for iodination? (b) What is
the optimum pH for protein labeling? (c) What is the binding site in
iodination of protein? (d) What is believed to be the iodinating species?
(e) What are the two types of iodination reactions?

3. Describe various methods of iodination and their merits and
disadvantages.

4. What is the most common reducing agent used in *"Tc-labeling?

5. In*™Tc-labeling, it is often desirable that the chelating agent be added in
excess. Explain.

6. What are the three species of *™Tc present in a *"Tc-MDP preparation?
Explain how the hydrolyzed *™Tc originates in the sample. Can you sug-
gest a method to prevent this?

7. Oxygen or oxidizing agents should not be present in **™Tc-preparations.
Why?

8. Write the general chemical equations for *"Tc-labeling of a chelating
agent. Describe the preparation of kits for *™Tc-labeled compounds.

9. State the oxidation states of **"Tc in the following compounds: (a) *"Tc-
DTPA, (b) ®™Tc-labeled albumin, and (c) *™Tc-HIDA.

10. What are colloids? What are they used for? Name the common additive
used in *™Tc-sulfur colloid.

11. Discuss the importance of the oxotechnetium core in the structure of
®mTc-complexes.
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Characteristics of Specific
Radiopharmaceuticals

In this chapter, the practical aspects of preparation, labeling yield, stability, storage
conditions, and other characteristics of radiopharmaceuticals most commonly used
in nuclear medicine are discussed below.

71 9mTc-Labeled Radiopharmaceuticals

The basic principle of *™Tc-labeling involves reduction of *™Tc™ to an oxidation
state that binds to a chelating molecule of interest. In most cases, kits for " Tc-
radiopharmaceuticals are commercially available for routine clinical use. These kits
contain the chelating agent of interest and the reducing agent in appropriate quanti-
ties. In some Kkits, suitable stabilizers are added. Limits of volume and activity of
PmTc that can be added to specific kit vials and expiration time are given in the
package inserts provided by the manufacturer. For most ***Tc-radiopharmaceuti-
cals, the expiration time is 6 h, equal to the physical half-life of *™Tc (,, = 6 h).
Also included in the package inserts are storage temperatures for the kits before and
after the formulation with *™Tc. The following is a description of the characteristics
of the routinely used *™Tc-radiopharmaceuticals.

7.1.1 *°"Tc-Sodium Pertechnetate

PmTe-NaTcOy (1., = 6 h) is eluted from the *Mo—"*"Tc generator in saline solution.
These generators are supplied by Mallinckrodt Pharmaceuticals and Lantheus
Medical Imaging. The *™TcO, solution obtained from the generator is tested for
PMo and Al breakthrough, and aliquots are used to prepare different Kkits, as
described below. The shelf-life of *"Tc O, is 12 h after elution and can be stored at
room temperature. The oxidation state of technetium in *™TcO, is 7+.

#mTe O, is primarily used for preparation of *"Tc-labeled radiopharmaceuticals,
but is used as such for thyroid imaging and Meckel’s diverticulum detection.
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7.1.2 *"Tc-Macroaggregated Albumin

The macroaggregated albumin (MAA) is prepared by heating a mixture of human
serum albumin (HSA) and stannous chloride or tartrate in acetate buffer (pH 5;
isoelectric point of albumin) at 80-90°C for about 30 min. The particles are washed
with saline to remove any free stannous ion and resuspended in saline. The suspen-
sion is then aliquoted into vials for later use as kits.

Commercial kits are available in lyophilized form from Jubilant DraxImage
Inc. and usually contain MAA particles, stannous chloride dihydrate or tartrate,
and HCI or NaOH added for pH adjustment. The number of particles varies from
1 to 12 million particles per milligram of aggregated albumin. The shape of the
particles is irregular, and the size ranges between 10 and 90 um, with no parti-
cles larger than 150 um. The kits should be stored at 2—8°C before labeling with
9mTc,

The preparation of **"Tc-MAA using a commercial kit involves initial warming
up of the vial to room temperature followed by the addition of *"TcO, . Some kits
require that the vials stand for 2—15 min for maximum tagging. The labeling effi-
ciency is greater than 90%. The preparations are good for 6-8 h and must be stored
at 2-8°C after formulation.

The *mTc-MAA preparations must be checked for particle size with a hemocy-
tometer (grid size = 50 um) under a light microscope, and suspensions containing
particles larger than 150 um should be discarded. Before drawing a dosage for a
patient, the contents of the vial should be agitated gently to make a homogeneous
suspension. Similarly, the contents of the syringe also should be thoroughly mixed
before administration.

PmTc-MAA is the agent of choice for lung perfusion imaging. It is also used in
venography for detecting deep vein thrombi in lower extremities.

7.1.3 *"Tc-Phosphonate and Phosphate Radiopharmaceuticals

Phosphonate and phosphate compounds localize avidly in bone and, therefore, are
suitable for bone imaging. However, phosphonate compounds are more stable
in vivo than phosphate compounds because the P-O-P bond in phosphate is easily
broken down by phosphatase enzyme, whereas the P-C—P bond in diphosphonate is
not. For this reason, diphosphonate complexes labeled with *™Tc are commonly
used for bone imaging, although *™Tc-pyrophosphate (PYP) is used for myocardial
infarct imaging. Of several phosphonate compounds, methylene diphosphonate
(MDP) and hydroxymethylene diphosphonate (HDP) are most commonly used in
nuclear medicine. The molecular structures of PYP, MDP, and HDP are shown in
Fig. 7.1.

Commercial kits for PYP, MDP, and HDP are available from different manufac-
turers (Jubilant DraxImage, Bracco Diagnostics, Pharmalucence, GE Healthcare).
The composition of each kit varies from vendor to vendor in quantities of the chelat-
ing agent and stannous ions. All " Tc-diphosphonate agents are weak chelates and
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Fig. 7.1 Molecular structures of phosphate and phosphonate compounds used in bone imaging

tend to degrade with time, producing *™TcO, impurity in the presence of oxygen
and free radicals produced by radiations, as discussed in Chap. 6. These oxidative
reactions can be prevented by increasing the amount of tin, purging the kits with
nitrogen, and/or adding antioxidants. It should be noted that a suitable tin-to-chelat-
ing agent ratio must be maintained for optimal bone imaging without undesirable
PmTc—Sn—colloid formation.

When bone kits containing large amounts of Sn** were used for bone imaging,
subsequent brain scanning with **Tc O, indicated *"Tc-labeling of red blood cells
for up to 2 weeks after administration of *"Tc-PYP. This mimics the situation
encountered in in vivo labeling of red blood cells by first administering stannous
pyrophosphate followed by pertechnetate administration. The excess Sn** ions left
after the reduction of *"TcO, in diphosphonate kits are available in the plasma for
further radiolabeling of the red blood cells. For this reason, the tin content was low-
ered in subsequent bone kits, which were further stabilized with nitrogen purging
and using antioxidants such as gentisic acid.

The storage temperature for most kits is 15-30°C both before and after
labeling. Labeling is carried out by simply adding *"Tc O, to the vial and mix-
ing. The labeling yield is greater than 95%. The *™Tc-MDP preparation is good
for 6 h after labeling, except for HDP kits for which an expiration time of 8 h
has been indicated. The oxidation state of Tc in bone kits has been reported to
be 3+.

PmTc-MDP and *Tc-HDP are used for bone imaging, whereas *"Tc-PYP is
used for myocardial infarct imaging. The latter is also used in red blood cell labeling
for use in gated blood pool and gastrointestinal blood loss studies.

7.1.4 °°"Tc-Sulfur Colloid

The basic principle of *™Tc-sulfur colloid (SC) preparation is to add an acid to a
mixture of " Tc O, and sodium thiosulfate and then heat it at 95-100°C in a water
bath for 5-10 min. The pH of the mixture is adjusted to 67 with a suitable buffer.
The labeling yield is greater than 99%. Kits of *™Tc-SC are available commercially
from Pharmalucence. To these kits, besides the basic ingredients of thiosulfate and
an acid, the manufacturer adds gelatin as a protective colloid and EDTA to remove
by chelation any aluminum ion present in the *"Tc-eluate.
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The shelf-life of the kits is usually 1 year from the time of manufacture. *™Tc-
SC can be stored at room temperature and dispensed within 6—12 h after labeling.
The particle size ranges from 0.1 to 1 um, with a mean size of 0.3 um, and the
size distribution can vary from preparation to preparation. The presence of AI**
or any other polyvalent ions interferes with colloid formation by flocculation,
particularly in the presence of phosphate buffer, and the problem is remedied by
the addition of EDTA to the kit. EDTA forms a complex with AI** and thus pre-
vents flocculation of " Tc-SC. The *™Tc-eluate containing more than 10-ug alu-
minum/ml should not be used. If there is aggregation, larger particles will be
trapped in the pulmonary capillaries, and therefore, the preparation should be
discarded.

There are two steps in the labeling process of *™Tc-SC. In the first step, the acid
reacts with sodium thiosulfate in the presence of *"TcO, and forms colloidal
PmTc,S, as given in Eq. (7.1).

2Na”"TcO, +7Na,S,0, + 2HC1 -™" Tc,S, + 7Na,SO, + H,0+2NaCl ~ (7.1)

In the second step, colloidal sulfur is precipitated as shown in Eq. (7.2).

Na,S,0, + 2HCl - H,S0, +S+2NaCl (7.2)

The *™Tc-SC formation is faster than the colloidal sulfur formation. It has been
shown that colloidal sulfur forms at least in part on *™Tc-SC which serves as its
nucleus (Eckelman et al. 1996). At the same time, colloidal sulfur can also form
independently. Smaller particles generally contain relatively small quantities of col-
loidal sulfur but a significant amount of *™Tc-SC, and, conversely, larger particles
contain more colloidal sulfur than *Tc-SC. Thus, if more Tc (*Tc plus *™Tc) atoms
are added, as in the pertechnetate obtained from a generator that has not been previ-
ously eluted for a long period, small-size particles increase in number due to an
increase in the number of both *Tc- and *™Tc-SC particles and less amount of col-
loidal sulfur. The colloidal sulfur on the Tc-SC particles can be dissolved by heating
in mild alkaline solution giving rise to smaller particles. It should be noted that the
oxidation state of ™Tc¢ in ®™Tc¢,S; is 7+, and therefore no reduction of Tc¢™ occurs.

PmTe-sulfur colloid is most useful in liver and spleen imaging and at times in
imaging bone marrow. It is also used for gastrointestinal blood loss studies and for
making *"Tc-labeled egg sandwich for gastric emptying studies.

7.1.4.1 Filtered **"Tc-Sulfur Colloid

Lymphoscintigraphy is successfully performed by using smaller size (<1 um) *™Tc-
SC. These particles are obtained by filtering the *™Tc-SC (prepared as above)
through a 0.2- or 0.1-um membrane filter. In the case of high concentration of activ-
ity, the sample is diluted to the desired concentration and then filtered. The concen-
tration of particles in these preparations is reduced.
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7.1.5 °°"Tc-Albumin Colloid (Nanocolloid)

An albumin colloid kit under the brand name Nanocoll and Nanotop is supplied by
ROTOP Pharmaka in Europe. This kit is not approved by the US FDA. This kit
contains the HSA colloid (also called the nanocolloid) and stannous dihydrate and
is characterized by very small-size particles (almost 95% of the particles are less
than 0.08 um in size with a mean size of 0.03 um). Labeling is carried out by adding
“mTcO, to the kit vial and incubating the mixture for 5-10 min at room tempera-
ture. The labeling yield of *™Tc-albumin colloid is quantitative. Because of the
smaller size of the particles, more nanocolloid localizes in the bone marrow (~15%)
relative to *™Tc-SC (2-5%). The kit is stored at 2—-8°C before reconstitution and at
room temperature after reconstitution. **Tc-albumin colloid is useful for 6 h after
formulation.

%mTc-albumin colloid is useful for bone marrow imaging, inflammation scintig-
raphy, and lymphoscintigraphy because of their smaller size.

7.1.6 **"Tc-Tilmanocept (Lymphoseek)

PmTe-tilmanocept kit, marketed by Navidea Biopharmaceuticals as brand name
Lymphoseek, is used for the detection of lymph nodes and guiding sentinel lymph
node biopsy in patients with breast cancer, melanoma, and head and neck cancer.
Tilmanocept is a macromolecule comprising multiple units of DTPA and mannose,
each covalently bound to a dextran molecule. The kit contains five tilmanocept vials
each containing 250 pg of tilmanocept and five diluent vials containing 4.5-ml buff-
ered saline. The kit is reconstituted by adding appropriate amount of *™"Tc O, to the
reaction vial and allowing to stand for 15 min. The ***Tc O, solution should be used
within 8 h after elution from the generator. It is diluted with sufficient volume of
buffered saline as required for injections. On reconstitution, **Tc binds to the che-
lating agent DTPA moieties of tilmanocept. The radiochemical purity as determined
by ITLC is more than 90%. Its shelf-life is 6 h after formulation and it is stored at
room temperature.

7.1.7 °°"Tc-Pentetate (DTPA)

The DTPA kits are supplied by Jubilant DraxImage, Canada. The commercial
DTPA kits are usually made up of pentasodium or calcium trisodium salt of DTPA
containing an appropriate amount of stannous chloride dihydrate in lyophilized
form under nitrogen atmosphere. Labeling is performed by adding oxidant-free
PmTeO, to the kit vial and mixing. The labeling yield is greater than 95%. *™Tc-
DTPA has a shelf-life of 6 h after reconstitution. The recommended storage tem-
perature for the kit is 15-30°C before and after labeling.
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Using *“Tc in millimolar quantities, it has been shown that in *Tc-DTPA pre-
pared by stannous ion reduction, the oxidation state of technetium is 4+. It is not
known, however, if these data can be extrapolated to the tracer level of **Tc in
PmTc-DTPA.

The primary use of " Tc-DTPA is for renal flow study, glomerular filtration rate
(GFR) measurement, and aerosol preparation in lung ventilation studies. It is also
used in stress and rest radionuclide ventriculography. For GFR measurement, ™ Tc-
DTPA should be used within 1 h of preparation, because the breakdown of *"Tc-
DTPA may raise the blood background and thus give an erroneous GFR. It has also
been used for the study of cerebral shunt patency and cerebrospinal fluid leaks. For
such use, however, "Tc-DTPA must be tested specifically for pyrogens after recon-
stitution, because the cerebrospinal system is very sensitive to pyrogens.

7.1.8 °"Tc-Labeled Red Blood Cells

The basic principle of labeling of red blood cells (RBCs) with *™Tc¢ involves mixing
RBCs with Sn?* ions followed by the addition of *™TcO, . The Sn** ion enters into
the red blood cell, and subsequently *™TcO, ion diffuses into it, whereupon Sn**
reduces Tc’ to a lower oxidation state, nearly 80% of which then binds to the beta
chain of the globin part of hemoglobin and 20% to heme. Although various chelates
of Sn* have been proposed, stannous citrate, stannous gluceptate, and stannous
pyrophosphate are almost exclusively used for *"Tc-labeling of RBCs. Direct addi-
tion of RBCs to a mixture of *™TcO, and Sn** does not label RBCs.

There are three methods currently employed in the labeling of RBCs with *™Tc:
the in vitro method, the in vivo method, and the modified in vivo method. Each
method has its own merits and disadvantages and they are described below.

7.1.8.1 InVitro Method

In the in vitro method, blood is drawn from the subject, and RBCs are separated by
centrifugation and washing. The packed cells are incubated with appropriate amount
of Sn?* (usually stannous citrate) and washed to remove excess tin. The “tinned”
RBCs are then incubated with an appropriate amount of *™TcO, to yield *™Tc-
RBCs. The labeling efficiency is higher than 97%.

The commercially available kit supplied by Mallinckrodt Pharmaceuticals consists
of a lyophilized mixture of stannous citrate along with acid citrate dextrose (ACD).
One milliliter of heparinized blood is incubated initially for 5 min in the kit, and then
a sodium hypochlorite solution is added, followed by ACD solution. Hypochlorite
oxidizes excess Sn** to Sn**, and citrate removes plasma-bound tin as Sn-citrate com-
plex. ®"Tc-RBCs are obtained by adding *"TcO, and incubating for 15 min. The
labeling efficiency is better than 97%. This kit is marketed under the trade name of
Ultratag RBC.

The in vitro method is useful in the gastrointestinal blood loss study, hemangi-
oma study, gated blood pool study, and also for imaging the spleen. In the latter
case, the cells are denatured by heating the labeled cells at 50°C for about 20 min
and then injected into patients.
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7.1.8.2 InVivo Method
In the in vivo method, the Sn-PYP kit is reconstituted with isotonic saline, and a
sufficient volume of the solution to give 10-20-ug/kg Sn** ion is injected intrave-
nously into the patient. After 20-30 min of waiting, 20-30-mCi (0.74-1.11 GBq)
PmTeQ, is injected, which tags the RBCs immediately. The tagging efficiency is
somewhat lower (80-90%), partly due to extravascular distribution such as thy-
roid trapping, gastric secretion, and renal excretion. Certain drugs such as hepa-
rin, dextran, doxorubicin, penicillin, hydralazine, and iodinated contrast media
often inhibit Sn?* transport through the RBC membrane and diminish *"Tc-label-
ing of RBCs. In these subjects, in vitro labeling methods should be employed.
This method is commonly used in the gated blood pool study. It has the added
advantage of injecting **"Tc O, in a small volume as a bolus to perform the first pass
radionuclide ventriculography followed by gated blood pool study (discussed in
Chap. 13).

7.1.8.3 Modified In Vivo Method

The modified in vivo method is a modification of the above in vivo method (Callahan
et al. 1982). A butterfly infusion set containing heparinized saline (10 units/ml of
blood) is secured into the vein of the patient, while the open end is connected to a three-
way stopcock. One port of the stopcock is connected to a syringe containing 20-30-
mCi (740-1111 MBq) *™TcO, and the other to a syringe containing heparinized
saline. Residual heparin in the infusion line acts as anticoagulant. Twenty minutes after
injection of Sn-PYP, 3 ml of blood is drawn into the *"Tc syringe and incubated for
10 min with gentle shaking. The labeled cells are then injected back into the patient
followed by flushing with saline. This method gives better labeling yield (>95%) and is
useful in gastrointestinal blood loss studies and gated blood pool studies.

7.1.9 *"Tc-Iminodiacetic Acid Derivatives (Hepatolite,
Mebrofenin)

The first iminodiacetic acid (IDA) derivative employed in nuclear medicine was
2,6-dimethylphenylcarbamoylmethyl iminodiacetic acid or HIDA (its generic name
is lidofenin). HIDA is synthesized by refluxing a mixture of equal molar quantities
of w-chloro-2,6-dimethylacetanilide and disodium iminodiacetate in ethanol: water
(3:1) solvent (Loberg et al. 1976). Since the first use of HIDA for hepatobiliary
imaging, several N-substituted iminodiacetic acid derivatives have been prepared,
among which 2,6-diethyl (DIDA or etilfenin), paraisopropyl (PIPIDA or iprofenin),
parabutyl (BIDA or butilfenin), diisopropyl (DISIDA or disofenin), and bromotri-
methyl (mebrofenin) analogs have undergone considerable clinical and experimen-
tal research. The chemical structures of some derivatives and a *"Tc-IDA complex
are illustrated in Fig. 7.2.

Kits for DISIDA (Hepatolite; Pharmalucence, USA) and mebrofenin (Choletec;
Pharmalucence, Bracco Diagnostics) are commercially available and usually con-
tain the IDA derivative and stannous chloride or fluoride dihydrate as the reducing
agent. Labeling is accomplished by adding *™Tc O, to the kit and mixing well. The
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Fig.7.2 Molecular structures of different IDA derivatives and their *™Tc-complexes

labeling yield is greater than 95%. The shelf-life for *"Tc-DISIDA is given to be
6 h after reconstitution, whereas **"Tc-mebrofenin has a shelf-life of 18 h after
preparation. The storage temperature for DISIDA and mebrofenin is recommended
to be 15-30°C both before and after labeling.

The #™Tc-labeled IDA derivatives are commonly used as hepatobiliary agents to
evaluate hepatic function, biliary duct patency, and mainly in cholescintigraphy. Of
all IDA complexes, DISIDA and mebrofenin are claimed to be the hepatobiliary
agents of choice.

7.1.10 **"Tc-Hexamethylpropylene Amine Oxime (Ceretec)

Hexamethylpropylene amine oxime (HMPAO) is a lipophilic substance that forms a
neutral complex with *™Tc after reduction with Sn** ion. The United States Adopted
Names (USAN) use the term exametazime for this substance. HMPAO exists in two
stereoisomers: d,/-HMPAO and meso-HMPAO. The cerebral uptake of the former
isomer is much higher than that of the latter, and so the d,/ form must be separated
from the meso form by repeated crystallization before complexation with *™TcO, .
Commercial kits are available from GE Healthcare under the brand name Ceretec.
The kit is made up of a lyophilized mixture of exametazime (pure d,/-HMPAO) and
stannous chloride. Addition of *™TcO, to the kit vial gives greater than 80% label-
ing yield of *"Tc-HMPAO. There are conditions on the quality of *™TcO, to be
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used. "Tc O, must not be older than 2 h after elution from the generator and must
be eluted from a generator that has been eluted in the past 24 h.

The primary *"Tc-HMPAO complex that is formed after the addition of *™"TcO,
to the kit is lipophilic and crosses the blood—brain barrier. However, it breaks down
with time to a secondary complex that is less lipophilic and shows little brain uptake.
As a result, “"Tc-HMPAO must be used within 30 min after preparation. Also, a
strict quality control measure using thin-layer chromatography must be performed
to ascertain the labeling efficiency (>80%).

The instability of " Tc-HMPAO has been attributed to three factors: (1) high pH
(9-9.8) after reconstitution, (2) the presence of radiolytic intermediates such as
hydroxyl free radicals, and (3) excess stannous ions. To offset these factors, a phos-
phate buffer and methylene blue have been included separately in the new version
of Ceretec kits. These agents are added after the normal preparation of *™Tc-
HMPAO. Phosphate buffer lowers the pH around 6 at which the decomposition of
PmTc-HMPAO is minimal. Methylene blue acts as a scavenger of free radicals and
oxidizes excess stannous ions. Even though decomposition still occurs to some
extent at pH 6 in the presence of a phosphate buffer, the combination of both phos-
phate buffer and methylene blue together reduces the decomposition significantly.
The shelf-life of these new kits is 4 h after reconstitution.

The molecular structure of *"Tc-HMPAO is shown in Fig. 7.3a. X-ray crystal-
lography of the complex shows Tc* to have five coordinate groups with an oxo
group at the apex and four nitrogen atoms at the corners of the base of a square
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Fig. 7.3 Molecular structures of *"Tc-labeled complexes. a Tc-HMPAO. b Tc-sestamibi. ¢
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pyramid (Troutner et al. 1984). Loss of hydrogen atoms from two amine groups and
one oxime group in the ligand results in a neutral complex.

The primary use of " Tc-HMPAO is in brain perfusion imaging. Since it is lipo-
philic, it is used for labeling of leukocytes, substituting for '''In-oxine. However,
phosphate buffer and methylene blue are excluded in the formulation of *"Tc-
HMPAO, when used for leukocyte labeling.

7.1.11 *°"Tc-Sestamibi (Cardiolite, Miraluma)

9mTc-sestamibi is a lipophilic cationic complex used as a myocardial perfusion
imaging agent. It was initially patented and manufactured by DuPont under the
brand name Cardiolite for myocardial imaging and Miraluma for breast imag-
ing. It was later acquired by Bristol-Myers Squibb and then by Lantheus
Medical Imaging under the original patent right. In 2008, the patent expired
providing the scope of generic sestamibi, and now several manufacturers,
namely, Jubilant DraxImage and Pharmalucence, are marketing the kits of
generic sestamibi. Sestamibi is methoxyisobutylisonitrile (MIBI) with an isoni-
trile group that forms a complex with *™Tc after reduction with stannous ions.
Initially, *™Tc-citrate is formed, which then undergoes ligand exchange with
sestamibi to form *™Tc-sestamibi.

Sestamibi is supplied in a kit containing a lyophilized mixture of the chelating
agent in the form of a copper (I) salt of tetrakis(2-MIBI)tetrafluoroborate, stannous
chloride, sodium citrate, mannitol, and L-cysteine hydrochloride monohydrate.
Labeling is carried out by adding sufficient amount of *"TcO, to the kit vial and
heating the mixture in a boiling water bath for 10 min. The pH of the reconstituted
product is 5.5. The labeling efficiency is greater than 90%. The kit is stored at
15-30°C before and after reconstitution. " Tc-sestamibi is good for use for 6 h after
formulation.

9mTc-sestamibi has the structure shown in Fig. 7.3b and has a net charge of 1+.
It has a coordination number of 6 with six isonitrile ligand groups (Abrams et al.
1983).

PmTc-sestamibi is used primarily for the detection of myocardial perfusion
abnormalities in patients, particularly myocardial ischemia and infarcts. It is also
useful for the assessment of myocardial function using the first pass radionuclidic
ventriculographic technique. **Tc-sestamibi is also used for the detection of breast
tumors (Miraluma) and hyperparathyroidism.

7.1.12 **"Tc-Mercaptoacetylglycylglycylglycine (MAG3)

mTc-mercaptoacetylglycylglycylglycine (MAG3), also known as *"Tc-mertia-
tide, is a peptide supplied by Mallinckrodt Pharmaceuticals under the brand
name Technescan MAG3. It contains a lyophilized mixture of betiatide (N-N-N-
(benzoylthio)acetylglycylglycylglycine), stannous chloride dihydrate, sodium
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tartrate dihydrate, and lactose monohydrate under argon atmosphere. Labeling
is carried out by adding *™TcOj to the kit vial followed by introduction of fil-
tered air and heating at 100°C in a water bath for 10 min followed by cooling for
15 min. Air is introduced to oxidize the excess Sn**. The reactions involve initial
reduction of pertechnetate by Sn** followed by the formation of *™Tc-tartrate.
Subsequent heating of this complex in the presence of MAG3 ligand results in
the formation of *"Tc-mertiatide (disodium (N-(N-(N-(mercaptoacetyl)glycyl)
glycyl) glycinato(2-)-N, N’, N”, S§’) oxotechnetate (2-)) (*"Tc-MAG3) by
ligand exchange. The pH of the preparation is 5-6. The labeling efficiency
should be greater than 90%. The kit is recommended for 6 h of use after recon-
stitution. The storage temperature is 15-30°C both before and after labeling.
MAGS3 is light sensitive and therefore the kits should be protected from light
until use.

The structure of *"Tc-MAG3 is shown in Fig. 7.3c. It has a core of Tc = ON,S
with a carboxylic group on the third nitrogen (Fritzberg et al. 1986). *"Tc has a
coordination number of 5, and the complex has a negative charge of 1—. ®"™Tc-
MAGS3 is used routinely for assessment of renal function, particularly in renal
transplants.

7.1.13 **Tc-Ethyl Cysteinate Dimer (Neurolite)

Ethyl cysteinate dimer (ECD), also known as bicisate, exists in two stereoisomers,
LI-ECD and d,d-ECD. Both LI-ECD and d,d-ECD isomers diffuse into the brain by
crossing the blood-brain barrier, but only /,/-ECD is metabolized by an enzymatic
process to a polar species that is trapped in the human brain cell. Thus, only purified
L,I-ECD is used for *"Tc-ECD formulation.

The kit for "Tc-ECD supplied by Lantheus Medical Imaging under the brand
name Neurolite contains two vials. Vial A contains a lyophilized mixture of /-
ECD-2HCI, stannous chloride dihydrate, sodium edetate, and mannitol under nitro-
gen atmosphere. Vial B contains phosphate buffer, pH 7.5, under air atmosphere. To
prepare *"Tc-ECD, isotonic saline is added to dissolve the contents in vial
A. Labeling is carried out by adding *"Tc O, to vial B followed by the addition of
an aliquot from vial A and allowing the mixture to incubate for 30 min at room
temperature.

The reaction involves initial reduction of *™Tc’* to a lower oxidation state fol-
lowed by the formation of the *"Tc-EDTA complex. Subsequent incubation causes
ligand exchange between *"Tc-EDTA and ECD to form *™Tc-ECD (Dewanjee
1990). The yield is consistently greater than 90% as determined by ITLC. The kits
should be stored at 15-30°C before and after labeling with *™Tc. *™Tc-ECD
remains stable for 6 h after formulation.

The molecular structure of *™Tc-L/-ECD is shown in Fig. 7.3d. It has the core
structure of Tc = ON,S,, with a coordination number of 5