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FOREWORD

As a clinician I am usually suspicious of physics books. Radiology resi-
dents typically approach physics with the enthusiasm that they would ac-
cord to having been given an extra 4 months of night and weekend call.
With this in mind, it is clear that a physics text needs to be carefully
designed, written, and reviewed.

Dr. Bushberg and his colleagues have succeeded in presenting a clear
text that covers all areas of diagnostic imaging. A number of current texts
cover only one area of physics and the residents often purchase several
texts by different authors in order to have a complete grasp of the subject
matter. A particularly strong point of this book is the development pro-
cess that has taken several years, bringing the text from a syllabus used
and critiqued by residents into a final polished form. It gives me great
pleasure to introduce this book since I have encouraged its gestation and
birth into the published world.

FRED A. METTLER JR., M.D.
Professor and Chairman
Department of Radiology
University of New Mexico
Albuquerque, New Mexico



PREFACE

Medical imaging equipment has become the very symbol of high tech-
nology. There are several textbooks dedicated to one or two of the dis-
ciplines that comprise the science of medical imaging. We felt there was
a need to develop a comprehensive text that focused on the essential
elements of all of the relevant disciplines in medical imaging. Our goal
was to approach this material in a straightforward manner with an em-
phasis on the practical aspects. Because medical imaging is a “visual”
science, we have chosen to illustrate this text heavily in an attempt to
bring to life some of the physical concepts that are often difficult to un-
derstand from text alone. In addition many of the topics are summarized
in tables to provide the reader with an easy reference to the material or
to draw comparisons between various elements of a particular technol-
ogy.

This text evolved over the last several years as we continued to im-
prove the syllabus used for our national annual radiology residents’ re-
view course. The review course presented the challenge of distilling all
of the essential elements of the basic sciences of diagnostic imaging in a
three and one-half day course. Students often complained that while there
were several texts that covered various elements of diagnostic imaging,
none covered all of the topics for which they were responsible in the
physics section of the written portion of the American Board of Radiology
(ABR) exam.

Using the ABR exam topics outline for the physics section as a gen-
eral guide, we constructed a review course, and now a text, that covers
these essential elements. This text is organized into four sections: 1) Ba-
sic Concepts, which sets the foundation of radiation physics and comput-
ers in medical imaging; 2) Diagnostic Radiology, that includes all of the
major imaging modalities along with image quality assurance; 3) Nuclear
Medicine, including radionuclide decay, production, radiopharmaceuti-
cals, radiation detection and imaging; and 4) Radiation Protection, Dosi-
metry (x-ray and nuclear) and Biology. The appendix reviews the prin-
ciples of basic physics applicable to diagnostic imaging.

It is our hope that this text will provide the reader with a compre-
hensive understanding of the basic sciences of medical imaging. By com-
bining the physics of all of the diagnostic imaging modalities and related
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disciplines into a single volume, we have attempted not only to unify
many to the concepts that are similar between various imaging disci-
plines but also note important differences. Our goal was to capture the
essential elements of medical imaging while realizing that detailed infor-
mation for each one of the subject areas covered is available in other
texts and references—some of which have been listed at the end of each
chapter as “suggested reading.”

The rapidly expanding field of diagnostic imaging continues to pre-
sent a challenge to teach its essential basic sciences in a way that is clin-
ically relevant and easy to understand. Suggestions from our students and
colleagues have been an invaluable resource. We hope that the readers
of this text will provide us with feedback that will continue to enhance
our teaching efforts.
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RADIATION AND THE ATOM

RADIATION AND THE ATOM

Radiation is energy that travels through space or matter. Two types of
radiation used in diagnostic imaging are electromagnetic (EM) and par-
ticulate.

Electromagnetic Radiation

EM radiation has no mass, is unaffected by either electrical or magnetic
fields, and has a constant speed in a given medium. Although electro-
magnetic radiation propagates through matter, it does not require matter
for its propagation. Its maximal speed (2.998 X 10® m/s) occurs in a
vacuum. In other media, its speed is a function of the transport charac-
teristics of the medium. EM radiation travels in straight lines; however,
its trajectory can be altered by interaction with matter. This interaction
can occur either by absorption (removal of the radiation) or scattering
(change in trajectory).

EM radiation is characterized by wavelength X, frequency v, and en-
ergy per photon E. Categories of EM radiation (including radiant heat;
radio, TV, and microwaves; infrared, visible, and ultraviolet light; and x
and gamma rays) comprise the electromagnetic spectrum (Fig. 1.1).

Categories used in diagnostic imaging include: (1) gamma rays (re-
sulting from changes in the energy of the nuclei of radioactive atoms)
are used to image the distribution of radiopharmaceuticals; (2) x-rays,
which are extranuclear in origin, are currently the primary tool in diag-
nostic imaging; (3) visible light is produced in detecting x and gamma
rays and is used for the observation and interpretation of images; and (4)
radiofrequency EM radiation in the FM region is used as the transmission
and reception signal for magnetic resonance imaging (MRI).

There are two equally correct ways of describing EM radiation—as
waves and as particle-like units of energy called photons or quanta. In
some situations, EM radiation behaves as waves and, in other situations,
like particles.
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Figure 1.1. The electromagnetic spectrum.

Wave Characteristics

All waves (mechanical or electromagnetic) are characterized by their am-
plitude (maximal height), wavelength (N, lambda), frequency (v, nu), and
period. The amplitude is the intensity of the wave. The wavelength is the
distance between any two identical points on adjacent cycles. The time
required to complete one cycle of a wave (i.e., one \) is the period. The
number of cycles accomplished per second is the frequency (1/period).
Two waves of the same frequency are related to each other by phase;
phase is the temporal shift of one wave with respect to the other. Some
of these quantities are depicted in Fig. 1.2. The speed, wavelength, and
frequency of all waves are related by:

c=A\v (1.1)

where c is the speed, A is the wavelength, and v is the frequency.

Electric Field A = wavelength

=~

Distance

Magnetic
Field

Direction of Waveform Travel

Figure 1.2. Characterization or waves.



CHAPTER 1 : RADIATION AND THE ATOM

Because the speed of EM radiation is essentially constant, its fre-
quency and wavelength are inversely proportional. Wavelengths of x-rays
and gamma rays are typically measured in nanometers (nm), where 1

= 102 m. Frequency is expressed in bertz (Hz), where 1 Hz = 1
cycle/s = 1s71

EM radiation can be described as mutually dependent perpendicular
electric and magnetic fields, as shown in Fig. 1.3, which travel through
space with the same frequency, velocity, and phase.

Problem: Find the frequency of blue light with a wavelength of
400 nm.
Solution: From Equation 1.1:

v =\ = [(3 X 108 m/s)/400 nm])(10 ~° m/nm) =
75 X 10Ms~1 = 75 x 10" Hz

Particle Characteristics

When interacting with matter, EM radiation can exhibit particle-like be-
havior. These particle-like bundles of energy are called quanta or pho-

tons. The amount of energy in a quantum is equal to its frequency times
Planck’s constant h:

= hy = hoA (1.2)

where h = 6.62 X 10 73¥J-s = 4.13 X 10 ~'® keV-s. When E is expressed
in keV and A in nanometers (nm), the following relationship that relates
energy to wavelength is obtained:

1.24
A (nm)

EM radiation of higher frequency than the near ultraviolet region of
the spectrum carries sufficient energy per photon to remove bound elec-
trons from atomic shells, thus producing ionized atoms and molecules.
Radiation in this portion of the spectrum (ultraviolet, x-rays, and gamma
rays) is called ionizing radiation. The threshold energy for ionization is

E (keV) = (1.3)

Electric Field A = wavelength

Magnetic = llIIII =
Field

Direction of Waveform Travel
Figure 1.3. Electric and magnetic field components of electromagnetic radiation.

>
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approximately 10 eV. EM radiation can also be absorbed by atoms or
molecules, temporarily promoting the electrons to higher energy states
without actually ejecting the electrons and ionizing the atoms or mole-
cules. This energy transfer process is called excitation.

Particulate Radiation

The physical properties of the most important particulate radiations as-
sociated with medical imaging are listed in Table 1.1. Protons are found
in the nuclei of all atoms. Each proton has a single positive charge and
are identical to the nuclei of hydrogen-1 atoms. Electrons exist in atomic
orbits and, when emitted by the nuclei of radioactive atoms, are called
beta minus particles. Beta minus particles are also referred to as nega-
trons or simply “beta particles.” Positrons, emitted from nuclei during a
certain type of radioactive decay, are identical to electrons in every way
except that their charges are positive. A neutron is an uncharged nuclear
particle that has a mass slightly larger than that of a proton. Neutrons are
released by nuclear fission and are used for radionuclide production. An
alpha particle consists of two protons and two neutrons; it thus has a +2
charge and is identical to the nucleus of a helium atom (“He * *). Alpha
particles are emitted by certain naturally occurring radioactive materials,
such as uranium, thorium, and radium.

Mass Energy Equivalence

Einstein’s theory of relativity states that mass and energy are equivalent
and interchangeable. In any reaction, the sum of the mass and energy
must be conserved. In classical physics, there are two separate conserva-
tion laws, one for mass and one for energy. Einstein showed that these
conservation laws are valid only for objects moving at low speeds. The
speeds associated with some nuclear processes approach the speed of
light. At these speeds, mass and energy are equivalent according to the
expression

E = mc? (1.4)

where E represents the energy equivalent to mass m at rest and c is the
speed of light in a vacuum (2.998 X 10% m/s). For example, the energy
equivalent of an electron (m = 9.109 X 10 ~3! kg) is:

Table 1.1
Fundamental Properties of Particulate Radiation
Relative Mass Approximate Energy

Particle Symbol Charge (amu) Equivalent (MeV)
Alpha a, *He** +2 4.0028 3727
Proton p, 'H* +1 1.007593 938
Electron e, B -1 0.000548 0.511
(Beta minus)
Positron et, B* +1 0.000548 0.511
(Beta plus)

Neutron n° 0 1.008982 940




