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PREFACE

New to This Edition

The 4th edition was peer-reviewed by four colleagues who brought many valuable
corrections and improvements to the textbook. Chapter 32 (now Chapter 31) on
Postprocessing Operations in Practice was substantially rewritten with the goal of
reducing dozens of differently-named features offered by the various manufactur-
ers of x-ray equipment to a handful of generic terms for what are, after all, generic
operations. Table 31-4 could be the most useful and student-friendly summary
published to date of these postprocessing features; It takes six qualities of the dis-
played digital image (brightness, contrast, local contrast, noise, equalization, and
bone/soft tissue impression), succinctly lists their primary controls (leveling, win-
dowing, edge enhancement, smoothing, dynamic range compression, and VOI),
and further connects these operations to default processing functions (rescaling,
gradation LUTs, detail processing, dynamic range and histogram analysis).

True to the original spirit of this textbook to cover all pertinent material com-
prehensively, yet succinctly, in Chapter 31 a full explanation is given of how each
image adjustment works as a generic concept, and then examples of the various
proprietary terms used by each manufacturer are simply listed.

With the advent of digital imaging, radiographers now have two completely dif-
ferent images that we must understand. The first is the projected image carried by
the remnant x-ray beam and impingent upon the image receptor. This is the
image that all the conventional teachings about mAs, kVp, SID, SOD, OID and
alignment apply to. The second is the displayed digital image, whose visibility
qualities has been described by the American Association of Physicists in Medi-
cine as completely decoupled from the original exposure conditions:

Unlike screen-film imaging, image display in digital radiography is inde-
pendent of image acquisition. The final image brightness and contrast can be
modified by digital processing of the acquired image data. Consequently, over-
exposed images will not necessarily be dark, and underexposed images may no
appear light ... Brightness of the image is controlled not by the exposure to the
detector, but by postprocessing applied to the image data. This may be a new
and confusing concept for operators of digital radiography systems who are ac-
customed to screen-film imaging.

The postprocessing alluded to here includes leveling as a re-application of the
rescaling operation, windowing as a re-application of gradation LUTs, and more
advanced adjustments. For the displayed digital image, spatial resolution is now
dependent on del and pixel size in addition to the original geometry of the x-ray ex-
posure, and display magnification is independent of the original geometrical mag-
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nification of the x-ray beam. As technologists, these are all equipment-related
concepts that we are beholden to understand. Several tables and clarifying text
have been added throughout the textbook to facilitate this understanding.

Substantial material has been added to the topic of pulsed digital fluoroscopy in
Chapters 37 and 42. Updated information has also been added on the topic of im-
aging informatics in Chapter 35. With the help of reviewers, the entire textbook
has been carefully correlated to the terms and topics listed in the most recent Ra-
diography Curriculum Guide published by the American Society of Radiologic
Technologists, and due consideration given to the Radiography Content Specifica-
tions published by the American Registry of Radiologic Technologists to ensure that
both material and nomenclature is up-to-date. Students and educators alike are
encouraged to keep in mind the highly useful Glossary of Radiographic Terms at
the end of the book.

The chapter (28) on “Computer Basics” was deleted from this edition on the
assumption that today’s students have already covered all this material well
enough in school. So we begin the digital section with “Creating the Digital
Image” and go from there. Several crisp new illustrations and helpful tables have
been added, along with refinements to the text designed to reduce what can be
complicated topics to clear and concise explanations. While an effort has been
made to reduce the size and weight of the book, its overall objective is to serve
those programs with the philosophy that radiography education should be about
understanding the how and why of our equipment rather than rote memorization.
Those who prefer a more cursory treatment of digital radiography are referred to
my textbook, Digital Radiography in Practice also published by Charles C.
Thomas.

Scope and Philosophical Approach

The advent of digital radiographic imaging has radically changed many paradigms
in radiography education. In order to bring the material we present completely up-
to-date, and in the final analysis to fully serve our students, much more is needed
than simply adding two or three chapters on digital imaging to our textbooks:

First, the entire emphasis of the foundational physics our students learn must
be adjusted in order to properly support the specific information on digital imag-
ing that will follow. For example, a better basic understanding of waves, frequency,
amplitude and interference is needed so that students can later grasp the concepts
of spatial frequency processing to enhance image sharpness. A more thorough cov-
erage of the basic construction and interpretation of graphs prepares the student
for histograms and look-up tables. Lasers are also more thoroughly discussed here,
since they have not only medical applications, but are such an integral part of com-
puter technology and optical disc storage.

Second, there has been a paradigm shift in our use of image terminology. Per-
haps the most disconcerting example is that we can no longer describe the direct
effects of kVp upon image contrast; Rather, we can only describe the effects of kVp
upon the subject contrast in the remnant beam signal reaching the image detector,
a signal whose contrast will then be drastically manipulated by digital processing
techniques. Considerable confusion continues to surround the subject of scatter ra-
diation and its effects on the imaging chain. Great care is needed in choosing ap-
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propriate terminology, accurate descriptions and lucid illustrations for this material.

The elimination of much obsolete and extraneous material is long overdue. Our
students need to know the electrical physics which directly bear upon the produc-
tion of x-rays in the x-ray tube - they do not need to solve parallel and series circuit
problems in their daily practice of radiography, nor do they need to be spending
time solving problems on velocity. MRI is briefly overviewed when radio waves are
discussed under basic physics, sonography is also discussed under the general
heading of waves, and CT is described along with attenuation coefficients under
digital imaging. But, none of these subspecialties has a whole chapter devoted to
it.

It is time to bring our teaching of image display systems up to date by present-
ing the basics of LCD monitors and the basics of quality control for electronic
images. These have been addressed in this work, as part of ten full chapters dealing
specifically with digital and electronic imaging concepts. If you agree with this ed-
ucational philosophy, you will find this textbook of great use.

Organization

The basic layout is as follows: In Part I, The Physics of Radiography, ten chapters
are devoted to laying a firm foundation of math and basic physics skills. The de-
scriptions of atomic structure and bonding go into a little more depth than previ-
ous textbooks have done. A focus is maintained on energy physics rather than
mechanical physics. The nature of electromagnetic waves is more carefully and
thoroughly discussed than most textbooks provide. Chapters on electricity are lim-
ited to only those concepts which bear directly upon the production of x-rays in
the x-ray tube.

Part 2, Production of the Radiographic Image, presents a full discussion of the x-
ray beam and its interactions within the patient, the production and characteristics
of subject contrast within the remnant beam, and the proper use of radiographic
technique. Image qualities are thoroughly covered. This is conventional informa-
tion, but the terminology and descriptions used have been adapted with great care
to the digital environment.

Part 3, Digital Radiography, includes nine chapters covering the physics of dig-
ital image capture, extensive information on digital processing techniques, and the
practical application issues of both CR and DR. PACS and medical imaging infor-
matics are included. There is a chapter on mobile radiography, fluoroscopy, and
digital fluoroscopy, and an extensive chapter on quality control which includes
digital image QC.

Finally, Part 4 consists of five chapters on Radiation Biology and Protection, in-
cluding an unflinching look at current issues and practical applications including
an unflinching look at current issues and practical applications.

Feedback

For a textbook to retain enduring value and usefulness, professional feedback is
always needed. Colleagues who have adopted the text are invited to provide con-
tinuing input so that improvements might be made in the accuracy of the infor-
mation as well as the presentation of the material. Personal contact information is
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available in the Instructor Resources (below) on disc or download.

This is intended to be a textbook written “by technologists for technologists,”
with proper focus and scope for the practice of radiography in this digital age. It is
sincerely hoped that it will make a substantial contribution not only to the practice
of radiography and to patient care, but to the satisfaction and fulfillment of radi-
ographers in their career as well.

Instructional Resources

Instructor Resources for Radiography in the Digital Age, 4th Ed.: This
disc includes over 1500 multiple-choice questions with permission for instructors’
use. Answer keys for all chapter-end review questions in the textbook are included,
along with keys to the multiple-choice question banks. Also included are 15 labo-
ratory exercises demonstrating the applications of digital equipment. Instructor
Resources for Radiography in the Digital Age is available on disc or download from
Charles C Thomas, Publisher, Ltd. The website is www.ccthomas.com.

PowerPoint™ Slides on Disc for Radiography in the Digital Age, 4th
Ed.: PowerPoint™ slides are available for classroom use. These are high-quality
slides with large text, covering every chapter of the textbook, and including addi-
tional illustrations for each lecture. They cover as many as four courses in the typical
radiography curriculum: Physics and Equipment, Principles of Radiographic Imag-
ing, Digital Radiography, and Radiation Biology and Protection. Available from
Charles C Thomas, Publisher Ltd. The website is www.ccthomas.com.

Student Workbook for Radiography in the Digital Age, 4th Ed.: This
classroom supplement is exactly correlated with the PowerPoint™ slide series for
in-classroom use. Although it can be used for homework assignments, it is de-
signed to deliberately provoke student participation in classroom instruction
while avoiding excessive note-taking that distracts the student from the lecture.
All questions are in “fill-in-the-blank” format, focusing on key workds that cor-
relate perfectly with the slides. Available from Charles C Thomas, Publisher, Ltd.
The website is www.ccthomas.com.
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Chapter |

INTRODUCTION TO
RADIOGRAPHIC SCIENCE

Objectives:

Upon completion of this chapter, you should be able to:

1. List the foundational principles of the scientific method and how they relate
to the standard of practice for radiographers.

2. Describe landmark events in the development of medical radiography,
with particular focus on those that brought about reductions in patient

exposure.

3. Overview landmark events in the development of modern digital radio-

graphic imaging.

4. Present a scientifically balanced perspective on the hazards of radiation in

our environment and workplace.

5. Understand and appreciate the ALARA philosophy in modern radiographic

imaging.

THE SCIENTIFIC APPROACH

Radiography is a branch of the modern science of
medicine. Science is objective, observable, demon-
strable knowledge. Try to imagine your doctor en-
gaging in practices that were not grounded in
scientific knowledge! What is it that sets science
apart from art, philosophy, religion and other
human endeavors? There are actually several foun-
dational principles to scientific method. It is worth-
while to give a brief overview of them. They include:

Parsimony: The attempt to simplify concepts and
formulas, to economize explanations; the phi-
losophy that simple explanations are more
likely to be true than elaborate, complex ones.

Reproducibility: The requirement that proofs
(experiments) can be duplicated by different
people at different times and in different loca-
tions with precisely the same results.

Falsifiability: The requirement that any theory
or hypothesis can logically and logistically be
proven false. Anything that cannot be proven

false is not science, but belongs in another realm
of human experience.

Observation: The requirement that experiments
and their results can be directly observed with
the human senses.

Measurability: The requirement that results can
be quantified mathematically and measured.

As a fun practice exercise, consider the following
three statements. Which one is scientific?

1. The moon is made of green cheese.

2. Intelligent life likely exists elsewhere in the
universe.

3. Albert Einstein was the greatest physicist in the
twentieth century.

The most scientific statement is No. 1. Even
though it may not be a true statement, it is nonethe-
less a statement that can be (and has been) proven
false with modern travel technology, it is simple,
and experiments proving that moon rocks do not
consist of green cheese can be reproduced by
anyone, anywhere on earth with the same, observable,
measurable results. Statement No. 2 may be true or
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false, but cannot be proven false, because to do so
would require us to explore every planet in the
entire universe, documenting that we have looked
in every crevice and under every rock. It may be
classified as a philosophical statement, but not as a
scientific one. Statement No. 3 is, of course, a
simple matter of personal opinion that depends
upon how one defines the word “greatest.” It is a
historical statement that defies standardized meas-
urement or observation.

Perhaps the strongest aspect of the scientific
method is that when it is used properly, it is self-
correcting. That is, when a theory is found to be
wrong, that field of science is expected to be capable
of transcending all politics, prejudice, tradition and
financial gain in order to establish the new truth that
will replace it. Sometimes this process is painful to
the scientific community, and it has been known to
take years to complete. But, at least it presupposes a
collective willingness to accept the possibility that a
previous position may have been wrong, something
one rarely sees in nonscientific endeavors.

This principle of self-correction is nicely illustrated
in the story of Henri Becquerel and the discovery of
natural radioactivity, related in the next section.
Also demonstrated in both his story and that of Wil-
helm Roentgen, the discoverer of x-rays, is the fact
that many scientific truths are discovered by acci-
dent. Nonetheless, it is because scientific method is
being followed, not in spite of it, that they have oc-
curred, and through scientific method that they
come to be fully understood.

How does this scientific approach apply to radi-
ography, specifically? Even though some aspects of
radiography, such as positioning, are sometimes
thought of as an art, the end result is an image that
contains a quantifiable amount of diagnostically
useful details, a measurable amount of information.
Image qualities such as contrast, brightness, noise,
sharpness and distortion can all be mathematically
measured. Even the usefulness of different ap-
proaches to positioning are subject to measurement
through repeat rate analysis. In choosing good
radiographic practices, rather than relying on the
subjective assertion from a cohort that, “It works
for me,” important matters can be objectively re-
solved by simply monitoring the repeats taken by
those using the method compared to those using

another method. By using good sampling (several
radiographers using one method and several using
another over a period of weeks), reliable conclu-
sions can be drawn.

The standard of practice for all radiographers is
to use good common sense, sound judgment, logical
consistency and objective knowledge in providing
the best possible care for their patients.

A BRIEF HISTORY OF X-RAYS

It is fascinating to note that manmade radiation
was invented before natural radioactivity was dis-
covered. If this seems backward, it is partly because
x-rays were discovered by accident. In the late
1800s, Wilhelm Conrad Roentgen (Fig. 1-1) was
conducting experiments in his laboratory at
Wurzburg University in Germany. It had been dis-
covered that a beam of electricity (glowing a beauti-
ful blue in a darkened room) could be caused to
stream across a glass tube. With strong enough volt-
age, the electricity could be caused to “jump” from a
negatively-charged cathode wire across the gap
toward a positively-charged anode plate, although
most of it actually struck the glass behind. Since they
were emitted from the cathode, these streams of
electricity were dubbed cathode rays.

Several researchers were studying the character-
istics of cathode rays. These glass tubes, known as
Crookes tubes, came in many configurations. Figure
1-2 shows several that Roentgen actually used in his
experiments. If most of the air was vacuumed out
of the tube, the cathode rays became invisible. (It
was later understood that they were in fact the elec-
trons from the current in the cathode, far too small
for the human eye to see, and that the blue glow
was the effect from the ionization of the air around
them.)

Other researchers had noticed that the glass at
the anode end of the tube would fluoresce with a
greenish glow when the cathode rays were flowing.
They began experimenting with placing fluorescent
materials in the path of the beam. They learned
how to deflect the beam at right angles with a plate
so it could exit the tube through a window of thin
aluminum. In this way, cards or plates coated with
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different materials could simply be placed alongside
the tube, in the path of the electron beam, to see
how they fluoresced. Researchers learned to sur-
round the tube with black cardboard so as to not
confuse any light that might be generated within the
tube with the fluorescence of the material outside
the tube.

This was the type of experiment Roentgen was
engaged with on November 8, 1895, when he no-
ticed that a piece of paper laying on a bench nearby
was glowing while the tube was activated in its black
cardboard box. This paper was coated with barium
platinocyanide, but it was not in the direct path of
the cathode rays (electron beam).

Roentgen quickly realized that there must be
some other type of radiation being emitted from the
tube, other than the electron beam. He dubbed this
radiation as “x” indicating the unknown. This radi-
ation seemed to be emitted in all directions from the
tube and was able to affect objects such as the plate
at some distance. Placing various objects between
the tube and the plate, he saw that they cast partial
shadows on the glowing screen, while lead cast a
solid shadow, stopping the mysterious rays alto-
gether. He deduced that they traveled in straight
lines and were able to penetrate less dense materials.
During the following days, Roentgen conducted
brilliant experiments delineating the characteristics
of the x-rays.

Early in his experiments, he was astonished to see
the image of the bones in his own hands on the

Wilhelm Conrad Roentgen, discoverer of x-rays.

screen, while the flesh was penetrated through by
the x-rays. The field of radiography was born when
he placed his wife’s hand in front of the screen and
allowed the screen’s fluorescent light to expose a
photographic film for about four minutes (Fig. 1-3).
Along with three other radiographs, this image was

Photograph of Crookes tubes employed by
Roentgen in his experiments on cathode rays,
which led to the discovery of x-rays. (From
Quinn B. Carroll, Practical Radiographic Imag-
ing, 8th ed. Springfield, IL: Charles C Thomas,
Publisher, Ltd., 2007. Reprinted by permission.)
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The first radiograph, showing the hand of Marie
Roentgen with her wedding band, took over 4 minutes
to expose.

published two months later in his paper, “On a New
Kind of Rays,” introducing the process of radiogra-
phy to the world. With uncommon modesty, Roent-
gen refused to patent his radiographic process for
commercial gain, showing great character to match
his tremendous scientific acumen.

However, the discovery was truly accidental, as
many scientific discoveries have been, taking an un-
expected turn even while scientific method is rigor-
ously followed. It was accidental because Roentgen
was investigating the effects of the cathode rays or
electron beam upon fluorescent materials, and was
not expecting to find an object fluorescing outside
of that beam of electrons.

It was in the following year, 1896, that Antoine
Henri Becquerel, a French physicist, discovered nat-
ural radioactivity. Inspired by Roentgen, he hypoth-
esized that crystals which phosphoresce (“glow in
the dark”) after absorbing light might also emit
x-rays at the same time. He thought he had proven
his theory when a phosphorescing crystal exposed a

1 Encyclopedia Americana, Vol. 24, p. 68, 1970.

photographic plate wrapped in black paper. He
wanted to repeat the experiment with a crystal
known to phosphoresce for only 1/100th second,
but was frustrated when cloudy weather prevented
him from letting the crystal absorb some sunlight to
begin. He placed the wrapped-up photographic
plate and the crystal in a dark drawer. Later, on a
pure whim, he developed the old plate. To his great
surprise, it was darkened with exposure. He realized
that “x-rays” must have been continuously emitted
by the stone while it was in the drawer, rather than
being emitted only along with phosphorescent light.
Thus, another happy accident led to more accurate
knowledge.

As the process of self-correcting scientific inves-
tigation continued in the following years, it was
found that Becquerel’s natural radiation consisted
not strictly of x-rays, but of three distinct types of ra-
diation. These were named alpha, beta and gamma
rays. Using magnets and electrodes to deflect their
paths, physicists were able to prove that alpha rays
consisted of extremely heavy particles with positive
electric charge, and beta rays consisted of very light
particles with negative charge (electrons). Gamma
rays were, in their nature, essentially the “x-rays”
that Becquerel was looking for, but they had far
higher energy than those produced by Roentgen’s
x-ray machines. These high energies gave them dif-
ferent abilities than x-rays, and made them unsuit-
able for producing radiographs, warranting their
own distinct name, gamma rays.

Because of their brilliant investigative work, both
Roentgen and Becquerel received Nobel Prizes. Our
understanding of the atom developed hand-in-hand
with our understanding of radiation. Ernest Ruther-
ford, a New Zealand physicist, found that the alpha
particle was identical to the nucleus of a helium
atom. He proved the existence of the proton and
predicted the neutron. Einstein discovered the pho-
toelectric effect and much of his work built upon
Roentgen, Becquerel, Rutherford and others. Thus,
Wilhelm Roentgen “began a revolution in modern
physics that was to include the quantum theory, ra-
dioactivity, relativity, and the new Bohr atom.”!
Figure 1-4 shows one of the first x-ray machines, in-
stalled at Massachusetts General Hospital in 1896.
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displayed image, the only quality that has typically not
been altered by digital processing is shape distortion,
which is primarily determined by positioning. Bright-
ness, contrast, noise, spatial resolution and magnifica-
tion have all been “tampered with” upon final display.
What role, then, does the original radiographic tech-
nique play in determining final image quality?

The answer is that technique plays one, and only
one, very critical role, and that is to ensure that ade-
quate signal reaches the detector system such that
computer algorithms can be successful in making cor-
rections and refinements to the image. In more famil-
iar terms, the one objective for setting radiographic
technique on a digital unit is to get plenty of expo-
sure to the image receptor without unnecessary ex-
posure to the patient. This can be directly measured
by the signal-to-noise ratio (SNR) at the detector.

The mAs setting and the SID combine to deter-
mine the quantity or intensity of radiation incident
upon the patient, but since kVp controls the percent-
age penetration of that radiation through the patient,
it also has a profound effect on the final intensity of
the remnant beam reaching the detector behind the pa-
tient. To achieve adequate exposure to the image re-
ceptor and a good SNR, mAs and kVp in relation to
each other (along with distances, filtration and gener-
ator type) must all be taken into consideration.

We will find in this chapter that all of the physics
and technique concepts related to this goal (of
achieving sufficient exposure at the detector)
remain critical to the practice of radiography, and
have not changed. For example, the concept that no
amount of mAs can compensate for insufficient kVp
still holds true. On the other hand, particularly
when discussing the qualities of the final displayed
image, we find that many old concepts must be
completely discarded in order to avoid confusion.
This chapter will attempt to sort out which concepts
belong to the “still true” group and which to the
“discard completely” group.

MINIMIZING PATIENT EXPOSURE

Most early CR systems were installed and operated

at a speed class of 200. This was only one-half the
speed of the “regular” rare earth screens (400) that
were popular over the last quarter of the twenthieth
century. In making the change from rare earth
screen systems to CR, many radiology departments
doubled the mAs values used for most Bucky proce-
dures, with some adjustments being more than this.
This resulted in an undesirable doubling of x-ray ex-
posure to patients undergoing pelvic, abdominal
and head procedures, just where the most radio-
sensitive organs are located.

As described in Chapter 31, operation of a CR or
DR system at the 400-speed class assumes an average
exposure reaching the imaging plate of 5 uGy. It is
possible for this level of exposure to be insufficient
in some cases, based on the assumption of using pre-
viously popular kVp levels. But, by increasing kVp
rather than mAs, penetration of the x-ray beam
through to the imaging plate does result in sufficient
exposure to the receptor elements, and allows oper-
ation at the 400-speed class.

High kVp and Scatter Radiation

Figures 32-1 and 32-2 use conventional radiographs
to demonstrate how the effects of higher kVp levels
upon the production of scatter radiation have tradi-
tionally been over-emphasized. The primary causes
of scatter radiation are patient size and collimation,
both of which bear upon the volume of exposed tissue.
The effects of kilovoltage, while important to under-
stand, are secondary when compared to these issues of
tissue volume. Figure 33-1 shows a pair of AP elbow
exposures taken at 65 kVp and 90 kVp for compari-
son. While desirable penetration and gray scale are
achieved in radiograph B, no significant fogging is
visible even when 25 more kVp than usual is used. This
is because the anatomy has too small a volume of
tissue to generate much scatter radiation at any kVp.
Figure 32-2 demonstrates two abdomen radiographs
of the same patient taken at 80 kVp and 92 kVp for
comparison. Both were taken using the Bucky grid to
attenuate scatter radiation. Again, while Radiograph
B shows increased gray scale and penetration as ex-
pected, it is not visibly fogged—this result in spite of
the fact that the abdomen is the portion of the body

1 Shepard et al.: Exposure Indicator for DR: TG116 (Executive Summary) in Medical Physics, Vol. 36 No. 7, July 2009.
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