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1.1 Basic Atomic and Nuclear Physics
1.1.1 Atom

All matter is comprised of atoms. An atom is the
smallest unit of a chemical element possessing the
properties of that element. Atoms rarely exist alone;
often, they combine with other atoms to form a mole-
cule, the smallest component of a chemical com-
pound.

G.S. Pant

Consultant Medical Physicist, Nuclear Medicine Section,
KFSH, Dammam, KSA

e mail: gspant2008@hotmail.com

1.1.2 Modern Atomic Theory

1.1.2.1 Wave-Particle Duality

According to classical physics the particle cannot be
a wave, and the wave cannot be a particle. However,
Einstein, while explaining the photoelectric effect
(PEE), postulated that electromagnetic radiation has
a dual wave-particle nature. He used the term photon
to refer to the particle of electromagnetic radiation. He
proposed a simple equation to relate the energy of the
photon E to the frequency v and wavelength 1 of
electromagnetic wave.

(1.1

>0

In this equation, 4 is Planck’s constant (6.634x
10 34 J.s) and ¢ is the velocity of light in a vacuum.

De Broglie generalized the idea and postulated that
all subatomic particles have a wave-particle nature. In
some phenomena, the particle behaves as a particle, and
in some phenomena it behaves as a wave; it never
behaves as both at the same time. This is called the
wave-particle duality of nature. He suggested the fol-
lowing equation to relate the momentum of the particle
p and wavelength A:

)= (1.2)

h
P

Only when the particles have extremely small mass
(subatomic particles) is the associated wave appre-
ciable. An electron microscope demonstrates the

wave-particle duality. In the macroscopic scale, the
De Broglie theory is not applicable.

M.M. Khalil (ed.), Basic Sciences of Nuclear Medicine, DOI: 10.1007/978 3 540 85962 8 1, 3

© Springer Verlag Berlin Heidelberg 2011
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1.1.2.2 Electron Configuration

Electrons around a nucleus can be described with
wave functions [1]. Wave functions determine the
location, energy, and momentum of the particle.
The square of a wave function gives the probability
distribution of the particle. At a given time, an elec-
tron can be anywhere around the nucleus and have
different probabilities at different locations. The
space around the nucleus in which the probability is
highest is called an orbital. In quantum mechanics,
the orbital is a mathematical concept that suggests
the average location of an electron around the
nucleus. If the energy of the electron changes, this
average also changes. For the single electron of a
hydrogen atom, an infinite number of wave func-
tions, and therefore an infinite number of orbitals,
may exist.

An orbital can be completely described using the
corresponding wave function, but the process is
tedious and difficult. In simple terms, an orbital can
be described by four quantum numbers.

e The principal quantum number n characterizes the
energy and shell size in an atom. It is an integer and
can have a value from 1 to oo, but practically 7 is
always less than 8. The maximum number of elec-
trons in orbital n is 2n%. The shells of electrons are
labeled alphabetically as K(n=1), L(n=2),
M(n =3), and so on based on the principal quan-
tum number.

e The orbital quantum number / relates to the angu-
lar momentum of the electron; / can take integer
values from O to n — 1. In a stable atom, its value
does not go beyond 3. The orbital quantum num-
ber characterizes the configuration of the electron
orbital. In the hydrogen atom, the value of / does
not appreciably affect the total energy, but in
atoms with more than one electron, the energy
depends on both # and /. The subshells or orbitals
of electrons are labeled as s(/=0), p(1=1),
d(l = 2)and f(1 = 3).

e The azimuthal or magnetic quantum number
relates to the direction of the angular momentum
of the electron and takes on integer values from — /
to + /.

e The spin quantum number i relates to the electron
angular momentum and can have only two values:
—Y or +Y5.

Pauli in 1925 added a complementary rule for
arrangement of electrons around the nucleus. The pos-
tulation is now called Pauli’s exclusion principle and
states that no two electrons can have all quantum
numbers the same or exist in identical quantum states.

The filling of electrons in orbitals obeys the
so-called Aufbau principle. The Aufbau principle
assumes that electrons are added to an atom starting
with the lowest-energy orbital until all of the electrons
are placed in an appropriate orbital. The sequence of
energy states and electron filling in orbitals of a multi-
electron atom can be represented as follows:

s —2s—2p—3s—3p—4s—3d —4p — 55 — 4d
—5p—6s—4f —5d —6p —Ts —5f —6d—"Ip

1.1.2.3 Electron Binding Energies

The bound electrons need some external energy to
make them free from the nucleus. It can be assumed
that electrons around a nucleus have negative potential
energy. The absolute value of the potential energy is
called the binding energy, the minimum energy
required to knock out an electron from the atom.

1.1.2.4 Atomic Emissions

For stability, electrons are required to be in the mini-
mum possible energy level or in the innermost orbi-
tals. However, there is no restriction for an electron to
transfer into outer orbitals if it gains sufficient energy.
If an electron absorbs external energy that is more
than or equal to its binding energy, a pair of ions,
the electron and the atom with a positive charge, is
created. This process is termed ionization. If the exter-
nal energy is more than the binding energy of the
electron, the excess energy is divided between the
two in such a way that conservation of momentum is
preserved.

If an electron absorbs energy and is elevated to the
outer orbitals, the original orbital does not remain
vacant. Soon, the vacancy will be filled by electrons
from the outer layers. This is a random process, and
the occupier may be any electron from the outer orbi-
tals. However, the closer electron has a greater chance
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to occupy the vacancy. In each individual process of
filling, a quantum of energy equal to the difference
between the binding energies E, — E; of the two
involved orbitals is released, usually in the form of a
single photon. The frequency v and wavelength 4 of
the emitted photon (radiation) are given as follows:
E, - E, :AE:hv:h% (1.3)
When an atom has excess energy, it is in an unsta-
ble or excited state. The excess energy is usually
released in the form of electromagnetic radiation
(characteristic radiation), and the atom acquires its
natural stable state. The frequency spectrum of the
radiation emitted from an excited atom can be used
as the fingerprint of the atom.

1.1.2.5 Nuclear Structure

There are several notations to summarize the nuclear
composition of an atom. The most common is /Z‘XN,
where X represents the chemical symbol of the ele-
ment. The chemical symbol and atomic number carry
the same information, and the neutron number can be
calculated by the difference of A and Z. Hence, for the
sake of simplicity the brief notation is X, which is
more comprehensible. For example, for '*’Cs, where
137 is the mass number (A + Z), the Cs represents the
55th element (Z = 55) in the periodic table. The neu-
tron number can easily be calculated (A — Z = 82).
Table 1.1 shows the mass, charge, and energy of the
proton, neutron, and electron.

1.1.2.6 Nuclear Forces

Protons in a nucleus are close to each other
(~ 10 Ym). This closeness results in an enormously

strong repulsive force between protons. They still

Table 1.1 Mass and charge of a proton, neutron, and electron

Particle Symbol Charge® Mass”

Proton p +1 1.007276
Neutron n 0 1.008665
Electron ch 1 0.000548

remain within the nucleus due to a strong attractive
force between nucleons that dominates the repulsive
force and makes the atom stable. The force is effective
in a short range, and neutrons have an essential role
in creating such a force. Without neutrons, protons
cannot stay close to each other.

In 1935, Yukawa proposed that the short-range
strong force is due to exchange of particles that he
called mesons. The strong nuclear force is one of the
four fundamental forces in nature created between
nucleons by the exchange of mesons. This exchange
can be compared to two people constantly hitting a
tennis ball back and forth. As long as this meson
exchange is happening, the strong force holds the
nucleons together. Neutrons also participate in the
meson exchange and are even a bigger source of
the strong force. Neutrons have no charge, so they
approach other nuclei without adding an extra repul-
sive force; meanwhile, they increase the average dis-
tance between protons and help to reduce the repulsion
between them within a nucleus.

1.1.2.7 Nuclear Binding Energy and Mass Defect

It has been proved that the mass of a nucleus is
always less than the sum of the individual masses of
the constituent protons and neutrons (mass defect).
The strong nuclear force is the result of the mass
defect phenomenon. Using Einstein’s mass energy
relationship, the nuclear binding energy can be given
as follows:

E, = Am.c?

where Am is the mass defect, and c is the speed of light
in a vacuum.

The average binding energy per nucleon is a mea-
sure of nuclear stability. The higher the average bind-
ing energy is, the more stable the nucleus is.

Mass (kg) Energy (MeV) Relative mass
1.6726 x 10=%7 938.272 1,836

1.6749 x 10~ 939.573 1,839

9.1093 x 107! 0.511 1

® Unit charge 1.6 x 10~'° coulombs

® Mass expressed in universal mass unit (mass of 1/12 of 2C atom)

Data from Particles and Nuclei (1999)
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1.1.3 Radioactivity

For all practical purposes, the nucleus can be
regarded as a combination of two fundamental parti-
cles: neutrons and protons. These particles are
together termed nucleons. The stability of a nucleus
depends on at least two different forces: the repulsive
coulomb force between any two or more protons and
the strong attractive force between any two nucleons
(nuclear forces). The nuclear forces are strong but
effective over short distances, whereas the weaker
coulomb forces are effective over longer distances.
The stability of a nucleus depends on the arrange-
ment of its nucleons, particularly the ratio of the
number of neutrons to the number of protons. An
adequate number of neutrons is essential for stability.
Among the many possible combinations of protons
and neutrons, only around 260 nuclides are stable;
the rest are unstable.

It seems that there are favored neutron-to-proton
ratios among the stable nuclides. Figure 1.1 shows the
function of number of neutron (N) against the number
of protons (Z) for all available nuclides. The stable
nuclides gather around an imaginary line, which is
called the line of stability. For light elements
(A < 50), this line corresponds to N = Z, but with
increasing atomic number the neutron-to-proton ratio
increases up to 1.5 (N = 1.5Z). The line of stability
ends at A = 209 (Bi), and all nuclides above that and
those that are not close to this line are unstable.
Nuclides that lie on the left of the line of stability
(area I) have an excess of neutrons, those lying on

100 1l

o]
o
T

Neutron number (N)
N o
o o
T T

N
o
I

| | | | |
0 20 40 60 80 100

Atomic number (Z)

Fig. 1.1 The line of stability and different regions around it.
(Reproduced from [3])

the right of the line (area II) are neutron deficient,
and those above the line (area III) are too heavy
(excess of both neutrons and protons) to be stable.

An unstable nucleus sooner or later (nanoseconds
to thousands of years) changes to a more stable
proton-neutron combination by emitting particles
such as alpha, beta, and gamma. The phenomenon of
spontaneous emission of such particles from the
nucleus is called radioactivity, and the nuclides are
called radionuclides. The change from the unstable
nuclide (parent) to the more stable nuclide (daughter)
is called radioactive decay or disintegration. During
disintegration, there is emission of nuclear particles
and release of energy. The process is spontaneous, and
it is not possible to predict which radioactive atom will
disintegrate first.

1.1.3.1 Modes of Decay

The radionuclide, which decays to attain stability, is
called the parent nuclide, and the stable form so
obtained is called the daughter. There are situations
when the daughter is also unstable. The unstable
nuclide may undergo transformation by any of the
following modes.

Nuclides with Excess Neutrons

Beta Emission

Nuclides with an excess number of neutrons acquire a
stable form by converting a neutron to a proton. In this
process, an electron (negatron or beta minus) and an
antineutrino are emitted. The nuclear equation is given
as follows:

n— p+e+v—+ Energy

where n, p, e, and V represent the neutron, the proton,
the negatron (beta minus), and the antineutrino,
respectively. The proton stays in the nucleus, but the
electron and the antineutrino are emitted and carry the
released energy as their kinetic energy. In this mode of
decay, the atomic number of the daughter nuclide is
one more than that of the parent with no change in
mass number. The mass of the neutron is more than the
sum of masses of the proton, electron, and the antineu-
trino (the daughter is lighter than the parent). This
defect in mass is converted into energy and randomly
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shared between the beta particle and the antineutrino.
Hence, the beta particle may have energy between
zero to a certain maximum level (continuous spec-
trum). The antineutrino has no mass and charge and
has no clinical application.

Radionuclides in which the daughter acquires a
stable state by emitting beta particles only are called
pure beta emitters, such as 3H, 14C, 32p_and *S. Those
that cannot attain a stable state after beta emission and
are still in the excited states of the daughter emit
gamma photons, either in a single transition or through
cascades emitting more than one photon before attain-
ing a stable state. 131I, 132Xe, and ®°Co emit beta
particles followed by gamma emissions.

Nuclides that lack Neutrons

There are two alternatives for the nucleus to come to a
stable state:

1. Positron emission and subsequent emission of anni-
hilation photons
In this mode of decay, a proton transforms to a
neutron, a positron, and a neutrino.

p—on+e+v

The neutron stays in the nucleus, but a positron and
a neutrino are ejected, carrying the emitted energy
as their kinetic energy. In this mode of decay, the
atomic number of the daughter becomes one less
than that of the parent with no change in mass
number. The mass of the proton is less than the
masses of the neutron, the positron, and the neu-
trino. The energy for creation of this mass
(E > 1.022 MeV) is supplied by the whole nucleus.
The excess energy is randomly shared by the posi-
tron and the neutrino. The energy spectrum of the
positron is just like that of the beta particle (from
zero to a certain maximum). The neutrino has no
mass and charge and is of no clinical relevance.
Some of the positron-emitting radionuclides are
”C, IBN, 150’ and “°F.

Just a few nanoseconds after its production, a positron
combines with an electron. Their masses are converted
into energy in the form of two equal-energy photons
(0.511 MeV each), which leave the site of their crea-
tion in exactly opposite directions. This phenomenon

is called the annihilation reaction, and the photons so
created are called annihilation photons.
2. Electron captures

A nucleus with excess protons has an alternative
way to acquire a stable configuration by attracting
one of its own electrons (usually the k electron) to
the nucleus. The electron combines with the proton,
producing a neutron and a neutrino in the process.

pt+te—n+v

The electron capture creates a vacancy in the inner
electron shell, which is filled by an electron from
the outer orbit, and characteristic radiation is emit-
ted in the process. These photons may knock out
orbital electrons. These electrons are called Auger
electrons and are extremely useful for therapeutic
applications (targeted therapy) due to their short
range in the medium.

Electron capture is likely to occur in heavy ele-
ments (those with electrons closer to the nucleus),
whereas positron emission is likely in lighter ele-
ments. Radionuclides such as ®’Ga, '''In, '**1, and
'251 decay partially or fully by electron capture.

Nuclides with Excess Protons and Neutrons

There are two ways for nuclides with excess protons
and neutrons (region III) to become more stable:

1. Alpha decay
There are some heavy nuclides that get rid of the
extra mass by emitting an alpha particle (two neu-
trons and two protons). The atomic number of the
daughter in such decay is reduced by two and mass
number is reduced by four. The alpha particle
emission may follow with gamma emission to
enable the daughter nucleus to come to its ground
or stable state. Naturally occurring radionuclides
such as **U and #**Th are alpha emitters.

2. Fission
It is the spontaneous fragmentation of very heavy
nuclei into two lighter nuclei, usually with the
emission of two or three neutrons. A large amount
of energy (hundreds of million electron volts) is
also released in this process. Fission nuclides them-
selves have no clinical application, but some of
their fragments are useful. The fissile nuclides can
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be used for the production of carrier free radio-
isotopes with high specific activity.

Gamma Radiation and Internal Conversion

When all the energy associated with the decay process is
not carried away by the emitted particles, the daughter
nuclei do not acquire their ground state. Such nuclei can
be in either an excited state or a metastable (isomeric)
state. In both situations, the excess energy is often
released in the form of one or more gamma photons.
The average lifetime of excited states is short, and energy
is released within a fraction of a nanosecond. The aver-
age lifetime of metastable states is much longer, and
emission may vary from a few milliseconds to few days
or even longer. During this period, the nucleus behaves
as a pure gamma-emitting radionuclide. Some of the
metastable states have great clinical application. The
transition of a nucleus from a metastable state to a
stable state is called an isomeric transition. The decay
of ®™Tc is the best example of isomeric transition. The
decay scheme of *Mo-""Tc is shown in Fig. 1.2.
There are situations when the excited nuclei,
instead of emitting a gamma photon, utilize the energy

67h
99
42 Mo u
0.3%
17%
1.0%
82%
212 x 108y

Fig. 1.2 Decay scheme of
Mo. (Reproduced from [3])

in knocking out an orbital electron from its own atom.
This process is called internal conversion, and the
emitted electron is called a conversion electron. The
probability of K conversion electron is more than L or
M conversion electrons, and the phenomenon is more
common in heavy atoms. The internal conversion is
followed by emission of characteristic x-rays or Auger
electrons as the outer shell electrons move to fill the
inner shell vacancies.

It should be noted that there is no difference
between an x-ray and a gamma ray of equal energy
except that the gamma ray originates from the nucleus
and has a discrete spectrum of energy, whereas x-ray
production is an atomic phenomenon and usually has a
continuous spectrum.

Laws of Radioactivity

There is no information available by which one can
predict the time of disintegration of an atom; the
interest really should not be in an individual atom
because even an extremely small mass of any element
consists of millions of identical atoms. Radioactive
decay has been found to be a spontaneous process

1.11
0.922
Y
0.513
r——— 0.181
\

6h y Y
; 0.142
Y 0140

99
a3 Tc
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independent of any environmental factor. In other
words, nothing can influence the process of radioac-
tive disintegration. Radioactive decay is a random
process and can be described in terms of probabilities
and average constants.

In a sample containing many identical radioactive
atoms, during a short period of time (9¢) the number of
decayed atoms (ON) is proportional to the total num-
ber of atoms (N) present at that time. Mathematically,
it can be expressed as follows:

— ON «x NOt
— ON = ANOt (1.4)
or
ON
—_— = —)\,
ot N

In this equation, the constant A (known as the decay
constant) has a characteristic value for each radionu-
clide. The decay constant is the fraction of atoms
undergoing decay per unit time in a large number of
atoms. Its unit is the inverse of time.

For simplicity, the decay constant can be defined as
the probability of disintegration of a nucleus per unit
time. Thus, A = 0.01 per second means that the proba-
bility of disintegration of each atom is 1% per second.
It is important to note that this probability does not
change with time.

The exact number of parent atoms in a sample at
any time can be calculated by integrating Eq. 1.4,
which takes the following form:

N = No * exp(—Ar) (1.5)
where No is the initial number of atoms in the sample,
and N is the number present at time ¢.

The term %—1)’ shows the number of disintegrations
per unit time and is known as activity. The SI unit of
activity is the becquerel (Bq; 1 decay per second). The
conventional unit of activity is the curie (Ci), which is
equal to 3.7 x 10'° disintegrations per second (dps).
This number 3.7 x 10'° corresponds to the disintegra-
tions from 1 g ***Ra.

Half-Life

The time after which 50% of the atoms in a sam-
ple undergo disintegration is called the half-life. The

half-life and decay constant are related by the follow-
ing equation:

0.693 , 0.693
or /=

l -~ Tip

Ty, = (1.6)

Average Life

The actual lifetimes of individual atoms in a sample
are different; some are short, and some are long. The
average lifetime characteristic of atoms is related to
the half-life by

Toy =144 x Ty 1.7
The average life is a useful parameter for calculat-

ing the cumulated activity in the source organ in inter-
nal dosimetry.

Radioactive Equilibrium

In many cases, the daughter element is also radioactive
and immediately starts disintegrating after its forma-
tion. Although the daughter obeys the general rule of
radioactive decay, its activity does not follow the
exponential law of decay while mixed with the parent.
This is because the daughter is produced (mono-
exponentially) by disintegration of its parent while it
disintegrates (monoexponentially) as a radioactive
element. So, the activity of such elements changes
biexponentially: First the activity increases, then
reaches a maximum, and then starts decreasing. The
rate at which the activity changes in such a mixture of
radionuclides depends on the decay constant of both
the parent and the daughter.

If we start with a pure sample of a parent with a
half-life of T and a decay constant 4; and it contains
(N1), atoms initially, the decay of this parent can be
expressed by

Ni = (Ny)ye ™ (1.8)

The rate of decay of the parent is the rate of forma-
tion of the daughter. Let the daughter decay at the rate
A2N3, where /1, is the decay constant of the daughter
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and N, is the number of atoms of the daughter. The net Decay of '138n
rate of formation of the daughter can be given by 100
ON, |
TZ/HNI — 2Ny (1.9) 50
t
2
=
The solution of this equation in terms of activity S c
. [e] i
can be given as follows: 5 &
s <
o
T 0.693(A12) 101 ¢
A=A l—e 77702 1.10 E
2 o Tz( ) (1.10) 5 :
(O]
where A; and A, are the activity of the parent and 0 5 4 6 9 10 14

daughter, respectively; T, and T, are their respective
physical half-lives; and ¢ is the elapsed time. This
equation is for a simple parent-daughter mixture. In
general, three different situations arise from Eq. 1.10.

(a) Secular equilibrium
When the half-life of the parent (7) is too long in
comparison to that of the daughter (7,), Eq. 1.10
may be expressed as

0.6931

Ay =A(l—e 1) (1.11)

After one half-life of the daughter (t = T5), A, will
become nearly A;/2; after two half-lives
the daughter may grow up to three fourths of the
parent, and after four half-lives (of the daughter)
this increases to about 94% of the parent activity.
Thus, activity of the daughter gradually increases,
and after a few half-lives the activity of the parent
and daughter become almost equal (Fig. 1.3); they
are said to be in secular equilibrium.
(b) Transient equilibrium

The half-life of the parent is a few times (~ 10 times
or more) longer than that of the daughter, but the
difference is not as great as in secular equilibrium.
In this case, the activity of the daughter increases
and eventually slightly exceeds the activity of
the parent to reach a maximum and then decays
with the half-life of the parent, as can be seen in
Fig. 1.4. For a large value of ¢, Eq. 1.10 can be
written as

T,

A2:A1T T fOft>>T2

1 — 12

(1.12)

No. of daughter half-lives

Fig. 1.3 Secular equilibrium
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Fig. 1.4 Transient equilibrium

The growth of the daughter for multiples of
T2(T2, 2T27 3T2, 4—T27 etc.) will be nearly 50%,
75%, 87.5%, and 94%, respectively of the activity
of the parent. It is therefore advisable to elute the
activity from the technetium generator after every
24 h (Mo-99 with 67-h half-life and Tc-99m with
6-h half-life).

(c) No Equilibrium

If the half-life of the daughter is longer than the half-
life of the parent, then there would be no equilibrium
between them.
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1.1.4 Interaction of Radiation
with Matter

Ionizing radiation transfers its energy in full or part to
the medium through which it passes by way of inter-
actions. The significant types of interactions are exci-
tation and ionization of atoms or molecules of the
matter by charged particles and electromagnetic radi-
ation (x-rays or gamma rays).

1.1.4.1 Interaction of Charged Particles
with Matter

The charged particle loses some of its energy by the
following interactions:

1. Ejection of electrons from the target atoms (ioniza-
tion)

2. Excitation of electrons from a lower to a higher
energy state

3. Molecular vibrations along the path (elastic colli-
sion) and conversion of energy into heat

4. Emission of electromagnetic radiation

In the energy range of 10 KeV to 10 MeV, ioniza-
tion predominates over excitation. The probability of
absorption of charged particles is so high that even a
thin material can stop them completely.

The nature of the interaction of all charged particles
in the energy range mentioned is similar. Light parti-
cles such as electrons deflect at larger angles than
heavier particles, and there is a wide variation in
their tortuous path. The path of a heavier particle is
more or less a straight line. When electrons are
deflected at large angles, they transfer more energy
to the target atom and eject electrons from it. These
electrons, while passing through the medium, produce
secondary electrons along their track (delta rays). The
charged particles undergo a large number of interac-
tions before they come to rest. In each interaction, they
lose a small amount of energy, and the losses are
called collision losses.

Energetic electrons can approach the nucleus,
where they are decelerated and produce bremsstrah-
lung radiation (x-rays). The chance of such an interac-
tion increases with an increase in electron energy and
the atomic number of the target material. Loss of

electron energy by this mode is termed radiative
loss. The energy lost per unit path length along the
track is known as the linear energy transfer (LET) and
is generally expressed in kilo-electron-volts per
micrometer.

1.1.4.2 Range of a Charged Particle

After traveling through a distance in the medium, the
charged particle loses all its kinetic energy and comes
to rest as it has ample chance to interact with electrons
or the positively charged nucleus of the atoms of the
medium. The average distance traveled in a given
direction by a charged particle is known as its range
in that medium and is influenced by the following
factors:

1. Energy. The higher the energy of the particle is, the
larger is the range.

2. Mass. The higher the mass of the charged particle
is, the smaller is the range.

3. Charge. The range is inversely proportional to the
square of the charge.

4. Density of the medium. The denser the medium is,
the shorter is the range of the charged particle.

1.1.4.3 Interaction of Electromagnetic Radiation
with Matter

When a beam of x-rays or gamma rays passes through
an absorbing medium, some of the photons are
completely absorbed, some are scattered, and the rest
pass through the medium almost unchanged in energy
and direction (transmission). The transferred energy
results in excitation and ionization of atoms or mole-
cules of the medium and produces heat. The attenua-
tion of the beam through a given medium is
summarized as follows:

The thicker the absorbing material is, the greater is
the attenuation.

The greater the atomic number of the material is,
the greater is the attenuation.

As the photon energy increases, the attenuation
produced by a given thickness of material
decreases.



12

G.S. Pant

1.1.4.4 Linear Attenuation Coefficient
The linear attenuation coefficient u is defined as the
fractional reduction in the beam per unit thickness as

determined by a thin layer of the absorbing material.

__ Fractional reduction in a thin layer

Thickness of the layers (cm)

The unit of the u is cm

1.1.4.5 Exponential Attenuation

The exponential law can explain the attenuation of
radiation beam intensity. The mathematical derivation
is given next.

Let N, be the initial number of photons in the beam
and N be the number recorded by the detector placed
behind the absorber (Fig. 1.5).

The number 0N, which gets attenuated, will be
proportional to the thickness dx of the absorber
and to the number of photons N present in the
beam. The number N will depend on the number
of atoms present in the beam and the thickness of the
absorber.

Mathematically,

ON o N. bx

(1.13)
or ON = —u.N.ox

where p is a constant called the linear attenuation
coefficient for the radiation used.

The negative sign indicates that as dx increases, the
number of photons in the beam decreases. Equa-
tion 1.13 can be rearranged as follows:

ON

= Nox (1.14)

u

The formal definition of attenuation coefficient is
derived from the integration of Eq. 1.14, which gives
the following relationship:

N =No.e * (1.15)

Equation 1.15 can also be expressed in terms of
beam intensity:

I=1Io.e ™ (1.16)
where I and I, are the intensities of the beam as
recorded by the detector with and without absorbing
material, respectively. The attenuation coefficient may
vary for a given material due to nonuniform thickness.
This is particularly so if the absorbing material is
malleable. It is therefore better to express the mass
absorption coefficient, which is independent of thick-
ness of the absorbing material. The mass absorption
coefficient is obtained by dividing the linear attenua-
tion coefficient by the density of the material. The unit
of the mass attenuation coefficient is square centi-
meters per gram. The electronic and atomic attenua-
tion coefficients are also defined accordingly. The
electronic attenuation coefficient is the fractional
reduction in x-ray or gamma ray intensity produced
by a layer of thickness 1 electron/cm? whereas the

% X >
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(Reproduced from [4]) %
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atomic attenuation coefficient is the fractional reduc-
tion by a layer of thickness 1 atom/cm?® Thus, the
atomic attenuation coefficient will be Z times the elec-
tronic one.

1.1.4.6 Half-Value Layer

From Eq. 1.16, it can be seen that, for a certain thick-
ness (x = d ) of the absorbing material, the intensity
becomes half of its original value, that is, I = [,/2.
Substituting these values, Eq. 1.16 can be rearranged
as follows:
dy»(HVL) = 0.693/p (1.17)
The half-value layer or thickness (HVL or HVT)
can be defined as the thickness of an absorbing mate-
rial that reduces the beam intensity to half of its origi-
nal value. Depending on the energy of radiation,
various materials are used for the measurement of
HVL, such as aluminum, copper, lead, brick, and
concrete. The HVL for a broad beam is more than
that for a narrow beam.

1.1.4.7 Mechanism of Attenuation

There are many modes of interaction between a photon
and matter, but only the types discussed next are of
importance to us.

Photon Scattering

Photon scattering may or may not result in transfer of
energy during the interaction of the photon with an
atom of the medium.

Elastic Scattering

In elastic scattering or unmodified scattering, the
photons are scattered in different directions without
any loss of energy. The process thus attenuates the
beam without absorption. In this process, the photon
interacts with a tightly bound electron in an atom. The
electron later releases the photon in any direction
without absorbing energy from it. The contribution
of this mode of interaction is relatively insignificant

in medical applications of radiation. However, it has
application in x-ray crystallography.

Inelastic (Compton) Scattering

Compton elucidated the mechanism of inelastic (Comp-
ton) scattering. In this process, the photon interacts with
loosely bound (free) electrons. Part of the energy of the
photon is used in ejecting the electron, and the rest is
scattered in different directions (Fig. 1.6).

In a so-called head-on collision, the photon turns
back along its original track (scattered through 180°),
and maximum energy is transferred to the recoil elec-
tron. The change in wavelength d4 of the photon is
given by

04 = 0.024(1 — cos p)A (1.18)
where ¢ is the angle of scattering of the gamma
photon, and A is the angstrom unit for wavelength.
The energy of the scattered photon is expressed as
follows:

E, = Eo/[1 + Eo/m.c*{1 — cos p}] (1.19)
where Ej is the energy of the incident photon and E| is
that of the scattered photon, m, is the mass of the
electron, and c is the velocity of light in a vacuum.
Compton scattering involves interaction between
photons and electrons. The probability therefore
depends on the number of electrons present and inde-
pendent of the atomic number. With the exception
of hydrogen, all elements contain nearly the same
number of electrons per gram (practically the same
electron density). Compton scattering, therefore, is

Electron (e-)

Fig. 1.6 Process of Compton scattering. The incoming photon
ejects the electron from outer orbit and is scattered with reduced
energy in a different direction. (Reproduced from [4])
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independent of atomic number. This is the choice of
interaction required in radiation oncology, for which
the delivered dose is homogeneous in spite of tissue
inhomogeneity within the body.

The total probability ¢ for the Compton process is
given by

g =05+ 0,

where o, and g, are the probabilities for scattering and
absorption, respectively.

1.1.4.8 Photoelectric Effect

In the PEE process, the photon disappears when it
interacts with the bound electron. The photon energy
has to be higher than the binding energy of the electron
for this type of interaction to take place.

hv = BE + kinetic energy

where hv is the energy of the photon and BE is the
binding energy of the electron in the shell (Fig. 1.7). If
the photon energy is slightly higher than the binding
energy (BE), then the chance of PEE is high. For
example, a photon of energy 100 keV has a high
probability of undergoing PEE when it interacts with
a Pb atom, for which the K shell binding energy is
88 keV. The rest of the (100 to 88) 12-keV energy will
be carried away by the ejected electron as its kinetic
energy. The ejection of the electron creates a hole in
the inner shell, which is filled by an electron from any
of the outer shells. Since the electrons in the outer
shells possess higher energy than those in the inner
shells, the difference in their energy is released as

Fig. 1.7 Process of photoelectric absorption. The incoming
photon disappears (is absorbed), and the orbital electron is
knocked out. An electron from the outer shell falls (dotted
line) into the inner shell to fill the vacancy. (Reproduced
from [4])

x-ray photons. Such photons are characteristic of the
atom from which they are emitted. The K, L, M, and so
on shells of a given atom have fixed energy, so the
difference in their energies is also fixed. The radiation
emitted therefore is termed the characteristic x-rays.
Three types of possibilities exist during PEE:

1. Radiative transitions

As explained, during the electron transition from
the outer orbit to the inner orbit, a photon is emitted
with energy equal to the difference of the binding
energies of the orbits involved. The vacancy moves
to a higher shell; consequently, a characteristic
photon of lower energy follows. The probability
of emission of a photon is expressed as the fluores-
cent yield:

Fluorescent yield
Number of x — ray photons emitted

" Number of orbital vacancies created

Mostly, it is the K shell that is responsible for
fluorescent yield.

K shell fluorescent yield ( wk)

_ Number of K x — ray photons emitted

Number of K shell vacancies

The yield increases with an increase in atomic
number.
2. Auger electrons
The characteristic x-ray photon, instead of being
emitted, can eject another orbital electron from the
atom. These electrons are called Auger electrons
(Fig. 1.8). The energy of the Auger electron is
equal to the difference of the x-ray photon energy
and the binding energy of the shell involved in the
process. The process competes with radiative tran-
sition. The Auger yield is expressed as the ratio of
electrons emitted due to vacancies in subshell i and
the total number of atoms with a vacancy in sub-
shell i.
3. Coster Kronig electrons

The process for Coster Kronig electrons is exactly
like the Auger transition except that the electron
filling the vacancy comes from the subshell of the
same principal shell in which the vacancy lies. The
kinetic energy of the emitted electrons can be cal-
culated exactly as for Auger electrons. The energy
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Fig. 1.8 Mechanism of
Auger electron emission.
(Reproduced from [4]) hv

of Coster Kronig electrons is so small that they are
quickly absorbed in the medium.

1.1.4.9 Pair Production

When a photon with energy in excess of 1.022 MeV
passes close to the nucleus of an atom, it may disap-
pear, and in its place two antiparticles (negatron and
positron) may be produced as shown in Fig. 1.9. In this
process, energy converts into mass in accordance with
Einstein’s mass energy equivalence (E = mc?). After
traversing some distance through the medium, the
positron loses its energy, combines with an electron,
and annihilates. During combination, both the antipar-
ticles disappear (annihilation) and two 0.511-MeV
photons are emitted in the opposite direction.

1.1.4.10 Photonuclear Reaction

When photon energy is too high, either a neutron or a
proton may be knocked out (more likely the neutron)
from the nucleus. For the majority of atoms, the
threshold energy for this effect is more than 10 MeV,
and the probability increases with increasing energy
until a maximum is reached; above this maximum, the
probability falls rapidly.

1.2 Radiation Safety

The applications of radiopharmaceuticals for medical
diagnosis and therapy have rapidly increased due to
the favorable physical characteristics of artificially
produced radionuclides, progress in instrumentation,
and computer technology. Efforts are under way to
develop newer radiopharmaceuticals in nuclear medi-
cine for both diagnostic and therapeutic procedures.

15
Characreristic Auger electron
x-ray O o
@)
L L L

—

—_— K

511 keV

511 keV

Fig. 1.9 Schematic representation of pair production. (Repro
duced from [4])

While such enthusiasm is appreciable, adequate safe-
guards against radiation exposure are also necessary to
minimize the radiation risk to occupational workers,
patients, and the public.

1.2.1 Types of Exposure

The following three categories of people are likely to
be involved in radiation exposure in medical applica-
tions of ionizing radiation:

1. Occupational staff
2. Patients
3. Public

Protection is aimed at achieving a dose as low as
reasonably achievable (ALARA) to these categories of
people. Spending a minimum of time near the radiation
sources, keeping a distance from them, and using
shielding devices are the cardinal parameters for radia-
tion safety. The fourth parameter with unsealed sources
in nuclear medicine is to avoid or minimize the chance
of contamination.

For safe use of radionuclides in nuclear medicine,
the following basic requirements should be met:

1. The nuclear medicine facility should be well
planned with a sufficient number of rooms for
intended operations (including the storage and
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disposal of radioactive waste) as approved by the
competent authority.

2. All the equipment required for safe handling should
be available in each room for proposed operations.

3. The staff should be adequate and well trained in
handling radioactive material.

4. Radiation monitoring instruments (survey meters,
contamination monitors, pocket dosimeters, digital
monitors etc.) and decontamination facility should
be readily available.

1.2.1.1 Protection of Staff

Nuclear medicine procedures demand preparation of
radiopharmaceuticals, their internal movement within
the facility, and finally administration to the patient.
At each step, there is a possibility of radiation expo-
sure if safety guidelines are ignored. The diagnostic
procedures normally do not cause any alarming expo-
sure to the staff and public. However, patients admi-
nistered radioactive substances for therapeutic
purposes become a source of radiation to the staff
and their attendants and public. Therapeutic radionu-
clides are usually beta emitters that do not pose much
of a problem from a safety standpoint, and patients
treated with them can even be treated as outpatients.
However, patients treated with radioiodine (I-131)
need hospitalization if treated beyond a certain dose
as per national regulatory requirements due to
penetrating gamma radiation. These patients stay in a
specifically designed isolation room or ward until the
body burden decreases to an acceptable level for
release from the hospital.

Work Practice

Good work practice is an essential component of radi-
ation safety. This includes observation of all radiation
protection rules as applicable to nuclear medicine, use
of appropriate safety devices, remote handling of
tools/accessories, and maintaining good housekeeping
habits in the laboratory.

In addition to the external irradiation, there is a
chance of radioactive contamination while handling
unsealed sources in nuclear medicine procedures. The
radioactive waste generated during preparation, dis-
pensing, and administration of radiopharmaceuticals

shall be handled carefully to minimize exposure to
staff and the public.

1.2.1.2 Protection of Patients

Every practice involving ionizing radiation should be
justified in terms of net positive benefit. It is particu-
larly important for children, for whom long-term risks
of exposure to ionizing radiation are larger. Once
clinically justified, each examination involving ioniz-
ing radiation should be conducted such that the radia-
tion dose to the patient is the lowest necessary to
achieve the clinical aim (optimization). Reference
and achievable doses for various radionuclide investi-
gations have been proposed for this purpose by various
organizations. The concept of reference doses is
recognized as a useful and practical tool for promoting
the optimization of patient protection. While reducing
the radiation dose to the patient, image quality should
not be compromised, which may otherwise lead to
repeat investigation. Routine quality control (QC)
tests of imaging systems and radiopharmaceuticals
have to be done before clinical studies. Another con-
sideration in reducing the patient dose is to avoid
misadministration and to provide proper radiation
counseling to patients and their family or others
involved.

What Is Misadministration?

Error in any part of the procedure starting from patient
selection to the interpretation of final results may lead
to a repeat study. This in turn leads to an increased
radiation dose not only to the patient but also to the
staff. A major contributor to increased radiation dose
to the patient is misadministration. Misadministration
has several components, such as administration of
the wrong radiopharmaceutical or the wrong dose or
giving the dose to a wrong patient or through a wrong
route, which ultimately lead to undesirable exposure to
a patient.

The following points should be checked to avoid
misadministration:

Identity of the patient: The radiopharmaceutical
should be administered to the patient for whom it is
prepared. Name, age, and medical record number
should be checked before dose administration.
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Radionuclide and its physical or chemical form:
The physical and chemical form of the radiophar-
maceutical should be reconfirmed before admini-
stration. Radiopharmaceuticals should go through
routine QC procedures to check for any inadequate
preparation.

Dose, quantity of radioactivity, QC: The radioac-
tivity should be measured in a dose calibrator before
administration. The accuracy and precision of the
radionuclide dose calibrator need to be maintained at
all times for accuracy in dose estimation. Similarly,
imaging equipment should be maintained at its opti-
mum level of performance.

Route: The physician should confirm the route of
administration (oral, intravenous) of the radiopharma-
ceutical.

Pregnancy and breast feeding: Female patient
should notify if she is pregnant or breast feeding.
This can happen with proper patient education.

Proper counseling is also helpful in reducing expo-
sure to patients and their family members.

1.2.1.3 Protection of the Public or Environment

To ensure that unnecessary exposure to the members
of the public is avoided, the following guidelines shall
be followed:

1. No member of the public shall be allowed to enter
the controlled (hot laboratory and the injection
room/area, imaging rooms) and supervised (con-
soles) areas.

2. Appropriate warning signs and symbols shall be
posted on doors to restrict access.

3. Relatives or friends of the patients receiving thera-
peutic doses of radioactive iodine shall not be
allowed to visit the patient without the permission
of the radiation safety officer (RSO). The visitors
shall not be young children or pregnant women.

4. A nursing mother who has been administered radio-
pharmaceuticals shall be given instructions to be
followed at home after her release from the hospital.
The breast-feeding may have to be suspended.

5. An instruction sheet shall be given at the time of
release from the hospital to patients administered
therapeutic doses of radioiodine; the instructions
should be followed at home for a specified period
as suggested by the RSO.

6. The storage of radioactive waste shall be done at a
location within the hospital premises with adequate
shielding to eliminate the public hazard from it.

1.2.2 Control of Contamination

Radioactive contamination can be minimized by care-
fully designing the laboratory, using proper handling
tools, and following correct operating procedures
together with strict management and disposal of radio-
active waste. In the event of contamination, proce-
dures indicated should be followed to contain the
contamination.

1.2.2.1 Management of a Radioactive Spill

1. Perform a radiation and contamination survey to
determine the degree and extent of contamination.

2. Isolate the contaminated area to avoid spread of
contamination. No person should be allowed to
enter the area.

3. Use gloves, shoe covers, lab coat, and other
appropriate clothing.

4. Rapidly define the limits of the contaminated area
and immediately confine the spill by covering the
area with absorbent materials with plastic back-
ing.

5. First remove the “hot spots” and then scrub the
area with absorbent materials, working toward the
center of the contaminated area. Special decon-
tamination chemicals (Radiacwash) shall be used
in the case of a severe spill.

6. All personnel should be surveyed to determine
contamination, including their shoes and clothing.
If the radioactive material appears to have
become airborne, the nostrils and mouth of possi-
ble contaminated persons should be swabbed, and
the samples shall be evaluated by the RSO.

7. Shut off ventilation if airborne activity is likely to
be present (rare situation).

8. A heavily contaminated individual may take a
shower in the designated decontamination facility
as directed by the RSO. Disposable footwear and
gloves should be worn in transit.

9. If significant concentrations of radioiodine have
been involved, subsequent thyroid uptake
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measurements should be made on potentially shower room to avoid the spread of contami-
exposed individuals after 24 h. nation.

10. Monitor the decontaminated area and all person- e Place all the towels and other contaminated
nel leaving the area after the cleanup. Particular clothing in a plastic bag for later monitoring
attention should be paid to checking the hands and of radiation level for storage and decay.
the soles of shoes. e Specific hot spots on the skin can be localized

11. All mops, rags, brushes, and absorbent materials with a survey meter or appropriate contamina-
shall be placed in the designated waste container tion monitor.
and should be surveyed by the RSO. Proper radio- e (lean the specific areas with mild soap and
active disposal should be observed. warm water. Avoid using detergents or vigor-

12. The RSO should provide the final radiation survey ous scrubbing for they might damage the skin.

report with necessary recommendations or advice
to avoid such an incident in the future.

1.2.2.2 Personnel Decontamination

Contaminated eyes

e If eye contamination is found, the eye should
be flushed profusely with isotonic saline or
water by covering other parts with a towel to
prevent the spread of contamination. An oph-
thalmologist shall be consulted if there are
signs of eye irritation.

Contaminated hair

e If hair is contaminated, try up to three wash-
ings with liquid soap and rinse with water.

e Prevent water from running onto the face and
shoulders by shielding the area with towels.

e Perform a radiation survey.

Contaminated skin

e Remove any contaminated clothing before
determining the level of skin contamination.
Levels below 0.1 mR/h (1 uSv/h) are consid-
ered minimal hazards.

e If there is gross skin contamination, it shall be
given attention first. Wipe with a cotton swab
moistened with water and liquid soap using
long forceps. Place all swabs in a plastic con-
tainer for radiation level measurement and
storage before disposal.

e If alarge skin area is contaminated, the person
should have a 10-min shower. Dry the body
with a towel in the shower room and monitor
the radiation level over the whole body. Do not
allow any water to drip on the floor outside the

The use of a soft brush is adequate.

e For stubborn contamination, covering a con-
taminated area with plastic film or disposable
cotton or latex gloves over a skin cream helps
remove the contamination through sweating.

1.2.2.3 Internal Contamination

e Simple expedients such as oral and nasopharyngeal
irrigation, gastric lavage, or an emetic and use of
purgatives may greatly reduce the uptake of a con-
taminant into the circulation.

e Blocking agents or isotopic dilution techniques can
appreciably decrease the uptake of the radionuclides
into relatively stable metabolic pools such as bone.
These should be administered without delay.

When a contaminated person requires treatment (for
wounds) by a physician, the emergency room (ER)
should be informed. The following points must be
remembered:

e Medical emergencies are the priority and must be
attended first. Radiation injuries are rarely life
threatening to the victim and the attending physi-
cian/staff.

e Clean the wound with mild detergent and flush with
isotonic saline or water. If necessary, a topical
anesthetic, such as 4% lidocaine, can be used to
allow more vigorous cleansing. After a reasonable
effort, there is no need to attempt to remove all
contamination since it will probably be incorporated
into the scab.

e Whenever radionuclides have entered the skin via a
needle or sharps, induce the wound to bleed by
“milking” it as a cleansing action in addition to
the use of running water.

e Perform radiation monitoring at the surface.
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1.2.3 Radioiodine Therapy: Safety
Considerations

Radioiodine has been effectively used for more than
five decades to ablate remnant thyroid tissue following
thyroidectomy and for treating distant metastases.
Looking at the radiation hazard to staff and the public,
national regulatory bodies have established guidelines
for the hospitalization and subsequent release of
patients administered radioiodine from the hospital.
The limit of body burden at which these patients are
released from the hospital varies from country to
country. Groups who may be critically exposed
among the public are fellow travelers during the jour-
ney home after release from the hospital and children
and pregnant women among other family members at
home.

The administered dose of radioiodine is concen-
trated avidly by thyroidal tissue (thyroid remnant,
differentiated thyroid cancer). It rapidly gets excreted
via the kidney and urinary bladder and to a lesser
extent through perspiration, saliva, exhalation, and
the gut. The faster biological excretion of the activity
in a thyroid cancer patient actually poses less radiation
hazard to the environment than actually expected.
Counseling of patients and family members from a
radiation safety viewpoint is necessary before thera-
peutic administration.

1.2.3.1 Radiation Monitoring

Routine monitoring of all work surfaces, overcoats,
exposed body parts, and so on is essential before
leaving the premises. Both Gieger-Muller (G.M.)-type
survey meters and ionization chamber-type survey
meters are required for monitoring. All persons
involved in a radioiodine procedure should be covered
by personnel radiation monitoring badges, and their
neck counts should also be measured periodically. It is
advisable to carry out periodic air monitoring in these
areas to ensure that no airborne activity is present.

1.2.3.2 Use of a Fume Hood

Radioiodine in capsule form poses much less radiation
safety problems than in liquid form. When in liquid

form, the vials containing I-131 should be opened only
inside a fume hood using remote-handling bottle open-
ers. If these vials are opened outside the fume hood,
there is every possibility that the worker involved may
inhale a fraction of the vaporous activity. All opera-
tions using I-131 should be carried out wearing face
masks, gloves, and shoe covers and using remote-
handling tools. Radioactive iodine uptake measure-
ment for the thyroid of staff involved should be done
weekly to check for any internal contamination.

1.2.3.3 Specific Instructions to the Patient

It is the combined responsibility of the physician and
the medical physicists or technologists to administer
the desired dose to the patient. The patient is nor-
mally advised to come with an empty stomach or
after a light breakfast and not to eat or drink anything
for 1 2 h after therapeutic administration. After this
time, they are advised to have as much fluids as
possible for fast excretion of radioiodine from the
kidneys. They are also advised to void the urinary
bladder frequently and to flush the toilet twice after
each voiding. This practice not only reduces the radi-
ation dose to the kidneys, bladder, and entire body of
the patients but also helps in their fast release from
the hospital.

In female patients of reproductive age, two impor-
tant aspects need to be considered:

1. Possibility of pregnancy: Radionuclide therapy is
strictly prohibited during pregnancy.

2. Pregnancy after radionuclide therapy should be
avoided for at least 4 months (4 6 months) or as
advised by the treating physician.

1.2.3.4 Discharge of the Patient from the
Hospital

The regulatory authority of each country decides the
maximum limit of activity of I-131 at which the
patient may be discharged from the hospital. This
can be roughly estimated by measuring the exposure
rate from the patient at a 1-m distance with a cali-
brated survey meter, which should read approxi-
mately 50 pSv/h (5 mR/h) for a body burden of
30 mCi or less.
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1.2.3.5 Posttreatment

The patient must be provided with an instruction card
detailing the type and duration of any radiation pro-
tection restrictions that must be followed at home.
This should also contain details of therapy and neces-
sary radiation protection procedures.

1.2.3.6 Contact with Spouse or Partner
and Others at Home

The patient should make arrangements to sleep apart
from his or her partner for some time as suggested by
the RSO. The duration of such restriction actually
depends on the body burden of the patient at the time
of release from the hospital [5 8]. Contact with family
and friends at home should not be for prolonged per-
iods for a few initial days after release from the hospi-
tal [5, 9]. Close contact with pregnant women and
young children on a regular basis should be avoided
for such time as suggested by the RSO. It would be
ideal if an arrangement could be made for young
children to stay with relatives or friends after the
treatment, at least for the initial few days or weeks.
If such an arrangement is not possible, then prolonged
close contact with them should be avoided as per
advice of the RSO. Time duration to avoid close
contact can only be estimated on an individual basis
depending on the radioiodine burden and socioeco-
nomic status of the patient. Mathieu et al. [10] esti-
mated the radiation dose to the spouse and children at
home and observed that the dose to the spouse is
greater from patients treated for thyrotoxicosis than
for those treated for thyroid cancer. Pant et al. [11]
reported that the dose to family members of patients
treated with radioiodine (I-131) for thyrotoxicosis and
cancer thyroid was within 1 mSv in the majority of the
cases with proper counseling of the patient and the
family members at the time of release from the hospital.

1.2.3.7 Returning to Work

If work involves close contact with small children or
pregnant women, then it should not be resumed by
treated patients for a few weeks; otherwise, routine
work can be assumed by avoiding close contact with
fellow colleagues for a prolonged period. The Luster

et al. [12] published the relevant guidelines for radio-
iodine therapy for consultation.

1.2.3.8 Personal Hygiene and Laundering
Instructions for the First Week
After Therapy

A normal toilet should be used in preference to a urinal
for voiding urine. The sitting posture is preferred to
standing. Spilled urine should be wiped with a tissue
and flushed. Hands should always be washed after
using the toilet. Any linen or clothes that become
stained with urine should be immediately washed sep-
arately from other clothes.

1.2.3.9 Records

A proper logbook should be maintained with details of
storage and disposal of radionuclides. The record of
dose administration to the patients, their routine mon-
itoring, transient storage of waste for physical decay,
and the level of activity at the time of disposal should
be properly recorded. Decontamination procedures
and routine surveys should also be recorded in the
radiation safety logbook. The name of the authorized
person who supervised the procedure should also be
recorded.

1.2.4 Management of Radioactive Waste

Radioactive waste is generated as a result of handling
unsealed sources in the laboratory, leftover radioactive
material from routine preparations, dose dispensing to
patients, contaminated items in routine use, and so on.
The waste arises in a large variety of forms depending
on the physical, physiochemical, and biological prop-
erties of the material. In radionuclide therapy, the
waste may also consist of excreta.

1.2.4.1 Storage of Radioactive Waste

The solid waste generated in the working area should
be collected in polythene bags and transferred to suit-
able containers in the storage room. The liquid waste



1 Basic Physics and Radiation Safety in Nuclear Medicine

21

has to be collected in either glass or preferably plastic
containers. The waste containing short-lived and long-
lived radionuclides should be collected in separate
bags and stored in separate containers. If the labora-
tory is used for preparation of short-lived radiophar-
maceuticals, then it is advisable not to collect the
waste until the next preparation. This will avoid
unnecessary exposure to the staff handling radioactive
waste. The storage room should have proper ventila-
tion and an exhaust system. The shielding around the
waste storage room should be adequate to prevent any
leakage of radiation. The waste must be stored for at
least ten half-lives for decay or until such a time
disposal is conveniently possible.

1.2.4.2 Disposal of Solid Waste

1. Low-activity waste
The solid waste comprised of paper tissues, swabs,
glassware, and similar materials that are of low
activity (only a few becquerels) can be disposed
with ordinary refuse provided no single item con-
tains concentrated activity and

(a) They do not contain alpha or beta emitters or
radionuclides with a long half-life.

(b) The waste does not go through a recycling
procedure.

(c) The radionuclide labels are intact (to guard
against misinterpretation).

2. High-activity wastes

Contaminated clothing and those items that need to
be reused are segregated and stored for physical
decay of radioactivity or decontaminated sepa-
rately. A derived working limit (DWL) of 3.7 Bg/
cm? is indicated for personal clothing and hospital
bedding. Disposal methods for solid waste consist
of decaying and disposal or ground burial. The
method chosen depends on the quantity of radioac-
tive material present in the wastes. From each work
area, the wastes are collected in suitable disposable
containers. Extra care for radiation protection is
necessary during the accumulation, collection, and
disposal of radioactive wastes. Containers should
be marked with the radiation symbol and suitable
designation for segregation [13].

Solid waste (e.g., animal carcasses, animal exc-
reta, specimens, biologically toxic material) can be

conveniently dealt with by burial or incineration,
depending on the national or international guidelines.
Incineration of refuse containing nonvolatile radio-
nuclides concentrates the activity in the ash. If the
ash contains undesirable high activity, special dis-
posal methods should be adopted. The ash can be
diluted and disposed without exceeding the speci-
fied limits or buried. The design of the incinerator
for handling the radioactive waste should be con-
sidered at the planning stage.

1.2.4.3 Management of Cadavers Containing
Radionuclides

An unfortunate situation arises if a patient dies after
administration of a high amount of radioactivity and
the radiation limits are more than the threshold level
for releasing the body from the hospital. If the activity
is concentrated in a few organs (as can be seen by
scanning the cadaver under the gamma camera), then
those organs should be removed, and the body released
after ensuring that the limits recommended by the
competent authority are not exceeded. In case of wide-
spread disease for which organ removal is no solution,
the body may be put into an impermeable plastic bag
and stored in a mortuary (cold room) for physical
decay until the radiation level returns to an acceptable
limit. In any compelling social circumstances, the
advice of a regulatory body may be sought. Autopsy,
management of removed organs or a part of the body,
handing over the body, and burial or cremation should
be done under the direct supervision of the RSO.
Removal of organs from the cadaver is socially not
permitted in some countries, the regulatory require-
ment of that country shall be followed by the RSO.

1.2.4.4 Disposal of Liquid Waste

While disposal of liquid wastes through the sanitary
sewage system, the limits of dilution and disposal
should not exceed the prescribed limits recommended
by the competent authority (normally 22.2 MBg/m®).
If the activity in the waste is too low, then it may be
disposed with proper dilution (dilute and dispose). If
the activity level is moderate to high and the half-life
or lives of the radionuclides is relatively short, then the
waste should be stored for physical decay for a period
of about ten half-lives (delay and decay).
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The quantity of liquid radioactive waste generated
due to nuclear medicine investigations hardly poses any
problem of storage or disposal. However, it is not the
same for therapeutic nuclear medicine, for which a large
amount of radioactive waste is generated in the form of
effluent from the isolation room or ward of thyroid
cancer patients. The large doses of radioiodine used for
the treatment of thyroid cancer calls for planned storage
and release of waste by sewage disposal. Amounts of
1317 as high as 7.4 11.1 GBq (200 300 mCi) are admi-
nistered to patients with distant metastases. Approxi-
mately 80 90% of administered radioactivity is
excreted through urine [5]. Therefore, management of
radioactive urine poses a radiation safety problem.

Various methods have been recommended for the
disposal of high-level radioactive liquid wastes. The
widely used technique is the storage delay tank sys-
tem. Storage of all effluent from the isolation room or
ward, or urine alone, in a storage delay tank system is
the recommended method and is more feasible in
hospitals with tanks of appropriate volumes. The sys-
tem allows collection of effluent from the isolation
room or ward in the first tank. The tank is closed
after it is completely filled, and collection takes place
in the second tank. Until the second tank is completely
filled, the effluent in the first tank gets enough time to
decay, which may make its release possible to the
sewage system. It will even be better if effluent in
each tank is allowed to decay for a given length of
time and then released into a big dilution tank before
its final release into the sewage line. A large number of
small tanks is advisable for allowing decay of radio-
iodine for at least ten half-lives. Provision of access to
the dilution tank is useful for monitoring the activity
concentration at any time before its final release to the
main sewer system.

1.2.4.5 Disposal of Gaseous Waste

Gaseous wastes originate from exhausts of stores,
fume cupboards, and wards and emission from incin-
erators. Points of release into the atmosphere should
be carefully checked, and filters (including charcoal)
may be used wherever possible. The concentration of
radioactive materials in the air leaving the ventilation
system should not exceed the maximum permissible
concentrations for breathing unless regular and ade-
quate monitoring or environmental surveys are carried

out to prove the adequacy of the disposal system.
When large quantities of radionuclides are routinely
discharged to the environment, it is advisable to make
environmental surveys in the vicinity since many
radionuclides will be concentrated on surfaces.

In installations where large amounts of airborne
activity are involved, it may be necessary to use suitable
air filtration (through charcoal filter) systems and to
discharge the filtered effluent through a tall stack. The
height of the stack can be chosen to ensure that the radio-
activity is sufficiently diluted before it reaches ground
level. Combustible low-level radioactive waste may be
incinerated with adequate precautions to reduce bulk.

Security: The waste has to be protected from fire,
insects, and extreme temperatures.
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2.1 Introduction

A radiopharmaceutical is a radioactive compound that
has two components, a radionuclide and a pharmaceu-
tical; it is used for the diagnosis and treatment of
human diseases. All radiopharmaceuticals are legend
drugs and are subject to all regulations that apply to

T.B. Saleh
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other drugs. The difference between a radiochemical
and a radiopharmaceutical is that the former is not
administered to humans due to the possible lack of
sterility and nonpyrogenicity; any material adminis-
tered to humans must be sterile and nonpyrogenic. A
radiopharmaceutical may be a radioactive element like
133Xe or a labeled compound such as *“™Tc-labeled
compounds [1].

In nuclear medicine, about 95% of the radiophar-
maceuticals are used for medical diagnosis; only about
5% are used for therapeutic purposes. In designing a
radiopharmaceutical, a suitable pharmaceutical is cho-
sen on the basis of its preferential localization in a
given organ or its participation in the physiological
function of the organ. Then, a suitable radionuclide is
tagged onto the chosen pharmaceutical and adminis-
tered to the patient [2]. The radiation emitted from the
organ can be detected by an external radiation detector
for assessment of the morphological structure and the
physiological function of that organ. Radiopharma-
ceuticals in most cases have no pharmacological effect
as they are mainly administered in tracer amounts. So,
they mainly do not show any dose response relation-
ship. For the therapeutic radiopharmaceuticals, how-
ever, the observed biological effect is from the
radiation itself and not from the pharmaceutical [3].

Nuclear medicine procedures generally have two
classifications; the first is those that depend on single-
photon emitters, for which planar and tomographic
imaging (single-photon emission computed tomogra-
phy or SPECT) are the options of image acquisition.
The other type is positron emission tomography (PET),
for which the detection process relies on positron-
electron annihilation and the release of two opposing
photons (180° apart). The key component that distin-
guishes these techniques among other modalities is
the diversity and ability of their contrast agents to

M.M. Khalil (ed.), Basic Sciences of Nuclear Medicine, DOI: 10.1007/978 3 540 85962 8 2, 25

© Springer Verlag Berlin Heidelberg 2011



26

T.B. Saleh

answer a clinical question. The contrast agents in
nuclear medicine are radiolabeled compounds or
radiopharmaceuticals that, when localized in the
region of interest, emit important information about
the pathophysiologic status of the tissue involved.
Both imaging techniques have high sensitivity in
detecting molecular concentrations in the pico or
nano range, and their role in functional or molecular
imaging is well addressed. SPECT and PET radio-
pharmaceuticals have a wide acceptance in molecular
imaging, biomedical research disciplines, and drug
development. However, many SPECT tracers are
approved by the U.S. Food and Drug Administration
(FDA), widely available, well reviewed in the litera-
ture, and relatively cheaper and perform for a signifi-
cant patient population on a daily basis, whereas this
situation is not true for the use of PET compounds.

SPECT radiotracers have a particular position in
the matrix of molecular imaging due to their ability
to image endogenous ligands such as peptides and
antibodies and their ability to measure relatively
slow kinetic processes due to the relatively long half-
life of the commonly used isotopes (in comparison to
PET). In addition, the capability to measure two dif-
ferent photon energies allows SPECT systems to
depict two molecular pathways simultaneously by
measuring their corresponding photon emissions [4].
In this chapter, we discuss some basic concepts about
properties of radiopharmaceuticals, production, and
generator systems used in clinical practice.

2.2 An Ideal Radiopharmaceutical

The definition of an ideal radiopharmaceutical in nuclear
medicine procedures varies according to its use. The aim
of a diagnostic radiopharmaceutical is to provide detect-
able photons with minimal biological effect to the cells
or organ, whereas it is desired to produce a cytotoxic
effect in a therapeutic procedure [5]. Generally, an ideal
radiopharmaceutical for diagnostic procedures should
meet the following characteristics:

Short half-life: Radiopharmaceuticals should have
a relatively short effective half-life, which should not
exceed the time assigned to complete the study. It
provides a smaller radiation dose to the organ and
ambient structures together with reduced exposure
to workers, family members, and others. However,

radiotracers with short lifetimes mandate an injection
of a high-activity concentration using fast imaging
systems and may also compromise image quality.
Thus, an optimal half-life satisfies imaging require-
ments while maintaining the quality of the scan. Pro-
tein synthesis and peptide formation involve a slow
kinetic process; thus, single-photon emitters provide
an opportunity to study the underlying functional dis-
orders while the tracer still is able to emit a signal [1].

Suitable radionuclide emission: Radiopharmaceu-
ticals emitting y-radiation by electron capture or iso-
meric transition (energy between 30 and 300 keV) are
commonly used in nuclear medicine diagnostic proce-
dures. For therapeutic purposes, o-, -, and Auger
electron emitters are used because of their high linear
energy transfer, which leads to maximum exposure
and damage of the target cells. The o-particles and
Auger electron emitters are mostly monoenergetic,
whereas the B-particles have a continuous energy
spectrum up to their maximum energy Eax.

High target-to-nontarget ratio: In all diagnostic
procedures, it is well known that the agent with better
target uptake is a superior imaging agent since the
activity from the nontarget areas can interfere with
the structural details of the organ imaged. Therefore,
the target-to-nontarget activity ratio should be as large
as possible.

Target uptake rate: The rate at which an organ
takes up the administrated radiopharmaceutical is
also considered a key characteristic of an ideal radio-
pharmaceutical because it influences the period after
which imaging acquisition is done. It is preferable to
get images as early as possible for patient conve-
nience. For example, *™Tc-pertechnetate is prefera-
ble to '**I-Nal because the thyroid-imaging procedure
can be performed after 20 min of dose administration,
while with '**I-Nal it takes 4 6 h to launch the imag-
ing session.

Tracer excretion: The most common excretion
route is renal clearance, which is rapid and can reduce
exposure to the blood, whole body, and marrow. In
contrast, the gastrointestinal tract (GIT) and hepato-
biliary excretion is slow and leads to higher GIT and
whole-body exposures. With GIT excretion, reabsorp-
tion into the blood also occurs. Since organ visualiza-
tion is better when the background tissues have less
uptake than the target organ, the radiopharmaceutical
must be cleared from the blood and background tissue
to achieve better image contrast.
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Availability: The ideal radiopharmaceutical should
be cost effective, inexpensive, and readily available in
any nuclear medicine facility. This feature also char-
acterizes the spread and diffusion of gamma emitters
compared to PET-based compounds.

2.3 Production of Radionuclides

Naturally occurring radionuclides cannot be employed
for medical diagnosis because of their long half-lives,
which warrant the need for production of other radio-
nuclides that can be safely used for medical applica-
tions. Most of the radionuclides for medical use are
produced in nuclear reactors or cyclotrons. Some of
the radionuclides are eluted from the generators in
which the parent radionuclide is produced from a
reactor or a cyclotron [2].

The process of all radionuclide production can be
described by the general equation

X(“BP”, 66EP”)Y

where

X is the target element.

Y is the product element.

BP is the bombarding particle (projectile).
EP is the emitted product.

Pure metals are the best targets to use because of
their high ability to sustain the high temperature in
cyclotron and reactor systems.

2.3.1 Reactor-Produced Radionuclides

The two major principles of a nuclear reactor are that
the neutrons induce fission in the fissile material con-
structing the fuel rods (e.g., U , P239) of the reactor
and the number of neutrons released in that fission
reaction is about two or three neutrons with a mean
energy of 1.5 MeV.

U?® 4+ n — fission products + vn

These new neutrons are used to produce fission in
other nuclei, resulting in the release of new neutrons

that initiate the chain reaction. This chain reaction
must be controlled to avoid the possible meltdown
situation in the reactor using special neutron modera-
tors (low molecular weight materials such as water,
heavy water, and graphite, which are distributed in the
spaces between the fuel rods), and neutron absorbers
(e.g., cadmium rods placed in the fuel core) are used to
thermalize and reduce the energy of the emitted neu-
trons to 0.025 eV to maintain equilibrium [1].

From the medical usefulness point of view, there
are two types of nuclear reactions used to produce
radioisotopes of interest 2 types: thermal neutron reac-
tions and fission (n, f) reactions.

2.3.1.1 Thermal Neutron Reactions

The thermal neutrons around the core of the nuclear
reactor can induce the following types of nuclear
reactions:

Ay+n— AL +y
AL+n— AY | +p

In the first type of reaction, the target atom A
captures a neutron and emits gamma rays (Yy), also
written as an (n, y) reaction.

For example:

%Mo (n,y) Mo
O¢Cr (n,y) S'Cr

In the second type of reactions, a proton is emitted
after absorption of the neutron, resulting in a new
element with different atomic number (7).

For example:

141\1(117 p) 14C
*He(n,p) *H

Although the (n, y) reaction produces a radioiso-
tope from a stable one with a low specific activity
product that are not carrier free, no sophisticated
chemical separation procedures are required.

The (n, p) reaction produces an isotope with a
different atomic number (element), enabling the
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production of high specific activity and carrier-free
radioisotopes. Specific activity can be defined as the
amount of activity per unit mass of a radionuclide or a
labeled compound.

Products of (n, y) reactions include parent isotopes,
which are commonly used in nuclear generators to
produce daughter radionuclides, which are the iso-
topes of interest; these are usually separated from
their parents by column chromatography procedures.

For example:

98M0(n7 y)99Mo 11/2=67h 99m

124Xe(n, V) 125X€ tl[2:67h IZSI

2.3.1.2 Fission or (n, f) Reactions

Fission is a process of breaking up a heavy nucleus
(e.g., 235U, 23(’Pu, 232Th) and any other material with
an atomic number greater than 90 into two fragments
(by-products).

For example:

5
U2 4n — U230 — Kr¥) + Bal¥* +3n
5 3
U’ +n — UG — 153 +Y39% +3n
23 2 1
Usy’ +n — Ugy’ — Mo +Snsg” +2n

The neutron interacts with the >**U nucleus to form
unstable uranium atom > 6U, which breaks into two
different smaller atoms and a number of neutrons. The
isotopes produced may be employed in nuclear medi-
cine (99M, 1311, 133Xe); the greatest portion of these
radioisotopes is not useful in nuclear medicine as they
tend to decay by B emission. Unlike the radioisotopes
formed from (n, y) reactions, fission products can be
chemically treated to produce carrier-free radionu-
clides. But, the major problem is how to separate
them from the other products to obtain the highest
level of radiochemical purity of the end product. The
radioisotopes are mainly separated by appropriate
chemical procedures that may involve precipitation,
solvent extraction, ion exchange, distillation, and
chromatography. Two of the most common isotopes
are discussed as examples:

Molybdenum-99: For Mo separation, the irra-
diated uranium target is dissolved in nitric acid, and
the solution is adsorbed on an alumina (Al,O3) col-
umn. The column is then washed with nitric acid to
remove uranium and other fission products.

lodine-131: For chemical separation of '*'I from
233U, the latter is dissolved in 18% sodium hydrox-
ide (NaOH) by heating, and hydroxides of many
metal ions are then precipitated by cooling. The
supernatant containing sodium iodide is acidified
with sulfuric acid. Iodide is oxidized to iodine by
the effect of the acid, and iodine is collected in a
NaOH by distillation.

2.3.2 Cyclotron-Produced Radionuclides

Cyclotron systems, which were invented in 1930, have
an obvious role in the production of a wide range of
nuclear medicine radiopharmaceuticals, especially
those with short half-lives.

The basic principle of their operation is the accel-
eration of charged particles such as protons, deuterons,
and a-particles in a spiral path inside two semicircular,
flat, evacuated metallic cylinders called “dees.” The
dees are placed between the two poles of a magnet (see
Fig. 2.1) so that the ion beam is constrained within a
circular path inside the dees. At the gap between the
dees, the ions experience acceleration due to the impo-
sition of the potential difference. The beam particles
originate at the ion source at the center of the cyclo-
tron, and as they spiral outward in the dees, they
acquire increasing energy for each passage across the
gap of the dees. Eventually, the high-energy particles
reach the periphery of the dees, where they are
directed toward a target for bombardment [6].

Fixed-frequency cyclotrons can accelerate posi-
tively charged ions up to only 50 MeV for protons
due to the relativistic increase in the mass of the
accelerated particle, while for linear accelerators, par-
ticle acceleration can occur up to several hundreds of
mega-electron-volts because of the ability of the accel-
erator to compensate for the increase in mass of high-
energy particles. Advanced techniques have been
developed to use cyclotrons to accelerate particles to
much higher energies [7].

The majority of cyclotrons built prior to 1980
accelerated positively charged ions (i.e., H"); medical
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cyclotrons accelerate negative ions (H ). This design
allows for a simple deflection system in which the
beam is intercepted by a thin carbon foil that extracts
the negative ions at the end of the trajectory, resulting
in the formation of a positively charged H" beam. The
beam then changes the direction without a deflector
due to the magnetic field. The H" bombards the target
in a manner similar to that in a positively charged ion
cyclotron. It is also possible to extract the beam at two
different points in the machine, allowing use of a
negative-ion cyclotron for production of two different
radioisotopes simultaneously [8]. Generally, when the
target nuclei are irradiated by the accelerated particles,
a nuclear reaction takes place. The incident particle,
after interaction, may leave some of its energy in the
nucleus or be completely absorbed by it, depending on
its incident energy. In either case, the nucleus is
excited, resulting in the emission of nucleons (protons
and neutrons) followed by y-ray emission.

Depending on the energy deposited by the incident
particle, a number of nucleons may be emitted ran-
domly from the irradiated nucleus, leading to the for-
mation of different nuclides. As the energy of the
irradiating particle is increased, more nucleons are
emitted and therefore a greater variety of nuclides
may be produced.

An example of a simple cyclotron-produced radio-
nuclide is the production of '''In by irradiation of
"Ccd with 12-MeV protons. The nuclear reaction
can be expressed as follows:

lllCd (p’ n)lllIn

In this case, a second nucleon may not be emitted
because there is not enough energy left after the emis-
sion of the first neutron. The excitation energy insuffi-
cient to emit any more nucleons will be dissipated by
y-ray emission.

The target material must be pure and preferably
monoisotopic or at least enriched in the desired isotope
to avoid the production of extraneous radioisotopes. In
addition, the energy and type of the irradiating particle
must be chosen to avoid the presence of undesired
radionuclides.

Table 2.1 represents the most common commercial
cyclotrons presented by the International Atomic
Energy Authority (IAEA) report for cyclotron distri-
bution in member states in 2006 [9].

2.3.3 Generator-Produced Radionuclides

The first commercial radionuclide generator was
produced in the United States in the early 1960s
(Brookhaven National Laboratories); since then, a
number of different types of generators have been
developed for various purposes in nuclear medicine.
Generators are “parent daughter systems involving a
long-lived parent radionuclide that decays to short
half-life daughter” and is called a generator because
of its ability to generate continuously a relatively
short-lived daughter radionuclide. The parent and its
daughter nuclides are not isotopes; therefore, chemical
separation is possible. Table 2.2 represents the most
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commonly used generators in nuclear medicine appli-
cations.

Radionuclide generators are formed by a glass or
plastic column fitted at the bottom with a filtered disk.
The column is fitted with absorbent material such as
alumina, on which the parent nuclide is absorbed.
Daughter radionuclides are generated by the decay of
the parent radionuclide until either a transient or secu-
lar equilibrium is reached; after that, the daughter
appears to decay with the half-life of the parent. The
daughter is eluted in a carrier-free state (because it is
not an isotope of the parent radionuclide) with a sterile
and pyrogen-free appropriate solvent; then, the activ-
ity of the daughter starts to increase again up to equi-
librium, so the elution can be made multiple times.
Figure 2.2 shows a typical generator system.

Table 2.1 Common commercial cyclotrons for cyclotron dis
tribution

Company Model Description
CTL, Inc./ RDS 111 11 MeV H , 40,60 pA
Siemens RDS 112 11 MeVH ,40pA
GE PETrace 16.5MeVH |,
8.6 MeVD ,
80 pHA
Ton Beam Cyclone 18/9 18 MeVH ,9 MeV
Applications Cyclone D ,80pA
(IBA) 30+ 30 MeVH |,
15MeV D ,60pA
Sumitomo CYPRIS 370 16 MeV H+, 10 MeV
Heavy AVF D+, 60 pA
Industries 930+ 90 MeV H+, 60 pA
Scanditronix MC40+ 10 40 MeV H+,
Medical AB 5 20 MeV D+,
60 LA

Several methods can be adopted to obtain a steri-
lized eluted radionuclide:

e The entire column of the generator is autoclaved.
Column preparation occurs under general aseptic
conditions.

e Bacteriostatic agents are added to the generator
column.

e A membrane filter unit is attached to the end of the
column.

e Elution procedures are carried out under aseptic
conditions.

2.3.3.1 Daughter Yield Equations

Assuming that there is initially no daughter activity in
the generator, the daughter activity at any given time
t is given by

A
Ay =2 A M

_ Jot
To— A1 e ™)

where

A, is the daughter activity at time ¢.

AY is the parent activity at time zero.

/A1 and A, are decay constants for the parent and
daughter, respectively.

In case of transient equilibrium, as time ¢ becomes

sufficiently long, e »' is negligible compared with

e * and the equation becomes

Table 2.2 Some generator systems used in nuclear medicine applications

Parent  Parent Nuclear Daughter  Daughter
(Thr2) reaction T2)

Mo 66 h Fission 99mTe 6h

8Ty 80 h 8Sr(p2n)  ¥mSr 2.8h

%BGe  271days  *°Ga69 %8Ga 68 min

(p,2n)
“7Zn  93h SCu(p2n)  %Cu 9.7 min
828r 25.5days *Rb(p4n)  *’Rb 75 s

Mode of Principal keV Column Eluant

daughter (% abundance)

decay

1T 140(90) Al205 0.9% NaCl

IT 388(82) Dowex 0.15M
1x8 NaHCO;

B+ S511(178) Al,O5 0.005M

EDTA

B+ 511(194) Dowex 2N HCL
1x8

B+ 511(190) SnO, 0.9% NaCl

Adapted from [2].
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Fig. 2.2 Typical generator system

Since AY(e “7) is the parent activity at time ¢, we
can express it by A, and the equation can be rewritten
as

A2

Ay =22
2T =

Ay

In case of secular equilibrium, the parent activity
does not decrease dramatically even after many
daughter half-lives. As such, the decay constant of
the parent 4, is much smaller than that of the daughter.
So, we can make an approximation and assume that
Ay — A1 = Ayand A| = Aj; thus, the daughter activity
is equal to the parent activity.

2.3.3.2 2°Mo-°°"Tc Generator

The *’Mo-"""Tc generator has been the most com-
monly used radionuclide generator in nuclear medi-
cine practice worldwide since its first commercial
introduction in 1965. It has several characteristics
and attractive properties, which are summarized as
follows [10]:

Cost effective and simple to use

Sterile and pyrogen free

High radionuclide and radiochemical purity

Used to produce many **™Tc-labeled radiopharma-
ceuticals frequently used in nuclear medicine
departments

e Ideal half-life of the daughter nuclide (6 h) and
optimum energy (140 keV, ~90% abundance)

e %Mo produced by the (n, f) fission reaction instead
of the (n, v) reaction (to have a carrier-free “Mo
radionuclide) has a half-life of 66 h and decays by
[B-emission (87%) to metastable state technetium
(99mTc) and in 13% to ground state (99Tc), while
9MT¢ has a half-life of 6 h and decays to **Tc by an
isomeric transition with the emission of 140-keV
gamma photons [11].

2.3.3.3 Liquid Column (Solvent Extraction)
Generator

The basic principle of the liquid column (solvent
extraction) generator involves placing a 20% NaOH
solution of *’Mo in a glass column and then letting
methyl ethyl ketone (MEK) flow through that column
to extract **"TcOy, leaving Mo in an aqueous solu-
tion. The advantage of this generator is that it is
extremely cost effective, but it needs many manipula-
tions in the overall method and causes more radiation
exposure to staff involved. Its use in nuclear medicine
is diminishing.

2.3.3.4 Solid Column Generator

A solid column *Mo-?*"Tc generator is made initially
with alumina (Al,O3) loaded in a plastic or glass
column where the?’Mo radionuclide is adsorbed on
alumina in the chemical form 99MoO4 (molybdate).
The column is washed with isotonic saline to remove
any undesirable activity. The amount of alumina used
is about 5 10 g, depending on the total *’Mo activity
used. **™Tc radionuclide is eluted as a product of
“Mo decay in the form of sodium pertechnetate
(Na®*™TcO,) with a 0.9% NaCl solution. After elu-
tion, the **™Tc activity starts to grow again up to
equilibrium [12]. Elution may be carried out even
before equilibrium if needed, and the amount of activ-
ity obtained depends on the time elapsed between the
previous and the present elution.

For radiation protection purposes, the generator
columns are shielded with lead or depleted uranium
in generators with high *’Mo activity because **U has
a higher Z number and therefore attenuates y-rays
more efficiently.

There are two types of solid column
Tc generators: wet and dry column. Dry column

99N 0-2om
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generators are preferable due to the repeated with-
drawal of saline from the column after routine genera-
tor usage by an evacuated tube, which prevents the
formation of hydrogen peroxide (H,O,) and per-
hydroxyl free radical (HO,), which if present in the
9MTc eluate can interfere with the *™Tc labeling
procedures because they can act as oxidants. In addi-
tion, in wet column generators, saline in the tubing
may possibly freeze in extremely cold weather, thus
preventing elution until thawed.

2.3.3.5 2°™Tc¢ Yield in the °°Mo-°>°™"Tc Generator

Since *’Mo and **™Tc¢ radionuclides decay to 9T, the
generator eluate contains both **™Tc and **Tc in vari-
ous concentrations. The fraction of *™Tc decreases
due to the rapid decay of *™Tc, especially when the
time between elutions increases. **™Tc and **Tc have
the same chemical structure, so 9T¢ can interfere with
the preparation of **™Tc radiopharmaceuticals, espe-
cially with kits containing small amounts of stannous
ions. This situation becomes critical when the genera-
tors are left without elution for several days [13].

The *™Tc content in the generator eluate can be
expressed by the following equation:

F =N4/(Na+ Ng)

where F is the **™Tc mole fraction. N and Ny are the
number of **™Tc¢ and *Tc, respectively.

The mole fraction of *™T¢ (F) at any time ¢ can be
calculated as

F=087(e "' —e 1) /(2g—2)(1 —e A7)
where A, and 4, are decay constants for the Mo and
99mTe, respectively. The factor 0.87 indicates that 87%
of Mo decays to **™Tc.

2.3.3.6 Other Generator Systems
'35n-""3In Generator
Indium-113 can be used to prepare a number of radio-

pharmaceuticals used for imaging of lungs, liver,
brain, and kidneys. ''*Sn has a half-life of 117 days,

while the daughter '"*In has a half-life of 100 min and
energy of 393 keV [14]. The generator is made up of
hydrous zirconium oxide contained in a plastic or glass
column. Sn-113 produced in a reactor by neutron
irradiation and in the stannic form is adsorbed on the
column, and the daughter '*In is eluted with 0.05N
HCI [15].

Due to the relatively long half-life of ''*Sn
(117 days), the '"*Sn-""*In generator can be used for
6 12 months, making it one of the most economical
generators. The disadvantage of this generator is the
improper energy of 393-keV photons from ''*In with
routinely used gamma camera detectors. ''*Sn-'"’In
generators generally have been replaced by moly gen-
erators; however, they are still useful in some devel-
oping countries and isolated regions of the world [3].

81Rb-8"Kr Generator

81Kr is a gamma-ray-emitting radionuclide with a
photon energy of 190 keV (192% abundance). It is
commonly used as a lung and myocardial perfusion
imaging agent [16]. The generator is formed of a
column containing a cation exchange resin (Bio-
Rad AGMP-50), where the cyclotron-produced *'Rb
(ti» = 47 h) is loaded. The noble gas *'Kr (t;, = 13 s)
is eluted by passing humidified oxygen over the gen-
erator column [17]. The 81Kt and O, are delivered to
the patient through a nonbreathing face mask. The
major disadvantages of the ®'Rb-*'Kr generator are
the high cost and the 12-h expiration time of the
nuclide of the generator [3].

826,.82Rp Generator

Rubidium-82 is a positron-emitting radionuclide and
is used primarily as a myocardial perfusion agent for
PET imaging. It serves as an alternative to the
accepted oxygen-15 and nitrogen-13 with an increas-
ing trend for use in research and clinical practice [18].
Its importance also lies in the fact that the production
process does not require a cyclotron system and its
associated complexities.

828r (1 2 = 25 days) decays by electron capture to
82Rb (ti, = 75 s), which decays by B emission. To
make the generator, the cyclotron-produced *Sr is
loaded on a SnO, column, and 82Rb is eluted with
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0.9% NaCl solution to obtain it in the form of rubid-
ium chloride. Because of its short half-life, 82Rb elu-
tion can be repeated every 10 15 min with maximum
yield [19]. The disadvantage of this generator is the
short half-life of the *’Rb daughter radionuclide. In an
effort to overcome the short half-life, a calibrated
continuous infusion system has been developed,
allowing elution of the generator directly into an intra-
venous catheter [20].

The activity of *’Rb produced from a %2Sr-*?Rb
generator is dependent on elution conditions (volume
and eluent flow rate) and sampling conditions (time
and position of collection). There is a characteristic
curve for the elution of Rb-82 from the generator that
depends on the flow rate and the Sr-82 activity within
the generator. This results in a variation of the infu-
sion profile, thus altering the amount of tracer
injected [21].

58Ge-%8 Ga Generator

%8 Ga is primarily used for brain tumor imaging, but
with the availability of positron systems and its emis-
sion of 2.92-MeV positrons in 89% abundance, its use
has increased in PET applications [22]. This generator
is made up of alumina loaded in a plastic or glass
column. Carrier-free Ge (t1 = 271 days) in con-
centrated HCl is neutralized in EDTA (ethylenediami-
netetraacetic acid) solution and adsorbed on the
column. Then, ®® Ga (t1, = 68 min) is eluted with
0.005M EDTA solution. Alternatively, ®*Ge is
adsorbed on a stannous dioxide column, and % Ga is
eluted with 1.0N HCI. This generator can be eluted
frequently with a maximum yield in a few hours [23].

6271-52Cu Generator

Copper-62 is also a positron-emitting radionuclide
(98% abundance) and is used widely for PET imaging.
27Zn (1, = 9.3 h) decays to °*Cu (t,,, = 9.7 min) by
electron capture (92%) and B* emission (8%). %2Cu
decays by B emission (97%) and electron capture
(3%). ®*Zn in 2N HCl is adsorbed on a Dowe 1 x 8
column, and %2Cu is converted to 62Cu-PTSM, copper-
62 (IT) pyruvaldehyde bis-(N-4-methyl)thiosemicarba-
zone which is used for myocardial and brain perfusion
imaging [24]. The biggest disadvantage of this gener-

ator is the short half-life of the daughter radionuclide,
limiting its use only to the day of delivery [25].

Most nuclear medicine procedures that use single-
photon emitters are based on Tc-99m or Tc-99m-labeled
compounds, and the recent shortage of this radionuclide
(2010 international moly crisis) demonstrated the wide
and extensive importance of its clinical utility. However,
there are other radiopharmaceuticals that are of particu-
lar interest in many diagnostic applications.

2.4 Common Radiopharmaceuticals
2.4.1 Thallium-201

Thallium-201 is a frequently used radiopharmaceuti-
cal in cardiac imaging in addition to its role in scan-
ning of tumors and parathyroid adenomas [26].

2071, which is commercially available as thallium
chloride, is produced by exposing pure natural 2>TI to
a high-energy proton beam, resulting in production of
Pb-201:

203T1[p, 3n] Pb-201

Pb-201 is then chemically separated from the target
T1-203 and allowed to decay to TI1-201.

T1-201 decays to mercury (Hg-201) by Electron
Capture with a half-life of 73 h and gives off a
mercury-characteristic x-ray (69 80 keV) with 95%
abundance and two gamma rays of 135 and 167 keV
with a combined abundance of 12%. The commer-
cially produced thalous chloride should contain 95%
of its content in the form of T1-201 [1]. The maximum
concentration of thallium in the heart is obtained
approximately 10 30 min after injection in the resting
state and 5 min after stress induced either physically
or pharmacologically. Uptake of TI-201 into the myo-
cardium is dependent on tissue oxygenation, which
governs the blood flow as oxygen is essential in
supporting T1-201 uptake through the Na-K-ATPase
(adenosine triphosphatase) concentration mechanism
(T1-201 and K* are similarly involved in the Na-K-
ATPase pump) [27]. TI-201 has been extensively
used as a myocardial perfusion imaging agent in
evaluating patients with coronary artery disease and
in viability assessment. In addition, its role in tumor
imaging has been recognized.
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2.4.2 Gallium-67

Gallium-67 is a cyclotron-produced radiopharmaceu-
tical; it can be produced by one of the following
nuclear reactions:

Zn-67[p,n]Ga-67
Zn-68(p, 2n]Ga-67

Ga-67 decays by EC with a half-life of 78 h with
the following gamma-ray energy and abundances:
93 keV (40%), 184 keV (24%), 296 keV (22%), and
388 keV (7%).

Ga-67 is delivered from the manufacturer as gal-
lium citrate with radiochemical purity greater than
85%. Gallium is presented as Ga** in aqueous solu-
tions, making radiopharmaceutical production easier
than that with *™Tc because reduction does not have
to be performed.

It is considered the master radiopharmaceutical for
tumor imaging and detection of inflammatory sites. Its
role is highly affected after the introduction of FDG-
PET, fluorodeoxyglucose applications. On injection of
gallium citrate, more than 90% of gallium becomes
bound to plasma proteins, mainly transferrin, resulting
in slow clearance from plasma. The Ga-transferrin
binding procedure can be affected when transferrin is
saturated with stable gallium or iron before gallium
injection. Under these conditions, gallium distribution
is shifted from soft tissue to bones with no change in
the tumor uptake, while increasing Ga-transferrin
binding causes an increase in soft tissue activity and
decreased tumor activity [28].

2.4.3 lodine Radiopharmaceuticals

Radioisotopes of iodine are widely used in nuclear
medicine for diagnostic and therapeutic purposes.
Radioiodine can substitute into many iodine radio-
pharmaceuticals (e.g., '*'I-MIBG, '*’I-MIBG, meta-
iodobenzylguanidine and orthoiodohippurate [OIH]),
and when oxidized for iodination (by chloramine T or
chloroglycoluril), it can attach itself to aromatic rings
to make different radiopharmaceuticals. The most
common iodine isotopes are I-131, I-125, 1-123, and
123I—ioﬂupane.

e Iodine-131
Iodine-131 is produced as a by-product of uranium
fission. I-131 decays by B emission with a half-life
of 8.05 days to X-133. As a result of that decay,
four y-rays are emitted with the following energies
and abundances: 364 keV (82%), 637 keV (7%),
284 keV (6%), and 723 keV (2%). The 364-keV
energy photons are mainly used diagnostically. The
accepted radiochemical purity from the manufac-
turer for I-131 as Nal is 95%, as MIBG or Nor-
cholesterol is 95%, and as OIH is 97%. 1-131 is
used as Nal in thyroid therapy and diagnosis in
addition to imaging of the adrenal gland (as iodo-
methyl-norcholestrol or MIBG) and renal tubular
system (as '*'I-OIH). Due to the high thyroid radi-
ation uptake (1 rad/pCi), it has been replaced by
I-123 for thyroid imaging and **™Tc-MAG3;, Mer-
captoacetyltriglycine for renal tubular scan. Recently,
I-131 was applied for radioimmunotherapy of non-
Hodgkin lymphoma (NHL) when labeled with anti-
CD20 monoclonal antibody ('*'I-tositumobab) in a
therapeutic regimen called BEXXAR [29].
e Jodine-125

Iodine-125 is produced from Xe-124 through the
following reaction:

Xe-124[n, y] Xe-125

Then, Xe-125 decays by EC to I-125. I-125 decays
by EC with a half-life of 60 days and 35-keV
gamma rays. I-125, when labeled with albumin-
producing radioiodinated serum albumin (RISA),
is frequently used for plasma volume and GFR,
Glomerular filtration rate determination. I-125-labeled
antibodies are used widely for radioimmunoassay.
e Jlodine-123

Todine-123 is a cyclotron-produced radiopharma-
ceutical. Different methods have been used for
I-123 production, although the current method of
production uses the following reactions with 31-
MeV protons from the cyclotrons:

1. Xe-124[p, 2n]Cs-123. Cs-123 then decays by
EC and B* emission to Xe-123, which decays
to the target radiopharmaceutical (I-123), also
by EC and B* emission.

Xe-124[p, pn] Xe-123

2. Then, Xe-123 decays to I-123 by electron cap-
ture. I-125 is present as the only contaminant
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with the previous methods at a concentration of
less than 0.1%. 1-123 decays by EC with a 13-
h half-life and emits 159-keV photons with 83%
abundance (ideal for imaging). Radiochemical
purity of I-123 preparations from the manufac-
turer must exceed 95%.

I-123 is the preferred thyroid imaging agent,
imparting 1% of the thyroid dose per microcurie
when compared with I-131. '**I-labeled com-
pounds are commonly used as '**I-MIBG for an
adrenal scan, 123]_OIH for a tubular renal scan, and
'23.iodoamphetamine ('**I-IMP) for a cerebral
perfusion scan [2].
e 'ZLIoflupane (DaTSCAN)

DaTSCAN is a widely used '*’I derivative for
detection of the loss of nerve cells that release
dopamine in an area of the brain called the stria-
tum; dopamine is a chemical messenger, and there-
fore it will be useful in diagnosis of the following:

1. Movement disorders: DaTSCAN is used to help
distinguish between Parkinson disease and
essential tremor (tremors of unknown cause)
with a sensitivity of 96.5% [30].

2. Dementia: DaTSCAN is also used to help dis-
tinguish between “dementia with Lewy bodies”
and Alzheimer disease with 75.0 80.25% sensi-
tivity [31].

Dopamine transporter (DAT) imaging with tropane
derivatives such as FP-CIT Fluoropropyl-Carbo-
methoxy-Todophenyl-Tropane ('**I-Ioflupane) and
B-CIT, Beta Carbomethoxy-lodophenyl-Tropane
has been developed to directly measure degenera-
tion of dopamine presynaptic terminal and may be
used to quantify changes in DAT density. loflupane
binds specifically to certain structures of the nerve
cells ending in the brain striatum that are responsi-
ble for the transport of dopamine. This binding can
be detected using tomographic imaging [32].

2.4.4 Indium-111 Radiopharmaceuticals

In-111 is produced in a cyclotron through the follow-
ing reaction:

Cd-111 [p,n] In-111

Indium-111 decays with a 67-h half-life by EC as a
pure gamma emitter with 173-keV (89%) abundance
and 247-keV (94% abundance) photons. The gamma
energies of In-111 are in the optimum range of detect-
ability for the commercially available gamma cam-
eras. Like Ga-67, In-111 in aqueous solutions exists
only as In®* and behaves chemically like iron, forming
strong complexes with the plasma protein transferrin.

Because of the great stability of In-111 with trans-
ferrin, only strong chelates can be used in vivo to
direct the localization of the radiopharmaceuticals to
other sites. Strong chelators like DTPA, Diethlenetria-
minepentaacetate or EDTA can be easily used with
indium using citrates or acetates as a transfer ligand.
""n-DTPA has been used for renal and brain imaging
and is currently used for cisternography. '''In-colloids
can be used as liver/spleen imaging agents, and larger
colloidal particles are commonly used for lung imaging.

The most common applications of In-111 are in
labeling blood cells (white blood cells and platelets)
for imaging inflammatory processes, thrombi, and
proteins [33]. In protein labeling, by which proteins
are primarily labeled to DTPA, choosing proper the
In-111-specific concentration is of greater impor-
tance. In blood cell labeling, the plasma transferrin
competes for the In-111 and reduces the labeling
efficiency because In-111 binds with higher effi-
ciency to transferrin than blood cells; therefore, iso-
lation of the desired blood component from plasma
permits easy labeling of either platelets or white
blood cells.

""In has been conjugated to octreotide as an agent
for the scintigraphic localization of primary and meta-
static somatostatin receptor-positive neuroendocrine
tumors. A labeled form of octreotide is commercially
available as the DTPA chelated compound '!''In-DTPA-
octriotide (! lIn—pentetreotide, Octreoscan) [34].

""In contributes also in labeling of monoclonal
antibodies (MAbs) using bifunctional chelates. The
chelating agent (mainly DTPA) is first conjugated to
the antibody, and then '''In binds to the conjugated
MAD via the chelating agent [35]. The commercially
available kit is called Oncoscint. Indium In-111 satu-
momab pendetide (Oncoscint) is indicated for use in
immunoscintigraphy in patients with known colorectal
or ovarian cancer. It helps determine the extent and
location of extrahepatic foci of disease and can be
helpful in the preoperative determination of the resect-
ability of malignant lesions in these patients [36].
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A murine monoclonal antibody produced against
prostate carcinoma and prostate hypertrophy is che-
lated to GYK-DTPA, glycyl-tyrosyl-(N,epsilon-
diethylenetriaminepentaacetic acid) and lypophilized
to give capromab pendetide. After '''In labeling, a
""In-capromab pendetide (ProstaScint) kit is produced
for detecting primary and metastatic prostate cancer [37].

2.4.5 Xenon-133

Xenon-133 is an inert gas used mainly for lung venti-
lation scans and for the assessment of cerebral blood
flow. It is a by-product of uranium fission with a 5.3-
day half-life and 35% abundance for 81-keV photons.
This photon energy requires starting lung scans with
ventilation followed by the ™ Tc-MAA (macroaggre-
gated albumin) perfusion scan [1].

2.4.6 Chromium-51

Chromium-51 has a half-life of 27.7 days and has long
been used for labeling red blood cells as a method for
determination of red cell mass and red cell survival [38].

2.4.7 Phosphorus-32

Phosphorus-32, which is delivered commercially as
32p_sodium phosphate, is produced by irradiating sul-
fur with neutrons in a reactor. P-32 decays by
B emission with a half-life of 14.3 days. **P-sodium
phosphate is indicated for therapeutic treatment of
polycythemia vera, chronic myelocytic leukemia, and
chronic lymphocytic leukemia and for palliation of
metastatic bone pain. Chromic **P-phosphate is used
for treatment of peritoneal or pleural effusions caused
by metastatic disease [39, 40].

2.4.8 Strontium-89

Strontium-89 (pure f emitter) is produced in the
reactor and decays with a half-life of 50.6 days [41].

89Sr-chloride (Metastron) is used for relief of bone
pain since the compound behaves biologically as cal-
cium does and localizes at the sites of active osteogen-
esis [42].

2.4.9 Rhenium-186

Rhenium-186 is a reactor-produced radiopharmaceuti-
cal that decays by B emission and has a half-life of
3.8 days. Re-186 is complexed with hydroxyethylene
diphosphonate (HEDP) after reduction with stannous
ions like Tc-99m. '®*°Re-HEDP with radiochemical
purity over 97% is useful for bone pain palliative
therapy [43]. A whole-body scan can also be obtained
using its 137-keV energy photons [44].

2.4.10 Samarium-153

Samarium-153 is a reactor-produced radionuclide that
decays by B emission and has a half-life of 46.3 h.
Sm-153 is complexed with a bone-seeking agent, ethy-
lenediaminetetramethylene phosphonic acid (EDTMP),
which localizes in bone metastases by chemisorption.
153Sm-EDTMP is approved by FDA for relief of meta-
static bone pain. Its duration of response is 1 12 months.
In addition, its 103-keV photons allow scintigraphic
imaging of the whole body [45]46.

2.4.11 """In- and °°Y-Ibritumomab
Tiuxetan (Zevalin)

Zevalin (""'In- and °Y-ibritumomab tiuxetan) con-
sists of a murine monoclonal anti-CD20 antibody
covalently conjugated to the metal chelator DTPA,
which forms a stable complex with '''In for imaging
and with °°Y for therapy. *Y-ibritumomab tiuxetan is
used for the treatment of some forms of B-cell NHL, a
myeloproliferative disorder of the lymphatic system,
while its '''In derivative is used to scan the predicted
distribution of a therapeutic dosage of *’Y-ibritumo-
mab in the body [47].
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The antibody binds to the CD20 antigen found on
the surface of normal and malignant B cells (but not B-
cell precursors), allowing radiation from the attached
isotope (yttrium-90) to kill it and some nearby cells. In
addition, the antibody itself may trigger cell death via
antibody-dependent cell-mediated cytotoxicity, com-
plement-dependent  cytotoxicity, and apoptosis.
Together, these actions eliminate B cells from the
body, allowing a new population of healthy B cells
to develop from lymphoid stem cells [48].

An earlier version of anti-CD20 antibody, Rituxi-
mab, has also been approved under the brand name
Rituxan for the treatment of NHL. Ibritumomab tiux-
etan was the first radioimmunotherapy drug approved
by the FDA in 2002 to treat cancer. It was approved for
the treatment of patients with relapsed or refractory,
low-grade or follicular B-cell NHL, including patients
with rituximab-refractory follicular NHL. In September
2009, ibritumomab received approval from the FDA
for an expanded label for the treatment of patients
with previously untreated follicular NHL, who
achieve a partial or complete response to first-line
chemotherapy.

2.4.12 °°Y-Labeled Microspheres

Treatment of hepatic carcinomas and metastasis have
experienced many trials [49] of the use of ceramic or
resin microspheres with certain types of beta-emitting
radiation to enhance their response rate. However,
many side effects observed can contraindicate their
usage for this purpose (e.g., secondary medullary tox-
icity with the release of *°Y from the microspheres).
Accordingly, modification of these methods was
applied to develop new microspheres containing
yttrium-90 in a stable form, preventing the release of
the radioactive material in the surrounding matrix.
Two products have been presented: SIR-Spheres with
a 35-um diameter (Medical Sirtec Ltd., Australia) and
TheraSphere with a 20- to 30-pm diameter (MDS
Nordion, Ottawa, Canada) [50]. This therapeutic mod-
ule should be initiated with a diagnostic estimation of
the possibility of locating and quantifying a possible
pulmonary shunt. This is achievable by injection of
%mTc_MAA into the hepatic artery [51]. When
yttrium-90 is incorporated into the tiny glass beds, it
can be injected through the blood vessels supplying

the liver through a long and flexible plastic tube (cath-
eter) with guided fluoroscopy. This procedure allows a
large local dose of radiation to be delivered to the
tumor with less risk of toxicity to other parts of the
body or the healthy liver tissues. The radiation from
the induced *°Y activity is contained within the body
and becomes minimally active within 7 days after
treatment due to physical decay [52].

2.4.13 Lutetium-177 Compounds

Lutium-177 (T, = 6.71 days) is a radionuclide of
exciting potential. It is used in a manner similar to
yttrium-90; however, it has slightly different advan-
tages:

1. It has both beta particle emissions (E.x = 497,
384 and 176 keV) for therapeutic effect and
gamma emissions (113 and 208 keV) for imaging
purposes.

2. It has a shorter radius of penetration than Y-90,
which makes it an ideal candidate for radioimmu-
notherapy for smaller and soft tumors.

Many Lu-177 derivatives have been developed for
many therapeutic purposes, such as

1. Lu-177 labeled EDTMP and 1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetraaminomethylenepho-
sphonate (DOTMP) for bone pain palliation [53]

2. Lu-177 labeled radioimmunoconjugates (Lu-177
monoclonal antibody, 7E11) constructs for radio-
immunotherapy of prostate cancer [54]

3. Lu-177-DOTA, tetra-azacyclododecanetetra-acetic
acid octreotate for targeted radiotherapy of endo-
crine tumors [55].
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3.1 Technetium Chemistry
3.1.1 Technetium-99m

The name technetium was derived by the scientist
Mendeleyev from the Greek word technetos, meaning
“artificial.” Technetium-99m was discovered in 1937
by Perrier and Segre in a sample of naturally occurring
%Mo irradiated by neutrons and deuterons. The first
generator as a source for Tc-99m was introduced in
1957 at the Brookhaven National laboratory, and the
first commercially available “’Mo-""™Tc generator
was made available in 1965. Use of Tc-99m really
revolutionized nuclear medicine procedures, particu-
larly with the modern gamma cameras coupled to
advanced electronics and computing systems. This
revolution was not completed until 1970, when the
stannous ion reduction method of **™Tc-diethylene-
triaminepentaacetate (DTPA) production as an
“instant kit”” was described, that simple and convenient
“shake-and-bake” preparations for a large number of
99mTc-labeled radiopharmaceuticals were possible.

T.B. Saleh
King Fahed Specialist Hospital, Dammam, KSA
e mail: tamirbayomy@yahoo.com

Technetium-99m is a transient metal, exists in many
oxidation states, and can combine with a variety of
electron-rich compounds. *™Tc-labeled radiopharma-
ceuticals are partners of 85% of all nuclear medicine
procedures because of the unique properties of *™Tc,
which is considered ideal for the following reasons:

1. It is a gamma emitter with an ideal energy of
140 keV for scintigraphy.

2. The half-life of 6.02 h is suitable for preparations
and clinical applications.

3. Radiation burden to the patient is considerably
reduced because of the absence of particulate radi-
ation and short half-life.

4. When labeled with a specific chemical substrate,
the labeled radiopharmaceutical provides a high
ratio of target to nontarget.

5. It is readily available through a weekly delivery of
PMo-?""Tc generators.

6. Quality control of its radiopharmaceuticals can be
achieved rapidly and by routinely available tools in
any nuclear medicine department [1].

Technetium can exist in eight oxidation states (i.e.,
1— to 7+); the stability of these oxidation states
depends on the type of the labeled ligand and the
chemical environment. The 7+ and 4+ oxidation states
are the most stable. Tc-99 is presented at any
PMo-"""Tc generator elution due to the decay of
Mo to Tc”™. It represents about 70% of the total
technetium concentration in an eluate; however, this
percentage may be increased to about 90% for the first
eluate and after weekend elutions of generator. Tc-
99m and Tc-99 are chemically identical, so they
compete for all chemical reactions. In preparations
containing only limited Sn** as a reducing agent
(e.g., *™Tc-HMPAO [hexamethylpropylene amine
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oxime] preparation), only freshly prepared Tc-99m
elution is used for obtaining maximum labeling yield
[2,3].

3.1.1.1 *°*™Tc Reduction

Generator-produced Tc-99m is available in the form
of sodium pertechnetate (99’“Tc—NaTcO4 ), which has
an oxidation state of 7+ for *™Tc. TcO, has a con-
figuration of a pyramidal tetrahedron with Tc’* at the
center and four oxygen atoms at the apex and corners
of the pyramid. TcO, is chemically nonreactive and
has no ability to label any compound by direct addi-
tion; therefore, reduction of Tc’* to a lower oxidation
state is required. The reduction process is obtained
using a number of reducing agents (e.g., stannous
chloride, stannous citrate, stannous tartarate, etc.),
with stannous chloride preferred [4].

The TcO, /stannous chloride (SnCl,.2H,0) reduc-
tion method is described as follows:

3 Sn*t — 6e — 3Sn**
2TcO4 + 16HT+ 6e — 2 TcO4 + 8H,O
Overall, 3 Sn?>* +2 TcO, + 16H™ — 3Sn4*
+2 TcO4 + 8H,O

Since the amount of **™Tc in the **™Tc eluant is
very small, only a little Sn®* is required for reduction.
However, a 10%1 ratio of Sn>* ions to *™Tc¢ atoms is
applied for all *™Tc-labeled radiopharmaceutical kits
to ensure complete reduction of all **™Tc atoms.

The Tc** is now in the appropriate chemical form
to react with an anion like PYP, Pyrophosphate meth-
ylene diphosphonate (MDP), or DTPA. The complex
formed is known as a chelate; the generic equation is
shown as follows:

Tc** + chelating agent” — Tc — chelate

For example,

Tc*t + pyrophosphate4 — Tc — pyrophosphate

Generally, for any **™Tc-labeled preparation, there
are three species that may be present:

e Bound *’™Tc-labeled compound, which is the
desired product, and its percentage reflects the
yield of preparation

e Free pertechnetate (TcO, ), which has not been
reduced by tin or produced by the action of oxygen
e Hydrolyzed technetium that did not react with the
chelating agent or that was bound to hydrolyzed Sn**

3.1.1.2 ?°™Tc Reduction Problems

Presence of oxygen: The commercially available
9MT¢ labeling kits are flushed with N, gas to main-
tain an inert gas atmosphere in it in addition to the
implementation of antioxidants (e.g., ascorbic acid).
These arrangements are used to prevent the action
of oxygen if sneaked into the preparation vial. Oxy-
gen can cause oxidation of the stannous ions pres-
ent, preventing the reduction to Tc’* and thus
increasing the percentage of free TcO, in **™Tc-
labeled radiopharmaceuticals. This problem can also
be avoided by using a relatively large quantity of
stannous ions.

Further, the high activity of **™Tc in the presence
of oxygen can cause radiolysis of water-producing
hydroxyl (OH), alkoxy (RO), and peroxy (RO,) free
radicals, which can interact with 99mT chelates, pro-
ducing more TcO, in the preparation [5].

Hydrolysis of reduced technetium and tin: In aque-
ous solutions, **™Tc may undergo hydrolysis to form
many hydrolyzed species of **™TcO, complexes [6].
Hydrolysis competes with the chelation process of the
desired compound, reducing the radiopharmaceutical
preparation yield. In addition, these compounds can
interfere with the diagnostic test when present in rela-
tively high proportion. Hydrolysis of stannous com-
pounds can also occur in aqueous solutions at pH 6 7,
producing insoluble colloids that have the ability to
bind to the reduced **™Tc, resulting in a low labeling
yield. An acid is added to the kit to change the pH
value of the solution and hence prevent hydrolysis of
Sn* ions. Hydrolysis of reduced technetium and Sn**
can be recovered by adding an excess amount of the
chelating agent [7].

3.1.1.3 Technitium-99m Labeling Kit
Designation

The kit designation is optimized to ensure that the
desired *°™Tc-labeled complex is obtained in its
higher yield [8]. Several factors influence the
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preparation process; they are primarily the nature and
amounts of reducing agents and ligands, pH, and tem-
perature.

An ideal Tc-99m labeling kit should contain the
following:

Ligand: For targeting *™Tc to its desired location
(e.g., DTPA, MDP, 2,6-dimethylphenylcarbamoyl-
methyl iminodiacetic acid [HIDA], and macroaggre-
gated albumin [MAA])

Reductant: For reduction of free pertechnetate
(TcO, ) (e.g., stannous chloride)

Buffer: To provide a suitable pH environment for
the formation of a specific **™Tc-labeled complex

Antioxidant: To prevent reoxidation of the labeled
compounds and hence increase the stability of the
radiopharmaceutical (e.g., ascorbic acid, gentisic
acid, and p-aminobenzoic acid)

Catalyst: Might be a ligand introduced to form an
intermediary coordination complex when the forma-
tion of the desired complex is slow relative to forma-
tion of hydrolyzed-reduced technetium (e.g., DTPA,
gluconate, and citrate)

Accelerators: To increase the radiochemical purity
and the rate of complex formation

Surfactants (optional): Required to solubilize lipo-
philic *™Tc-labeled complexes (methoxyisobutyl iso-
nitrile, MIBI) and particulate preparations (MAA and
microspheres)

Inert fillers: To achieve rapid solubilization of the
vial content through the control of particle size during
the lyophilization process

3.1.2 Technetium and Technetium-
Labeled Compounds

3.1.2.1 °™Tc-Sodium Pertechnetate

99mT e sodium pertechnetate (TcO, ) is eluted from
the “*™Tc-’Mo generator with sterile isotonic saline.
Aseptic conditions should be maintained during the
elution and dispensing processes, and the resultant
99MTe activity concentration depends on the elution
volume [9]. Figure 3.1 shows the pertechnetate anion.

9MT¢_sodium pertechnetate is used clinically in the
following applications:

e Labeling with different chemical ligands to form
9mT¢-labeled complexes

Fig. 3.1 Pertechnetate anion
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Thyroid scintigraphy

Salivary gland scintigraphy
Lachrymal duct scintigraphy
Meckle’s diverticulum scintigraphy

In blood, 70 80% of 99mTC-pertechnetate is bound
to proteins. The unbound fraction is preferentially
concentrated in the thyroid gland and other related
structures, such as salivary glands, gastric mucosa,
choroid plexus, and mammary tissue. **™Tc-pertech-
netate is excreted mainly by the kidneys, but other
pathways may be relevant in certain circumstances,
such as saliva, sweat, gastric juice, milk, etc [10].
Lactating women secrete 10% of pertechnetate
in milk. Pertechnetate can also cross the placental
barrier [11].

3.1.2.2 ®*™Tc-Labeled Skeletal Imaging Agents

Since phosphonate and phosphate compounds are
localized with high concentrations to bony structures,
phosphate derivatives were initially labeled with
9mTe for skeletal imaging in 1972. However, phos-
phonate compounds are preferable because they are
more stable in vivo than phosphate compounds due to
the week P O P bond of phosphates, which can be
easily broken down by phosphatase enzymes, whereas
the P C P bond in diphosphonate is not affected [12]
(Fig. 3.2).

Three commonly used diphosphonate compounds
are MDP, hydroxymethylene diphosphonate (HDP),
and 1-hydroxyethylidene diphosphonate (HEDP).
The first two are shown in Fig. 3.3. **™Tc-diphospho-
nate agents are weak chelates and tend to degrade with
time in the presence of oxygen and free radicals.
Excess tin in the labeling kit can prevent these oxida-
tive reactions while maintaining the optimal value of
the tin/chelating agent ratio to avoid the presence of
undesired *™Tc-Sn-colloid.

99mTc-diphosphonate complexes are used for multi-
purpose bone imaging, whereas *™Tc-pyrophosphate
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Fig. 3.3 MDP and HDP

compounds are used in red blood cell (RBC) labeling
for gated blood pool and gastrointestinal tract (GIT)
bleeding procedures.

Many mechanisms of tracer uptake by the skeleton
have been proposed, and many factors play a role. The
most common and applicable principle states that the
calcium and phosphate on mature bone are presented
as hydroxyapatite (HAB; sheets of calcium and
hydroxyl ions with phosphate bridges linking them),
which constructs any bony structure. In immature
HAB, in which the calcium-to-phosphorus molar
ratio is low, phosphate groups of the tracer can be
obtained in this reactive new bone formulation phase.
This idea has been evidenced by the higher uptake of
these tracers in the joint and active areas of bone
formulation in children. It is not well known if the
technetium molecule can liberate itself from this bony
structure or if it remains [13].

About 40 50% of **™Tc-HDPs accumulate in the
skeleton following intravenous injection, while the
rest is excreted mostly with urine.

Maximum bone accumulation occurs after 1 h and
remains constant for 72 h. Cumulative activity excre-
tion percentage varies according to the diphosphonate
agent; however, it has been observed that about 75
80% of the activity is excreted through urine in the
first 24 h.

%MTc-MDP, **"Tc-HDP, and **"Tc-HEDP have
almost the same diagnostic efficiency, especially in
detection of bone metastasis, trauma, infection, and
vascular and metabolic diseases [14, 15].

3.1.2.3 **™Tc-Labeled Renal Imaging Agents
Diethylenetriaminepentaacetate (DTPA)

DTPA is produced commercially as a pentasodium or
calcium salts in the presence of an appropriate amount
of stannous chloride for reduction of the added free
technetium [16]. The structural formula is shown in
Fig. 3.4. The exact oxidation state of the mTe-DTPA
complex is not known, although several valency states
have been suggested (III V).

The **™Tc-DTPA complex is used successfully in

e Renal studies and glomerular filtration rate (GFR)
determination

e Cerebral scintigraphy when a blood-brain barrier
(BBB) leak is expected

e Lung ventilation studies when used as an aerosol

e Localization of inflammatory bowel disease

The **™Tc-DTPA complex should undergo exten-
sive quality control testing when used for GFR deter-
mination and pyrogenicity testing when used as a
cerebral imaging agent since the brain is sensitive to
pyrogens. After intravenous injection, **™Tc-DTPA
penetrates the capillary walls to enter the extravascular
space within 4 min. Because of its hydrophilicity and
negative charge, it is eliminated from cells to the extra-
cellular space. *™Tc-DTPA is removed from the cir-
culation exclusively by the kidneys. **™Tc-DTPA
cannot pass through the BBB unless there is a structural
defect that permits diffusion of the tracer and hence is
used for detection of vascular and neoplastic brain
lesions. As an aerosol, diffusion of 0.5-pm diameter
particles is to the lung periphery and alveolar retention,
whereas larger particles (>1 um) tend to diffuse to the
trachea and upper bronchial tree [17].

Dimercaptosuccinic Acid (DMSA)

The kit contains an isomeric mixture of dimercapto-
succinic acid (DMSA) as a mesoisomer (>90%) in
addition to D- and L-isomers (<10%). The structural
formula of DMSA is shown in Fig. 3.5. Precaution
should be taken with The *™Tc-DMSA labeling pro-
cedure because of the high sensitivity of the formu-
lated complex to oxygen and light. In an acidic
medium, the **™Tc(III)-DMSA complex (renal agent)
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is formed with high yield (95%). On the other hand,
with elevated pH up to 7.5 8.0, the pentavalent **™Tc
(V)-DMSA complex is produced.

After intravenous injection, the 99mTe(111)-DMSA
complex is taken up in the renal parenchyma [18].
After 1 h, approximately 25% of the injected dose is
found in the proximal tubules, 30% in the plasma, and
10% in the urine. The main uses of **"Tc-DMSA are
to diagnose renal infection in children and in morpho-
logical studies of the renal cortex. Pentavalent **™Tc
(V)-DMSA is used to detect medullary thyroid cancer
cells and their soft tissue and bone metastases [19].

Mercaptoacetyltriglycine (DMSA)

The **™Tc-labeled mercaptoacetyltriglycine (MAGs),
PMTe-MAG; (*™Tc-Mertiatide) (Fig. 3.6), is the
radiopharmaceutical of choice for renal tubular func-
tion assessment, particularly in renal transplants,
replacing '**I- and "*'I-hippuran (orthoiodohippurate,
OIH) because of the unique characteristics of *™Tc
for diagnostic purposes.

99mTc-Mertiatide is obtained by adding **™TcO, to
the kit vial and heating in a water bath (100°C for
10 min) followed by cooling for 15 min [20, 21].
Heating is required because at room temperature, for-
mation of the *™Tc-MAGs; is slow (52% in 2 h).

Generally, labeling should be performed with the
highest possible specific concentration, although there
are two recommended methods:

1. Use 3 ml of fresh eluate with an activity up to
30 mCi and dilute to 10 ml, then add **™TcO, to
the vial and heat for 10 min in a water bath. The 10
ml of complex volume is stable for 4 h.
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Fig. 3.6 99mTC(V) MAG; (mercaptoacetyltriglycine) complex
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Fig. 3.7 Tc 99m labeled ethylene dicysteine

2. Use 1 ml fresh eluate with maximum activity of
25 mCi and dilute to 4 ml to obtain a higher activity
concentration. A complex stable for only 1 h will
be obtained.

After intravenous injection, **™Tc-MAGs is rapidly
distributed in the extracellular fluid and excreted by
the renal system. The maximum renal accumulation
occurs after 3 4 min injection. ™ Tc-MAGs; is used to
evaluate renal dynamic function in obstructive uropa-
thy, renovascular hypertension, and complications of
transplant. It is also used to evaluate renal function as a
presurgical assessment for donors admitted for kidney
transplant [22].

Ethylene Dicysteine (EC)

The ethylene dicysteine (EC) kit consists of three
vials: A, B, and C. The labeling procedure is achieved
by adding **™TcO, to vial A containing the EC active
ingredient. Then, the dissolved contents of vial B
(stannous chloride as a reducing agent) are added to
vial A to react for 15 min. Finally, the contents of vial
C (ascorbic acid in a buffer solution as a stabilizer) are
dissolved and injected in vial A [23].

The *™Tc-EC complex (Fig. 3.7) has been used
successfully since 1992 as a renal agent for the deter-
mination of the tubular extraction rate and examina-
tion of renal function in patients with transplanted
kidneys, but it is not widely used because of its long
and complicated preparation procedure in comparison
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to MAG:;. It has similar clinical applications as MAG3;
[24].

Many other radiopharmaceuticals have been intro-
duced for renal scan purposes, as **™Tc-p-aminohippuric
acid (*™Tc-PAH) and **™Tc-DACH, diaminocyclohex-
ane but they have possessed inferior diagnostic and
biokinetic features [25].

3.1.2.4 ?°™Tc-Labeled Myocardial Perfusion
Agents

Methoxyisobutyl Isonitrile

9MT¢_sestamibi was introduced initially under the
brand name Cardiolite as a technetium-based radio-
pharmaceutical to replace T1-201 in myocardial perfu-
sion imaging.

The Cardiolite kit contains a lyophilized mixture of
the MIBI chelating agent in the form of copper salt to
facilitate labeling with ligand exchange at elevated
temperature [26].

Labeling is achieved by addition of 1 3 ml of
99mT(:-pertechnetate (25 150 mCi) to the reaction
vial and shaking vigorously. Figure 3.8 shows the
Tc-99m-labeled sestamibi complex. As with all other
types of preparations that need heat, vial pressure
normalization is essential in **™Tc-sestamibi prepara-
tion procedures. Heating in a water bath (100°C for
10 min) or in a microwave oven for 10 s is required to
complete the formulation procedure [27].
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Fig. 3.8 *™Tc(l) sestamibi complex

99MTc_sestamibi is used for

1. Myocardial perfusion studies; diagnosis of ische-
mic heart disease, diagnosis and localization of
myocardial infarctions, and assessment of global
ventricular function

2. Diagnosis of parathyroid hyperfunctioning ade-
noma

3. Tumor (breast, bone and soft tissue, lymphoma,
and brain) imaging

99mTc-sestamibi accumulates in the viable myocar-
dial tissue according to blood flow like thallous chlo-
ride but is not dependent on the functional capability
of the Na/K pump. Elimination of the complex from
blood is fast, and the hepatobiliary tract is the main
clearance pathway of the complex [28].

Tc-99m-Labeled Tetrofosmin

With the brand name Myoview, tetrofosmin was intro-
duced as a myocardial imaging agent with the advantage
that heating is not required. The °*™Tc-tetrofosmin
complex (Fig. 3.9) is formulated by adding up to
240 mCi of free technetium in a 4- to 8-ml volume
with a specific concentration not greater than 30 mCi/
ml to the reaction vial and shaking gently. Although
the complex formation could be enhanced by heating,
it is formed rapidly at room temperature in high yield.
Tetrofosmin is sensitive to the preparation variables,
especially the age of the eluate (less than 6 h) and the
time interval from the last elution [29]. PMTe_tetro-
fosmin is used in the diagnosis of myocardial perfu-
sion abnormalities in patients with coronary artery
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Fig. 3.9 *™Tc(V) tetrofosmin complex
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disease [30 32]. 99MTe_tetrofosmin is diffused to the
viable myocardial tissue proportional to blood flow.
After 5 min of intravenous injection, myocardial
uptake is 1.2% at rest and 1.3% during stress and
remains constant for at least 4 h. Elimination from
blood is fast, and the major pathway of tetrofosmin
clearance is the hepatobiliary tract.

3.1.2.5 **™Tc-Labeled Brain Perfusion Agents
Hexamethylpropylene Amine Oxime (HMPAO)

Use of P Tc-HMPAO (exametazime) (Fig. 3.10) as a
brain perfusion agent is based on its ability to cross the
BBB as a lipophilic complex. The complex is obtained
by adding up to 30 mCi of **™TcO, to the reaction vial
and inverting gently for 10 s. The **™Tc-HMPAO
complex (primary complex) is initially unstable and
tends with time to convert to a less-lipophilic form
(secondary complex) that has less ability to cross the
BBB [33]. Hence, it should be used within 30 min
postpreparation after labeling to obtain radiochemical
purity more than 85%. Instability of the complex has
been attributed to the following three main factors:

1. High (9 9.8) pH
2. Radiolysis by hydroxy free radicals
3. Excess stannous ions

Stabilization of the * Tc-HMPAO primary com-
plex for up to 6 h could be achieved by adding stabi-
lizers like methylene blue in phosphate buffer or
cobalt (IT)-Chloride to the reaction vials [34].

As mentioned, *™Tc-HMPAO is primarily used in
brain perfusion imaging, although it is used for leuko-
cyte labeling substituting '''In-oxine. Methylene blue
and phosphate buffer should not be used when the
complex formulation is designed for labeling of leu-
kocytes.

H3C CHs
O N\ CH
HSCj N "/ (C 3
Fig. 3.10 *“™Tc(V) D.L HaC N / AN N7\ GHg
HMPAO O
(hexamethylpropylene amine A /O

oxime) complex ‘H-

Neutral lipophilic molecules may cross the BBB by
diffusion or active transport depending on the molec-
ular size and structural configuration. The lipophilic
9mTc.HMPAO complex can cross the BBB and be
extracted from blood with high efficiency. Cerebral
extraction is about 5% of the total injected radioactiv-
ity. In vivo, the primary complex decomposes rapidly
to a charged, less-lipophilic complex and then is
trapped in the brain [35, 36].

After injection, 50% of the radioactivity is elimi-
nated from blood within 2 3 min. After 5 min when
the lipophilic complex has disappeared from blood
and brain, the persisting image of the brain due to the
trapped activity will be stable for 24 h.

Ethyl Cysteinate Dimer (ECD)

Ethyl cysteinate dimer (ECD) is also called Neurolite
and contains two vials, A and B. The 99mT. ECD
(bicisate) complex (Fig. 3.11) is obtained as follows:

1. Add 3 ml saline to vial A, which contains the active
ingredients, and then invert the vial to dissolve the
kit contents.

2. Add 2 ml of *™TcO,4 (25 100 mCi) aseptically to
vial B, which contains 1 ml phosphate buffer.

3. Withdraw 1 ml of vial A contents, add to vial B,
and allow the reaction to take place for 30 min at
room temperature. The produced *’™Tc-bicisate
complex shows high in vitro stability.

9MTc-ECD is indicated for brain scintigraphy for
diagnosis of acute cerebral ischemia, epilepsy, head
trauma, and dementia [37]. After intravenous injec-
tion, **™T¢-ECD is distributed in the normal brain
proportional to blood flow. The lipophilic complex
crosses the BBB with a percentage of 6.5% of the
total injected activity after 5 min. After 1 h, less than
5% of the radioactivity is present, mainly as the non-
lipophilic complex. Excretion of *™Tc-ECD from the
body is primarily by the kidneys, approximately 50%
during the first 2 h [38].

EtO,C CO,Et

Fig. 3.11 ™ T¢(V)O L.L
ECD (ethyl cysteinate dimer)

\( \Il/
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3.1.2.6 ?°™Tc-Labeled Hepatobiliary Agents
Iminodiacetic Acid Derivatives (IDA)

Since the first iminodiacetic acid (IDA) derivative,
HIDA, was developed, several N-substituted IDA
derivatives have been prepared: 2,6-diethyl (DIDA or
etilfenin), paraisopropyl (PIPIDA or iprofenin), para-
butyl (BIDA or butilfenin), diisopropyl (DISIDA
or disofenin), and bromotrimethyl (mebrofenin)
(Fig. 3.12) [39].

9mTc-IDA complexes are formed by mixing 1
5 ml of *™TcO, (8 40 mCi) with the vial contents
and allowing the reaction to be completed in 15 min.
99mTc_IDA complexes are formed easily with reduced
technetium at room temperature. Yield, radiochemical
purity, and stability are not affected by the size of the
substituents attached to the phenyl ring [40].

9MTe-IDA derivatives are used to

e Evaluate hepatocyte function

e Rule out or prove acute cholecystitis

e Demonstrate common bile duct partial or complete
obstruction

e Verify hepatic bile duct atresia in infants

After intravenous injection, the 99mTe IDA com-
plex is bound to the plasma protein (mainly albumin)
and carried to the liver; maximum liver uptake is

CH,CHg o
Y CH,COOH
NH — C—CH; —N
CH,COOH
Etifenin
CH3 O
I y CH,COOH
HsC NH—C—CHz—N\
CH,COOH
Br CH3
Mebrofenin
CH(CHs), o
| Y CH,COOH
NH—C—CH, — N
CH,COOH

CH(CHa),
Disofenin

Fig. 3.12 Iminodiacetic derivatives

measured at 10 min. Whole activity is seen in biliary
trees and the gall bladder in 15 25 min and in the
intestines in 45 60 min. Hepatobiliary excretion of
PmTe-IDA complexes is governed by molecular size
and affected by the type of the substituents attached to
the phenyl ring.

3.1.2.7 9°™Tc-Labeled Human Serum Albumin
Human Serum Albumin (HSA)

9mTc-Jabeled albumin is a product derived from
human serum albumin (HSA), which is a natural con-
stituent of human blood. The labeling of a kit contain-
ing HSA and Sn** is carried out by adding up to
60 mCi of *™TcO, in a volume of 1 8 ml to the kit
vial; labeling efficiency should be greater than 90%.
The contents of the vial should be thoroughly mixed
before drawing the patient dosage. The oxidation state
of technetium in **™Tc-HSA is not known but has
been postulated to be 5% [41]. 9mTc_HSA is used for
cardiac blood pool imaging and first-pass and gated
equilibrium ventriculography [42].

Macroaggregated Human Serum Albumin

MAA is obtained by aggregation of HSA at acidic pH.
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 particles larger than
150 pm.

Preparation of **™Tc-MAA is carried out by adding
2 10 ml of **™Tc-pertechnetate with activity up to
100 mCi aseptically to the reaction vial; the complete
reaction time is from 5 to 20 min. Prior to injection and
dosage administration, 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 [43].

Following intravenous injection, more than 90%
of the *™Tc-MAA is localized in lung capillaries
and arterioles. Organ selectivity is directly related to
particle size, small particles (<8 pm) pass the capil-
laries and retained in the reticuloendothelial system
while relatively larger particles (>15 pm) accumulate
in the lung capillaries [44]. “™Tc-MAA is the
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Fig. 3.13 Albumin microspheres (40 pm) (small square

50 x 50 pm, 150 fold), From [7] with permission from
Springer+Business Media.

radiopharmaceutical of choice for lung perfusion scan
with ventilation scan to exclude pulmonary embolism.
In addition it is also used for radionuclide venography
for detection of deep vein thrombosis (DVT).

Human Serum Albumin Microspheres (HSAM)

Human serum albumin microspheres (HSAM,;
Fig. 3.13) are produced by heat denaturation of HSA
in vegetable oil [45]. A particle size between 12 and
45 pm is regularly obtained from the commercial kit.
The commercial kit may contain 10 mg of micro-
spheres, corresponding to 800,000 1,600,000 micro-
spheres per vial. Complex preparation is obtained
when 5 150 mCi of **™Tc-pertechnetate in 2 10 ml
is added to the reaction vial followed by labeling time
at room temperature for 15 min. Clinically, *™Tc-
HSAM is used for pulmonary perfusion scintigraphy
and determination of right-to-left shunts [46].

3.1.2.8 °™Tc-Labeled Colloids
Sulfur Colloid (SC)

99mTe-sulfur colloid (SC) complex is obtained by mix-
ing *™TcO, and the kit contents of sodium thiosulfate
in an acidic medium and then heating at 95-100°C in a
water bath for 5 10 min. The pH of the mixture is
adjusted from 6 to 7 with a suitable buffer. Kits of
99mTc-SC available from commercial manufacturers,

in addition to the basic ingredients of thiosulfate and
an acid, may contain gelatin as a protective colloid and
ethylenediaminetetraacetic acid (EDTA) to remove by
chelation any aluminum ion present in the g9, Tc-elu-
ate [47]. The particle size ranges from 0.1 to 1 pm,
with a mean size of 0.3 um, and the size distribution
can vary from preparation to preparation and from kit
to kit.

The *™Tc-SC complex formation procedure is a
two-step procedure:

Step 1: The acid reacts with sodium thiosulfate in
the presence of “’™TcO, and forms colloidal
PmTe, S

2Na”™TcO4 + 7Na,S,05 + 2HCI—"T¢, S,
+ 7Na, S04 + H,O + 2NaCl

Step 2: Colloidal sulfur is precipitated as
Na,S,05; + 2HCl — H,S0; + S + 2NaCl

Certain precautions should be taken to eliminate
large colloidal particles and to avoid usage of **™Tc-
pertechnetate with eluate containing an alumina con-
centration above 10 pg aluminum/ml [48].

9mT¢-SC may be useful for the following diagnos-
tic applications:

e Determination of GIT bleeding sites
e Gastric-emptying scan

e Bone marrow imaging

e Liver-spleen scintigraphy

Tin Colloid (TC)

9MTe-tin colloid (TC) is now considered the agent of
choice for liver-spleen scintigraphy since it does not
need special labeling conditions (heating or pH adjust-
ment). The complex is formed simply by adding up to
100 mCi of *™Tc-pertechnetate to the reaction vial.
Labeling occurs with high efficiency after 20 min at
room temperature. °*™Tc-tin colloid shows a particle
size distribution between 0.2 and 0.8 pm [49]. Biodis-
tribution of colloids is typically dependent on the
particle size. With a particle size of 0.3 0.6 pm, 80

90% of the radioactivity accumulates in the liver, with
5 10% in the spleen and 5 9% in the bone marrow
[50]. Larger particles tend to localize in the spleen and
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smaller ones in the bone marrow. Colloids are rapidly
removed from blood by phagocytosis, mainly in the
liver. It has similar application as those of sulfur
colloid and is more commonly used because of its
easier preparation, which avoids the need for boiling.

Albumin Nanocolloid

The commercial nanocolloid kit contains the HSA
colloid and stannous dihydrate and is characterized
by small size particles (almost 95% of the particles
are less than 0.08 mm with a mean size of 0.03 mm).
Complex labeling is obtained when proper **™TcO,
activity (up to 150 mCi) in a small volume is added
aseptically to the vial and the reaction is continued for
10 min at room temperature [51]. Because of the
smaller size of the particles, more nanocolloid loca-
lizes in the bone marrow (=15%) relative to **™Tc-SC
2 5%).
9MT¢-albumin nanocolloid is used in

Sentinel lymph node (SLN) scintigraphy [52]
Lymphoscintigraphy

Bone marrow scintigraphy

Inflammation scintigraphy

Biodistribution of **™Tc-albumin nanocolloid was
discussed in regard to a small size colloidal particle.

3.1.2.9 9°"Tc-Labeled Monoclonal Antibodies
Arcitumomab (CEA Scan)

Carcinoembryonic antigen (CEA) (CEA Scan kit
introduced by Mallinckrodt Medical) as a single-dos-
age kit contains the active ingredient Fab fragment of
arcitumomab, a murine monoclonal antibody IMMU-
4. °’™Tc-CEA labeling is carried out by adding 1 ml of
9mTe0, (20 30 mCi) to the reaction vial and incubat-
ing the mixture for 5 min at room temperature. The
labeling yield should be more than 90%. The complex
is stable for 4 h after labeling. CEA is expressed in a
variety of carcinomas, particularly of the GIT, and can
be detected in the serum. IMMU-4 is specific for the
classical 200,000-Da CEA, which is found predomi-
nantly on the cell membrane. *™Tc-CEA Scan com-
plexes the circulating CEA and binds to CEA on the
cell surface. The Fab fragment of arcitumomab is

cleared rapidly by the urinary tract and plasma clear-
ance due to its small particle size [53].

The IMMU-4 antibody is targeted against the CEAs
of colorectal tumors; therefore, 99mT. CEA Scan is
used for the detection of recurrence or metastatic car-
cinomas of the colon or rectum, particularly when high
levels of CEA are detected [54]. However, it is an
uncommon procedure following positron emission
tomographic/computed tomographic (PET/CT) scan.

Sulesomab (LeukoScan)

The kit vial for LeukoScan contains the active ingre-
dient Fab fragment, called sulesomab, obtained from
the murine monoclonal antigranulocyte antibody
IMMU-MN3. It is a single-dose kit introduced by
Immunomedics Europe in 1997. Labeling is carried
out by adding 0.5 ml of isotonic saline and swirling the
content for 30 s; immediately after dissolution, 1 ml of
9mTc0,, corresponding to an activity of 30 mCi, is
added to the vial. The reaction is allowed for 10 min,
and the labeling yield should be more than 90%. After
intravenous injection, elimination of *™Tc-LeukoS-
can from the blood is indicated by 34% of the baseline
activity after 1 h. The route of excretion is essentially
renal, with 41% of the activity excreted in urine over
the first 24 h [55]. *™Tc-sulesomab targets the gran-
ulocytes and therefore is primarily used to detect
infection and inflammation, particularly in patients
with osteomyelitis, joint infection involving implants,
inflammatory bowel disease, and foot ulcers of dia-
betics [56].

3.1.2.10 **™Tc-Labeled Peptides and proteins
Depreotide (NeoSpect)

The depreotide (NeoSpect) kit vial contains a lyophi-
lized mixture of depreotide, sodium glucoheptonate,
stannous chloride, and sodium EDTA. Labeling of the
depreotide (cyclic decapeptide) with **™Tc is per-
formed by ligand exchange of intermediary **™Tc-
glucoheptonate. The “™Tc-NeoSpect complex is
obtained by aseptically adding up to 50 mCi **™Tec-
pertechnetate in a volume of 1 ml to the vial. After
normalizing the pressure, the vial should be agitated
carefully for 10 s and then placed in a water bath for
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10 min; when the labeling procedure is completed, the
vial should be left for cooling at room temperature for
15 min (running water should not be used for cooling)
[57]. Depreotide is a synthetic peptide that binds with
high affinity to somatostatin receptors (SSTRs) in
normal as well as abnormal tissues. This agent is
used to detect SSTR-bearing pulmonary masses in
patients proven or suspected to have pulmonary
lesions by CT or chest x-ray. Negative results with
99mrc_depreotide can exclude regional lymph node
metastasis with a high degree of probability [58].

Some reports showed that **™Tc-depreotide was
accumulated in pulmonary nodules 1.5 2 h following
the intravenous injection [58, 59]. 99mTc—depreotide
can be also seen in the spine, sternum, and rib ends
[60]. The main route of elimination of the compound is
the renal system. This is an uncommon procedure
when PET/CT is available that can show lesions as
small as 5 mm.

Apcitide (AcuTect)

99mTc_apcitide was introduced under the brand name
of AcuTect as a single-dosage kit. The kit vial contains
bibapcitide, which consists of two apcitide monomers,
stannous chloride and sodium glucoheptonate. Label-
ing is performed by adding up to 50 mCi of **™TcO, to
the kit vial and heating for 15 min in a boiling water
bath. The labeling yield should be greater than 90%.
99mTc-apticide binds to the GP glycoprotein IIb/IIla
receptors on activated platelets that are responsible for
aggregation in forming the thrombi and therefore is used
for the detection of acute DVT in lower extremities [40].

Annexin V (Apomate)

Annexin V (Apomate) is a human protein with a
molecular weight of 36 kDa, has a high affinity for
cell membranes with bound phosphatidyl serine (PS)
[61]. In vitro assays have been developed that use
annexin V to detect apoptosis in hematopoietic cells,
neurons, fibroblasts, endothelial cells, smooth muscle
cells, carcinomas, and lymphomas. **™Tc-annexin V
has also been suggested as an imaging agent to detect
thrombi in vivo because activated platelets express
large amounts of PS on their surface [62]. The radio-
pharmaceutical is prepared by adding about 1,000 MBq
99mTe_pertechnetate to 1 mg freeze-dried (n-1-imino-4-

mercaptobutyl)-annexin V (Mallinckrodt, Petten, The
Netherlands). This mixture is incubated for 2 h at room
temperature [63].

99MTc-Annexin strongly accumulates, with a bio-
logical half-life of 62 h, in the kidneys (21%) and the
liver (12.8%) after 4 h of injection. Accumulation in
myocardium and colon is limited, and excretion
is obtained exclusively by urine (75%) and feces
(25%) [63].

References

1. Murray IPC, Ell PJ (1998) Nuclear medicine in clinical
diagnosis and treatment. Churchill Livingstone, Edinburgh
2. Dewanjee MK (1990) The chemistry of 99mTc labeled
radiopharmaceuticals. Semin Nucl Med 20:5
3. Fleming WK, Jay M, Ryo UY (1990) Reconstitution and
fractionation of radiopharmaceutical kits. J Nucl Med
31:127 128
4. Kowalsky RJ, Falen SW (2004) Radiopharmaceuticals in
nuclear pharmacy and nuclear medicine, 2nd edn. American
Pharmacists Association, Washington
5. Hung JC, Iverson BC, Toulouse KA, Mahoney DW (2002)
Effect of methylene blue stabilizer on in vitro viability and
chemotaxis of Tc 99m exametazime labeled leukocytes.
J Nucl Med 43(7):928 932
6. Bogsrud TV, Herold TJ, Mahoney DW, Hung JC (1999)
Comparison of three cold kit reconstitution techniques for
the reduction of hand radiation dose. Nucl Med Commun 20
(8):761 767
7. Zolle I (2007) Technetium 99m pharmaceuticals. Springer,
Berlin
8. Eckelman WC, Steigman J, Paik CH (1996) Radiopharma
ceutical chemistry. In: Harpert J, Eckelman WC, Neumann
RD (eds) Nuclear medicine: diagnosis and therapy. Thieme
Medical, New York, p 213
9. European Pharmacopoeia (Ph. Eur.) ver. (5.0). Council of
Europe, Maisonneuve, Sainte Ruffine, 2005
10. Oldendorf WH, Sisson WB, Lisaka Y (1970) Compartmen
tal redistribution of 99mTc pertechnetate in the presence of
perchlorate ion and its relation to plasma protein binding.
J Nucl Med 11:85 88
11. Ahlgren L, Ivarsson S, Johansson L, Mattsson S, Nosslin B
(1985) Excretion of radionuclides in human breast milk
after administration of radiopharmaceuticals. J Nucl Med
26:1085 1090
12. Tofe AJ, Bevan JA, Fawzi MB, Francis MD, Silberstein EB,
Alexander GA, Gunderson DE, Blair K (1980) Gentisic
acid: a new stabilizer for low tin skeletal imaging agents:
concise communication. J Nucl Med 21:366 370
13. Wilson MA (1998) Textbook on nuclear medicine. Lippin
cott Raven, Philadelphia
14. Francis MD, Ferguson DL, Tofe AJ, Bevan JA, Michaels
SE (1980) Comparative evaluation of three diphosphonates:
in vitro adsorption (C14 labeled) and in vivo osteogenic
uptake (Tc 99m complexed). J Nucl Med 21:1185 1189



52

T.B. Saleh

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Fogelman I, Pearson DW, Bessent RG, Tofe AJ, Francis
MD (1981) A comparison of skeletal uptakes of three
diphosphonates by whole body retention: concise commu
nication. J Nucl Med 22:880 883

Carlsen JE, Moller MH, Lund JO, Trap Jensen J (1988)
Comparison of four commercial Tc 99m (Sn) DTPA pre
parations used for the measurement of glomerular filtration
rate. J Nucl Med 21:126 129

Agnew JE (1991) Characterizing lung aerosol penetration
(abstract). J Aerosol Med 4:237 250

de Lange MJ, Piers DA, Kosterink JGW, van Luijk WHIJ,
Meijer S, de Zeeuw D, Van der Hem GJ (1989) Renal
handling of technetium 99m DMSA: evidence for glomer
ular filtration and peri tubular uptake. J Nucl Med 30:1219
1223

Ramamoorthy N, Shetye SV, Pandey PM, Mani RS, Patel
MC, Patel RB, Ramanathan P, Krishna BA, Sharma SM
(1987) Preparation and evaluation of *°™Tc(V) DMSA
complex: studies in medullary carcinoma of thyroid. Eur J
Nucl Med 12:623 628

Murray T, Mckellar K, Owens J, Watson WS, Hilditch TE,
Elliott AT (2000) Tc 99m MAGS3: problems with radio
chemical purity testing (letter). Nucl Med Commun 21:
71 75

Van Hemert FJ, Lenthe H, Schimmel KJM, van Eck smit
BLF (2005) Preparation, radiochemical purity control and
stability of Tc 99m mertiatide (Mag 3). Ann Nucl Med 19
(4):345 349

Oriuchi N, Miymoto K, Hoshino K, Imai J, Takahashi Y,
Sakai S, Shimada A, Endo K (1997) Tc 99m MAG3: a
sensitive indicator for evaluating perfusion and rejection
of renal transplants. Nucl Med Commun 18:400 404
Gupta NK, Bomanji JB, Waddington W, Lui D, Costa DC,
Verbruggen AM, Ell PJ (1995) Technetium 99m 1,1 ethy
lenedicysteine scintigraphy in patients with renal disorders.
Eur J Nucl Med 22:617 624

Kabasakal L, Turoglu HT, Onsel C, Ozker K, Uslu I, Atay
S, Cansiz T, Sonmezoglu K, Altiok E, Isitman AT et al
(1995) Clinical comparison of technetium 99m EC, techne
tium 99m MAGS3 and iodine 131 OIH in renal disorders.
J Nucl Med 36:224 228

Jaksic E, Artikoa V, Beatovic S, Djokic D, Jankovic D,
Saranovic D, Hana R, Obradovic V (2009) Clinical inves
tigations of 99mTc p aminohippuric acid as a new renal
agent. Nucl Med Commun 30:76 81

Cooper M, Duston K, Rotureau L (2006) The effect on
radiochemical purity of modifications to the method of
preparation and dilution of Tc 99m sestamibi. Nucl Med
Commun 27:455 460

Varelis P, Parkes SL, Poot MT (1998) The influence of
generator eluate on the radiochemical purity of Tc 99m
sestamibi prepared using fractionated Cardiolite kits. Nucl
Med Commun 19(7):615 623

Millar AM, Murray T (2006) Preparation of Tc 99m sesta
mibi for parathyroid imaging. Nucl Med Commun 27
(5):473

Patel M, Owunwanne A, Tuli M, al Za’abi K, al Mohan
nadi S, Sa’ad M, Jahan S, Jacob A, Al Bunny A (1998)
Modified preparation and rapid quality control test for
technetium 99m tetrofosmin. J Nucl Med Technol 26
(4):269 273

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Graham D, Millar AM (1999) Artifacts in the thin layer
chromatographic analysis of Tc 99m tetrafosmin Injec
tions. Nucl Med Commun 20:439 444

Ramirez A, Arroyo T, Diaz Alarcén JP, Garcia Mendoza
A, Muros MA, Martinez del Valle MD, Rodriguez Fernan
dez A, Acosta Gomez MJ, Llamas Elvira JM (2000) An
alternative to the reference method for testing the radio
chemical purity of Tc 99m tetrofosmin. Nucl Med Com
mun 21(2):199 203

Hammes R, Joas LA, Kirschling TE, Ledford JR, Knox TL,
Nybo MR et al (2004) A better method of quality control for
Tc 99m tetrafosmin. J Nucl Med Technol 32:72 78
Webber DI, Zimmer AM, Geyer MC, Spies SM (1992) Use
of a single strip chromatography system to assess the lipo
philic component in technetium 99m exametazime prepara
tions. J Nucl Med Technol 20:29 32

Solanki C, LI D, Wong A, Barber R, Wraight E, Sampson C
(1994) Stabilization and multidose use of exametazime
for cerebral perfusion studies. Nucl Med Commun 15
(9):718 722

Catafau A (2001) Brain SPECT in clinical practice. Part I:
perfusion. J Nucl Med 42:259 271

Pi lien H, Shu hua H, Chao ching H, Song chei H, Ying
chao C (2008) Tc 99m HMPAO brain SPECT imaging in
children with acute cerebellar ataxia. Clin Nucl Med 33
(12):841 844

Dormehl IC, Oliver DW, Langen K J, Hugo N, Croft SA
(1997) Technetium 99m HMPAO, technetium 99m ECD
and iodine 123 IMP cerebral blood flow measurements
with pharmacological interventions in primates. J Nucl
Med 38:1897 1901

Holman BL, Hellman RS, Goldsmith SJ, Mean IG, Leveille
J, Gherardi PG, Moretti JL, Bischof Dela loye A, Hill TC,
Rigo PM, Van Heertum RL, Ell PJ, B¢ll U, DeRoo MC,
Morgan RA (1989) Bio distribution, dosimetry and clinical
evaluation of Tc 99m ethyl cysteinate dimer (ECD) in nor
mal subjects and in patients with chronic cerebral infarc
tion. J Nucl Med 30:1018 1024

Myron LL, Anthony RB, John DS (1985) Failure of quality
control to detect errors in the preparation of Tc 99m dis
ofenin (DISIDA). Clin Nucl Med 10(7):468 474

Saha GB (2004) Fundamentals of radiopharmacy, 5th edn.
Springer, Berlin

Zolle I, Oniciu L, Hofer R (1973) Contribution to the study
of the mechanism of labelling human serum albumin
(HSA) with technetium 99m. Int J Appl Radiat Isotopes
24:621 626

Strauss HW, Zaret BL, Hurley PJ, Natarajan TK, Pitt P
(1971) A scintiphotographic method for measuring left
ventricular ejection fraction in man without cardiac cathe
terization. Am J Cardiol 28:575 580

Chandra R, Shannon J, Braunstein P, Durlov OL (1973)
Clinical evaluation of an instant kit for preparation of 99m
Tc MAA for lung scanning. J Nucl Med 14:702 705
Wagner HN, Sabiston DC, lio M, McAfee JG, Langan JK
(1964) Regional pulmonary blood flow in man by radioiso
tope scanning. JAMA 187:601 603

Zolle 1, Rhodes BA, Wagner HN Jr (1970) Preparation of
metabolizable radioactive human serum albumin micro
spheres for studies of the circulation. Int J Appl Radiat
Isotopes 21:155 167



Technetium-99m Radiopharmaceuticals

53

46.

47.

48.

49.

50.

51

52.

53.

54.

Rhodes BA, Stern HS, Buchanan JW, Zolle I, Wagner HN
Jr (1971) Lung scanning with Tc 99m microspheres
(abstract). Radiology 99:613 621

Stern HS, McAfee JG, Subramanian G (1966) Preparation,
distribution and utilization of technetium 99m sulfur col

loid. J Nucl Med 7:665 675

Ponto JA, Swanson DP, Freitas JE (1987) Clinical manifes

tations of radiopharmaceutical formulation problems. In:
Hladik WB III, Saha GB, Study KT (eds) Essentials of
nuclear medicine science. Williams & Wilkins, Baltimore,
pp 271 274

Whateley TL, Steele G (1985) Particle size and surface
charge studies of a tin colloid radiopharmaceutical for
liver scintigraphy. Eur J Nucl Med 19:353 357

Schuind F, Schoutens A, Verhas M, Verschaeren A (1984)
Uptake of colloids by bone is dependent on bone blood
flow. Eur J Nucl Med 9:461 463

SolcoNanocoll Product monograph of the kit for the prepa

ration of Tc 99m nanocolloid, issued by Sorin Biomedica,
Italy (1992)

Alazraki N, Eshima D, Eshima LA, Herda SC, Murray DR,
Vansant JP, Taylor AT (1997) Lymphoscintigraphy, the
sentinel node concept, and the intraoperative gamma
probe in melanoma, breast cancer and other potential can

cers. Semin Nucl Med 27:55 67

Immunomedics Europe product monograph for the CEA

Scan (arcitumomab) kit for the preparation of Tc 99m CEA

Scan. Immunomedics Europe, Darmstadt, Germany (2000)
Moffat FL Jr, Pinsky CM, Hammershaimb L, Petrelli NJ,
Patt YZ, Whaley FS, Goldenberg DM (1996) Immunome

dics study group clinical utility of external immunoscinti

graphy with the IMMU 4 technetium 99m Fab’ antibody
fragment in patients undergoing surgery for carcinoma of
the colon and rectum: results of a pivotal, phase III trial.
J Clin Oncol 14:2295 2305

55.

56.

57.

58.

59.

60.

61.

62.

63.

Immunomedics Europe product monograph for LeukoScan
(sulesomab). Issued by Immunomedics Europe, Darmstadt,
Germany (1997)

Gratz S, Schipper ML, Dorner J, Hoffken H, Becker W,
Kaiser JW, Behe M, Behr TM (2003) LeukoScan for imag
ing infection in different clinical settings: a retrospective
evaluation and extended review of the literature. Clin Nucl
Med 28(4):267 276

Berlex laboratories product monograph for the neotect kit
for the preparation of Tc 99m depreotide. Berlex Labora
tories, Wayne, NJ (2001) (Diatide, NDA No. 21 012)
Danielsson R, Baath M, Svensson L, Forslev U, Kalbeck
K G (2005) Imaging of regional lymph node metastases
with 99m Tc depreotide in patients with lung cancer. Eur
J Nucl Med Mol Imaging 32:925 931

Kahn D, Menda Y, Kernstine K, Bushnell DL, McLaughlin
K, Miller S, Berbaum K (2004) The utility of 99mTc
depreotide compared with F 18 fluorodeoxyglucose
positron emission tomography and surgical staging in
patients with suspected non small cell lung cancer. Chest
125:494 501

Menda Y, Kahn D, Bushnell DL, Thomas M, Miller S,
McLaughlin K, Kernstine KH (2001) Nonspecific mediasti
nal uptake of 99m Tc depreotide (NeoTect). J Nucl Med 42
(Suppl):304P

Blankenberg FG, Katsikis PD, Tait JF et al (1999) Imaging
of apoptosis (programmed cell death) with 99MTc annexin
V. J Nucl Med 40:184 191

Tait JF, Cerqueira MD, Dewhurst TA (1994) Evaluation of
annexin V as platelet directed thrombus targeting agent.
Thromb Res 75:491 501

Kemerink D, Liem IN, Hofstra L, Boersma HH, Buijs W,
Reutelingsperger C, Heidendal G (2001) Patient dosimetry
of intravenously administered 99mTc annexin V. J Nucl
Med 42:382 387






Radiopharmaceutical Quality Control

Tamer B. Saleh

Contents

4.1 Introduction .................ccoiiiiiiiiiiiii.. 55

4.2 Physiochemical Tests ................................ 55
4.2.1  Physical Tests .......coovviiiiiiiiiineieien.. 55
4.2.2  pHand Ionic Strength .................... ... 55
4.2.3  Radionuclidic Purity ......................... 55
4.24  Radiochemical Purity ........................ 56
4.2.5 Precipitation ..............ccciiiiiiiiiiiiian. 59
42.6 Distillation ............cciiiiiiiiiiii 59
427 IonExchange .............c..ccoiiiiiiii 59
4.2.8  Solvent Extraction ..............c.ooeeuunn... 61
4.2.9  Electrophoresis ...........cccooiiiiineieienn. 62
4.2.10 Gel Filtration ............cccoiiiiiiieieienn. 62

4.3 High-Performance Liquid Chromatography ...... 62
4.3.1 Sep Pak Analysis ...................oooo 63

4.4 Biological Tests ...............cccoiiiiiiiiiin. 63
441 Sterility ........ooiiiiiiiiii 63
4.4.2 PyrogeniCity ..........coieeiiiiiiiiiiiiiiiiin. 63
443 TOXICILY wvvuuneeiiiiiiia et 63

References ............ccooiiiiiiiiiiiiiiiiiiiiiii 64

4.1 Introduction

Like all other drugs intended for human administra-
tion, radiopharmaceuticals should undergo strict and
routine quality testing procedures in addition to their
own specific tests for radionuclidic and radiochemical
purity. Radiopharmaceutical quality control tests can
be simply classified as Physiochemical and Biological
tests [1 3].
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4.2 Physiochemical Tests
4.2.1 Physical Tests

Physical characteristics should be observed for any
radiopharmaceutical for the first and frequent use.
Color alterations should be identified for both true
solution and colloidal preparations. True solutions
should also be checked for turbidity and presence of
any particulate matter; in colloidal preparations, deter-
mination of particle size is of most interest.

4.2.2 pH and lonic Strength

The administered radiopharmaceutical should have a
proper pH (hydrogen ion concentration) with an ideal
value of 7.4 (pH of blood), but it can vary between
2 and 9 because of the high buffer capacity of the
blood.The pH of any radiopharmaceutical preparation
can be measured by a pH meter [4].

Ionic strength, isotonicity, and osmolality should
be observed properly in any radiopharmaceutical prep-
aration so it is suitable for human administration.

Note: Since pH and ionic strength are important
factors for the stability of a radiopharmaceutical, the
preparation diluent is preferred to be the same solvent
used in the original preparation.

4.2.3 Radionuclidic Purity

The term radionuclidic purity refers to the presence
of radionuclides other than the one of interest and is
defined as the proportion of the total radioactivity

M.M. Khalil (ed.), Basic Sciences of Nuclear Medicine, DOI: 10.1007/978 3 540 85962 8 4, 55
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present as the stated radionuclide. Measurement of
radionuclide purity requires determination of the iden-
tity and amounts of all radionuclides that are present.
The radionuclide impurities which, vary according to
the method of radionuclide production, can affect dra-
matically the obtained image quality in addition to the
overall patient radiation dose.

Radionuclidic impurities may belong to the same
element of the desired radionuclide or to a different
element. Examples of radionuclidic impurities are
%Mo in *™Tc-labeled preparations and iodide isotopes
in "*'I-labeled preparations [5]. Radionuclidic purity
is determined by measuring the half-lives and charac-
teristic radiations emitted by each radionuclide. The
v-emitters can be differentiated by identification of
their energies on the spectra obtained by an Nal(T1l)
crystal or a lithium-drifted germanium [Ge(Li)] detec-
tor coupled to a multichannel analyzer (MCA). The
B-emitters can be tested by a B-spectrometer or a liquid
scintillation counter. Since a given radiation energy
may belong to a number of radionuclides, half-life
must be established to identify each radionuclide.

4.2.4 Radiochemical Purity

Radiochemical purity is defined as the proportion of
the stated radionuclide that is present in the stated
chemical form. Image quality (as a function of
the radiopharmaceutical biological distribution) and
the radiation absorbed dose are directly related to the
radiochemical purity. Radiochemical impurities are

produced from decomposition due to the action of

solvent, change in temperature or pH, light, presence
of oxidation or reducing agents, and radiolysis.

Free and hydrolyzed “*™Tc forms in many
99mTc labeled preparations; secondary hexamethyl-
propylene amine oxime (HMPAO) complex in
9mTc-HMPAO preparations and free '*'I-iodide in
1 Jabeled proteins are good examples of the radio-
chemical impurities [6].

The stability of a compound is time dependent on
exposure to light, change in temperature, and radioly-
sis, and the longer the time of exposure is, the higher
the probability of decomposition will be. Sodium
ascorbate, ascorbic acid, and sodium sulfite are nor-
mally used for maintaining the stability of a radiophar-
maceutical. Several analytical methods are used to

determine the radiochemical purity of a given radio-
pharmaceutical, and these methods are discussed next.

4.2.4.1 Thin-Layer Chromatography

Thin-layer chromatography (TLC), which was devel-
oped by Hoye in 1967 is considered the most com-
monly used method for determination of radiochemical
purity in nuclear medicine. The main principle of a
TLC chromatography system is that a mobile phase
(solvent) migrates along a stationary phase (adsorbent)
by the action of the capillary forces [7]. Depending on
the distribution of components between the stationary
and the mobile phases, a radiopharmaceutical sample
spotted onto an adsorbent will migrate with different
velocities, and thus impurities are separated.

In TLC, each component in a given sample is
identified by an Ry value, which is defined as “the
ratio of the distance traveled by the sample component
to the distance the solvent front has advanced from the
original point of starting the chromatography test in
the stationary phase.”

Ry = Distance traveled by the component/distance

of the solvent front

The Ry values range from O tol. If a component
migrates with the solvent front, the Ry is [1], while the
Ry for the component remaining at the origin is [0]. Ry
values are established with known components and
may vary under different experimental conditions.
The main principles of separation are adsorption (elec-
trostatic forces), partition (solubility), and ion
exchange (charge), and the movement of the mobile
phase may take either ascending or descending modes.
When the solvent front moves to the desired distance,
the strip is removed from the testing container, dried,
and measured in an appropriate radiation detection
system; histograms are obtained for the activity of all
sample components [8].

Stationary Phases

Standard TLC materials: Standard TLC plates are
available as glass plates, as plastic or aluminum foils
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covered with the stationary phase. A wide range of
stationary phases are commercially available, includ-
ing silica gel, reversed-phase silica, aluminum oxide,
synthetic resins, and cellulose. The main advantage of
standard TLC materials is that they have the ability to
provide relatively high- resolution tests, while the
relatively long developing time of the mobile phase
(mainly >30 min) through the high-particle-size
adsorbent material (20 um) is considered its main
disadvantage [9].

High-performance TLC (HPTLC): HPTLC pro-
vides a good solution to the long chromatographic
developing time by use of materials with a smaller
particle size.

Instant TLC (ITLC): ITLC plates are made of
fiberglass sheets integrated with an adsorbent, usually
silica gel, and can be cut to any size, developing an
economic chromatographic solution. Due to the fine
mesh material, the migration properties are increased
manyfold compared to the standard TLC materials,
reducing the chromatographic time to less than 5 min
without affecting the separation of radiochemical
impurities. Because of the advantages mentioned,
ITLC materials are the most frequently used for
the stationary phase in nuclear medicine since they
fulfill the need for a rapid and accurate method
for testing the radiochemical purity of a radiophar-
maceutical sample. Silica stationary phases have
been produced for ITLC as silica gel (ITLC-SG)
and silicic acid (ITLC-SA). ITLC-SG is the most
widely used adsorbent for routine radiochemical
purity determination [10].

Paper: Papers (e.g., Whatman no. 1 and Whatman
3MM) were commonly used in the early days of chro-
matography, although they are still used and recom-
mended for many chromatographic procedures.

The main disadvantage of paper chromatography is
the poor resolution it provides for radiochemical
purity tests; however, Whatman 3MM is the material
of choice for partition chromatography procedures.

Aluminum oxide: Aluminum-coated plates are
commonly used for separation of some radiopharma-
ceuticals (e.g., Sesta-MIBI[methoxyisobutyl isoni-
trile]) depending on the aluminum oxide (Al,O3)
polar properties.

Cellulose: Cellulose can interact with water and
serve as a stationary phase for separation of polar
substances by paper chromatography; also, it can be
used in the powder form as an adsorbent for TLC.

Mobile Phases

Saline, Water, Acetone, Methyl Ethyl Ketone (MEK),
Ethanol, Acetic Acid, Chloroform, and Acetonitrile
represent the most common group of mobile phases
used as the mobile partner in most TLC chro-
matographic procedures.

4.2.4.2 TLC Chromatography Procedure

To determine the radiochemical purity by ITLC or
paper chromatography for a radiopharmaceutical sam-
ple, the following steps should be applied [11]:

e Fill a small beaker with about 10 ml (3 5 mm high)
with the proper solvent and then cover the beaker
with a glass plate or with a foil sheet.

e Prepare the chromatography strip (5 10 cm long)
and mark the solvent front (R, = 0) with a colored
pen and the start point (R= 1) with a pencil.

e Using a 1-ml syringe with a fine needle (25 gauge),
put one small drop of the sample onto the starting
point on the strip.

e Immediately, insert the strip into the beaker so the
spot sample does not dry,observing that initially the
solvent level is below the starting point.

e When the solvent has reached the front, the strip
should be removed and dried.

e Quantify the regional distribution of radioactivity
on the strip using any of the radiation detection
methods discussed next.

Figure 4.1 shows a sample procedure for determi-
nation of radiochemical purity of a radiopharmaceuti-
cal by ITLC using two different solvents.

4.2.4.3 Methods for Regional Radioactivity
Measurement in TLC Chromatography

Many analytical methods were developed for determi-
nation of the radioactivity percentage of the different
radiochemical species along the TLC chromatography
strip, starting with the autoradiography method by
which a chromatogram is placed on an x-ray film and
exposed in the dark for about 1 h. However, the most
popular methods in nuclear medicine were achieved
using one of the following systems [9]:
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®MTecO,
A
99MTc_exametazime
99mTc-2° amine complex
9mTc0,
0.9% NaCl
ITLC-SG
Lg
C
1. % %™TcO™, = [A/(A+B)].100
2. % %MTc-exametazime= [A/(A+B)]-[D/(C+D)].100
D
3. % ®MTcO, = [F/(E+F)].100 o |
MEK
ITLC-SG

Gamma camera: A dried strip is placed close to the
detector head of the camera, and an image is
obtained. The region of interest (ROI) is drawn for
each radioactive area. The radiochemical purity is
expressed as a fraction of the total recovered activity.
lonization chamber: The dried strip is cut into two
segments and measured in the chamber. This
method is frequently used for simple separation
techniques (compounds of Ry = 0 or 1) but is not
applicable in multisegmental strips or samples with
low radioactive concentration [12].

Nal(Tl) scintillation counter: Chromatographic
plates are cut in segments (up to ten) and counted
in the scintillation counter. This method is prefer-
rede to the ionization chamber because it provides
more sensitive results, giving the chance to deter-
mine the radiochemical purity of a sample at dif-
ferent and close Ry values.

Chromatography scanner: A slit-collimated radia-
tion detector [mainly Nal(T1) scintillation counter]
is moved along the thin-layer plate, and the radio-
activity distribution between the start and the sol-
vent front points is recorded and plotted as
radioactive peaks [13]. This method is considered
the most accurate one because it provides values
with high sensitivity and resolution .

L’E"‘“TCO’4

®MTeO,
99MTc-exametazime
99MTc-2° amine complex

Fo —|

| 99m:
TcO,

Acetonitrile:water
(1:1)

9MTc-exametazime Whatman 1

99MT¢-2° amine complex
9mTcO,

Fig. 4.1 Chromatographic system for determination of radiochemical purity of Tc 99m labeled HMPAO. (Adapted from [7])

Linear analyzer: This device operates as a position-
sensing proportional counter, measuring a fixed
number of channels along the length of the chro-
matographic plate. It gives us the most sensitive
results, but resolution is less than that obtained with
Nal(T1) scintillation counters [14].

A comparison of four different methods of quantifi-

cation is shown in Fig. 4.2, in which a phantom chro-

matographic  plate

with increasing amount of

radioactivity (0.25, 1.0,4.0, 16.0, and 64.0 kBq) spotted
at exact intervals was measured bythe following:

o Q% »

Linear analyzer
Conventional scanner
Cut and measure scintillation counter

Tonization chamber

The highest sensitivity was achieved in A and C,

while the best resolution occured with B and C.

The ionization chamber indicated a low detection

efficiency of radioactivity below 20 kBq (peaks 1, 2, 3,
and 4).

For *™Tc, the main impurities are the free pertech-

netate (TcO,) and the reduced, hydrolyzed technetium
(TcO5) ( in another words, colloidal *™Tc).
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Fig. 4.2 Phantom 025 1,0 40 16 64[kBq] = 025 1,0 4,0 16 64 [kBq]
chromatography plate 1 2 3 4

analyzed by four different
methods of measurement. The
highest sensitivity was
achieved with a and c, the best
resolution with b and c. Using
the ionization chamber (d),
activities less than 20 kBq
(peaks 1, 2, 3, 4) were not
resolved accurately. (From [9]
with permission from

5 1 2 3 4 5

U L

W

Springer)

c 1 2 3

Cut and count in a scintillation counter

Free pertechnetate migration properties and hence
its Ry value are governed by the type of mobile and
stationary phases used for the TLC test, while reduced,
hydrolyzed technetium is present mainly at the origin
(Rs=0) due to its insolubility properties (like all other
colloidal components), explaining why reduced,
hydrolyzed technetium species cannot be recognized
in colloidal and particulate preparations (e.g., macro-
aggregated albumin [MAA] preparations).

Tables 4.1 and 4.2 summarize the TLC chro-
matographic data for Tc-99m and non-Tc-99m radio-
pharmaceuticals, respectively.

4.2.5 Precipitation

Precipitation is the method of separating a radio-
chemical form from another with an appropriate
chemical reagent. The precipitate is separated by
centrifugation. >'Cr** in >'Cr-sodium chromate can
be estimated by precipitating chromates as lead
chromate and determining the radioactivity of the
supernatant.

Linear analyser with standard detector

TLC-scanner with scintillation detector

4 5 d 1 2 3 4 5

Cut and count in an ionisation chamber

4.2.6 Distillation

Distillation is a method applicable to compounds with
different vapor pressures. The two compounds can be
separated by simple distillation at a specific tempera-
ture. The compound with higher vapor pressure is
distilled off first, leaving the other compound in the
distilling container. Iodide impurities can be separated
from any iodine-labeled compound by distillation.

4.2.7 lon Exchange

Ton exchange is performed simply by passing a radio-
pharmaceutical sample through a column of ionic
resin and eluting the column with a suitable solvent.
Separation of different chemical forms is dependent
on the ability and affinity of exchange of ions from a
solution onto the resin. Polymerized and high molecu-
lar weight resins are of two kinds: cation exchange and
anion exchange resins.

An example of that method is the determination of
the presence of **™TcO,~ in **™Tc-labeled albumins,
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Table 4.1 Chromatographic data for *™Tc radiopharmaceuticals

99 g g
"Tc¢ Radiopharmaceutical

Bone radiopharmaceuticals

mTc PYP
99mTc MDP
%mTc HDP (hydroxymethylene

diphosphonate)

Renal radiopharmaceuticals

%mTc DTPA

PmTc MAG;

9mTc gluceptate

99MT¢(IT) DMSA
(dimercaptosuccinic acid)

99mTc(V) DMSA

9mT¢ IDAs (iminodiacetic acids)

Cardiac radiopharmaceuticals

9MT¢ sestamibi

99mTe tetrofosmin

Brain radiopharmaceuticals

9mTc HMPAO

9mTe bicisate

Stationary
Phase

ITLC SG
ITLC SG
ITLC SG
ITLC SG
ITLC SG
ITLC SG

ITLC SG
ITLC SG

‘Whatman
3MM

‘Whatman
3MM

ITLC SG
ITLC SG

‘Whatman
3MM

ITLC SA
ITLC SG

ITLC SG

‘Whatman
3MM

ITLC SG

‘Whatman
3MM

ITLC SG

ITLC SG
ITLC SG
Whatman 1

‘Whatman
3MM

Solvent

Acetone
Saline
Acetone
Saline
Acetone

Saline

Acetone
Saline

Acetone

Water

Acetone
Saline

Acetone

Butanol

MEK (methyl ethyl
ketone)

Saline

MEK

Water

Ethyl acetate

Acetone
dichloromethane
(35:65)

MEK
Saline
50% acetonitrile

Ethyl acetate

1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0

1.0

1.0
1.0
1.0

0.9
1.0

1.0
0.9

1.0

0.0

0.9

1.0
1.0
1.0
0.0

0.1

1.0

99mT c
Complex

0.0
1.0
0.0
1.0
0.0
1.0

0.0
1.0
0.0

1.0

0.0
1.0
0.0

0.5
0.0

1.0
0.0

1.0

0.5 0.8

0.4 0.7

1.0 (primary)
0.0
1.0
1.0

Hydrolyzed
99mT c

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0

0.0

0.0
0.0
0.0

0.0
0.0

0.0
0.0

0.0

0.0 0.1

0.0 0.1

0.0
0.0
0.0
0.0

(continued)
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Table 4.1 (continued)

> Stationary 9omTe Hydrolyzed

99mT¢ Radiopharmaceutical Phase Solvent Complex ompe

Miscellaneous

2mTc MAA ITLC SG Acetone 1.0 0.0 0.0

9mTc HSA (human serum albumin)  ITLC SG Ethanol:NH,OH:H,O0 1.0 1.0 0.0

(2:1:5)

99mTe SC (sulfur colloid) ITLC SG Acetone 1.0 0.0 0.0

99™Tc nanocolloid Whatman Saline 0.8 0.0 0.0
ET 31

%M architumomab ITLC SG Acetone 1.0 0.0 0.0

9™Tc nofetumomab ITLC SG 12% TCA in H,O 1.0 0.0 0.0

Data adapted from [9, 21] and UKRG Handbook (Bev Ellis, United Kingdom Radiopharmaceutical Group, London, 2002)
Adapted from [2].
ITLC SA instant thin layer chromatography silicic acid, /TLC SG instant thin layer chromatography silica gel

Table 4.2 Chromatographic data of radiopharmaceuticals other than 99mTc complexes

Ry values
Labeled
Radiopharmaceutical Stationary phase Solvent product Impurities
1251 RISA (radioiodinated serum ITLC SG 85% methanol 0.0 1.007)
albumin)
1311 hippuran ITLC SG CHCl;:acetic acid (9:1) 1.0 1.0IM)
1311 NP 59 ITLC SG Chloroform 1.0 1.007)
1311 MIBG Silica gel plated Ethyl acetate:ethanol (1:1) 0.0 0.6(1N)
plastic
1311 Nal ITLC SG 85% methanol 1.0 0201073
51Cr sodium chromate ITLC SG n Butanol saturated with IN HCI 0.9 0.2(Cr3+)
67Ga citrate ITLC SG CHCl;:acetic acid(9:1) 0.1 1.0
111In DTPA ITLC SG 10% ammonium acetate: 1.0 0.1(In3+)
(diethylenetriaminepentaacetate) methanol (1:1)
111In capromab pendetide ITLC SG Saline 0.0 1.0(In3+)
18F FDGh ITLC SG CH;CN/H,0 (95:5) 0.37 0.0
90Y ,111In ibritumomab tiuxetan 0.9%NaCl solution 0.0 1.0

Adapted from [21]
ITLC SG instant thin layer chromatography silica gel

by which the **™TcO, is adsorbed to the Dowex-1 4.2.8 Solvent Extraction
resin, leaving the **™Tc-labeled albumins and the
hydrolyzed **™Tc to go with the elute when using

. When two immiscible solvents are shaken together,
0.9% NaCl as a solvent to wash the resin column. &

any solute present will distribute between the two
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phases according to its solubility in each phase. Equi-
librium is reached and governed by the partition coef-
ficient D:

D = Concentration in organic phase/Concentration

in aqueous phase

Lipid-soluble molecules may have D > 100, so it
becomes highly concentrated in the organic phase. If
the solvent is volatile (e.g., ether or chloroform), the
solute can be recovered by distillation or evaporation.
An example of this method is the separation of **™Tc-
pertechnetate by dissolving *’Mo in a strongly alkaline
solution (e.g., potassium hydroxide) and then extract-
ing with MEK. ?*™Tc-pertechnetate dissolved in the
organic phase can be recovered by evaporation to
dryness; this method has been used initially to prepare
99mTc_pertechnetate for “*™Tc-labeled radiopharma-
ceuticals [15].

4.2.9 Electrophoresis

The basic idea of electrophoresis is the property of
charged molecules (atoms) to migrate in an electric
field. The migration rate is dependent on the charge
and size of the molecule. The apparatus used in elec-
trophoresis consists simply of a direct current power
supply to provide a potential difference of 400 V or
greater, connected through an electrolyte buffer solu-
tion (barbitone/barbituric acid) to either end of a strip
of support medium, which may be cellulose acetate or
filter paper. Since **™Tc-pertechnetate is considered a
small ion, it migrates rapidly and is readily separated
from larger negatively charged complexes, such as
mTc.DTPA  (diethylenetriaminepentaacetate)  or
insoluble 99mTc02, which remain at the origin [16].

4.2.10 Gel Filtration

Gel filtration chromatography is a process obtained
when a mixture of solutes is passed down a column
of suitable medium, such as cross-linked dextran
Sephadex, and then eluted with a proper solvent,
allowing the large molecules to be released first
while the smaller ones are selectively retarded due to
penetrating the pores of the gel polymeric structure.

Sequential fractions of the eluate are collected by an
automated fraction collector, and the radioactivity is
measured for each fraction.

Gel chromatography is the method of choice for
separating proteins of different molecular weights. In
addition, this method is equally important in detecting
impurities in *™Tc-labeled radiopharmaceuticals. To
obtain the percentages of free, bound, and unbound
hydrolyzed “*™Tc species, a Sephadex gel-saline
filtration system is widely used. In this case, *™Tc-
chelate is eluted first, followed by the free 99mTCO4_’
while the hydrolyzed **™Tc is retained by the column.

It has been observed that some *™Tc chelates may
bind to or dissociate on the column, producing inaccu-
rate results.

4.3 High-Performance Liquid
Chromatography

High-performance liquid chromatography (HPLC) is
a recent modification of the gel chromatography
method; the liquid phase is forced at a high pressure
through an adsorbent, densely packed column. When
the different species of the sample are eluted from
the column, they pass through a radiation detector or
any other detector, which records its presence, nor-
mally in a graph form. The stationary phase most
frequently consists of beads of silica bounding an
organic pad containing long-chain (C;g) carbon
groups. A wide range of stationary and mobile
phases has been used; by suitable choice, this tech-
nique is extremely valuable in the development and
evaluation of new radiopharmaceuticals. In addition,
HPLC is considered a suitable technique for estima-
tion of short-lived radiopharmaceuticals because of
its rapidity [17].

If the components are irreversibly adsorbed on the
stationary phase of the HPLC system (e.g., hydrolyzed
9mTe species), the system required is expensive;
therefore, the use of HPLC is not routine in hospital
practice. As an example, HPLC has been used for
separation of *™Tc-MDP (methylene diphosphonate)
prepared by borohydride reduction into several differ-
ent components. A schematic diagram of the general
components of the radio-HPLC system can be seen in
Fig. 4.3.
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Fig. 4.3 Components of a
radio high performance liquid

chromatographic (HPLC) Mobile
system phase
reservoir

4.3.1 Sep-Pak Analysis

Sep-Pak cartridges (Millipore Water) have been devel-
oped for isolation and cleanup of sample components
as a modification of the HPLC technology. This
method is applicable for radiochemical analysis
of *™Tc-MAG; (mercaptoacetyltriglycine), **™Tc-
sestaMIBI, and radiolabeled MIBG.

4.4 Biological Tests

The presence of microorganisms (bacteria, fungi, etc.)
should be examined for all pharmaceuticals intended
for human administration and is defined by the sterility
test.

Living organisms also can produce metabolic by-
products (endotoxins) that can undesirably affect the
radiopharmaceutical preparation, so special testing
procedures should be applied (pyrogenicity and toxic-
ity tests).

4.4.1 Sterility

The objective of the sterility test is to ensure that the
sterilization processes, mainly by autoclaving for
long-lived radiopharmaceuticals and membrane filtra-
tion for short-lived ones, are conducted properly [18].
A proper sterility test involves the incubation of the
radiopharmaceutical sample for 14 days in

o Fluid thioglycollate medium for growth of aerobic
and anaerobic bacteria

o Soybean-casein digest medium for growth of fungi
and molds

The sterility test requires 14 days, so **™Tc-labeled
compounds and other short-lived radiopharmaceuti-
cals could be released prior to the completion of the
test [19].

. Column

Detector |—|Recorder| IE

4.4.2 Pyrogenicity

Pyrogens are either polysaccharides or proteins pro-
duced by the metabolism of microorganisms. They are
mainly soluble and heat stable, represented primarily
as bacterial endotoxins. Pyrogens produce symptoms
of fever, chills, malaise, joint pain, sweating, head-
ache, and dilation of the pupils within 30 min to 2 h
after administration.

Pyrogenicity testing was developed from the rabbit
test (monitoring of the temperature of three healthy
rabbits for 3 h after injection of the test sample) to a
more sophisticated and rapid method called the limu-
lus amebocyte lysate (LAL) method. LAL, which is
isolated from the horseshoe crab (limulus), reacts with
gram-negative bacterial endotoxins in nanogram or
greater concentrations, forming an opaque gel. The
thicker the gel, the greater the concentration of pyro-
gens in the sample. Gram-negative endotoxins are
known as the most important source of pyrogen con-
tamination, so the LAL test is a rapid and sensitive
pyrogenicity test [20].

Generally, manufacturers are required to perform
the sterility and pyrogenicity tests prior to release of
their products to the end users. However, the short
half-lives of “’™Tc¢ radiopharmaceuticals prohibit
their testing for sterility and pyrogenicity, emphasiz-
ing aseptic labeling techniques by using laminar flow
enclosures containing high-efficiency particle air
(HEPA) filters improves the environment for radio-
pharmaceutical formulation.

4.4.3 Toxicity

Toxicity tests should be applied for all radiopharma-
ceuticals approved for human use. A quantity called
LDsg60 describes the toxic effect of a radiopharma-
ceutical by determination of the dose required to pro-
duce mortality of 50% of a species in 60 days after
administration of a radiopharmaceutical dose [21].
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The test should be done for at least two different
species of animals. Because of the strict regulations
on the use of animals for research and due to the
expected differences on reactions from animal species
to humans, cell culturing and computer modeling have
been used to achieve toxicity tests.
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5.1 Introduction

One major advantage of radioactivity is its extremely
high sensitivity of detection. Regarding the medical
applicability of radioactivity, it permits non-invasive
in vivo detection of radiolabelled compounds at nano-
to picomolar levels. The use of substances at such
low concentrations usually precludes a physiological,
toxic or immunologic response of the investigated
biological system. Consequently, the considered physi-
ological process or system is examined in an unswayed
situation. Furthermore, a wide range of substances,

T.L. RoB (D<)

Radiopharmaceutical Chemistry, Institute of Nuclear Chemistry,
Johannes Gutenberg University Mainz, Fritz Strassmann Weg
2, D 55128 Mainz, Germany

e mail: ross@uni mainz.de

S.M. Ametamey

Animal Imaging Center PET, Center for Radiopharmaceutical
Sciences of ETH, PSI and USZ, ETH Honggerberg, D CHAB
IPW HCI H427, Wolfgang Pauli Str. 10, CH 8093, Zurich,
Switzerland

e mail: amsimon@ethz.ch

even those which are toxic at higher concentrations,
become considerable for the development of radiophar-
maceuticals and use in nuclear medicine. In contrast to
the wide range of employable bioactive molecules, the
range of suitable radioactive nuclides is much more
restricted by their nuclear physical and chemical prop-
erties. In particular, radionuclides for diagnostic appli-
cations should provide appropriate (short) half-lives
and radiation properties for detection and imaging,
but at the same time the radiation dose of patients and
personnel have to be kept to minimum. Nonetheless, to
date, a couple of radionuclides have proven suitable for
both nuclear medical diagnostic applications, single
photon emission computed tomography (SPECT), and
positron emission tomography (PET).

As indicated by their names, SPECT is based on
photon or y-ray emitting nuclides while PET is derived
from those nuclides which belong to the group of
neutron-deficient nuclides and emit positrons (B*-
decay). Large scale production of positron emitting
radionuclides became possible for the first time by
the invention of the cyclotron by Ernest Orlando
Lawrence in 1929 [1]. Since then, many (medical)
cyclotrons have been built and have been in use at
various nuclear medicine PET facilities. As a result,
short-lived positron emitters such as most commonly
employed fluorine-18 and carbon-11 are routinely pro-
duced at most nuclear medicine centres on a daily basis.

In the B*-decay of a neutron-deficient nucleus, a
positron (B*) and a neutrino (v) are synchronously
emitted, while in the nucleus, a proton is converted
into a neutron. Neutrinos show practically no interac-
tion with matter and thus they are not detectable by
PET cameras. In contrast, the emitted positron is able
to interact with an electron, its anti-particle. As a
result, both particles annihilate and give two y-rays
with a total energy of 1.022 MeV, the sum of the
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masses of positron and electron, 511 keV each. Both y-
rays show a nearly 180° distribution and each carries
the characteristic energy of 511 keV. Accordingly, the
decay of positron emitters which are used as label for
PET radiopharmaceuticals results in two y-rays and
as these are body-penetrating photons, they can be
detected by an appropriate PET camera. This physical
phenomenon provides the base of PET imaging.

In PET scanners, a circular ring of detector pairs,
which record only coincidence events, registers the
in vivo generated pairs of y-rays. An appropriate com-
puter-aided data acquisition provides PET images with
information about in vivo distribution and levels of
accumulation of the radionuclide and the radiophar-
maceutical, respectively. Consequently, biochemical
processes can be visualised and a dynamic data acqui-
sition further allows for registration of a temporal
component such as pharmacokinetics of a certain
drug. In combination with bio-mathematical models
and individual corrections of attenuation, transmission
and scatter effects, physiological and pharmacological
processes can be precisely acquired and quantified [2].

The most important radionuclides for PET imaging
are fluorine-18 and carbon-11. Particularly, the '®F-
labelled glucose derivative 2-deoxy-2-['*F]fluoro-D-
glucose (['®*F]FDG) represents the most widely used
PET radiopharmaceutical which has contributed most
to the worldwide success of clinical PET imaging. The
combination of a highly efficient radiochemistry and
a high yielding "*O(p,n)'®F nuclear reaction makes
['®F]EDG available in large amounts and also enables
shipment and distribution by commercial producers.
Since its development in the 1970s [3], ['*FIFDG has
been employed in many PET studies in oncology,
neuroscience and cardiology [4 7]. However, further
substances have followed and to date, several PET
radiopharmaceuticals for specific targets have been
developed and evaluated for a wide range of applica-
tions in clinical nuclear medicine as well as in preclin-
ical research [8 11].

The following chapter deals with the develop-
ment and the use of PET radiopharmaceuticals. Here
a comprehensive overview of basic considerations
and possibilities in development of PET radio-
pharmaceuticals is given. An outline of commonly
employed clinically established PET radiopharma-
ceuticals, their most important production routes and
clinical applications follows in the next chapter, in
which also aspects of routine production and quality

control of PET radiopharmaceuticals as well as their
use in drug development are introduced and briefly
summarised. Both chapters principally cover literature
until the beginning of 2009.

5.2 Choice of the Radionuclide

There is a variety of basic functions and effects which
can generally be followed and visualised by PET such as
metabolism, pharmacokinetics, (patho)physiological
and general biochemical functions; receptor-ligand bio-
chemistry; enzyme functions and inhibition; immune
reactions and response; pharmaceutical and toxicologi-
cal effects. However, a close look into the designated
processes and the related biochemistry is necessary to
find a positron emitter with appropriate characteristics.

Although fluorine-18 is the most commonly pre-
ferred positron emitter for PET radiopharmaceuticals,
monoclonal antibodies labelled with fluorine-18 for
immuno-PET imaging are normally not useful because
the physical half-life of 110 min does not fit to the
slow accumulation (normally 2 4 days) of most mono-
clonal antibodies in solid tumours [12]. In such cases,
longer-lived PET nuclides as iodine-124 (T, = 4.18
days) and zirconium-89 (T, = 3.27 days) are more
suitable for this particular application. On the other
hand, longer half-lives increase radiation doses to the
patients and thoughtful considerations towards a
health/risk benefit analysis are mandatory.

As a basic principle, short-lived radionuclides should
preferably be used if their suitability is similarly good
with respect to a certain application. Blood flow tracers
are a perfect example for the use of extremely short-
lived radionuclides such as oxygen-15 (T, = 2 min),
nitrogen-13 (Ty, = 10 min) and rubidium-82 (T, =
1.3 min). The scanning times of blood flow studies
using PET are normally very short and not longer than
2 5 min. Hence, radiolabelled substances such as [15 O]
water, [150]butanol, [13N]ammonia and [82Rb]RBCl
are particularly suitable. However, the relatively short
half-lives of the these radionuclides place some con-
straints on imaging procedure and execution.

Besides half-lives, there are further physical aspects
to be considered. One is the B*-energy (Eg,) of the
emitted positrons. The Eg, also clearly affects the radia-
tion dose to the patients and thus the lower the Eg, the
better it is for the patients. Since the Eg, is also
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responsible for the positron range (travelling distance of
the positron) and a short positron range enhances the
spatial resolution in PET, a low Eg, is also very favor-
able for high resolution PET imaging. However, in
human PET scanners, the distance of the detectors to
the object is long and the positron range is no longer
significant for the absolute spatial resolution as demon-
strated in comparable studies using different positron
emitters in imaging phantoms [13, 14]. In contrast, high-
resolution small animal PET scanners show dramati-
cally degraded image quality by the use of positron
emitters with high Eg, or complex decay schemes [15].

In comparison with most of the available positron
emitters for PET, it is already quite evident from the
nuclear properties that fluorine-18 is the most pre-
ferred radionuclide for PET. The optimal half-life of
fluorine-18 offers multi-step radiochemistry, extended
PET studies of slower biochemistry as well as the
shipment of the '®F-labelled radiopharmaceuticals to
clinics without an on-site cyclotron or a radiochemis-
try facility. Furthermore, it has one of the lowest Eg,
among the PET nuclides and provides high-resolution
PET images. An overview of the nuclear data of
important positron emitters for PET is given in
Table 5.1.

In the same way as the radionuclide must fulfil the
physical requirements of the PET imaging, it needs to
exhibit suitable chemical properties with respect to
available labelling techniques. Thereby, the labelling
strategy depends on the initial situation and attendant
restrictions. If a certain radionuclide is given by rea-
sons such as availability or imaging characteristics, the
target structure often needs to be modified towards its
suitability for corresponding labelling methods. In
contrast, if the structure of a biomolecule is stipulated,
a combination of a radionuclide with an appropriate
and efficient labelling procedure needs to be found.
However, a restricted number of PET radionuclides
and a limited selection of reactions for their intro-
duction into biomolecules generally necessitate the
approach of tailored structures. Noteworthy, those
structural modifications of the parent biomolecule are
mostly accompanied by changes in the pharmacologi-
cal behaviour and usually a compromise covering
pharmacological performance, radiochemistry, dosim-
etry and PET imaging requirements must be found.

In general, the choice for the right positron emitter
for a new PET radiopharmaceutical can be described
as the best match between efficient radiochemistry,

Table 5.1 Important positron emitters used for PET and their
nuclear data from [16, 17]

Ep+ max
Nuclide  Half life Decay mode (%) [keV]
Organic
e 20.4 min B+ (99.8) EC (0.2) 960
BN 996 min  B* (100) 1,190
50 2.03 min B+ (99.9) EC (0.1) 1,720
30p 2.5 min B* (99.8) EC (0.2) 3,250
Analogue
18g 109.6 min  B* (97) EC (3) 635
3Se 7.1h B* (65) EC (35) 1,320
>Br 98 min B* (75.5) EC (24.5) 1,740
7SBr 162 h B* (57) EC (43) 3,900
"Br 238 days BT (0.7) EC (99.3) 343
120 81.1 min B* (64) EC (36) 4,100
1241 4.18 days  B* (25) EC (75) 2,140
Metallic
BK 7.6 min B* (100) 2,680
STj 3.09 h B* (85) EC (15) 1,040
OCu 23.7 min B+ (93) EC (7) 3,772
6lcy 333 h B* (61) EC (39) 1,215
2Cu 9.7 min B* (98) EC (2) 2,930
%4Cu 127 h B* (18) B~ (37) EC (45) 655
8Ga 683 min B (90) EC (10) 1,900
2As 26 h B+ (88) EC (12) 2,515
82Rb 1.3 min B* (96) EC (4) 3,350
86y 147 h B+ (34) EC (66) 1,300
897r 3.27days  B*(33) EC (77) 902
o4mTe 52 min B* (72) EC (28) 2,470

acceptable dosimetry and favourable pharmacological
and PET imaging properties.

5.2.1 Labelling Methods - Introduction
of the Radionuclide

Organic positron emitters: The introduction of the
radionuclide into a biomolecule or a structure of
(patho)physiological interest obviously is one of the
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essential steps in the development of radiopharmaceu-
ticals. Biomolecules and pharmaceuticals mainly con-
sist of carbon, hydrogen, oxygen, nitrogen, sulphur
and phosphorous due to that fact the so-called organic
radionuclides (see Table 5.1), carbon-11, oxygen-15,
ammonia-13 and phosphorous-30 allow the so-called
authentic labelling without any changes in (bio)chem-
ical and physiological behaviour of the radiolabelled
molecule. However, these organic radionuclides are
extremely short-lived isotopes with half-lives only
from 2 to 20 min and that strongly limits their applica-
bility. Only the half-life of 20 min of carbon-11 offers
the possibility of radiosyntheses with more than one
step and the detection of physiological processes with
slower pharmacokinetics. Besides an unchanged phar-
macology, the major advantage of such short half-lives
is a low radiation dose to the patients and possible
repeat studies within a short period.

Analogue positron emitters: Biomolecules and phar-
maceuticals are generally relatively complex organic
compounds and claim for multi-step radiosyntheses for
their radiolabelled counterparts. In addition, many
(patho)physiological processes are slower and thus not
detectable with the extremely short-lived radionuclides.
Alternatively, the so-called analogue radionuclides with
longer half-lives from 80 min to 4 days are commonly
introduced into biomolecules. The labelling with ana-
logue radionuclides makes use of similarities in steric
demand and/or in electronic character of the substituted
atom or functional group. The steric demand of an atom
or a functional group refers to the amount of space
occupied by an atom or a functional group. Accord-
ingly, selenium-73 can be used in the manner of sulphur.
Selenium as the next homologue to sulphur has very
similar steric and chemical properties. The analogue
radiopharmaceuticals L-["3Se]selenomethionine [18]
and L-homocysteine[73’7SSe] selenolactone [19] are
examples for such a selenium-sulphur-analogy. Simi-
larly, ”>7®7"Br and '?*'**] can be regarded as structural
analogues for methyl groups.

In the majority of cases, the analogue radionu-
clides evoke only small insignificant structural dif-
ferences, but the arising electronic changes and those
of chemical reactivity can be important. In each indi-
vidual case, the pharmacological behaviour and prop-
erties of such analogue radiotracers have to be tested
for changes in characteristics. In the last decades, the
number of new pharmaceuticals has increased rapidly
and more and more compounds have been identified as

pharmacologically relevant substances which are orig-
inally carrying fluorine, bromine or iodine [20, 21].
Consequently, the advantages of authentic labelling
and longer half-lives accrue and simplify the develop-
ment of a corresponding radiopharmaceutical.

Metallic positron emitters: In a third group, there are
also some metallic positron emitters which are suitable
for PET imaging (see Table 5.1). The half-lives vary
from minutes to days and offer a broad range of
applicability. In contrast to organic or analogue PET
nuclides, some of the metallic radionuclides are achiev-
able from generator systems (e.g. “*Zn/**Cu, **Ge/**Ga
and ®2Sr/*?Rb) which make them available in places
without an on-site cyclotron. Metallic PET nuclides can
be used either directly in their free cationic forms or as
complexes. Rubidium-82 has been evaluated as a myo-
cardial perfusion PET tracer [22, 23]. In form of [*’Rb]
RbC], it is used as radiopharmaceutical for perfusion
PET imaging on the market for almost 20 years
(CardioGen-82“, approved by the FDA in 1989). The
similarities of rubidium to the potassium cation lead to
a rapid uptake of rubidium-82 into the myocardium and
allow the identification of regions of insufficient
perfusion by PET imaging [24, 25]. In complexes,
the metallic radionuclides are usually incorporated
into biomolecules which carry suitable chelators (i.e.
Fig. 5.27 for the somatostatin receptor ligand [**Ga-
DOTA, Tyr’Joctreotide [26]).

In addition to differences in chemical, physical and
nuclear properties of the radionuclides, the production
routes or processes can also influence the labelling
approach. The production route as well as the work-
up provides the radionuclide in a certain chemical
form which requires suitable (radio)chemistry in the
following synthetic steps. From the production pro-
cess, PET radionuclides are obtained only in a nano- to
picomolar range while they are still very well detect-
able by their radioactive decay. As a result, the final
PET radiopharmaceuticals are so attractive to medici-
nal purposes. In the body, they can be detected with
non-invasive methods while the quantity of material is
extremely small and generally toxic and pharmacolog-
ical effects are negligible.

Specific activity: Owing to the desired insignificant
quantities, a fundamental criterion of the quality of a
radionuclide and the final radiopharmaceutical is its
specific (radio)activity (SA) which depends on the
amount of stable isotopes (carrier) present. Carrier
can be divided into:
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e [sotopic carrier: isotopes of the same element as
the radionuclide and

e Non-isotopic carrier: isotopes of other elements
mostly with very similar chemical and physical
properties to the radionuclide

On this account, SA is defined as the mass-related
radioactivity:

SA =A/m[Bq/¢]

where A is the radioactivity in Becquerel and m is the
mass of the radioactive material including all impuri-
ties and carrier, respectively. In (radio)chemistry such
a specification related to the mass is inconvenient and
thus SA is generally expressed on the molar basis as
radioactivity related to the amount of substance:

SA = A/n[Bq/mol]

where m is replaced by n for the amount of substance
in moles. In the absence of impurities or isotopic
carrier, the theoretically attainable maximum molar
SA equals to:

SA = Na(In2/T;)[Bg/mol] or
SA = 1.16 x 10%/T) ,[Bq/mol]

where N4 is Avogadro’s number (6.023 X 1023) in
atoms/mol and T, is the half-life of the radionuclide
in hours. The general abundance of stable isotopes of
the PET radionuclides smaller the theoretically attain-
able SA and the quantity of material become higher
by natural isotopic carrier, but it is normally still at a
nano- to picomolar level (6.3 x 10* versus 300
600 GBqg/pmol for theoretical and practical SA, respec-
tively, for fluoride-18 produced from '*O(p,n)'*F).
Most applications in molecular imaging call for high
(molar) specific activities and a lot of effort is put into
this issue. Especially for brain receptor PET imaging,
high specific activities are essential when receptor
systems of low density can be saturated by radioli-
gands with low SA. Besides poor PET imaging results,
because of an unfavourable signal-to-noise ratio, phar-
macological or toxic effects have also to be consid-
ered. In general, for radiochemical practice, the
radionuclide situations can be classified as:

e Carrier-free (c.f.)
e No-carrier-added (n.c.a.)
e Carrier-added (c.a.)

Carrier free (cf): 1deally carrier-free systems are
not achievable with PET radionuclides as they all
have naturally occurring stable isotopes. For example,
carbon is the fourth most abundant element on earth
and it is present in almost every kind of material. Thus,
especially for carbon-11 high specific activities are an
exceptional challenge. However, in radiochemistry of
PET radionuclides, traces of stable isotopes are omni-
present and act as isotopic carrier. Sources of isotopic
carrier are the air, target and vessel materials, transport
lines and tubes, chemicals and solvents.

No carrier added (n.c.a): Contaminations in che-
micals and solvents are below normal chemical purifi-
cation limits, but they are still in the quantity of the
radionuclide. Those conditions are referred to as no-
carrier-added (n.c.a.) conditions and correspond to a
state of practically highest SA attainable.

Carrier added (c.a): On the contrary, some circum-
stances require the addition of stable isotopes what is
termed as carrier-added (c.a.). Predominantly, c.a. con-
ditions are employed to achieve weighable quantities
of a product for characterisation by non-radioactive
analytical methods or to increase radiochemical yields.
As a widely used c.a. procedure the production of
electrophilic fluorine-18 is well known. The addition
of the isotopic carrier fluorine-19 is necessary to mobi-
lise n.c.a. [ISF]FZ which is too reactive and adheres to
the walls of targets and tubes.

Labelling reactions and radiosyntheses on the n.c.a.
scale mean to work at a subnanomolar level regarding
the amount of radioactive substance while all other
reactants and solvents are still present at a macro-
scopic scale. Hence, the course of reaction may differ
strongly from that of classical chemical reactions at
balanced stoichiometric ratios, where all substrates
and reagents are present in amounts in a similar
or equal range. Such labelling reactions under non-
equilibrium conditions generally proceed according
to pseudo-first-order kinetics where the precursor
amounts are in extreme excess to the radionuclide
and can approximately be set as constant. On the
other hand, the radionuclide and the labelled product
exist on a n.c.a. scale and thus a consecutive labelling
reaction or an interaction of two radioactive species
can be statistically excluded.

In labelling procedures and radiosyntheses, obvi-
ously, the decay has to be taken into account and thus
the half-life of the employed radionuclide. With res-
pect to the PET imaging, the final radiopharmaceutical
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must be obtained in reasonable amounts sufficient for
the following PET procedures. As a rule of thumb, the
radiosynthesis including purification, formulation and
quality control of a PET radiopharmaceutical should not
exceed three half-lives of the radionuclide. Conse-
quently, the extremely short-lived PET radionuclides
call for very fast chemistry and preclude multi-step
procedures.

The efficacy of radiolabelling reactions is generally
quantified by the radiochemical yield (RCY) which
corresponds to the decay-corrected yield related to
the starting activity. In contrast, the real yield reflects
the amount of isolated radioactive material, but is
not functional as an appraisal factor of the labelling
procedure.

5.2.2 Labelling Methods for Fluorine-18

The indisputable importance of fluorine-18 in PET
makes '®F-labelled radiopharmaceuticals the most
favoured ones; thus, especially procedures for the
introduction of fluorine-18 are of great interest and
several methods and strategies have been developed
[27 31]. There are many established nuclear produc-
tion pathways for fluorine-18; the most commonly
used are listed in Table 5.2 [32, 33].

The main difference between various nuclear reac-
tions is the target material which is either gas or liquid
(water) and determines the final chemical form of
fluorine-18. From gas targets, fluorine-18 is achieved
as electrophilic c.a. [18F]ﬂuorine gas ([lsF]Fz) and
from the water targets, nucleophilic n.c.a. [lgF]ﬂuo-
ride in aqueous solution is obtained. As mentioned
before, in case of the electrophilic [ISF]FZ, adsorption
of the produced n.c.a. fluorine-18 on the walls of the
target requires the addition of non-radioactive F,

(isotopic carrier) for an isotopic exchange and removal
of the n.c.a. fluorine-18 out of the target. Due to this
fact, the procedure dramatically lowers the obtainable
specific activity which is one of the major disadvan-
tages of these production routes.

Nonetheless, many compounds of (radio)pharma-
cological interest call for electrophilic labelling meth-
ods and thus necessitate c.a. [18F]F2 or its derived
secondary labelling agents. The most popular PET
radiopharmaceutical which is routinely produced via
an electrophilic c.a. '"®F-labelling (‘*F-fluorodestanny-
lation) is 6-['®F]fluoro-L-DOPA (['®F]E-DOPA) (see
Fig. 5.3) [34, 35]. So far, an efficient nucleophilic
approach for a n.c.a. '*F-fluorination of ['*F]F-DOPA
is still lacking.

However, the nucleophilic production route using
'"®0-enriched water as target material is the most effi-
cient procedure and also provides the n.c.a. ['®F]fluoride
in high specific activities. As a result, the "*O(p,n)'*F
reaction is the most widely used method to produce
fluorine-18. The required proton energy of
16 — 3 MeV for the nuclear reaction is achievable
without problems from small cyclotron, so-called
medical cyclotrons. Normal batches of 50 100 GBq
for the production of '®F-labelled clinically utilised
PET radiopharmaceuticals can be obtained within
30 60 min depending on the target construction and
the corresponding beam current.

Regarding the chemical concepts for the introduc-
tion of fluorine-18 into organic molecules, the meth-
ods of the macroscopic organic chemistry could be
principally transferred. In general chemistry, the com-
monly used fluorination procedures are based on the
Wallach reaction [36] and the Balz Schiemann reac-
tion [37]. However, in n.c.a. 18F-radiosyntheses, these
procedures led only to very low radiochemical yields
[38, 39]. Effects of the unusual stoichiometric ratios
under n.c.a. conditions as well as principle aspects of

Table 5.2 Most common nuclear reactions for production of fluorine 18

Reaction 18O(p,n) 18R 16O(3 He,p) 18R 20Ne(d,cc) 18R 18O(p.n) 18

Target filling H,'%0 H,O Ne (200 pmol F,) 180,, Kr (50 pmol F,)
Particle energy [MeV] 16 — 3 36 — 0 14 — 0 16 — 3

Chemical product form ["®F)fluoride (aq) ["®F)fluoride (aq) ["®*FIF, ['®FIF,

Yield [GBq/pAh] 222 0.26 0.37 0.44 ~0.35

Specific activity [GBg/pumol] 40 x 10° 40 x 10° ~0.04 0.40 ~0.35 2.00
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the reactions’ mechanisms and reactants led to these
results. Both reaction types revealed inappropriate for
fluorine-18 chemistry under n.c.a. conditions.

Generally, radiofluorination methods can be divided
into electrophilic and nucleophilic reactions (substitu-
tions) according to the chemical form of fluorine-18
and thus the production route. Both methods represent
direct "®F-fluorinations and can be completed by two
additionally indirect methods, the 8F_fluorinations via
prosthetic groups and the '®F-fluorinations via built-up
syntheses. In general, the indirect methods are based
on direct methods for the '®F-labelling of the required
prosthetic group or synthon. Frequently, the nucleo-
philic '®F-methods are employed here due to higher
specific activities, higher radiochemical yields and a
better availability of n.c.a. [18F]ﬂuoride.

5.2.2.1 Electrophilic Substitutions

Fluorine-18 for electrophilic substitution reactions is
available as c.a. ['®F]F, directly from targets. *°Ne and
enriched [180]02 can be used as target materials (cf.
Table 5.2). Both alternatives come along with an
adsorption of the fluorine-18 on the target walls and
entail an addition of [19F]F2 to mobilise the produced
fluorine-18 by isotopic exchange. In the '*O(p,n)'*F
reaction, the enriched [180]02 target filling is removed
after bombardment and the target is filled with 0.1%
['F]E, in Kr and repeatedly irradiated for the ['8F]E,
formation [40]. In comparison, the 20Ne(d,oc)lgF reac-
tion is more practical as 0.1% ['°F]F, is directly added
with the neon and an additional step for recovery of
the enriched material and the consecutive irradiation is
saved. Furthermore, the process does not require
enriched material and is less expensive. Therefore,
the 2°Ne(d,o)'®F reaction is the commonly employed

OAc

o 1.c.a ['®F]F,
AcO -
AcO 2. Hydrolysis

HO

Fig. 5.1 Original radiosynthesis of ['*F]JFDG (RCY
mannose derivative (['*FJFDM) was obtained in a RCY of 3%

HO

process for electrophilic fluorine-18, although its pro-
duction rates are lower [32, 33]. As all production
processes for electrophilic fluorine-18 require carrier
addition, c.a. [18F]F2 or milder reagents derived from
it cannot be used in preparations of PET radiopharma-
ceuticals where high specific activities are mandatory
[41, 42].

Generally, the methods of electrophilic fluorina-
tions from organic chemistry can be directly trans-
ferred into c.a. fluorine-18 chemistry. Due to the fact
that carrier is added here, the stoichiometric ratios are
more balanced than under n.c.a. conditions and thus
closer to macroscopic chemistry. In organic chemistry,
elemental fluorine is known for its high reactivity and
its poor selectivity. Therefore c.a. ['*F]F, is often
transferred into less reactive and more selective elec-
trophilic fluorination agents such as ['*FJacetyl hypo-
fluoride (['*F]CH5COOF) [43], ['®F]xenon difluoride
(['®F]XeF,) [44, 45] or ['*F]fluorosulfonamides [46].
The maximum radiochemical yield in electrophilic
radiofluorinations is limited to 50% as only one fluo-
rine in ['®F]F, is substituted by a 'F atom. Conse-
quently, that is also the situation for all secondary
electrophilic radiofluorination agents derived from
c.a. ['*F|F..

The most popular example of electrophilic radio-
fluorinations using c.a. [18F]F2 is the first method to
produce 2-deoxy-2-[lxF]ﬂuoro-D-glucose ([IBF]FDG)
by Ido et al. in 1978 (see Fig. 5.1) [3]. ['*F]F, was used
in an electrophilic addition to the double bond of
triacetoxyglucal and gave ['*F]JFDG in a radiochemi-
cal yield of 8%. As a radioactive side product 3% of
the '®F-labelled mannose derivative (2-de0xy-2-[18F]
fluoro-D-mannose, [ISF]FDM) was obtained. In 1982,
a higher RCY of 20% and an improved product-to-
byproduct-ratio of 7:1 were achieved in the approach
of Shiue et al. using the milder radiofluorination agent
["®F]acetyl hypofluoride [47]. Many other approaches

OH OH

8F OH OH

['®FIFDG ['®FIFDM