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Seven years have elapsed since publication of our
fourth edition, and it has been 22 years since our
first edition. In this fifth edition, we have made sub-
stantial revisions while trying to keep to essentials
and to keep the book affordable. We have updated
the chapters to include newer aspects of instru-
mentation and  radiopharmaceuticals and  have
removed outdated material. Tables on dosimetry
have been moved from the chapters and placed
in the appendix on examination protocols and
techniques.

We have added a dedicated PET
Although the rest of the book is predominantly

organized by organ system, we felt that many expe-

chapter.

Preface

rienced readers would be interested in PET only
and that appropriate cross-referencing in other
chapters would suffice. The advent of PET/CT
and other forms of fusion imaging has also required
the addition of color images.

At the end of the text, we have included sets of
unknown cases that span the gamut of nuclear
medicine. Review of the sets will allow the readers
to assess their knowledge in a common testing
format. This has added almost 70 pages to the text
but we hope our readers find it worthwhile.

Fred A. Mettler, Jr.

Milton J . Guiberteau
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BASIC ISOTOPE NOTATION NUCLEAR STABILITY AND DECAY

The atom may be thought of as a collection of
protons, neutrons, and electrons. The protons
and neutrons are found in the nucleus, and shells
of electrons orbit the with  discrete
energy levels. The number of neutrons is usually
designated by N. The number of protons is repre-
sented by Z (also called the atomic number). The
number of

nucleus

atomic mass number, or the total
nuclear particles, is represented by 4 and is simply
the sum of N and Z The symbolism used to desig-
nate atoms of a certain element having the chem-
ical symbol X is given by V' For example, the
refers to a certain isotope of iodine.
In this instance, 131 refers to the total number of
protons and neutrons in the nucleus. By definition,
all isotopes of a given element have the same
number of protons and differ only in the number
of neutrons. For example, all isotopes of iodine

have 53 protons.

notation

A given element may have many isotopes, and some
of these isotopes have unstable nuclear configura-
tions of protons and neutrons. These isotopes often
seek greater stability by decay or disintegration of
the nucleus to a more stable form. Of the known
stable nuclides, most have even numbers of neu-
trons and protons. Nuclides with odd numbers of
neutrons and protons are usually unstable. Nuclear
instability may result from either neutron or proton
excess. Nuclear decay may involve a simple release
of energy from the nucleus or may actually cause
a change in the number of protons or neutrons
within the nucleus. When decay involves a change
in the number of protons, there is a change of
element. This
attempting to reach stability by emitting radiation

is termed a transmutation. Isotopes
are radionuclides.
Several mechanisms of decay achieve stability.

One of these is alpha-particle emission. In this case, an
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alpha (a) particle, consisting of two protons and
two neutrons, is released from the nucleus, with a
resulting decrease in the atomic mass number (4)
by four and reduction of both Z and N by two. The
mass of the released alpha particles is so great that
they travel only a few centimeters in air and are
unable to penetrate even thin paper. These prop-
erties cause alpha-particle emitters to be essentially
useless for imaging purposes.

Beta-particle emission is another process for achiev-
ing stability and is found primarily in nuclides with
a neutron excess. In this case, a beta (B7) particle
(electron) is emitted from the nucleus accompanied
by an antineutrino; as a result, one of the neutrons
may be thought of as being transformed into a
proton, which remains in the nucleus. Thus, beta-
particle emission decreases the number of neutrons
(N) by one and increases the number of protons (Z)
1-1).
When Z is increased, the arrow in the decay scheme

by one, so that 4 remains unchanged (Fig.

BETA PARTICLE EMISSION
(Z increases by 1, N decreases by 1)

Z

POSITRON EMISSION
(Z decreases by 1, N increases by 1)

FIGURE 1—1.
diagram) to more stable states (bottom line).

Decay schemes of

radionuclides

shown in Figure 1-1 points toward the right, and
a more stable
state. The energy spectrum of beta-particle emis-
sion ranges from a certain maximum down to zero;
the mean energy of the spectrum is about one third
of the maximum. A 2-MeV beta particle has a

the downward direction indicates

range of about 1 cm in soft tissue and is therefore
not useful for imaging purposes.

In cases in which there are too many protons in
the nuclide), decay
may proceed in such a manner that a proton may
be thought of as being converted into a neutron.
This results in positron (B*) emission, which is always
This
increases JV by one and decreases Z by one) again
leaving 4 unchanged (see Fig. 1-1). The downward

nucleus (a neutron-deficient

accompanied by a neutrino. obviously

arrow in the decay scheme again indicates a more
stable state, and its leftward direction indicates that
Z is decreased. Positron emission cannot
unless at least 1.02 MeV of energy is available to

occur

ELECTRON CAPTURE
(Z decreases by 1, N increases by 1)

- e i fx
A
iX
ISOMERIC TRANSITION
(no change in N or Z)
from unstable states (top line of each



CHAPTER 1 Radioactivity, Radi

the nucleus. When positron emission occurs, the
positron usually travels only a short distance and
combines with an electron in an annihilation reac-
tion. When this happens, two photons of 511 keV
are emitted in opposite
radiation). This radiation can be imaged and results
from the conversion of the masses of the positron

directions  (annihilation

and electron to energy.

Electron capture occurs in a neutron-deficient
nuclide when one of the inner orbital electrons is
captured by a proton forming a

neutron and a neutrino. This can occur when not

in the nucleus,

enough energy is available for positron emission,
and electron capture is therefore an alternative to
positron decay. Because a nuclear proton is essen-
tially changed to a neutron, JV increases by one,
and Z decreases by therefore, 4
unchanged (see Fig. 1—1). Electron capture may be
always
either of

one; remains
accompanied by gamma emission and is
accompanied by characteristic radiation,
which may be used in imaging.

If, in any of these attempts at stabilization, the
nucleus still has excess energy, it may be emitted as
nonparticulate radiation, with Z and N remaining
the same. Any process in which energy is given off
as gamma in  which
protons and neutrons are not changed is called iso-

rays and the numbers of

meric transition (see Fig. 1-1). An alternative to iso-

meric transition is internal conversion. In internal

conversion, the excess energy of the nucleus is

transmitted to one of the orbital electrons; this elec-

lides, and Radiop ticals 3
lowed by characteristic radiation when the electron
with
gamma-ray emission and can occur only if the
the orbital electron
exceeds the binding energy of that electron in its
orbit.
The
gamma-ray emissions for a particular radioisotope
is designated by the symbol a. (This should not be
confused with the symbol for an alpha particle.) For
an isotope such as Technetium-99m (*™Tc), a is
low, indicating that most emissions occur as gamma

is replaced. This process usually competes

amount of energy given to

ratio of internal conversion electrons to

rays with little internal conversion. A low conver-
sion ratio is preferable for in-vivo usage because it
implies a greater number of gamma emissions for
imaging and a reduced number of conversion elec-
trons, which are absorbed by the body and thus add
to the patient’s radiation dose.

In many instances,
emitted almost instantaneously
decay. If there is
emission of the gamma-ray photon and the result-
ing decay process is an this
intermediate excited state of the isotope is referred
to as metastable. The most
isotope is 9mTc (the m
This isotope decays by
more stable state, as indicated in Figure 1-2. In the
straight
showing that there is no change in Z Also, %"Tc

a gamma-ray photon is
after  particulate
a measurable delay in the
isomeric transition,

well-known metastable
refers to metastable).

isomeric transition to a

decay scheme, the arrows point down,

may decay by one of several routes of gamma-ray

tron may be ejected from the atom, which is fol- emission.
142.7 keV ~""Tc (6.03h)
Gamma 1
140.5 keV
Gamma 2 Gamma 3
0 keV 2Tc(2.1x10% yr)
98.6% 1.4%

FIGURE 1-2. Decay scheme of technetium-99m.
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RADIONUCLIDE PRODUCTION

Most
naturally
bardment or
neutron-to-proton  ratio
an unstable isotope.

radioactive material that does not occur
can be produced by particulate bom-
Both methods alter the
in the nucleus to produce

Bombardment essentially con-

fission.

sists of the irradiation of the nuclei of selected
target elements with neutrons in a nuclear reactor
or with charged particles (alpha particles, protons,
or deuterons) cyclotron.

reactions summarized by

from a Bombardment

may be equations  in
which the target element and bombarding particle
are listed on the left side of the equation and the
product and any accompanying particulate or
gamma emissions are indicated on the right. For

example,

28 v or, more specifically,
\

Ay n(neutron) —
M

+ n(neutron) — +y
These equations may be further abbreviated
using  parenthetical notation. The molybdenum

reaction presented previously is thus represented as
%Mo (n, y) “Mo. The target and product are noted
on the outside of the parentheses, which contain
the bombarding particle on the left and any subse-
quent emissions on the right.

Once bombardment is completed,
isotope physically
remaining and unchanged target nuclei, as well as

the daughter
must be separated from any
from any target contaminants. Thus, it is obvious
that the completeness of this final separation pro-
cess and the initial elemental purity of the target
are vital factors in obtaining a product of high spe-
cific activity. Because cyclotron isotope production
almost always involves a transmutation (change of
Z) from one element to another, this process aids
greatly in the separation of the
obtain carrier-free isotopes (i.e., isotopes that have

radionuclides to
none of the stable element accompanying them).

Radionuclides made by neutron bombardment,

which does not result in a change of elemental
species (e.g., Mo [n, y] “Mo), are not carrier free
because the chemical properties of the products are
identical, and thus radionuclides are not as easily
separated.

Fission isotopes are simply the daughter prod-
ucts of nuclear fission of uranium-235 (235U) or
(239Pu)
a multitude of radioactive materials,

plutonium-239 in a reactor and represent
with atomic
numbers in the range of roughly half that of 235U.
These include iodine-131 (BI), xenon-133 (133Xe),

strontium-90  (°°Sr), molybdenum-99 (®*Mo), and

cesium-137 (137Cs), among others. Because many of
these isotopes are present together in the fission
products, the desired isotope must be carefully iso-
lated to exclude as many contaminants as possible.
Although this is sometimes difficult, many -carrier-
free isotopes are produced in this manner.

nuclear  fission

Neutron  bombardment  and

almost always produce isotopes with neutron
excess, which decay by beta emission. Some iso-
topes, such as %Mo, may be produced by either
method. Cyclotron-produced isotopes are

neutron deficient and decay by electron capture or

usually

positron emission. Some common examples of
cyclotron-produced  isotopes  include  iodine-123
(1231), fluorine-18 (18F), gallium-67 (¢’Ga), indium-
111 (""In), and thallium-201 (20'T1). In general,
cyclotron-generated are more expen-

sive than are those produced by neutron bombard-

radionuclides

ment or fission.

RADIOACTIVE DECAY

The amount of radioactivity present (the number
of disintegrations per second) is referred to as
activity. In the past, the unit of radioactivity has
been the curie (Ci), which is 3.7 X 1010 disintegra-
tions per second. Because the curie is an inconven-
ient unit, it is being replaced by an international
unit called a becquerel (Bq), which is one disinte-
gration per second. Conversion tables are found in
Appendices B-1 and B-2. Specific activity refers to the
activity per unit mass of material (mCi/g or Bgq/g).
For a carrier-free isotope, the longer the half-life of
the isotope, the lower is its specific activity.
Radionuclides decay in an exponential
and the term half-life is often used casually to char-
acterize decay. Half-life usually refers to the physical

fashion,

half-life, which is the amount of time necessary for
a radionuclide to be reduced to half of its existing
activity. The physical half-life (7, is equal to
0.693/A, where A is the decay constant. Thus, A
and the physical half-life have characteristic values
for each radioactive nuclide.

A formula that the nuclear medicine physician
should be familiar with is the following:

This formula can be used to find the activity (4)
of a particular radioisotope present at a given time
() and given a certain activity (4,) at time 0. For
instance, if you had 5 mCi (185 MBq) of #mTc at
9 aw today, how much would remain at 9 aw tomor-
row? In this case, T, of “"Tc is 6 hours, ¢ is 24
hours, and e is a mathematical constant. Thus,
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= As
1= As

| y mC ¢
I=5mCie
I=5mCie
I=5mCis
[=5mCi(:)
I=0.31mCi (11 MBq)

Thus, after 24 hours, the
remaining is 0.31 mCi (11 MBq).

In addition to the physical half-life or physical
decay of a radionuclide, two other half-life terms
are commonly used. Biologic half-life refers to the
time it takes an organism to eliminate half of an
administered compound or chemical on a strictly
biologic basis. Thus, if a stable chemical compound

amount of %mT¢

were given to a person, and half of it were elimi-
nated by the body (perhaps in the urine) within 3
hours, the biologic half-life would be 3 hours. The
effective half-life incorporates both the physical and
biologic half-lives. Therefore, when speaking of the
effective half-life of a particular radiopharmaceuti-
cal in humans, one needs to know the physical half-
life of the radioisotope used as a tag or label as well
as the biologic half-life of the tagged compound. If
these are known, the following formula can be used
to calculate the effective half-life:

T,=(T,x T,)/(T,+ T,)
where

T, = effective half-life

T, = physical half-life

T, = biologic half-life

If the biologic half-life is 3 hours and the phys-
ical half-life is 6 hours, then the effective half-life is
2 hours. Note that the effective half-life is always
shorter than either the physical or biologic half-life.

RADIONUCLIDE GENERATOR SYSTEMS

A number of radionuclides of interest in nuclear
medicine are short-lived isotopes that emit only
gamma rays and decay by isomeric transition.
Because it is often impractical for an imaging lab-

oratory to be located near a reactor or a cyclotron,
generator systems that permit on-site availability
of these isotopes have achieved wide use.
isotopes available from generators include tech-
netium-99m,  indium-113m  (!3mIn),  krypton-8lm
(3'mKr), rubidium-82 (%2Rb), strontium-87m (37Sr),
and gallium-68 (°*Ga).

Inside  the common
99mTc), “parent”
long half-life is firmly affixed to an ion exchange
column. A %Mo-""Tc generator consists of an
alumina column on which Mo is bound. The
parent (67-hour half-life) decays to its
radioactive daughter, %mTc, which is a different
element with a shorter half-life (6 hours). Because
the daughter is only loosely bound on the column,
it may be removed, or washed off with an elution
liquid such as normal (0.9%) saline. Wet and dry

9Mo-mTc generator systems are available and
differ only slightly. A wet system has a saline reser-

Some

most generator  (?Mo-

a radionuclide with a relatively

isotope

voir and a vacuum vial that draws saline across the
column. With a dry system, a specific amount of
saline in a vial is placed on the generator entry port
and drawn across by a vacuum vial (Fig. 1-3).

After the daughter is separated from the column,
the build-up process is begun again by the residual
parent isotope. Uncommonly, some of the parent

Vacuum vial

Saline via

Mo-99
alumena
column

FIGURE 1-3. Schematic of dry molybdenum-
99/technetium-99m generator system.
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" Separation
/ y 'Vl"'Tc
N Transient
\\ / Equilibsium
= N 1o \’\4
< Growth o /
Decay
Hours
FIGURE 1-4. Molybdenum-99  decay and  technetium-99m  buildup

in a generator eluted at 0 hours and again at 24 hours.

isotope (®“Mo) or alumina is removed from the
column during elution and appears in the eluate
containing the daughter isotope. This is termed
breakthrough, and its significance and consequences
are addressed in Chapter 3.

To make efficient use of a generator, elution
times should be spaced appropriately to allow for
reaccumulation  of the  daughter isotope on
the column. The short-lived daughter
maximum activity when the rate of decay of the
daughter equals its rate of production. At this equi-
librium point, for instance, the amount of daugh-
ter 9mTc is slightly greater than the activity of the
parent "Mo (Fig. 1-4). When the parent isotope has
a half-life slightly greater than that of the daughter,

the equilibrium attained is said to be a transient equi-

reaches

librium. This is the case in a ©Mo-99mTc generator.

Most generators used in hospitals have "Mo
activity levels of about 1 to 6 Ci (3.7 to 22.0 GBq).
The amount of %m™Tc in the generator reaches
about half the theoretical maximum in one half-life
(6 hours). It reaches about three fourths of the the-
oretical maximum in about two half-lives, and so
on (see Appendix C-l). This indicates that if one
elutes all of the mTc daughter from an "Mo gen-
erator, 24 hours later (four half-lives), the amount
of 9mTc present in the generator will have returned
to about 95% of the theoretical maximum.

Other, much less
radionuclide  generator systems
81 (81Rb) (4.5 hours)SmKr (13

common  photon-emitting
rubidium-

tin-13

include
seconds),

(3Sn) (115 days)"3In (1.7 hours), and yttrium-
87 (87Y) (3.3 days)/$Sr (2.8 hours). Although
generator systems are most often used to produce
photon-emitting certain
can produce positron emitters. These include
strontium-82 (82Sr) (25 days)/®2Rb (1.3 minutes).
82Rb is a potassium analog and can be used for
myocardial
emission

radionuclides, generators

perfusion imaging employing position
(6.5 hours) is
another positron emitter that can be produced from

a germanium-69 (69Ge) (271 days) generator.

tomography. Gallium-es

RADIONUCLIDES FOR IMAGING

In evaluating the choice of a radionuclide to be
used in the nuclear medicine laboratory, the fol-
lowing characteristics are desirable:

Minimum of particulate emission

Primary photon energy between 50 and 500 keV

Physical half-life greater than the time required to
prepare material for injection

Effective half-life longer than the examination time

Suitable chemical form and reactivity

Low toxicity

Stability or near-stability of the product

The basic characteristics of radionuclides most
commonly used for imaging are given in subse-
quent sections and in Table 1-1. Many of these are
radiopharmaceuticals in their own right and can be
administered without alteration to obtain useful



CHAPTER | m Radioactivity, Radionuclides, and Radiopharmaceuticals 7

m Characteristics of Commonly Used Radionuclides

SYMBOL PHYSICAL APPROXIMATE ENERGY
HALF-LIFE
Photon-Emitting Gamma (keV)
Radionuclides for Imaging
Technetium-99m I 6 hr 140
Molybdenum-99 Mi 67 hr 181,740,780
Todine-123 l 132 hr 159
Todine-131 | 8.0 day 364
Xenon-133 N 5.3 day 81
Gallium-67 G 783 hr 90, 190, 290, 390
Indium-111 | 67 hr 173,247
Indium-1  13m I 1.7 hr 392
Thallium-201 i 73.1 hr 69, 81 (x rays from mercury daughter)
Krypton-81 m N 13 sec 191
Positron-Emitting Positron (MeV)
Radionuclides for Imaging
Carbon-11 ( 20 min 0.960
Nitrogen-13 N 10 min 1.190
Oxygen-15 ) 2 min 1.730
Fluorine-18 I 110 min 0.635
Rubidium-82 Rh 1.3 min '3.150
Unsealed Radionuclides Emissions
Used for Therapy
Phosphorus-32 14.3 day 1.71 MeV max; 0.7 MeV mean beta
Strontium-89 S 50.5 day 1.46 MeV max; 0.58 MeV mean beta; 910 keV
gamma (0.01%)
Yttrium-90 Y 64 hr 2.2 MeV max; 0.93 MeV mean beta
Todine-131 I 8.0 day 0.19 MeV mean beta; 364 keV gamma (82%)
Samarium-153 Sl 46 hr 0.81 MeV max; 0.23 MeV mean beta; 103 keV
gamma (28%)
Rhenium-186 R« 90 hr 0.34 MeV mean beta; 186 keV gamma (9%)
Gold-198 \ 2.7 day 0.96 MeV max; 0.31 MeV mean beta; 412 keV

gamma (96%)

Note: The approximate range (cm) of beta particle in tissue is the energy (MeV) divided by two.

images. The biologic behavior of most of these
radionuclides can be markedly altered by combi-
substances

nation with additional to form other

radiopharmaceuticals.

Technetium-99m

Technetium-99m  fulfills
an

many of the criteria of

ideal radionuclide and is used in more than

70% of nuclear imaging procedures in the United
States. It has no particulate emission, a 6-hour half-

life, and a predominant (98%) 140-keV photon
with only a small amount (10%) of internal
conversion.

Technetium-99m is obtained by separating it
from the parent Mo (67-hour half-life) in a gen-
erator system. Molybdenum 99 for generators is
generally produced by neutron irradiation of %Mo
or by chemical separation of 235U fission products.
In the latter case, Mo is nearly carrier free and has
a high specific activity.

In the alumina generator system, the molybde-
num activity is absorbed on an alumina column. By
passing physiologic saline over the column, %mTc
is eluted or washed off as sodium pertechnetate (Na
9mTcCV).

Technetium can exist in a variety of valence
states, ranging from —1 to +7. When eluted from an
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alumina column generator, %"Tc is present prima-
heptavalent (+7) pertechnetate (TcO,). In
radiopharmaceuticals,  %mTc
pertechnetate can be reduced from +7 to a lower
valence state, usually +4, to permit the labeling of

rily as
the preparation of

various chelates. This is generally accomplished
with stannous (tin) ions.

As pertechnetate, the technetium ion is a singly
charged anion and is similar in size to the iodide
ion. After injection, %mTc pertechne-
tate is loosely bound to protein and rapidly leaves
than half

the plasma within several minutes and is distributed

intravenous

the plasma compartment. More leaves
in the extracellular fluid. It rapidly concentrates in

the salivary glands, choroid plexus, thyroid gland,

gastric mucosa, and functioning breast tissue;
during pregnancys, it crosses the placenta.
Excretion is by the gastrointestinal and renal

routes. Although %mTc pertechnetate is excreted by
partially reabsorbed by
the renal tubules; as a result, only 30% is eliminated
in the urine during the first day. The ion is also
secreted directly into the stomach and colon, with
a much smaller amount coming from the
bowel. The colon is the critical organ and receives
1 to 2 rad/10 mCi (0.02 mGy/MBq) of %mTc
pertechnetate  administered. The

glomerular filtration, it is

small

biodistribution  of
9mTc pertechnetate is shown in Figure 1-5. The
principal emission (140-keV photon) of %mTc has a
half-value layer (HVL) of 0.028 cm in lead and

Amt Ant
- ~
& s
% ’
o =
30 min 2 hours
FIGURE 1-5. Whole-body  distribution  of  technetium-

99m sodium pertechnetate. Activity is seen in the salivary

glands, thyroid gland, saliva, stomach, and bladder.

4.5 cm in water. Because tissue is close to water in
terms of attenuation characteristics, it is clear that
about 2 inches of tissue between the radionuclide
and the detector removes about half of the photons
of interest, and 4 three
fourths.

inches removes about

Todine-123 and -131

Two isotopes of iodine (2'T and BHI) are clinically
useful for imaging and may be administered as
iodide. Todine-123 has a 13.3-hour half-life and
decays by electron capture to tellurium-123 (123Te).
28-keV  (92%) and
159-keV (84%) gamma rays. lodine-123 is usually
produced in a cyclotron by bombardment of
antimony-121  (2!Sb) or tellurium-122 or -124
('2Te or !2Te). Another method is to bombard
iodine-127 ('27) to produce 'ZXe and let this decay
to 2. The cyclotron production and short half-life
make 12 expensive and its distribution on a
nationwide basis difficult. Iodine-123 has a whole-
body dose of 0.04 rad/mCi (0.01 mGy/MBq) and
a thyroid dose of 16 rad/mCi (4.3 mGy/MBq).
Contamination with !2#I may increase the radiation

The photons emitted are

dose; because 241 is long lived, its proportion in an
123] preparation increases with time.

Todine-131 is a much less satisfactory isotope
from an imaging viewpoint because of the high
radiation dose to the thyroid and its relatively high
photon energy. However, it is widely available, is
relatively inexpensive, and has a relatively long shelf
life. Todine-131 has a half-life of 8.06 days and
decays stable 131Xe.
The principal mean beta energy (90%) is 192 keV.
Several gamma rays are also emitted, and the
predominant photon is 364 keV (82% abundance)
(HVL in water of 6.4 cm). Iodine-131 gives a
whole-body dose of 0.5 to 3.5 rad/mCi (0.14 to
0.95 mGy/MBq) and a thyroid dose of 1000 to
2000 rad/mCi (270 to 540 mGy/MBq).

When iodine is orally administered as the iodide

by beta-particle emission to

ion, it is readily absorbed from the gastrointestinal
tract and distributed in the extracellular fluid. It is
concentrated in a manner similar to that for %mTc
in the salivary glands, thyroid, and
gastric mucosa. As with pertechnetate, there is renal
filtration ~ with  significant
Urinary excretion is the predominant route (35%
to 75% in 24 hours), although there is some fecal
Todide trapped and organified
by the normal thyroid has an effective half-life
of about 7 days. lodine is a useful radionuclide

pertechnetate

tubular  reabsorption.

excretion as well.

because it is chemically reactive and is used to
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produce a variety of radiopharmaceuticals, which

are discussed in later clinical chapters.

Xenon-133

Xenon is a relatively insoluble inert gas and is most
commonly used for pulmonary ventilation studies.
Xenon is commercially available in unit-dose vials
or in 1 -Ci (40-GBq) glass ampules. Xenon is highly
soluble in oil and fat, and there is some adsorption
of xenon onto plastic syringes.

Xenon-133 has a physical half-life of 5.3 days.
The principal gamma photon has an energy of
81 keV and emits a 374-keV beta particle. With
normal pulmonary function, its biologic half-life is
about 30 133Xe
include its beta-
particle emission, and some solubility in both blood
and fat.

seconds. Some disadvantages of

relatively low photon energy,

Gallium-67

Gallium is a metal with only one stable valence
state  (+3)
gallium binds to the plasma protein transferrin.
Gallium-67 has a half-life of 78 hours. It can be
produced by a variety of reactions in a cyclotron.
The principal gamma photons from ¢’Ga are 93
keV (40%), 184 keV (24%), 296 keV (22%), and
388 keV (7%). An easy way to remember these
energies is to round off the figures (i.e., 90, 190,
290, and 390 keV).

Gallium is usually administered as a citrate and
has a 12-hour half-life in the blood pool, where it
is largely bound to plasma proteins,
transferrin, lactoferrin, and ferritin. It

in aqueous solution. Similar to iron,

especially
ultimately
leaves the blood pool to localize primarily in the
spleen, bone marrow, and
localization is not well understood, but lysosome
binding appears to be involved, as does possible
concentration of the previously mentioned
gallium-protein complexes. The biologic half-life of
gallium is about 2 to 3 weeks, and about 40% of
the dose is excreted in the first 5 days. Renal excre-
tion (10% to 30%) is most common in the first 24
hours. Fecal excretion (about 10%) occurs prima-
rily through the bowel wall.

liver, skeleton. Tumor

tumor

Indium-111

Indium is a metal that can be used as an iron
analog; it is similar to gallium. Isotopes of interest
are '"In and '"m[n. Indium-111 has a physical half-
life of 67 hours and is produced by a cyclotron. The
principal photons are 173 keV (89%) and 247 keV

(94%). Indium-113m can be conveniently pro-

lides, and Radiopt

duced by using a !13Sn generator system. It has a
physical half-life of 1.7 hours
about 392 keV Indium-111 can be prepared as a
chelate  with  diethylenetriaminepenta-actetic ~ acid
(DTPA). long half-life, the !"In
chelate can be used for intracranial cisternography.
Indium- 111 is also used to label platelets, white

and a photon of

Because of its

cells, monoclonal antibodies, and peptides.

Thallium-201

When a thallium metal target is bombarded with
protons in a cyclotron, lead 201 (2*'Pb) is produced,
which can be separated from the thallium target
and allowed to decay to 20'Tl. Thallium-201 has a
physical half-life of 73.1 hours and decays by elec-
tron capture to mercury 201 (2°*Hg). Mercury-201
emits characteristic x-rays with energies from s to
80 keV (94.5%) and much amounts of
gamma rays with higher energies. The

smaller
relatively
low energy of the major emissions can cause sig-
nificant attenuation by tissue between the radionu-
clide and the gamma HVL in
water is about 4 cm. For these reasons, attenuation
correction  methodologies  have developed
(see Chapter 2). Because 2°'Tl is produced by a
cyclotron, it is expensive. Thallium-201 is normally

camera. The

been

administered as a chloride and rapidly clears from
the blood with a half-life between 30 seconds and
3 minutes. Because it is roughly a potassium analog,
it is rapidly distributed throughout the body, par-
ticularly in skeletal and cardiac muscle. Thallium-
202 (95% 439 keV) contamination
should be less than 0.5% and, if present in greater
quantities, can significantly degrade images.

photon  at

Positron-Emitting Radionuclides

These are discussed later in Chapter 13.

UNSEALED RADIONUCLIDES
USED FOR THERAPY

Radionuclides can be administered to patients for
therapeutic purposes in sealed or unsealed forms.
Unsealed radionuclides may be given orally, admin-
istered intravenously, or placed directly into a body
cavity (such as a knee joint or peritoneum). Most
predominantly  beta

emitters. As such, they usually present little hazard

unsealed radionuclides  are
to the public or family members. A few radionu-
clides also emit gamma photons, which can be
helpful in imaging the localization of the material;
however, a large amount of gamma emissions will
present a radiation hazard and give a significant
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radiation dose to nontarget tissues. Physical prop-
erties of these are shown in Table 1—I1. Issues
related to release of patients in accordance with
U.S. Nuclear Regulatory Commission regulation
are included in Appendix G. Sealed radionuclides
are administered to patients encapsulated
form for regional radiotherapy. As they are gener-
ally used in the practice of radiation oncology,
sealed radionuclides will not be discussed in this
text.

in  an

Phosphorus-32, Yttrium-90 and Gold-198

All three of these radionuclides have been used for
radioisotopic  therapy. Currently, they are rarely
used in colloidal form for intracavitary administra-
tion for abdominopelvic serosal metastases or knee
joint synovectomy. Intravenous phosphorus-32, as
an ionic phosphate, has been used in the past to
treat polycythemia vera, but has largely been
replaced by non-radiosotopic Yttrium-90
(9°Y) can be coupled with a localization agent to
labeled

transfemoral

drugs.
deliver antineoplastic therapy. Yttrium-90
microspheres,  injected  through a
catheter into the hepatic artery, lodge in the small
blood vessels of liver neoplasms to deliver a thera-
peutic dose. A 9Y-labeled monoclonal antibody
can be injected intravenously to treat some non-
Hodgkin’s lymphomas.

lodine-131

Todine-131 is discussed earlier in the section on
imaging radionuclides; however, large administered
activities of sodium 13T are commonly used for
treatment of hyperthyroidism and thyroid cancer.
Although BT is a beta emitter, there is a
predominant energetic gamma emission (364 keV),
which can be used to image the biodistribution.
This gamma photon also can result in measurable
absorbed persons near the
patient. Because excretion is via the urinary tract,
and to a lesser extent via saliva and sweat, special
radiation protection precautions need to be taken
for days after these patients are treated. These are

radiation doses to

discussed further in Chapter 5 in the section on
thyroid therapy and in Appendix G.

Strontium-89, Samarium-153
and Rhenium-186

All three of these radionuclides are administered
intravenously and used to treat painful
metastases from prostate and breast cancer. Stron-
tium-89 (89Sr) is essentially a pure beta emitter and
poses virtually no hazard to medical staff or patient

osseous

families, except for urinary precautions for a few
days. Both samarium-153 (*3Sm) and rhenium-186
(86Re) also emit small amounts of relatively low
energy gamma photons, which can be used to
image distribution. These are discussed in more

detail at the end of Chapter 9.

RADIOPHARMACEUTICALS

A radionuclide that has desirable imaging proper-
ties can usually be used to make a variety of radio-
pharmaceuticals. This is done by
stable compounds that
are localized by organs or disease states. Mecha-
nisms of localization for some of these radiophar-
maceuticals are listed in Table 1-2. The various
radiopharmaceuticals used in

coupling the

radionuclide with various

imaging procedures
are discussed in the appropriate chapters. Although
the localizing properties of radiopharmaceuticals
are generally sufficient to obtain adequate diagnos-
tic images, the
altered by conditions in an
patient, including the administration of other med-
ications. A list of these agents and their effects on
the distribution of particular
is given in the Appendix E—2.

localizing mechanisms may be

various individual

radiopharmaceuticals

Monoclonal Antibodies

During the past several years, much interest has
been generated in the development of labeled anti-
bodies for the immunodetection and immunother-
apy of a variety of diseases, particularly those of an
oncologic nature. However, it was not until the
development of methods of producing and label-
ing monoclonal antibodies that the clinical poten-
tial of such agents could be seriously explored. In
addition to oncologic agents, radiopharmaceuticals
for the evaluation of non-neoplastic diseases, such
as myocardial infarction (anticardiac myosin mon-
oclonal antibodies) and inflammation (antigranulo-
cyte antibodies), are currently of interest.

Monoclonal antibodies are so named because
when developed against a given antigen, they are
absolutely identical to one another. The technique
for producing monoclonal antibodies first involves
the immunization of an animal, generally a mouse,
with a specific antigen (Fig. 1-6). This antigen can
be virtually anything capable of inducing the B
lymphocytes to begin producing antibodies against
the injected substance. Once this is done, the B
lymphocytes are harvested from the mouse and
placed in a tube containing mouse myeloma cells.

Fusion of these myeloma cells with the B lympho-
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Mechanisms of Localization and Examples

Colloid scanning for liver and spleen, bone marrow, and lymph nodes

Capillary blockade Macroaggregated albumin in lung
Diffusion Filtration of DTPA by kidney
Sequestration Leukocytes for abscess scanning
Labeled platelets (damaged endothelium)
Heat-damaged red blood cells for splenic scanning
Phagocytosis
Receptor binding Neuroreceptor imaging

Active transport

Iodocholesterol in adrenal scanning

Iodine or pertechnetate (accumulation by choroid plexus, Meckel’s diverticulum,
salivary gland, stomach, and thyroid)

Technetium-99m IDA analogs in liver/biliary tract

Orthoiodohippurate in renal tubules

Thallous ions in myocardium

Metabolism

Compartmental containment
Compartmental leakage
Physicochemical adsorption
Antibody-antigen reactions

Fluorodeoxyglucose imaging of brain, tumor, and myocardium
Labeled red blood cells for gated blood pool studies

Labeled red blood cells for detection of gastrointestinal bleeding
Phosphate bone-scanning agents

Tumor imaging, monoclonal antibodies

DTPA, diethylenetriaminepenta-actetic acid; IDA, iminodiacetic acid.

cytes then takes place, forming what is known as
hybridoma. This hybridoma has the ability to con-
tinue producing antigen-specific antibodies based
on the B-lymphocyte parent and, at the same time,
to perpetuate itself based on the characteristic of
continual mitosis conferred on it by the myeloma

cells.

Antigen

Hybridomas can then be grown in clones and
separated out until a clone is developed that pro-
duces an antibody of particular interest. When
such clones are developed, they are grown in the
peritoneal cavities of mice, and the antibody pro-
duced is secreted into the ascitic fluid. This ascitic
fluid is harvested and processed to provide a puri-

FIGURE 1-6. Schematic for production of monoclonal antibodies.
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fied form of the antibody. Large quantities of mon-
oclonal antibodies can be obtained in this way. Bulk
production of monoclonal antibodies is also possi-
ble by using a synthetic approach in vitro.

Once produced, monoclonal antibodies, or frag-
ments thereof, may be labeled with radionuclides
and used to map the distribution of specific anti-
gens in vivo. Although the concept initially appears
simple, substantial problems exist that limit the clin-
ical  application antibodies  for
tumor imaging. Not the least of these problems is

of  monoclonal

the selection of an appropriate specific antigen, the
successful labeling of the antibody, significant cross-
and poor target-to-
Immune responses to the

reactivity with other antigens,
nontarget ratios in vivo.
foreign antibody protein in humans have provided
a further
When
system,

barrier to successful widespread use.
are produced in a murine
antimouse  antibody (HAMA)
develops in up to 40% of patients receiving a single
dose of whole antibody. HAMA limits the success

of future administrations

the antibodies
human

by complexing with the
thereby
available for

antibody  radiopharmaceutical,
of antibody

antibody fragments or

reducing
the amount imaging.
antibodies  of
human or chimeric origin (human—mouse) appear
to reduce HAMA production. As solutions to these
drawbacks antibodies are

radiopharmaceuti-

Monoclonal

are devised, monoclonal
gradually becoming part of the

cal armamentarium of diagnostic and therapeutic
nuclear medicine. Radiolabels currently include
radioiodines, !'In, 99mTc, and 9°Y.

Adverse Reactions

As  drugs, radiopharmaceuticals are  extremely
safe: mild reactions are uncommon, and severe

There are less than 200
serious reactions reported in the worldwide litera-
ture even though tens

reactions are very rare.

of millions of doses are
administered annually. An adverse reaction may be
defined as an unanticipated patient response to the
nonradioactive of a

component radiopharmaceuti-

cal; this reaction is not caused by the radiation itself.

Overdoses of radioactivity —represent reportable
events and are not adverse reactions. The only
adverse effect of a radiopharmaceutical that is

required to be reported is one associated with an
investigational drug.

The incidence of reactions to radiopharmaceu-
ticals in the United States is about 2.3 per 100,000

administrations. Most reported adverse reactions
are allergic in nature, although some vasovagal
reactions have occurred. The clinical manifesta-

ticals

tions of most reactions are rash, itching, dizziness,
nausea, chills, flushing, hives, and vomiting. These
reactions may occur within 5 minutes or up to 48
after Late-onset rash or

hours injection.

and/or

itching,

dizziness, headache have most commonly
been reported with %mTc bone agents. Severe reac-
tions involving anaphylactic shock or cardiac arrest
are reported in less than 3% of adverse reactions.
In addition to allergic or vasomotor reactions,
adverse effects with albumin particulates have been

reported owing to pulmonary capillary vascular

blockage in patients with diminished pulmonary
vascular capacity. Positron emission tomography
(PET) radiopharmaceuticals are also extremely

safe, with no reported adverse reactions in more
than 80,000 administered doses.

Reactions related to pyrogens or additives have
become exceedingly rare because of the extensive
quality control used in the manufacture and prepa-
ration of radiopharmaceuticals. Pyrogen reactions
may be suspected if more than one patient receiv-
ing a dose from a single vial of a radiopharmaceu-
tical has experienced an adverse effect.

Common

nonradioactive pharmaceuticals

used in nuclear medicine are dipyridamole and
glucagon. Severe reactions to these occur in about
6 per 100,000 administrations and include pro-
longed chest (dipyridamole), and

pain, syncope

anaphylaxis (glucagon).

Investigational Radiopharmaceuticals

Any new radiopharmaceutical must be treated as
an investigational new drug (IND) and must go
through the process outlined in the Guidelines for the
Clinical Evaluation of Radiopharmaceutical Drugs of the
Food and Drug Administration (FDA). Either man-
ufacturers or health practitioners can file an IND

application. Initially, the application must include
complete composition of the drug, source, manu-
facturing  data, and  preclinical  investigations,

including animal studies.
Clinical investigation of INDs occurs in three
phases. Phase one is early testing in humans to

determine toxicity, pharmacokinetics, and effec-
These usually small

number of people and are conducted under care-

tiveness. studies involve a
fully controlled circumstances. Phase two trials are
controlled trials to test both for effectiveness in
treatment of a specific disease and for evaluation of
risk. Phase

extensive clinical

three, clinical investigation, involves

trials, provided that information

obtained in phases one and two demonstrates

reasonable assurance of safety and effectiveness.



CHAPTER 1 I Radioactivity, Radi

lides, and Radioph ticals 13

Phase-three  studies acquire necessary information
for complete drug labeling, including the
desirable dose and the safety and effectiveness of
the drug. Most organizations and
third-party payers will not pay for a drug unless it

is fully approved by the FDA.

most

reimbursement
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Instrumentation

GAMMA SCINTILLATION CAMERA
Collimator
Crystal
Photomultiplier Tubes
Pulse-Height Analyzer
Console Controls
Resolution
Count Rate and Dead time
Field Uniformity
Image Acquisition: Memory and Matrix Size
Image Display and Processing
Operator Interaction

NI Y 9. B

SINGLE-PHOTON EMISSION COMPUTED
TOMOGRAPHY

Instrumentation

Data Acquisition

Tomographic Image Production

GEIGER-MUELLER COUNTER
IONIZATION CHAMBER

SODIUM IODIDE WELL COUNTER
SINGLE-PROBE COUNTING SYSTEM
DOSE CALIBRATOR

The most widely used imaging devices in nuclear
simple gamma scintillation
(Anger) camera, single-photon emission (SPECT)-
capable gamma and positron
(PET) scanners. Several other instruments are com-

medicine are the

cameras, emission
monly used in the nuclear medicine laboratory, in-

cluding the dose calibrator, well counter, and
thyroid probe. PET

separately in Chapter 13.

instrumentation is  discussed

GAMMA SCINTILLATION CAMERA

A gamma camera converts photons emitted by the
radionuclide in the patient into a light pulse and
subsequently into a voltage signal. This signal is
used to form an image of the distribution of the
radionuclide. The basic components of a gamma
camera system (Fig. 2-1) are the collimator, the
scintillation ~ crystal, an
(PMTs),
lyzer (PHA), digital correction circuitry, a cathode
ray tube (CRT), and the control console. A com-
puter and picture archiving systems (PACs) are also
integral parts of the system. Gamma cameras may
be classified as either analog or digital. An analog

array of photomultiplier

tubes preamplifiers, a pulse-height ana-

signal is used throughout the analog camera; this
signal has an infinite range of values and is inher-

ently noisy. A digital signal, on the other hand, only
has a discrete number of values. The main advan-
tages of digital cameras are that they are much
faster, can interact directly with the computer, and
Most of the
newer cameras incorporate digital features. Even
the most advanced digital cameras, however, start
with the analog signal in the scintillation crystal and
return to an analog signal for CRT or PACs display
of the image.

generally require less maintenance.

Collimator

The collimator is made of perforated or folded lead
and is interposed between the patient and the scin-
tillation crystal. It allows the gamma camera to
localize accurately the radionuclide in the patient’s
body. Collimators perform this function by absorb-
ing and stopping most radiation except that arriv-
ing almost perpendicular to the detector face. Most
radiation striking the collimator at oblique angles is
not included in the final image. Of all the photons
emitted by an radiopharmaceutical,
more than 99% are “wasted” and not recorded by

administered

the gamma camera; less than 1 % are used to gen-
erate the desired image. Thus, the collimator is the
“rate limiting” step in the imaging chain of gamma
camera technology.

15
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Image on PACS or
cathode ray tube

Digital Computer — ’
20
Corrected Position and Energy Signals t T 1
Digital Energy and Spatial Linearity
Correction Circuits
Position and Energy Signals
X Y Z (energy)

Position
Circuit

Summing
Circuit

Pre-ampidiers ——m —»

PMTs

Lucite Light Pip@ ——tp

Nal CTYSM‘ /

Colsmator

Oad

Patient

FIGURE 2—I1. Gamma camera schematic. A cross-sectional image of the patient is shown at the bottom, with a final

image seen on the cathode ray tube at the top.

The two basic types of collimators are pinhole
and multihole. A pinhole collimator operates in a
manner similar to that of a box camera (Fig. 2-2).
Radiation must pass through the pinhole aperture
to be imaged, and the image is always inverted on
the scintillation crystal. Because little of the radia-

tion coming from the object of interest is allowed
to pass through the pinhole over a given time
period, the pinhole collimator has very poor sensi-
tivity. Collimator sensitivity refers to the percentage
of incident photons that pass through the collima-
tor. The poor sensitivity of a pinhole collimator
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FIGURE 2-2. Types of gamma camera collimators.

makes placement near the organ of interest criti-
cal, and bringing the object of interest close to the
pinhole magnifies the Because magnifica-
tion is a function of distance, if the object of inter-
est is not relatively flat or thin, the image may be
distorted. Pinhole collimators are routinely used for

image.

very high resolution images of small organs, such
as the thyroid, and for certain skeletal regions, such
as hips or wrists.

The holes in a multihole collimator may be aligned
in a diverging, parallel, or converging manner (see
Fig. 2-2).
widely used multihole collimator in nuclear medi-
cine laboratories. It consists of parallel holes with
a long axis perpendicular to the plane of the scin-
tillation crystal. The lead walls between the holes
are referred to as The septa absorb most
gamma rays that do not emanate from the direc-

The parallel-hole collimator is the most

septa.
tion of interest; therefore, a collimator for high-
energy gamma rays has much thicker septa than
does a collimator for low-energy rays. The septa are

generally designed so that septal penetration by
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unwanted gamma rays does not exceed 10% to
25%.

A parallel-hole collimator should be chosen to
correspond to the energy of the isotope being
imaged. Low-energy collimators generally refer to
a maximum energy of 150 keV, whereas medium-
energy suggested
energy of about 400 keV Collimators are available
with different lengths and different widths of septa.
In general, the longer the septa, the better the res-
olution but the lower the count rate (sensitivity) for
a given amount of radionuclide. The count rate is
inversely proportional to the square of the colli-
mator hole length. If the length of the septa is
decreased, the detected count rate increases and
resolution decreases (Fig. 2—3).

The difference typical  low-energy,
general-purpose  collimators and low-energy, high-
sensitivity collimators is that high-sensitivity colli-
mators may allow about twice as many counts to
be imaged, although the spatial resolution is usually
degraded by about 50%. A high-resolution, low-

collimators have a maximum

between
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Source

A B

FIGURE 2-3. Effect of septal length on collimator
sensitivity and resolution. 4, Longer septa in the

Source

collimator attenuate most photons, except those exactly
perpendicular to the crystal face. This increase in selectivity
increases the resolution and decreases the count rate detected.
B, Shortening the length of the septa allows more photons to
reach the crystal; thus, the count rate is higher. The spatial
resolution, however, is decreased because the photons coming
through a hole in the collimator are from a larger area.

energy collimator has about three times the re-
solving ability of a high-sensitivity, low-energy col-
limator. Most collimators are designed with
hexagonal rather than round holes. Because hexag-
onal hole collimators have overall thinner septa,
they have greater sensitivity but more septal pene-
tration than do collimators with square or round
holes.

With a parallel-hole collimator, neither the size
of the image nor the count rate changes signifi-
cantly with the distance of the object of interest
from the collimator. This is because as the object is
moved small distances away from the crystal, the
inverse square law reduces the number of counts.

However, this is compensated for by the increased

5 IL_W_J

Source

@

Source

A

FIGURE 2-4. Effect of different source-to-camera

distances. 4, With the source a long distance from the

camera head, a large number of photons can reach the crystal
in an almost perpendicular fashion. The large area of impact
on the crystal increases uncertainty about the exact location of
the source. B, As the source is brought closer to the camera
head, the correspondence of the scintillation event in the
crystal with the actual location is much better, and resolution
is improved.

viewing area of the collimator. On the other hand,
resolution is best when the object of interest is as
close to the collimator face as possible (Figs. 2-4
and 2-5), and scans with multihole collimators are
usually obtained with the collimator in contact with
or as close as possible to the patient. Remember
that with a
photons emitted from the patient perpendicular to
the crystal face may be imaged (Fig. 2- 6). These
photons and those that penetrate the septa degrade
spatial resolution.

parallel-hole  collimator, scattered

A diverging collimator has holes and septa that
begin to diverge from the crystal face. Generally,
use of a diverging collimator increases the imaged
area by about 30% over that obtained with a

contact

1 foot

FIGURE 2-5. Effect of increasing the patient-to-detector face distance on

clinical images. When the camera is in contact with this patient, who is having a bone

scan, the osseous structures are well defined. Increasing the distance to 1 foot has a major

adverse effect on resolution.
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FIGURE 2-6. Scintillation events that degrade images. Both
septal penetration and photon scattering within the patient’s body

cause events to be recorded in locations other than their true

positions.

parallel-hole collimator. The image itself, however,
is slightly minified. With a diverging collimator,
both the sensitivity and resolution worsen as the
object of interest moves away from the collimator.
The sensitivity worsens because the area being im-
aged gets larger but the object imaged does not
get larger, and the inverse square law predomin-
ates. Diverging collimators are used particularly on
crystal faces to large
organs, such as the lungs.

cameras with small image

A converging collimator has holes that converge
toward a point (usually 50 cm) in front of the col-
limator. This convergence forms a magnified image
in the crystal. Sensitivity increases as the object of
interest moves away from the collimator face until
it reaches the focal point, beyond which the sensi-
tivity begins to decrease. Resolution,
decreases with distance. A converging collimator
may be used for examination of small areas. A fan-

however,

beam collimator is sometimes used for SPECT.

Crystal

Radiation emerging from the patient and passing
through the collimator may interact with a thal-
lium-activated sodium Interaction of
the gamma ray with the crystal may result in ejec-
tion of an orbital (photoelectric  ab-

producing a pulse of fluorescent light

iodide crystal.

electron
sorption),
(scintillation event) proportional in intensity to the
energy of the gamma ray. PMTs situated along the
posterior crystal face detect this light and amplify
it. About 30% of the light from each event reaches
the PMTs. The crystal is fragile and must have an
aluminum housing that protects it from moisture,
extraneous light, and minor physical damage.

The crystal may be circular and up to about 22
inches in diameter, or it may be square or rectan-
gular. Crystals are usually 1/4 to 5/8 inch thick. For
most cameras, a 3/8-inch-thick crystal is used. A
larger-diameter crystal has a larger field of view
and is more expensive but has the same inherent
resolution as does a smaller-diameter crystal. The
thicker the crystal becomes, the worse the spatial
resolution but the more efficient the detection of
gamma rays. In general, with a 1/2-inch-thick crystal,
the efficiency for detection of gamma rays from
xenon-133  (13Xe) (81 keV) and technetium-99m
(#9mTc) (140 keV) is almost 100%; that is, few of the
photons pass through the crystal without causing a
light pulse. As the gamma energy of the isotope is
increased, the efficiency of the crystal is markedly
reduced. For example, with iodine-131  (131T)
(364 keV), efficiency is reduced to about 20% to
30%. With a thinner crystal, the overall sensitivity
(count rate) decreases by about 10% because more
photons pass through, but there is about a 30%
increase in spatial resolution because the PMTs are
closer to the event and thus can localize it more
accurately, and because there is an increase in light
collection.

Photomultiplier Tubes

A PMT converts a light pulse into an electrical
signal of measurable magnitude. An array of these
tubes is situated behind the sodium iodide crystal
and may be placed directly on the crystal, con-
nected to the crystal by light pipes, or optically
coupled to the crystal with a silicone-like material.
A scintillation event the crystal is
recorded by one or more PMTs. Localization of the
event in the final image depends on the amount of

occurring  in
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light sensed by each PMT and thus on the pattern
of PMT voltage output. The summation signal for
each scintillation event is then formed by weighing
the output of each tube. This signal has three com-
ponents: spatial coordinates on x- and y-axes as well
as a signal (z) related to intensity (energy). The x-
and y-coordinates may go directly to instrumenta-
tion for display on the CRT or may be recorded in
the computer. The signal intensity is processed by
the PHA.

The light interaction caused by a gamma ray
generally occurs near the collimator face of the
crystal. Thus, although a thicker crystal is theoret-
ically more efficient, the PMT is farther away from
the scintillation point with a thick crystal and is
unable to determine the coordinates as accurately.
Therefore, degraded. The
number of PMTs is also important for the accurate
localization of scintillation events; thus, for spatial
the greater the number of PMTs, the
greater the resolution. Most gamma cameras
about 40 to 100 hexagonal, square, or round PMTs.

spatial ~ resolution s

resolution,
use

Pulse-Height Analyzer

The basic principle of the PHA is to discard signals
from background and scattered radiation or radia-
tion from interfering isotopes, so that only photons
known to come from the photopeak of the isotope
being imaged are recorded. The PHA discriminates
between events occurring in the crystal that will be
displayed or stored in the computer and events that
will be rejected. The PHA can make this discrimi-
nation because the energy deposited by a scintilla-

99mT¢

I . Backscatter
] and Pb
N amotos X-ray

Energy
FWHM

£ 100
ENergy ——e

140.5 keV

99mTc Spectrum of point source
A

tion event in the crystal bears a linear relation to
the voltage signal emerging from the PMTs.

A typical energy spectrum from a PHA is shown
in Figure 2—7. The photopeak is the result of total
the
radionuclide. If the characteristic K-shell x-ray of
iodine (28 keV) escapes from the crystal after the
gamma ray has absorp-
tion, the measured gamma-ray energy for  9mTc
would be only 112 keV (140 minus 28 keV). This
will cause an iodine escape peak.

absorption of the major gamma ray from

undergone photoelectric

A backscatter peak may result when primary
gamma rays undergo 180-degree scatter and then
enter the detector and are totally absorbed. This
can occur when gamma rays strike material behind
the source and scatter back into the detector. It may
also occur when gamma rays pass through the
crystal without interaction and Compton
from the shield or PMTs back into the crystal.
The lead x-ray peak is caused by primary gamma
rays the
lead of shielding or the collimator; as a result, char-
acteristic x-rays (75 to 90 keV) are detected. The
effect of Compton scattering in the detector gives
a peak from 0 to 50 keV The sharp edge at 50 keV
is called the Compton edge. If the source of radi-
ation is within a patient, Compton scattering occurs

scatter

undergoing photoelectric  absorption in

within the patient’s tissue, and some of these scat-
tered gamma rays travel toward the detector with
an energy from 90 to 140 keV These scattered
from within the patient
the Compton
with the photopeak distribution.

imaging
overlaps

photons cause

difficulties because scatter

9mT¢
Photopeak

()

ompion

e
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C
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B

FIGURE 2—7. Energy spectra for technetium-99m when viewed by the gamma camera as a point source (4) and in

a patient (B). Note the marked amount of Compton scatter near the photopeak that occurs as a result of scatter within the

patient’s body. FWHM. full width at half-maximum.



Signal intensity information is matched in the
PHA against an appropriate window, which is really
a voltage discriminator. To allow energy related to
the desired isotope photopeak to be recorded, the
window has upper and lower voltage limits that
define the window width. Thus, a 20% symmetric
window for 140-keV photopeak means that the
electronics will accept 140 + 14 keV (i.e., 140 keV
+ 10%) gamma rays (Fig. 2-8A). Any signals higher
or lower than this, particularly those from scattered
radiation, are rejected. Some cameras have multi-
ple PHAs, which allow several photopeaks to be
used at once. This is particularly useful for radionu-
clides such as gallium 67 (67Ga). On newer cameras,
the signal processing circuitry, such as preamplifiers
and PHAs, is located on the base of each PMT, so
that there is little signal distortion between the
camera head and the console.

Console Controls

Most gamma cameras allow for a fine adjustment

known as automatic peaking of the isotope. This essen-

tially divides the photopeak window into halves and

Symmetric window

Compton |
scatter from

w patient

Energy ——————e=

A
Asymmetric window
| L -
C )
| ; }
Compton { )
| scatter from ]
3l patient I
:: 3 . l
] , )
(&) 7 )
True ¥
photopeak ]
)
Energy —
B

FIGURE 2-8. Use of a symmetric window (A) allows
some of the Compton scatter to be counted and
displayed. Theoretically, use of an asymmetric window (B)
obviates this problem.
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calculates the number of counts in each half. If
the machine is correctly peaked, each half of
the window has the same number of counts from
the upper and lower portions of the photopeak.
Occasionally, an asymmetric window is used to
improve resolution by eliminating some of the
Compton scatter (see Fig. 2-8B).

Image exposure time is selected by console
control and is usually a preset count, a preset time,
or preset information density for the image accumula-
tion. Information density refers to the number of
counts per square centimeter of the gamma
camera crystal face. Other console controls are
present for orientation and allow the image to be
reversed on the x- and y-axes.

In addition, the CRT image may be manipu-
lated by an intensity control, which simply affects
the brightness of the image, or by a persistence
control, which regulates the length of time the light
dots composing the image remain on the screen.
Most gamma camera systems have two CRTs—one
for operator viewing and another for photographic
purposes. The photographic CRT is not persistent
(i.e., the bright spots on the tube display disappear
almost immediately). Hard-copy images on film
may be obtained directly from the computer,
although many institutions now display digital
images on monitors and store the images in a
picture archiving system.

Resolution

Resolution is one of the common performance
parameters for gamma cameras. Typical perform-
ance characteristics of state-of-the-art cameras are
shown in Table 2—1. Resolution usually refers to
either spatial or energy resolution. Energy resolution
is the ability to discriminate between light pulses
caused by gamma rays of differing energies. Spatial
resolution refers to the ability to display discrete but
contiguous sources of radioactivity. The spatial res-
olution of various gamma camera systems is usually
given in terms of either inherent or overall resolu-
tion. Inherent spatial resolution is the ability of the

m Typical Intrinsic Gamma Camera

Performance Characteristics
Spatial resolution (full 3—5 mm
width at half-maximum)
10%-14%
100-350 k counts/sec
2%-5%

Energy resolution
Temporal resolution

Field uniformity
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crystal PMT detector and accompanying electron-
ics to record the exact location of the light pulse on
the sodium iodide crystal. Gamma cameras have an
inherent resolution of about 3 mm.

Statistical variability is particularly important in
resolution. An event occurring exactly between two
PMTs does not always give the same number of
photons to each tube; thus, for any single event,
the distribution of photons is statistically variable.
Statistical variation is relatively greater when fewer
light photons words, the
inherent resolution of a system or its ability to local-
ize an event is directly related to the energy of the
isotope being imaged. When radioisotopes with
low-energy gamma rays are used, the camera has

are available. In other

less inherent spatial resolution.

Compton scatter also affects inherent resolution
to a minor extent. When the gamma ray interacts
with the crystal, there is usually photoelectric ab-
sorption, which in a light
point of interaction. With higher-energy gamma
rays, however, the initial event may be a Compton

results pulse at the

interaction or scatter within the crystal (i.e., a col-
lision between a gamma ray and a loosely bound
orbital electron).
with light coming from several points, even though
only a single gamma ray interacted with the crystal

This results in scattered photons

initially.

Overall spatial resolution is the resolution capacity
of the entire camera system, including such factors
as the collimator resolution, septal penetration, and
scattered radiation. The simplest method of exam-
ining overall spatial resolution is to determine the
full width at half-maximum (FWHM) of the line
spread function. This refers to the profile response
of the gamma camera to a single point source of
radioactivity and reflects the
seen by the crystal at different lateral distances from
the source (Fig. 2—9.4). The source is often placed
10 cm from the crystal for these measurements.
The FWHM is expressed as the width in centime-

number of counts

ters at 50% of the height of the line spread peak.
The narrower the peak, the better the resolution.
When state-of-the-art cameras and mTc are used,
the position of scintillation events can be deter-

mined to within 3 to 5 mm. A typical high-
resolution  collimator has three times  better
resolution than does a  representative  high-

sensitivity collimator but allows only one-tenth as
many counts per minute for a given activity.

Although spatial FWHM is useful for compar-
ing collimators, it often does not give other desir-
able information and does not necessarily relate to

wnt rate

C

B

FIGURE 2-9. 4, The full width at half-maximum
(FWHM) is the response in count rate to a single point
source of radioactivity at different lateral distances

from the point source. B, With septal penetration, the

image may be significantly degraded even though FWHM is
unchanged.

the overall clinical performance of the collimator.
More difficult but perhaps more encompassing
measurements of collimator performance are mod-
ulation transfer functions, which take other factors
for optimizing collimator design, such as the pres-
ence of scattering material and septal penetration,
into account. The value of this can be seen in
Figure 2-9B, which illustrates that the septal pene-
tration occurring in the collimator may be com-
pletely undetected by the measurement of FWHM
alone.

When the spatial
system with high-energy isotopes is considered, the

overall resolution of the
limiting resolution is that of the collimator. When
low-energy inherent
resolution becomes more important than the colli-

mator resolution. As

isotopes arc imaged, the

the energy of the incident

gamma ray decreases, the inherent resolution of
the crystal decreases markedly because the lower-
energy gamma rays provide less light for the PMTs
to record; thus, there is more statistical uncertainty
regarding the origin of the gamma ray. Although

the inherent resolution of cameras is often cham-



pioned by salespeople, the overall resolution deter-
mines the quality of the image because it is a com-
bination of the resolutions of each of the
components including the
collimator, the inherent resolution, septal penetra-

in the imaging chain,
tion, and scatter. The overall system resolution (R)
is

R VR .+ R

where R? is inherent resolution and R?, is collima-

tor resolution.
Another category of resolution is energy resolution,
or the ability of the imaging system to separate and
photopeaks of different
radionuclides. If the energy resolution is good, the

distinguish  between the

photopeaks are tall and narrow; if energy resolu-
tion is poor, the photopeaks appear as broad bumps
in the energy spectrum. The FWHM concept is
also used to examine energy resolution and is
usually quoted for the relatively high energy (662-
keV) photon of cesium-137 (137Ce). With lower-
energy photons, the energy resolution is
Most gamma cameras have energy resolution of

10% to 15%, allowing use of 15% to 20% energy

Wworse.

windows to encompass all the photons of interest.

Count Rate and Dead Time

As with any detection system, it is important that
scintillation events do not occur so fast that the elec-
tronic system is unable to count each as a separate
event. If two equal light pulses occur too close
together in time, the system may perceive this as
one event with twice the energy actually present.
Such an occurrence of primary photons would be
eliminated by the energy window of the PHA, and
none of the information from the two events would
be imaged; thus, the sensitivity of the system would
be diminished. A more significant problem is loss
of spatial resolution when several scattered (low-
energy) photons strike the crystal at the same time,
so that their light
appears as a photon of interest. The time after an

production is summed and
event during which the system is unable to respond
to another event is referred to as dead time. Dead
time can be important in high—count-rate dynamic
studies (in the range of 50,000 counts/second), par-
ticularly with single-crystal cameras. An example is

a first-pass cardiac study.
Field Uniformity

Despite the efforts of manufacturers to produce
high-quality collimators, crystals, PMTs, and elec-
tronics, nonuniformity inevitably occurs. Accept-
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able field nonuniformity is on the order of 2% to
5%. Much of this can be corrected by the computer
system. Analysis of field uniformity is discussed in
Chapter 3.

Image Acquisition:

Memory and Matrix Size

Data may be acquired either by frame mode or by list
mode. In the frame mode, incoming data are placed
in a spatial matrix in the memory that is used to
generate an image. In the list mode, all data are put
in the memory as a time sequence list of events. At
regular intervals, a special code word is inserted
into the list. This list is flexible and can be sorted
or divided into images at a later time. The list mode
has the disadvantage of a low acquisition rate and
a large memory
much less memory than does the list mode and is
more

requirement. Frame mode uses

commonly used, except for gated cardiac
studies. All data for images that are collected in the
frame mode are acquired in a matrix. The usual
image matrix sizes are 64 X 64 and 128 x 128,
although 32 x 32 and 256 X 256 matrix sizes are
