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Foreword

I was so pleased to discover that Drs. Samei and Peck
had decided to write this book named after William R.
Hendee. Dr. Hendee has impacted the lives and careers of
many, if not most, medical physicists and other radiolog-
ical professionals over the past 50 years, probably more
than any other medical physicist. He authored or edited
over 25 books. Of special importance were his medical
imaging book to which this text is dedicated, and his
radiotherapy physics book, Hendee’s Radiation Therapy
Physics, both of which were used worldwide for the edu-
cation of thousands of students, especially medical physi-
cists, radiologists, technologists, and therapists, and both
of which required frequent reprinting and several new
editions.

However, it was not only through his books that he
influenced the careers of these professionals but it was
also through his leadership. He was the president of
several important scientific and professional organiza-
tions such as the American Association of Physicists
in Medicine (AAPM), the Society of Nuclear Medicine
(SNM), the American Institute of Medical and Biological
Engineering (AIMBE), and the American Board of Radi-
ology (ABR). In addition to the presidency of the ABR, he
also played leadership roles that medical physicists rarely,
if ever, attain, such as Vice President for Science, Tech-
nology and Public Health at the American Medical Asso-
ciation (AMA), Executive Secretary of the AMA Coun-
cil of Scientific Affairs, Chairman of the Department of
Radiology at the University of Colorado, Dean of the
Graduate School of Biomedical Sciences, and President
of the Research Foundation at the Medical College of
Wisconsin, Milwaukee.

Dr. Hendee’s other leadership roles in medical physics
include serving 10 years as the editor of Medical Physics,
president of the 2000 World Congress on Medical
Physics and Biomedical Engineering, president of the
Commission on Accreditation of Medical Physics
Education Programs (CAMPEP), director of the 1974

and 1993 AAPM Summer Schools, and chairman of
numerous committees in the AAPM, the American
College of Radiology (ACR), the Radiological Society of
North America (RSNA), the International Organization
for Medical Physics (IOMP), the AIMBE, the SNM, the
Health Physics Society (HPS), and the ABR.

In addition to all these leadership roles, Dr. Hendee
has been a prolific writer and editor. He is the author
of over 450 peer-reviewed publications principally on
the physics of medical imaging and radiation therapy,
but also on topics such as physical fitness, HIV infection
and AIDS, technologies for persons with disabilities, ado-
lescent health, medical administration and reimburse-
ment, technology assessment, medical informatics and
biotechnology, research ethics, patient safety and health
care quality, health physics, and education and certifica-
tion in radiology. I suspect that this is a wider range of
topics than any other medical physicist worldwide.

I have known Bill for over 50 years and worked closely
with him on several occasions. I have often wondered
how he has been able to consistently influence the field
of medical physics and the lives of those who practice
it. I believe one answer is simply his enthusiasm. He
never stops looking for new ways to be involved in the
education, training, and credentialing of newer mem-
bers of the profession and enhancing the knowledge of
those already practicing. His deep involvement in certi-
fication and publication demonstrates this. Another trait
is his ability to be a leader. He has consistently sought the
highest office in his several societies and, when he has
achieved this, has always used his position to make signif-
icant improvements in the organizations. Of course, this
requires working constructively with others, and Bill has
been able to do this in an authoritarian, yet friendly, way.
He knows what he wants to achieve, knows what needs
to be done to achieve it, and is able to persuade others to
join him in his endeavors. Dr. Hendee has been the pre-
eminent leader of the medical physics profession.



x Foreword

For all his outstanding achievements, Dr. Hendee has
received numerous awards, including the major awards
of many organizations such as the RSNA, the HPS, the
American Roentgen Ray Society, the IOMP, and the
AAPM. His lifetime impact has been extraordinary, and
it is my honor and privilege to have been invited to write
this rationale for the namesake of this book, which right-

fully manifests the reach and legacy of Dr. William R.
Hendee.

Colin G. Orton, PhDProfessor Emeritus
Wayne State University
Detroit
April 2018
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Commentary by William Hendee

Medical physics is a rewarding profession from which
I have benefitted immensely over the course of my
52-year career. Medical physics is a field of applied
physics that is technically challenging, ever changing,
and always exciting, with unceasing opportunities to
explore new horizons and research new applications of
physics in medicine. It is an area of physics that improves
the lives of patients and families and that functions col-
legially within a community of physicists, physicians,
nurses, technologists, and health care administrators.
In addition, it rewards medical physicists with a decent
livelihood in the service of humanity.

One of the privileges of medical physics is the teach-
ing opportunities it offers for the instruction of graduate
students, medical students, resident physicians, radiog-
raphers, radiation therapists, nurses, and others. There
is no greater privilege than teaching young students and
aiding their preparation for career paths into the future.

In addition, there is no greater reward than watching stu-
dents mature into professionals who make their own con-
tributions in the service of patients. I am indebted to all of
my past students; collectively, they have taught me much
more than I have taught them.

When I began my career in medical physics in the
1960s, there was a dearth of up-to-date texts in the
physics of radiology, which at the time included both
imaging and radiation therapy as a single discipline. From
transcribed notes of my lectures to radiologists, I pub-
lished my first text, Medical Radiation Physics, in 1971.
At about this time, radiology had begun a separation
into two disciplines, medical imaging (which retained
the title radiology) and radiation therapy. As a conse-
quence of this division, the second edition of Medical
Radiation Physics, published in 1979, focused principally
on medical imaging. A short companion volume, Radia-
tion Therapy Physics, supplemented the imaging text for
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radiologists intending to practice radiation therapy (radi-
ation oncology). The third edition of the imaging text,
entitled Medical Imaging Physics, appeared in 2002 with
Russell Ritenour, a former postdoctoral student, serv-
ing as a coauthor. In 2004, the third edition of Radi-
ation Therapy Physics appeared with the addition of
Geoffrey Ibbott (a former graduate student) and my son
Eric Hendee (a medical physicist educated at the Univer-
sity of Wisconsin) as coauthors.

When the time arrived for a new edition of the imaging
and therapy texts, I was in the process of retiring from
medical physics. With the assistance of John Wiley &
Sons, George Starkschall, Todd Pawlicki, and Dan Scan-
derbeg led the revision of the therapy book. I was also
delighted that Ehsan Samei and Donald Peck agreed to
take on a substantial revision of the imaging book. I
was profoundly honored that the authors and publisher
decided to title these texts after me, the present book,
Hendee’s Physics of Medical Imaging, and its counterpart,
Hendee’s Radiation Therapy Physics. The new authors are
superb educators and have been excellent choices to re-
envision these books that I have lived with for so long.

When I began my career in medical physics, radia-
tion therapy was principally the province of orthovoltage

X-ray and Co-60 machines along with radium implants.
There were virtually no accelerators and no computer-
ized treatment planning systems. On the imaging side,
radiology was primarily the arena of radiography and
fluoroscopy, with ultrasound and nuclear medicine just
emerging. There was no computed tomography, inter-
ventional radiography, or magnetic resonance imaging.
Advances in both fields have occurred at a staggering rate
over the past 50+ years, and as a consequence, my physics
colleagues and I have progressed as well. We have been
as surfers riding the crest of a mammoth wave, and it
has carried us many times into exciting and uncharted
waters. What a ride it has been!

One final point: over the 50+ years that I have been
committed to medical physics, including the textbooks
mentioned here, I have had the undaunted support of
my wife Jeannie and our seven children. My gratitude
to them is boundless, and they deserve as much (maybe
more) credit as I in whatever success I have achieved.

My thanks go to the authors and publisher of these new
texts; I am deeply moved by the honor conveyed by the
titles of the books.

William (Bill) Hendee



xiii

Clarification and Acknowledgment

This book was first initiated as a possible new edition
for the fourth edition of Physics of Medical Imaging by
William Hendee and Russell Ritenour. In the course of
the revision, however, the project took on a life of its
own, first by the large extent of the revisions and second
by a strong conviction that the new book shall be named
Hendee’s Physics of Medical Imaging, as a befitting
acknowledgment of Dr. William Hendee’s exemplary
presence and role in shaping what medical imaging is
today. Thus, we feel most privileged to present to our
readers a fifth edition of Hendee’s Physics of Medical
Imaging.

Science and technology, as objective and technical as
they might seem, are human endeavors. Therefore, the
humans behind the work may never be forgotten or over-
looked. Therefore, a project of this magnitude does not
come about without a significant foundation and help.
First and foremost, we wish to express our deep grati-
tude to William Hendee and Russell Ritenour. It was Bill’s
strong encouragement, trust, and patience that led us to,
and sustained us through, this project. Bill and Russ’s
original book has been a guide for many people inter-
ested in medical imaging and served as the initial seed
for the present book. Bill and Russ, thank you for your
dedication to our discipline and your perpetual presence

as role models for many. This book is your legacy
and your sustained footprint in the science of medical
imaging.

In crafting this book we were aided by exemplary scien-
tists who contributed key insights. In particular we wish
to acknowledge Devon Godfrey and Lifeng Yu for their
contributions to the content related to volumetric imag-
ing, Robert Reiman for his contributions to the content
related to anatomy and physiology, Beth Harkness and
Fred Fahey for the chapter related to nuclear imaging,
and David Hearshen for the chapter on magnetic reso-
nance imaging. Thank you for your deep scholarship and
sustained excellence.

The content of this book was further improved through
numerous refinements and reviews by an additional
host of colleagues. Among those, we wish to specifi-
cally acknowledge Caley Buxton, Justin Solomon, James
Spencer, Alexander Kubli, Jeffrey Fenoli, Ehsan Abadi,
Francesco Ria, Yakun Zhang, William Paul Segars, and
Greeshma Agasthya. We are grateful for your gracious
help.

Ehsan Samei
Donald J. Peck





xv

Introduction: The Role of Imaging in Medicine

CHAPTER MENU

I.1 Introduction, xvi
I.2 Historical Foundation of Medical Imaging, xvi
I.3 What Is Medical Imaging?, xvii
I.4 Advances in Medical Imaging, xx
I.5 Why Physics in Medicine?, xxi

References, xxii



xvi Introduction: The Role of Imaging in Medicine

I.1 Introduction

Medical imaging is an indispensable component of mod-
ern medical science and practice. It is uncommon to
diagnose or treat a medical condition without taking
advantage of medical imaging because of the incredible
level of anatomical and functional details that the medical
images reveal about the human body. The intrinsic prop-
erties of biological tissues vary spatially and temporally in
response to structural and functional changes, including
those caused by disease or disability, and medical imaging
can reveal such changes. This permits the accurate and
prompt delineation and characterization of the disease
or disability. Alternatively, definitive information about
the disease can be made available through surgical pro-
cedures, but surgery is obviously much more invasive and
thus practically prohibitive. Instead, medical imaging has
created a virtual window into the body, fostering a bet-
ter scientific comprehension of its mysteries, enabling the
investigation of underlying causes of medical symptoms
through diagnostic processes, and aiding in disease treat-
ment through proper targeting and monitoring.

One key advantage of medical imaging lies in its foun-
dational format. As the body is an incredibly complex
system, one of the major challenges for both research and
clinical care is the comprehension of its vast quantities
of information in such a way that it can be assimilated,
interpreted, and utilized. Medical imaging is widely used
and highly beneficial in both the laboratory and the clin-
ical settings because of its innate ability to capture and
present information as images: an image is one of the
most efficient approaches to condense a vast amount of
information into a comprehensive format. At the same
time, imaging provides a significant depth of quantitative
information that can be deciphered through computa-
tional analyses. Naturally, research and clinical care have
different immediate aims and thus use imaging differ-
ently, but both are significantly advantaged by this con-
densation quality of medical imaging.

I.2 Historical Foundation of Medical
Imaging

To appreciate the role of imaging in modern medicine,
it is helpful to consider the historical context and the
importance of physics principles. In the 1800s and before,
physicians were extremely limited in their ability to
obtain information about the illnesses and injuries of
patients. They relied essentially on the five senses, and
what they could not see, hear, feel, smell, or taste usu-
ally went undetected. Even these senses could not be
exploited fully because patient modesty and the need to

control infectious diseases often prevented full examina-
tion of the patient. Frequently, physicians served more to
reassure the patient and comfort the family rather than
to intercede in the progression of illness or facilitate
recovery from injury. More often than not, fate was
more instrumental than the physician in determining the
course of a disease or injury.

The twentieth century has witnessed remarkable
changes in the physician’s ability to intervene actively on
behalf of the patient. These changes have dramatically
improved the health of humankind around the world.
In developed countries, infant mortality has decreased
substantially, and the average life span has increased
from 40 years at the beginning of the century to beyond
70 years for most people today. Many major diseases,
such as smallpox, tuberculosis, poliomyelitis, and pertus-
sis, have been brought under control, and some have been
virtually eliminated. Diagnostic medicine has become
commonplace, and therapies have evolved for cure or
maintenance of persons with a variety of maladies.

How did such progress come about? In this progress
of modern medicine, medical imaging has been a signifi-
cant contributor by offering diagnostic probes to identify
and characterize problems in the internal anatomy and
physiology of patients. Medical imaging has been instru-
mental in moving the physician into the role of an active
intervener in disease and injury and has a major influence
on the prognosis for recovery.

In November 1895, Wilhelm Röntgen, a physicist at
the University of Würzburg, was experimenting with
cathode rays. These rays were obtained by applying a
potential difference across a partially evacuated glass
“discharge” tube. Röntgen observed the emission of light
from the crystals of barium platinocyanide some dis-
tance away and recognized that the fluorescence had to
be caused by the radiation produced by his experiments.
He called the radiation “X-rays” and quickly discovered
that the new radiation could penetrate various materials
and could be recorded on photographic plates. Among
the more dramatic illustrations of these properties was
a radiograph of his wife’s hand (Figure I.1) that Röntgen
included in early presentations of his findings [1]. This
radiograph captured the imaginations of both scientists
and the public around the world [2]. Within a month of
their discovery, X-rays were being explored as medical
tools in several countries, including Germany, England,
France, and the United States [3].

Two months after Röntgen’s discovery, Henri Poincaré
demonstrated to the French Academy of Sciences that
X-rays were released when cathode rays struck the
wall of a gas discharge tube. Shortly thereafter, Henri
Becquerel discovered that potassium uranyl sulfate
spontaneously emitted a type of radiation that he termed
Becquerel rays, now popularly known as β particles [4].
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Figure I.1 A radiograph of the hand taken by Röntgen in
December 1895. His wife may have been the subject.

Marie Curie explored Becquerel rays for her doctoral
thesis and chemically separated a number of elements.
She discovered the radioactive properties of naturally
occurring thorium, radium, and polonium, all of which
emit α particles, a new type of radiation [5]. In 1900,
γ-rays were identified by Paul Ulrich Villard as a third
form of radiation [6]. In the meantime, J.J. Thomson
reported in 1897 that the cathode rays used to produce X-
rays were negatively charged particles (i.e. electrons) with
about 1/2000 the mass of the hydrogen atom [7]. Within
five years of the discovery of X-rays, electrons and natural
radioactivity had also been identified, and several sources
and properties of the latter had been characterized.

Over the first half of the twentieth century, X-ray imag-
ing advanced with the help of improvements such as
intensifying screens, hot-cathode X-ray tubes, rotating
anodes, image intensifiers, and contrast agents. These
improvements are discussed in subsequent chapters.
In addition, X-ray imaging was joined by other tech-
niques that employed radioactive nuclides and ultra-
sound beams as energy sources for imaging.

Through the 1950s and 1960s, diagnostic imaging pro-
gressed as a symbiosis of X-ray imaging with the emerg-
ing specialties of nuclear medicine and ultrasonography.
This coalescence reflected the intellectual creativity
nurtured by the synthesis of basic science, principally
physics, with clinical medicine. In a few institutions, the
interpretation of clinical images continued to be taught
without close attention to its foundation in basic science.
In the more progressive teaching departments, however,
the dependence of radiology on basic science, especially
physics, was never far from the consciousness of teach-
ers and students. The application of physics to medicine

in the 1900s established the foundation for modern med-
ical imaging and enabled the progress observed to date.
In the current practice of medical imaging, close concor-
dance with radiologic physics is the foundation of preci-
sion and innovation of the operation.

I.3 What Is Medical Imaging?

Medical imaging is capturing health- and medicine-
related information in imagery that is produced through
the interrogation of the human body using different
sources of energy. Although this definition applies across
the broad field of medical imaging, medical imag-
ing comes in different forms, each relying on specific
interactions between tissues and incident energy to
reveal structural or functional information about the
body. Table I.1 lists the mechanisms that enable image
formation for various modalities of medical imaging:
X-ray, nuclear imaging, magnetic resonance imaging
(MRI), and ultrasonography (US).

The tissue–energy interaction characteristics are
related to, but not identical to, the actual structure
(anatomy), composition (biology and chemistry), and
function (physiology and metabolism) of the body. This
correspondence of images to reality creates one of the
core components of medical imaging expertise. It is the
foundation of the art of interpreting medical images to
understand the connections between the image charac-
teristics to those of tissue properties, anatomy, biology,
chemistry, physiology, and metabolism, and using this
knowledge to determine how these imaging attributes
are affected by disease and disability.

A foundational medical imaging modality is radiog-
raphy. Radiography produces images created by trans-
mitting X-rays through a region of the body to reveal
intrinsic X-ray absorption properties of the region such
as effective atomic number (Z), physical density (g/cm3),
and electron density (electrons/cm3). These images
depict the anatomical structure of the body with high
spatial resolution (Figure I.2). When applied to breast
imaging, the modality is called mammography (Fig-
ure I.3). Mammography is considered the modality with
the highest degree of spatial and contrast resolution.

X-ray imaging can be further extended to three-
dimensional depictions through tomosynthesis and com-
puted tomography (CT) (Figure I.4), which offer more
complete characterization of the human body, albeit with
a higher degree of technological complexity, cost, and
radiation-absorbed energy (i.e. dose) to the patient. The
X-ray modalities when combined with dynamic sensors
and contrast agents can reveal functional and tempo-
ral conditions in applications for a multiplicity of needs
(e.g. vascular, gastrointestinal, cardiac, urological, and
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Table I.1 Some of the energy sources and tissue properties
captured in medical imaging

Energy sources Tissue properties
Medical imaging
modality

X-rays Mass density
Electron density
Proton density
Atomic number
Transmissivity
Opacity

Radiography
Mammography
Fluoroscopy
Tomosynthesis
Computed

tomography (CT)
Ultrasound Mass density

Transmissivity
Reflectivity
Blood flow
Velocity

Ultrasonography

Radioactivity,
annihilation
radiation

Pharmaceutical
location

Mass density
Transmissivity
Emissivity

Positron emission
tomography
(PET)

Radioactivity,
γ-rays

Pharmaceutical
location

Mass density
Transmissivity
Emissivity

Nuclear imaging
Single-photon

computed
emission
tomography
(SPECT)

Magnetic
fields

Blood flow
Atomic number
Transmissivity
Chemical state
Temperature
Velocity
Relaxation
Conductivity
Proton density
Blood oxygenation

level
Resonance absorption

Magnetic resonance
imaging (MRI)

Visible light Transmissivity
Optical reflectivity

Optical imaging

surgery). Fluoroscopy is the temporal extension of the
two-dimensional application of X-rays, enabling the tem-
poral interrogation of the body. Such temporal interroga-
tion is also extensible to CT, creating four-dimensional
imaging sequences with time as the fourth dimension.
With or without the temporal dimension, X-ray-based
imaging modalities can further use added contrast agents
during the image acquisition process to provide images
that not only reveal the anatomical attributes of the body
but also functional ones.

In contrast to X-ray modalities that rely on transmitted
X-ray energy through the body to reveal its attributes,
nuclear medicine imaging modalities are based on
extracting energy emitted from the body. Target-specific

Figure I.2 A normal chest radiograph.

Figure I.3 A mammographic image of a compressed breast.

Figure I.4 A cross-sectional CT image of the thorax with a
pulmonary tumor in the right lung.
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Figure I.5 18F-FDG PET scan of breast cancer patient with lymph
node involvement in the left axilla.

radioactive pharmaceuticals are either ejected into or
taken or inhaled by the patient. Two-dimensional images
(so-called planar nuclear images) or three-dimensional
(so-called emission CT) are then captured, which
reveal the spatial distribution of the pharmaceuticals
in the body. When the radioactive pharmaceutical is a
positron emitter, a different image acquisition method is
deployed termed positron emission tomography (PET)
(Figure I.5). Depending on the application, these data can
be interpreted to yield information about physiological
processes such as glucose metabolism, blood volume,
flow and perfusion, tissue and organ uptake, receptor
binding, and oxygen utilization.

Ultrasonography is somewhat analogous to X-ray
imaging except that it uses acoustical energy that pene-
trates the body. Images are produced by capturing energy
reflected from interfaces in the body that separate tissues
with different acoustic impedances, where the acoustic
impedance is the product of the physical density and
the velocity of ultrasound in the tissue (Figure I.6). This
modality frequently requires an operator that interro-
gates the body through interactive placement of an ultra-
sonic transducer on a body surface or a cavity. The
resultant two-dimensional images can then be taken
together to form a three-dimensional depiction of the
body part of the interest. Newer methods include
three-dimensional acquisition, flow characterization,
and depicting opacity to sound transmission. This imag-
ing modality has become ubiquitous in obstetrics and
cardiac care.

MRI harnesses the magnetic properties of the human
body, and although it is very subtle, it can be magnified

Figure I.6 An ultrasound cross section of a fetal brain.

by placing the body in a strong magnetic field. The mag-
netic properties of atoms within molecules that make
up tissue are influenced by their concentration, mobil-
ity, and chemical bonding. MRI as a modality is mostly
oriented toward three-dimensional imaging of body
interior (Figure I.7), although the electromagnetic prop-
erties may also be used to capture maps of the electri-
cal field (i.e. electroencephalography) and the magnetic
field (i.e. magnetoencephalography) at the surface of the
skull, which can be analyzed to identify areas of intense
neuroelectrical activity in the brain. Newer applications
include spectroscopy, diffusion/perfusion, and neuronal
activity MRI.

Most medical imaging modalities today are focused
on body-penetrating energies to capture images from
the interior of the human body. However, there are
also many applications where surface or shallow depth
properties, in terms of reflectivity and transmissivity,
are of significant medical value. For such applications,
visible light and infrared imaging can be deployed.

Figure I.7 MRI of the cervical spine.
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Relevant applications include dermatology, ophthalmol-
ogy, surgery, dentistry, and pathology. Although exterior
and optical-based applications are not discussed in this
book, their importance in the broader health care and
newer applications cannot be underemphasized.

I.4 Advances in Medical Imaging

Medical imaging as a field can be characterized into
multiple layers (Figure I.8). Although it is aimed toward
various diagnostic and therapeutic purposes, the field
manifests itself into multiple technologies harnessing
emission, transmission, and excitation mechanisms of
body-energy interactions. Clinical use of these technolo-
gies introduces operational needs for safety, informatics,

Urology

Diagnostic

radiology
Image-guided

surgery

Cardiac
diagnostics

Other

Other

Excitation-
MR

Transmission
X-ray, CT, US

Emission-

NM, PET, SPECT

Informatics

Clinical physics

Radiation safety

Radiation biology

Image science

Radiation physics

Human anatomy/
physiology

BrachytherapyHigh-frequency US

External-beam

radiation therapy

Interrogative

applications

Therapeutic
applications

Imaging

technology

Operational

Foundational

Figure I.8 One depiction of the medical physics imaging
hierarchy.

and clinical physics. Even more foundationally, all
medical imaging relies on the scientific basis of radi-
ation physics, radiation biology, imaging science, and
anatomy/physiology. An improvement in any of these
layers represents an advance in the practice as a whole.
New applications for all modalities are always under
investigation, and improvements to any of the layers
have the potential to improve the entire field of medical
imaging.

Advances in medical imaging have historically been
driven by the “technology push” principle where a new
development makes its way into a product or applica-
tions. Many such advances take place within the industry.
They are largely but not exclusively prompted by scien-
tific and technological research at universities. Examples
include mathematics for computed tomographic imag-
ing and laboratory techniques in nuclear magnetic res-
onance that evolved into MRI and MR spectroscopy.
Scientific and technological developments in nonmedi-
cal areas, especially in the defense and military sectors,
have also been imported into medicine. Examples include
ultrasound initially developed for submarine detection
(i.e. sonar), scintillation detectors, and reactor-produced
isotopes (including 131I, 60Co, and 99mTc) that emerged
from the Manhattan Project, rare-earth fluorescent com-
pounds synthesized in defense and space research labora-
tories, electrical devices for detection of rapid blood loss
on the battlefield, and the evolution of microelectronics
and computer industries from research originally funded
for security, surveillance, defense, and military purposes.

Although the “technology push” continues to be
present, the emphasis in medical imaging has more
recently included a “biological/clinical pull.” This shift
reflects both a deeper understanding of the biology
underlying health and disease and a growing demand
for accountability, i.e. proven utility of technologies
before they are introduced into clinical medicine.
Increasingly unresolved biological questions important
to diagnosis and treatment are used to encourage the
development of new imaging methods. For example, the
function of the brain and the causes and mechanisms of
various mental disorders such as dementia, depression,
and schizophrenia are among the greatest biological
enigmas confronting biomedical scientists and clinicians.
A particularly fruitful method for penetrating this conun-
drum is functional imaging. Figure I.9 shows an example
of functional magnetic resonance imaging (fMRI), which
is especially promising as an approach to unraveling
some of the mysteries related to how the brain works.

Another example of this “clinical pull” is the growing
use of imaging in radiation oncology. For over half of
their history, the diagnostic and therapeutic applications
of ionizing radiation were practiced by a single medi-
cal specialty. In the late 1960s, these applications began
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Figure I.9 Functional MRI image of a brain tumor in relation to the
motor cortex. The anatomical image has been rendered
translucent. The arrow indicates Broca’s area related to speech
capability.

to separate into distinct medical specialties, diagnostic
radiology (focused on imaging), and radiation oncology
(focused on therapy), with separate training programs
and clinical practices. However, imaging is paramount to
characterize the cancers to be treated, design the plans
of treatment, guide the delivery of radiation, monitor the
patient response to treatment and follow patients over
the long term to assess the success of therapy, occur-
rence of complications, and frequency of recurrence. As
a result, the two disciplines have emerged into a closer
working relationship, with medical imaging serving a
crucial feedback mechanism to shape, guide, and mon-
itor the treatment process.

Seven major developments are converging today to
raise imaging to a more prominent role in biological and
medical research and in the clinical practice of medicine:

1. Imaging becoming a commodity technology and
resource across a multiplicity of applications (e.g. den-
tal care, surgery, and cognitive science)

2. Ever-increasing sophistication of the biological ques-
tions that can be addressed as knowledge expands and
understanding grows about the complexity of the body
and its static and dynamic properties.

3. Ongoing evolution of imaging technologies and the
increasing breadth and depth of the questions that
these technologies can address at ever more funda-
mental levels.

4. Accelerating advances in computer technology
and information networking that support imaging
advances such as multidimensional representations,
superposition of images from different devices, and
creation of virtual reality environments.

5. Growth of massive amounts of information about
patients that can best be compressed and expressed
in images; growing importance of images as effective
means to convey information.

6. Increased quantitation of imaging information to
enable more scientific practice of medicine based on
evidence and individually customized care (i.e. preci-
sion medicine).

7. Increased integration of image and nonimage
information for combinatorial analysis and holistic
patient care.

A major challenge confronting medical imaging today
is the need to efficiently exploit two convergences:
one of evolutionary technological developments and
medical needs and one of advanced science and clinical
practice. Exploiting these convergences is where the
major advances toward improved human health can
occur. Medical practice has already experienced substan-
tial improvement in diagnosis and treatment through
effective translation of new science and technology
into clinical practice. This track record should energize
the field to tackle this challenge in the context of the
evolutionary developments listed above, which provide
the framework for major advances in medical imaging
and its role in improving the health and well-being of
people worldwide.

I.5 Why Physics in Medicine?

Medicine aims, rightly so, toward improving human
health. Physicians are the primary experts tasked by our
human society to practice medicine toward that goal.
However, medicine does not occur in vacuum. The his-
torical outline and development depicted above high-
light how medical imaging was devised and crucially
integrated into medical practice on the foundation of
physics and scientific principles for the benefit of human
health. Medicine is much different today because of that
contribution. With the continuous introduction of new
imaging methods and techniques, medical imaging con-
tinues to be a technologically oriented discipline. This
requires active engagement of physicists in the design
and implementation of the technology but also a degree
of technical competency by primary physicians using
the technology. That includes, but is not limited to,
radiologists.

A thorough understanding of medical imaging requires
knowledge of the science, principally physics, which
underlies the production of images. Medical imaging and
physics have been closely intertwined since X-rays were
discovered. With the changes that have occurred in imag-
ing over the past few years, the linkage between the two
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disciplines has grown even stronger. Images today are
much more complex to produce, simultaneously striv-
ing for improved clarity. Although newer images may
be considered simpler to interpret, this is often far from
being a perfect reflection of the truth. Further, different
commercial implementations lead to increasing diver-
sity in the attributes of images from system to system.
As such, the key to retrieval of essential information in
medicine today resides at least as much in understand-
ing the production and presentation of images as in their
interpretation.

A physician who can interpret only what is presented
as an image suffers a severe handicap. A certain degree of

technical competency would be essential to ensure that
an image reveals abnormalities in the patient and not
in the imaging process. The physician who understands
the science and technology of imaging can be effectively
engaged with the physicist and involved in the entire
imaging process, including the acquisition of patient data
and their display as clinical images. Most importantly, the
knowledgeable physician has direct input into the qual-
ity of the image on which the diagnosis depends. Today,
a reasonable knowledge of physics, instrumentation, and
imaging technology is essential for any physician wishing
to realize the full potential of medical imaging in advanc-
ing human health.
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1.1 Introduction

Medical imaging at its core relies on foundational physics
of electromagnetic radiation, atomic structure of sta-
ble and radioactive matter, and the interaction of radi-
ation with matter. Associated with these topics are the
process of X-ray formation and detection. Most med-
ical imaging technologies exploit the principles asso-
ciated with these foundational physics to form the
medical image. These principles also impose fundamen-
tal limitations of what is possible; nature never meets our
expectations for the ideal. This necessitates innovation
to find technological solutions to mitigate fundamental
challenges. Most advances in imaging technology have in
fact been founded on innovations that best address these
fundamental limitations. Therefore, insights into medi-
cal imaging and its progress necessitate an understand-
ing of the physics of radiation and matter. Thus, it is most
appropriate that we first address the foundational physics
of radiation and matter in this chapter followed in Chap-
ter 2 by a foundation of human anatomy and physiology.

1.2 Electromagnetic Radiation

Electromagnetic radiation consists of oscillating electric
and magnetic fields. An electromagnetic wave requires
no medium for propagation; that is, it can travel in a vac-
uum as well as through matter. In the simplified diagram
in Figure 1.1, the wavelength of an electromagnetic wave
is depicted as the distance between the adjacent crests
of the oscillating fields. The wave is moving from left to
right in the diagram.

The constant speed c of electromagnetic radiation in a
vacuum is the product of the frequency 𝜈 and the wave-
length 𝜆 of the electromagnetic wave,

c = 𝜈𝜆. (1.1)

Often it is convenient to assign wavelike properties to
electromagnetic energy. At other times, it is useful to
regard these radiations as discrete bundles of energy-
termed photons or quanta. The two interpretations of
electromagnetic radiation are united by the equation

E = h𝜈, (1.2)

where E represents the energy of a photon and 𝜈 rep-
resents the frequency of the electromagnetic wave. The
symbol h represents Planck’s constant, 6.62× 10−34 J s.

From Eq. (1.1),

𝜈 = c
𝜆

, (1.3)

and the photon energy may therefore be written as

E = hc
𝜆
. (1.4)

Using this equation, the energy in units of kiloelectron
volts (keV) of a photon of wavelength 𝜆 in nanometers
(nm) may be computed by

E = 1.24
𝜆
. (1.5)

Electromagnetic waves ranging in energy from a few
nanoelectron volts up to the order of a gigaelectron volt
make up the electromagnetic spectrum in Table 1.1 (def-
inition of electron volt can be found in Section 1.2.2.3).

1.2.1 The Atom

All matter is composed of atoms. A sample of a pure ele-
ment is composed of a single type of atom, and chemical
compounds are composed of more than one type of atom.
Atoms themselves are complicated entities with detailed
internal structure, but they are the smallest unit of mat-
ter that retains the chemical properties of a material.
In that sense, an atom is a fundamental building block
of matter. In the case of a compound, the fundamental
building block is a molecule consisting of one or more

E

B

Figure 1.1 Simplified diagram of an electromagnetic wave.
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Table 1.1 Generally accepted ranges for the electromagnetic spectrum

Designation Frequency (Hz) Wavelength (m) Energy (eV)

γ-rays 1018 to 1021 3× 10−10 to 3× 10−13 4× 103 to 4× 106

X-rays 1015 to 1025 3× 10−7 to 3× 10−17 10 to 4× 1010

Ultraviolet 1015 to 1017 3× 10−7 to 3× 10−9 4–400
Visible 4× 1014 to 7× 1014 7.5× 10−7 to 4.3× 10−7 1.7–2.9
Infrared 1011 to 4× 1014 0.003 to 7.5× 10−7 4× 10−4 to 1.7
Radar and microwave 108 to 1011 3 to 0.003 4× 10−7 to 4× 10−4

Television 3× 107 to 3× 109 30 to 0.3 4× 10−8 to 4× 10−6

FM radio 8.8× 106 to 1.08× 108 34 to 2.8 3.6× 10−8 to 4.4× 10−7

AM radio 5.35× 105 to 1.605× 106 5.61× 102 to 2.8× 102 2.2× 10−9 to 4.4× 10−9

Electric power 0 to 103 0 to 3× 105 0 to 4× 10−12

Note that the range of values for many designations overlap and are not universally defined.

atoms bound together by electrostatic attraction and/or
the sharing of electrons by more than one nucleus.

1.2.2 Structure of the Atom

In its simplest depiction, the Bohr model of the atom is
a positively charged nucleus, containing electrically neu-
tral neutrons and positively charged protons, surrounded
by one or more negatively charged electrons. The num-
ber and distribution of electrons in the atom determine
the chemical properties of the atom, and the number
and configuration of neutrons and protons (collectively,
nucleons) in the nucleus determine the stability of the
atom in its nuclear configuration.

The positive charge and roughly half the mass of the
nucleus are contributed by protons. Each proton pos-
sesses a positive charge of +1.6× 10−19 C, equal in mag-
nitude but opposite in sign to the charge of an electron.
The number of protons (or positive charges) in the
nucleus is the atomic number of the atom, designated
as Z. The number of neutrons in a nucleus is the neu-
tron number N for the nucleus. The mass number A of
the nucleus is the number of nucleons in the nucleus, i.e.
A = Z+N.

The mass of a proton is 1.6734× 10−27 kg, and neu-
trons have a mass of 1.6747× 10−27 kg. Clearly, express-
ing the mass of atomic particles in kilograms is unwieldy,
so the atomic mass unit (amu) is a more convenient unit
for atomic particles. An amu is defined as 1/12 the mass
of the carbon atom, which has six protons, six neutrons,
and six electrons. Therefore,
� 1 amu = 1.6605× 10−27 kg,
� Electron = 0.000 55 amu,
� Proton = 1.007 27 amu, and
� Neutron = 1.008 66 amu.

1.2.2.1 Atomic Nomenclature
The standard form used to denote the composition of a
specific atom or nucleus is A

ZX, where X is the chemical
symbol (e.g. H, He, and Li) and A and Z are as defined
above. There is some redundancy in this symbolism. The
atomic number, Z, is uniquely associated with the chem-
ical symbol, X. For example, when Z = 6, the chemical
symbol is always C, i.e. the element carbon. As such, the
Z subscript is often omitted.

Isotopes of a particular element are atoms that pos-
sess the same number of protons but a varying number
of neutrons. For example, 1H(protium), 2H(deuterium),
and 3H(tritium) are isotopes of the element hydrogen and
9
6C, 10

6C, 11
6C, 12

6C, 13
6C, 14

6C, 15
6C, and 16

6C are isotopes of
carbon. Isotones are atoms that possess the same number
of neutrons but a different number of protons. For exam-
ple, 5

2He, 6
3Li, 7

4Be, 8
5B, and 9

6C are isotones, each contains
three neutrons. Isobars are atoms with the same num-
ber of nucleons but a different number of protons and a
different number of neutrons. For example, 6

2He, 6
3Li, and

6
4Be are isobars, with six nucleons each. Finally, isomers
represent different energy states for nuclei with the same
number of neutrons and protons. Differences between
isotopes, isotones, isobars, and isomers are illustrated in
Table 1.2.

1.2.2.2 Electrons
Atoms in their normal state are neutral because the num-
ber of electrons outside the nucleus (i.e. the negative
charge in the atom) equals the number of protons (i.e. the
positive charge in the atom) of the nucleus. Electrons are
positioned in energy levels, termed shells that surround
the nucleus. The first or K-shell contains no more than
two electrons, the second or L shell contains no more
than eight electrons, and the third or M shell contains
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Table 1.2 Nucleus variability based on the numbers of protons
and neutrons

Atomic
number Z

Neutron
number N Mass number A

Isotopes Same Different Different
Isotones Different Same Different
Isobars Different Different Same
Isomers Same Same Same (different nuclear

energy states)

no more than 18 electrons (see Figure 1.2). The outer-
most electron shell of an atom, no matter which shell it
is, never contains more than eight electrons. Electrons
in this shell are called valence electrons and determine,
to a large degree, the chemical properties of the atom.
For example, atoms with an outer shell entirely filled with
electrons seldom react chemically; these atoms consti-
tute inert elements known as the noble gases (i.e. helium,
neon, argon, krypton, xenon, and radon).

The energy levels for electrons are divided into sub-
levels separated from each other. To describe the position
of an electron in the extranuclear structure of an atom,
the electron is assigned four quantum numbers desig-
nated below as n, l, ml, and ms.

The principal quantum number, n, defines the main
energy level or shell within which the electron resides
(n = 1 for the K-shell, n = 2 for the L shell, etc.). The

Z = 19 K

I

L M NO P

Figure 1.2 Electron configuration showing electron shells in the
Bohr model of the atom for potassium, with 19 electrons and 19
protons (Z = 19).

orbital angular momentum (also called azimuthal) quan-
tum number, l, describes the electron’s angular momen-
tum (l = 0, 1, 2, … n− 1). The orientation of the
electron’s magnetic moment in a magnetic field is defined
by the magnetic quantum number, ml (ml = −l, −l+ 1,
… l− 1, l). The direction of the electron’s spin upon its
own axis is specified by the spin quantum number, ms
(ms = +½ or −½). The Pauli exclusion principle states
that no two electrons in the same atomic system may be
assigned identical values for all four quantum numbers.
Listed in Table 1.3 are quantum numbers for electrons in
a few atoms with low atomic numbers.

The values of the orbital angular momentum quan-
tum number, l = 0, 1, 2, 3, 4, 5, and 6, are also identi-
fied with the symbols, s, p, d, f, g, h, and i, respectively.
This notation is known as “spectroscopic” because it is
used to describe the separate emission lines observed
when light emitted from a heated metallic vapor lamp is
passed through a prism. From 1890s onward, observation
of these spectra provided major clues about the binding
energies of electrons in atoms of the metals under study.
By the 1920s, it was known that the spectral lines above
“s” (i.e. l = 0) could be split into multiple lines in the pres-
ence of a magnetic field. The lines were thought to cor-
respond to “orbitals” or groupings of similar electrons
within orbits. The modern view of this phenomenon is
that while the “s” orbital is spherically symmetric (see Fig-
ure 1.3), the other orbitals are not. In the presence of a
magnetic field, the “p” orbital can be in alignment along
any one of the three axes of space: x, y, or z. Each of these
three orientations has a slightly different energy corre-
sponding to the three possible values of ml (−1, 0, and 1).
According to the Pauli exclusion principle, each orbital
may contain two electrons, one with ms = +½ and the
other with ms = –½.

The K-shell of an atom consists of one orbital, 1s, con-
taining two electrons. The L shell consists of the 2s sub-
shell that contains one orbital (two electrons) and the 2p
subshell containing a maximum of three orbitals (i.e. six
electrons). If the L shell of an atom is filled, its electrons
will be noted in spectroscopic notation as 2s22p6. This
notation is summarized for three atoms: helium, carbon,
and sodium, in Table 1.3.

Since the late 1920s, it has been understood that elec-
trons in an atom do not behave exactly like tiny moons
orbiting a planet-like nucleus. It is more accurate to
define them as entities whose behavior is described by
wave functions, rather than as point particles in orbits.
Although a wave function itself is not directly observ-
able, calculations performed with this function predict
the location of the electron. In contrast to the calculations
of classical mechanics, in which properties such as force,
mass, and acceleration are used in equations to yield a
definite answer for a quantity such as position in space,
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Table 1.3 Quantum numbers for electrons in helium, carbon, and sodium

Element n l ml ms Orbital Shell

Helium (Z = 2)
1 0 0 –½

1s2 K
1 0 0 +½

Carbon (Z = 6)

1 0 0 –½
1s2 K

1 0 0 +½

2 0 0 –½
2s2

L
2 0 0 +½

2 1 −1 –½
2p2

2 1 −1 +½

Sodium (Z = 11)

1 0 0 –½
1s2 K

1 0 0 +½

2 0 0 –½
2s2

L

2 0 0 +½

2 1 −1 –½

2p6

2 1 −1 +½

2 1 0 –½

2 1 0 +½

2 1 1 –½

2 1 1 +½

3 0 0 –½ 3s M

quantum mechanical calculations yield probabilities. At a
particular location in space, for example, the square of the
amplitude of a particle’s wave function yields the proba-
bility that the particle will appear at that location.

In Figure 1.3, this probability is depicted for several
possible energy levels of a single electron surrounding a
hydrogen nucleus (i.e. a single proton). In this illustration,
a brighter shading implies a higher probability of finding
the electron at that location. Locations at which the prob-
ability is maximized correspond roughly to the electron
shell model discussed previously. However, it is impor-
tant to emphasize that the probability of finding the elec-
tron at other locations, even in the middle of the nucleus,
is not zero. This particular result explains a certain form
of radioactive decay in which a nucleus captures an

Figure 1.3 Possible location of the electron in the hydrogen atom
for three different energy states or combinations of principal and
angular momentum quantum numbers (n, l, m). Brighter shading
corresponds to higher probability locations. From left to right:
(2,0,0), (2,1,0), (2,1,1), (3,2,1).

electron, a phenomenon that is better explainable by
quantum mechanics.

1.2.2.3 Electron Energy Levels and Binding Energies
The extent to which electrons are bound to the nucleus
determines several energy absorption and emission phe-
nomena. The binding energy of an electron (Eb) is
defined as the energy required to completely remove
the electron from the atom. When energy is measured
in the macroscopic world of everyday experience, units
such as joules (J) and kilowatt hours (kWh) are used.
In the microscopic world, the electron volt (eV) is a
more convenient unit of energy. One electron volt is
the kinetic energy imparted to an electron accelerated
across a potential difference (i.e. voltage) of 1 V. One eV
is equal to 1.6× 10−19 J or 4.4× 10−26 kWh. As a unit
of energy, the eV describes potential energy as well as
kinetic energy; the binding energy of an electron in an
atom, for example, is a form of potential energy.

An electron in an inner shell of an atom is attracted
to the nucleus by a force greater than that exerted by
the nucleus on an electron farther away. An electron
may be moved from one shell to a more distant shell
only if energy is supplied by an external source. Bind-
ing energy is a negative value because it represents an
amount of energy that must be supplied to remove an
electron from an atom. The energy that must be imparted


