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Preface

Stipulation of the third edition of the book, Basics of PET Imaging, has been
prompted by many new developments in PET technology, equipment, and products
since its second edition published in 2010. In this edition, new materials have been
added, obsolete topics deleted, and pertinent contents updated. The purpose of the
book remains the same as was for the previous editions—to fulfill the need for
radiology and nuclear medicine professionals in their board examinations and
practice.

The content of the book has been organized concisely in 14 chapters. Chapters 1
and 12 have no major change. In Chapter 2, information on detectors has been
updated, and a new section on MR scanners and the principle of their operation has
been added. Updated tables for specifications of PET, PET/CT, PET/MR, and
animal scanners from different manufacturers have been incorporated. Chapter 3
contains a new section on PET/MR imaging. Iterative reconstruction method has
been elaborated in Chapter 4. A table of PACS from different vendors has been
added in Chapter 5. Chapter 6 contains a section on quality control of MR scanners.
New positron emitting radionuclides with potential for human use have been
included in Chapter 7, and similarly new PET radiopharmaceuticals have been
added in Chapter 8. The original Chapter 9 has been split into two separate chapters
to include FDA regulations in Chapter 9 and NRC regulations in Chapter 10 with
updated information. Included in Chapter 11 is current updated information on
reimbursement in healthcare. A new procedure for amyloid imaging in Alzheimer’s
patients using '®F-florbetapir PET/CT imaging has been detailed in Chapter 13.
A new Chapter 14 contains special topics of interest, such as absorbed doses
from '"®F-FDG and ®*Rb-RbCl, SUV calculation in '"*F-FDG tumor imaging, and
the use of infusion pump in **Rb-RbCl myocardial perfusion imaging, which were
presented as appendices in past editions. In addition, four old appendices have been
kept as before with minimal updating.
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Chapter 1
Radioactive Decay and Interaction
of Radiation with Matter

Atomic Structure

Matter is composed of atoms. An atom consists of a nucleus containing protons (Z)
and neutrons (N), collectively called nucleons, and electrons rotating around the
nucleus. The sum of neutrons and protons (total number of nucleons) is the mass
number denoted by A. The properties of neutrons, protons, and electrons are listed
in Table 1.1. The number of electrons in an atom is equal to the number of protons
(atomic number Z) in the nucleus. The electrons rotate along different energy shells
designated as K-shell, L-shell, M-shell, etc. (Fig. 1.1). Each shell further consists of
subshells or orbitals, e.g., the K-shell has s orbital; the L-shell has s and p orbitals;
the M-shell has s, p, and d orbitals, and the N-shell has s, p, d, and f orbitals. Each
orbital can accommodate only a limited number of electrons. For example, the
s orbital contains up to 2 electrons; the p orbital, 6 electrons; the d orbital,
10 electrons; and the f orbital, 14 electrons. The capacity number of electrons in
each orbital adds up to give the maximum number of electrons that each energy
shell can hold. Thus, the K-shell contains 2 electrons; the L-shell 8 electrons, the
M-shell 18 electrons, and so forth.

A combination of a given number of protons and neutrons in a nucleus leads to
an atom called the nuclide. A nuclide X is represented by 4Xy. Some nuclides
(280 or so) are stable, while others (more than 3400) are unstable. The unstable
nuclides are termed the radionuclides, most of which are artificially produced in
the cyclotron or reactor, with a few naturally occurring. The nuclides having the
same number of protons are called the isotopes, e.g., léCﬁ and 1gC7; the nuclides
having the same number of neutrons are called the isotones, e.g., lgOg and I;Ng; the
nuclides having the same mass number are called the isobars, e.g., '*'T and '*'Xe;
and the nuclides with the same mass number but differing in energy are called the
isomers, e.g., 99mTe and *°Te.

© Springer International Publishing Switzerland 2016 1
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Table 1.1 Characteristics of electrons and nucleons

Particle Charge
Electron -1
Proton +1
Neutron 0

amu = 1 atomic mass unit = 1.66 x 10727 kg = 1/12 of the mass of '*C

1 Radioactive Decay and Interaction of Radiation with Matter

Mass (amu)?®
0.000549
1.00728
1.00867

°] atomic mass unit=931 MeV

Fig. 1.1 Schematic
structure of a 2®Ni atom.
The nucleus containing
protons and neutrons is at
the center. The K-shell has
2 electrons, the L-shell

8 electrons, and the M-shell
18 electrons

Radioactive Decay

Mass (kg)

0.9108 x 10~
1.6721 x 1077
1.6744 x 10~

Mass (Me\/)b
0.511

938.78

939.07

Radionuclides are unstable due to the unsuitable composition of neutrons and
protons or excess energy and, therefore, decay by emission of radiations such as
a particles, 8~ particles, ' particles, electron capture, and isomeric transition.

@ Decay

. . ) 5
This decay occurs in heavy nuclei such as ***U and ***Pu. For example,

235 231
o Utaz — oo Thiay +

(1.1)

Alpha particles are a nucleus of helium atom 5He, having two protons and two
neutrons in the nucleus with two orbital electrons stripped off from the K-shell. The
a particles are emitted with discrete energy and have a very short range in matter,
e.g., about 0.03 mm in human tissues.
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B~ Decay

f~ Decay occurs in radionuclides that are neutron rich. In the process, a neutron in
the nucleus is converted to a proton along with the emission of a #~ particle and an
antineutrino, v.

n—p+p +v (1.2)
For example,
By — B'Xep + 4 +7

The energy difference between the two nuclides (i.e., between *'T and '*'Xe in the
above example) is called the decay energy or transition energy, which is shared
between the f~ particle and the antineutrino v. Because of the random nature of
decay, §~ particles are emitted with a spectrum of energy with the transition energy
as the maximum energy and with an average energy equal to one-third of the
maximum energy.

Positron (f*) Decay

When a radionuclide is proton rich, it decays by the emission of a positron (5")
along with a neutrino v. In essence, a proton in the nucleus is converted to a neutron
in the process.

p=n+p+v (1.3)

Since a neutron is one electron mass heavier than a proton, the right-hand side of
Eq. (1.3) is two electron mass more than the left-hand side, i.e., 2 X 0.511 MeV =
1.022 MeV more on the right side. For conservation of energy, therefore, the
radionuclide must have a transition energy of at least 1.022 MeV to decay by f*
emission. The energy beyond 1.022 MeV is shared as kinetic energy by the f*
particle and the neutrino.

Some examples of positron-emitting nuclides are:

198F9 N 188010+ﬂ+ + v

$Rbus — $Krus + 7 +v
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Positron emission tomography (PET) is based on the principle of coincidence
detection of the two 511-keV photons arising from positron emitters, which will
be discussed in detail later.

Electron Capture

When a radionuclide is proton rich, but has energy less than 1.022 MeV, then it
decays by electron capture. In the process, an electron from the nearest shell, i.e.,
K-shell, is captured by a proton in the nucleus to produce a neutron, and a neutrino
v is emitted to conserve energy.

p+e — n+tv (1.4)

Note that when the transition energy is less than 1.022 MeV, the radionuclide
definitely decays by electron capture. However, when the transition energy is
more than 1.022 MeV, the radionuclide can decay by positron emission and/or
electron capture. The greater the transition energy above 1.022 MeV, the more
likely the radionuclide will decay by positron emission. Some examples of radio-
nuclides decaying by electron capture are:

111 = 111
491n62+e — 48Cd63 +v

SZGa% +e — gan37 +v

Isomeric Transition

When a nucleus has excess energy above the ground state, it can exist in excited
(energy) states, which are called the isomeric states. The lifetimes of these states
normally are very short (~10™ Bio10712 s); however, in some cases, the lifetime can
be longer from minutes to years. When an isomeric state has a longer lifetime, it is
called a metastable state and is represented by “m.” Thus, having an energy state of
140 keV above *Tc and decaying with a half-life of 6 h, ™ Tc is an isomer of **Tc.

PmTec—PTe +y

KL PR IE) PR

A radionuclide may decay by a, ~, #* emissions, or electron capture to different
isomeric states of the product nucleus, if allowed by the rules of quantum physics.
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e~ (Auger electron)

L shell /

5N

x-ray

e~ (conversion electron)

yray

Fig. 1.2 y-Ray emission and internal conversion process. In internal conversion process, the
excitation energy of the nucleus is transferred to a K-shell electron, which is then ejected, and
the K-shell vacancy is filled by an electron from the L-shell. The energy difference between the
L-shell and K-shell appears as the characteristic K X-ray. The characteristic K X-ray energy may
again be transferred to an L-shell electron, which is then ejected in the Auger process

Naturally, these isomeric states decay to lower isomeric states and finally to the ground
states of the product nucleus, and the energy differences appear as y-ray photons.

As an alternative to y-ray emission, the excitation energy may be transferred to
an electron, preferably in the K-shell, which is then ejected with energy E, — Eg,
where E, and Ey are the y-ray energy and binding energy of the electron, respec-
tively (Fig. 1.2). This process is called the internal conversion, and the ejected
electron is called the conversion electron. The vacancy created in the K-shell is
filled by the transition of an electron from an upper shell. The energy difference
between the two shells appears as a characteristic K X-ray. Similarly, characteristic
L X-ray and M X-ray can be emitted if the vacancy in the L- or M-shell is filled by
electron transition from upper shells. Like y rays, the characteristic X-ray energy
can be emitted as photons or be transferred to an electron in a shell which is then
ejected, if energetically possible. The latter is called the Auger process, and the
ejected electron is called the Auger electron.

The decay of radionuclides is represented by a decay scheme, an example of
which is given for ®®Ga in Fig. 1.3.

Radioactive Decay Equations

General Decay Equations

The atoms of a radioactive sample decay randomly, and one cannot tell which atom
will decay when. One can only talk about an average decay of the atoms in the
sample. This decay rate is proportional to the number of radioactive atoms present.
Mathematically,



6 1 Radioactive Decay and Interaction of Radiation with Matter

68 min

68

31 Ga
2.32 MeV 0.13% EC
1.88
0.6% EC
1.08
B*1.5%
EC21%
B+ 86%
™ EC 9%
30 Zn (stable)

Fig. 1.3 The decay scheme of %8Ga. The 87.5% of positrons are annihilated to give rise to 175%
of 511-keV photons

dN

— = 1.
DN, (1)

where —dN/dt is the rate of decay denoted by the term activity or radioactivity A, 1 is
the decay constant, and N is the number of atoms of the radionuclide present. Thus,

A =N, (1.6)
Integrating Eq. (1.5) gives the activity A, at time ¢ as
A, = Age™, (1.7)

where A is the activity at time ¢ = 0. The plot of A, vs. t on a semilog scale is shown
in Fig. 1.4. If one knows activity A at a given time, the activity A, at time ¢ before or
later can be calculated by Eq. (1.7).

Half-life (t,,): The half-life of a radionuclide is defined as the time required to
reduce the initial activity to one-half. It is unique for every radionuclide and is
related to the decay constant as follows:

~0.693

A b
12

(1.8)
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Fig. 1.4 Plot of activity A, 100
against time on a

semilogarithmic graph

indicating a straight line. 50
The slope of the line is the
decay constant A of the
radionuclide. The half-life
t12 is calculated from A
using (1.8). Alternatively,
the half-life is determined
by reading an initial activity
and half its value and their
corresponding times. The
difference in time between
the two readings is the
half-life 2

RADIOACTIVITY
S
T

1 2 3 4 5 6
TIME (HALF-LIVES)

The half-life of a radionuclide is determined by measuring the radioactivity at
different time intervals and plotting them on semilogarithmic paper, as shown in
Fig. 1.4. An initial activity and half its value are read from the straight line, and the
corresponding times are noted. The difference in time between the two readings
gives the half-life of the radionuclide.

The mean life 7 of a radionuclide is defined by

1 )2
- — 1.441, 5. 1.
T T 0693 e (1.9)

A radionuclide decays by 63% in one mean life.

Effective half-life: Each radionuclide decays with a definite half-life, called the
physical half-life, which is denoted by T}, or #,,. When radiopharmaceuticals are
administered to patients, analogous to physical decay, they are eliminated from the
body by biological processes such as fecal excretion, urinary excretion, and per-
spiration. This elimination is characterized by a biological half-life (7},) which is
defined as the time taken to eliminate a half of the administered activity from the
biological system. It is related to the decay constant 4, by

0.693
Ay = .
b Ty

Thus, in a biological system, the loss of a radiopharmaceutical is related to 4, and
Av- The net effective rate of loss (4.) is characterized by
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Je= 2y + b, (1.10)
Since 2 = 0.693/1, 2,
1 1 1
4 1.11
AT (1D
T, xT
Te=2""" (1.12)
Ty, + Ty

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

Successive Decay Equations

In a successive decay, a parent radionuclide p decays to a daughter nuclide d, and d
in turn decays to another nuclide ¢, and we are interested in the decay rate of d over
time. Thus,

p—d—c.
Mathematically,

dN
——d:/lep—/lde (1.13)

dt

On integration,
Aa(A
Ad _ d( P)O I:efﬂ.pt _ efﬂdt:l. (114)
Ad —Ap

If the parent half-life is greater than the daughter half-life (say, by a factor of 10—
100), that is, (t1,)p > (t1,2)q OF Aq > 4, and also if the time of decay (¢) is very long,

then e’ is almost zero compared to e *»'. Then
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Fig. 1.5 The transient
equilibrium is illustrated in
the plot of activity vs. time
on a semilogarithmic graph.
The daughter activity
increases initially with time,
reaches a maximum, then
transient equilibrium, and
finally appears to decay
following the half-life of the
parent. Note that the
daughter activity is higher
than the parent activity in
equilibrium

ACTIVITY (arbitrary units)

2 4 6 8 10 12
TIME (half-lives)

(Ag), = %(Ap)t. (1.15)
d p

Equation (1.15) represents a transient equilibrium between the parent p and the
daughter d radionuclides, which is achieved after several half-lives of the daughter.
The graphical representation of this equilibrium is shown in Fig. 1.5. It can be seen
that after equilibrium, the daughter activity is greater than the parent activity and
the daughter appears to decay following the half-life of the parent. The principle of
transient equilibrium is applied to many radionuclide generators such as the
PMo—""Tc generator.

If the parent half-life is much greater than the daughter half-life (by a factor of
hundreds or thousands), then 4,, is negligible compared to A4, that is, 14 > A,,. Then
Eq. (1.15) becomes

(Aa), = (Ap), (1.16)

This equation represents a secular equilibrium in which the daughter activity
becomes equal to the parent activity, and the daughter decays with the half-life of
the parent. The ®*Sr—%?Rb generator is an example of secular equilibrium.
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Units of Radioactivity

1 Ci=3.7 x 10'° disintegration per second (dps)
1 mCi=3.7 x 10" dps
1 uCi=3.7 x 10* dps

Units of Radioactivity in System Internationale

1 Becquerel (Bq) =1 dps

1 kBq=10*dps=2.7x 10® Ci
1 Mbq=10° dps=2.7 x 107> Ci
1 GBq=10" dps=2.7 x 10" Ci

Calculations

Problem 1.1 A dosage of '*F-FDG has 20 mCi at 10 a.m. Wednesday. Calcu-
late the activity of the dosage at 7 a.m. and 2 p.m. that day. The half-life of "* Fis
110 min.

Answer:
0.693
A for'®F = Wmin’1
Time from 7 a.m. to 10 a.m. = 43h = 180min
Time from 10 am.to2a.m. = 4h = 240min
.. 18 +M x 180

Activity of "°F-FDG at 7 a.m. =20 x e" 110

=20 x et1:134

= 62 mCi (2.29 GBq)

0.693x240

Activity of 8F-FDG at2 p.m. =20 x e~ 110

— 20 X e—1.512

= 20 x 0.22 = 4.4 mCi (163.1 MBq)
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Problem 1.2 A radioactive sample decays 40% per hour. What is the half-life of
the radionuclide?

Answer:
0.693
A=04h""= 0.693
12
0.693

Interaction of Radiation with Matter

Radiations are either particulate type, such as a particle and f§ particle, or
nonparticulate type, such as high-frequency electromagnetic radiation (e.g.,
y rays, X-rays), and both kinds are ionizing radiations. The mode of interaction of
these two types of radiations with matter is different.

Interaction of Charged Particles with Matter

The energetic charged particles such as a particles and f particles, while passing
through matter, lose their energy by interacting with the orbital electrons of the
atoms in the matter. In these processes, the atoms are ionized in which the electron
in the encounter is ejected or the atoms are excited in which the electron is raised to
a higher energy state. In both excitation and ionization processes, chemical bonds in
the molecules of the matter may be ruptured, forming a variety of chemical entities.

The lighter charged particles (e.g., f particles) move in a zigzag path in the
matter, whereas the heavier particles (e.g., @ particles) move in a straight path,
because of the heavy mass and charge. The straight line path traversed by the
charged particles is called the range R. The range of a charged particle depends on
the energy, charge, and mass of the particle as well as the density of the matter it
passes through. It increases with increasing charge and energy, while it decreases
with increasing mass of the particle and increasing density of the matter. The range
of positrons and other properties of common positron-emitters are given in
Table 1.2.

A unique situation of the passage of positrons through an absorber is that as a
positron loses its energy by interaction with electrons of the absorber atoms and
comes to almost rest, it combines with an electron of an absorber atom. At this
instant, both particles (8" and ¢™) are annihilated as a result of matter—antimatter
encounter to produce two photons of 511 keV, which are emitted in opposite
directions (~180°) (Fig. 1.6). This process is called the annihilation process.
Because the positrons have a residual momentum at the time of annihilation, the
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Table 1.2 Properties of common positron emitters

Max. " range  Average " range
Radionuclide range Half-life Epromax (MeV) (mm) in water (mm) in water

g 204 min 097 3.8 0.85
BN 10 min 1.20 5.0 1.15
150 2 min 1.74 8.0 1.80
18g 110 min  0.64 22 0.46
8Ga 68 min 1.90 9.0 2.15
82Rb 75 s 3.35 15.5 4.10

Adapted by the permission of the Society of Nuclear Medicine from Brown TF, Yasillo NJ
(1997) Radiation safety considerations for PET centers. J Nucl Med Technol 25:98

“BETA PLUS” DECAY

0.511 MeV

g-0.511 MeV

;

Fig. 1.6 A schematic illustration of the annihilation of a positron and an electron in the medium.
Two 511-keV photons are produced and emitted in opposite directions (180°) (Reprinted with the
permission of The Cleveland Clinic Center for Medical Art & Photography © 2009. All Rights
Reserved)

two annihilation photons are not emitted exactly at 180°. Detection of the two
511-keV photons in coincidence by two opposite detectors is the basis of PET.
An important parameter related to the interaction of radiations with matter is
linear energy transfer (LET). It is the energy deposited by a radiation per unit length
of the path in the absorber and is normally given in units of kiloelectron volt per
micrometer (keV/um). The LET varies with the energy, charge, and mass of the
particle. The y radiations and ~ particles interact with matter depositing relatively
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Fig. 1.7 An illustration of _

photoelectric effect, where a rav (E e (Ey—Es)
: yray (Ey)

y ray transfers all its energy

E, to a K-shell electron and

the electron is ejected with /"
E,~Eg, where Eg is the

binding energy of the

electron in the K-shell. The

characteristic K X-ray

emission or the Auger

process can follow, as

described in Fig. 1.2

Photoelectric Process

less amount of energy per unit length and so have low LET. On the other hand, a
particles and protons deposit more energy per unit length because of their greater
mass and charge and so have higher LET.

Interaction of y Radiation with Matter

In the spectrum of electromagnetic radiations, y radiations are high-frequency
radiations and interact with matter by three mechanisms: photoelectric, Compton,
and pair production.

Photoelectric Process: In this process, a y radiation, while passing through an
absorber, transfers its entire energy primarily to an inner shell electron (e.g., the
K-shell) of an absorber atom and ejects the electron (Fig. 1.7). The ejected electron
will have the kinetic energy equal to E,—Eg, where E, is the y-ray energy and Ey is
the binding energy of the electron in the shell. The probability of this process
decreases with increasing energy of the y ray, but increases with increasing atomic
number of the absorber. It is roughly given by ZS/Ey3. The vacancy in the shell is
filled in by the transition of an electron from the upper shell, which is followed by
emission of the energy difference between the two shells as characteristic X-rays or
by the Auger process described in the internal conversion process.

Compton Scattering Process: In a Compton scattering process, a y radiation with
somewhat higher energy interacts with an outer shell electron of the absorber
atom transferring only part of its energy to the electron and ejecting it (Fig. 1.8).
The ejected electron is called the Compton electron and carries a part of the y-ray

energy minus its binding energy Eg in the shell, i.e., E; — Eg, where E; is a part of
the original y ray energy E, that is transferred to the electron. The scattered photon
carries energy equal to E, — E// — Eg. Thus, in Compton scattering, a scattered
photon and a Compton electron are produced. The scattered photon may again,
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Fig. 1.8 The Compton

. Pom Y 'ray
scattering process in which
a y ray transfers only a part
of its energy to an electron e

in a shell and is itself
scattered with reduced

energy. The electron is Yray W

ejected from the shell with

energy, E;—EB, where E; is

the partial energy

transferred by the y ray and

Ey is the binding energy of K eL |M
the electron in the shell. The

remaining y-ray energy

appears as a scattered

photon

Compton Interaction

depending on the energy and location of interaction, encounter a photoelectric
process or another Compton scattering process, or leave the absorber without
interaction. As the energy of the y radiation increases, the photoelectric process
decreases and the Compton scattering process increases, but the latter also
decreases with photon energy above 1.0 MeV or so. The probability of Compton
scattering is independent of the atomic number Z of the absorber.

Pair Production: When the y-ray energy is higher than 1.022 MeV, the photon
interacts with the nucleus of an absorber atom during its passage through it and
produces a positron and an electron. This is called pair production. The excess
energy beyond 1.022 MeV is shared as kinetic energy between the two particles.
The probability of pair production increases with increasing photon energy above
1.022 MeV. The positron produced will undergo annihilation in the absorber as
described earlier.

Attenuation of y Radiations: When y radiations pass through the absorber medium,
they undergo one or a combination of the above three processes (photoelectric,
Compton, and pair production) depending on their energy, or they are transmitted
out of the absorber without any interaction. The combined effect of the three
processes is called the attenuation of the y radiations (Fig. 1.9). For a y radiation
passing through an absorber, the linear attenuation coefficient (u,) of the y radiation
is given by

Hy=7+o0+Kk, (1.17)

where 7 is the photoelectric coefficient, o is the Compton coefficient, and « is the
pair production coefficient (Fig. 1.10). The linear attenuation coefficient of a



