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iv

The Founders  
of Radiography

Wilhelm Conrad 
Röntgen (1845–1923)
Wilhelm Conrad Röntgen became the 
first radiographer when he discovered 
x-rays on November 8, 1895, in his labo-
ratory at the University of Würzburg in 
Germany. His original paper On a New 
Kind of Rays is printed in Appendix  A. 
For his discovery he received the first 
Nobel Prize in physics in 1901 and  
was decorated by Prussia, Bavaria, 
Great Britain, Austria, Mexico, Germany, 
France, the Netherlands, Sweden, Italy, 
Turkey, and the United States.

(Portrait courtesy of the American College of Radiology)

Eddy Clifford Jerman 
(1865–1936)
Ed C. Jerman is known as the “Father of 
Radiography” in the United States because 
he was the first teacher of radiography. He 
began teaching x-ray techniques in 1897; 
he founded the American Association of 
Radiological Technicians (now known 
as the American Society of Radiologic 
Technologists), and personally examined 
the first 1,000 members of the American 
Registry of X-Ray Technicians. He brought 
order to the principles of radiographic 
exposure technique by naming the quali-
ties of the radiographic image: density, 
contrast, detail, and distortion. In 1928 
he published Modern X-Ray Technic, the 
first book on radiographic principles.

(Portrait courtesy of the American Society of Radiologic Technologists)

Arthur Wolfram Fuchs 
(1895–1962)
Arthur W. Fuchs is known as the inven-
tor of the fixed kilovoltage technique of 
radiography. His father, Wolfram Fuchs, 
established the first x-ray laboratory in 
Chicago in 1896 but became one of the 
early martyrs of radiation, dying from 
excessive exposure. Arthur performed 
radiography for the U.S. Army in both 
World Wars I and II. During World War II 
he wrote the U.S. Army training manual 
Principles of Radiographic Exposure, 
in which he outlined his success with 
the optimal fixed kVp technique system. 
In 1955 he first published his book Prin-
ciples of Radiographic Exposure and 
Processing.

(Portrait courtesy of the family of Arthur Fuchs)
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Foreword

Ohhhh, was my mother right! 
Life is about making choices, and a good life is 

about making more right than wrong choices. Yes, a bit of 
good fortune and happenstance is in all of our lives, but 
ultimately, making good decisions is what it’s all about. 
Unfortunately, at the times we make these choices, we 
lack the foresight to see the consequences, good or bad. 
But such is life.

Fortunately for our profession, Rick Carlton and 
Arlene Adler have continued to make the right decisions, 
by authoring Principles of Radiographic Imaging, 6th 
edition. It is a monumental task writing a textbook and to 
do so again, after so many years in the profession, makes 
it even more daunting. But that is the decision they have 
made and it is a great choice. Even better, is their deci-
sion to seek out experts and resources in the professions, 
such as Vesna Balac. Doing so complements the accuracy 
and relevancy of the information written in many of these 
chapters. That choice reflects their admission that one, 
single person cannot be expert on all aspects of this great 
profession. It is a tribute to their many years of develop-
ing a network of contacts who can contribute to this end. 
Again, their great decision-making over the years, has cre-
ated a wide network of friends and resources, willing to 
contribute to this edition. Such is the nature of this 6th ed. 
It reflects their genuine and sincere effort to represent the 
principles of radiology in a real-world, practical fashion.

This 6th edition is faithfully consistent with pre-
vious editions through its excellent illustrations and 
exhibits. Updated materials for instructors with labora-
tory exercises and instructor resources are included as 
well. For the educator, you can expect to continue to 
enjoy its simple and concise explanations of complex 
concepts. New chapters on digital radiographic imag-
ing have been added and existing chapters have been 
updated with practical information that is relevant to 
the real-world of digital radiography. In fact, much 
of this information could be studied by practicing 

radiographers, to update their working knowledge. With 
newer digital technologies, the old rules of exposure 
and image quality do not apply. Seasoned-technologists 
in the profession find this concept hard to accept. The 
6th edition helps with this understanding. Topics deal-
ing with the role of radiographic grids, detector inter-
facing, exposure indices and assessing digital image 
quality, have been added to better understand that as 
this digital revolution continues, we need to get our 
arms around it, to improve image quality and ALARA 
compliance. The role of the radiographer is undergo-
ing profound change with digital, and a renaissance is 
underway through the applications of digital detectors.

This 6th edition makes the learning more interactive 
and exciting, through the use of web-based technology. 
Existing chapters on the advanced imaging modalities still 
remain with updated information from experts in their 
respective fields. A wonderful choice. 

As my mother said, it’s about choices. We are grate-
ful Rick and Arlene, and now Vesna, have chosen to 
write again. In doing so, they introduce potentially new 
resources to educators, technologists and all members of 
the medical imaging community: the best profession in 
medicine! 

To those who know me, they would say I am a pas-
sionate educator, as my passion for this professions runs 
deep. I am no different than many other professionals, in 
this regard. Incorporating the Principles of Radiographic 
Imaging, 6th edition into my professional lifestyle, is my 
choice, and for that I cannot thank these three authors 
enough for their continued contributions.

Randy Griswold, M.P.A., RT(R)

 Consultant and Lecturer,  

Former Program Director

School of Radiologic Sciences, Bellin College

Green Bay, Wisconsin
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Preface

introduCtion

As radiography educators, we designed this textbook 
with students and educators in mind. Since we now have 
a completely revised approach from a digital standpoint, 
we also believe practicing radiographers would greatly 
benefit from a review since there are new principles 
toward establishing radiographic exposure techniques. 
Each chapter contains an outline, key terms, objectives, 
a summary, review questions, and a detailed bibliography. 
There is also a considerable number of ancillaries that fac-
ulty can access through their Cengage Learning represen-
tative (they can be reached through the website at www 
.cengage.com, or for product information and technology 
assistance, contact them at Cengage Learning Customer 
and Sales Support, 800-354-9706.). Although the order of 
the chapters is based on our experiences in reaching our 
students, most chapters stand alone and can be used in 
the order that is most appropriate within a given program.

We have made a special effort to represent our belief 
that professional development should be a prime objec-
tive of any radiography curriculum. This is best achieved 
through the demonstration of technical competence. This 
book is designed to assist students in developing this 
cornerstone of professionalism. Through technical com-
petence and a professional demeanor, students will be 
ready to assume their role as experts in the radiographic 
imaging process. In addition, we believe that true profes-
sionals take immense pride in their work to the extent that 
it becomes an art as well as a science.

There is a special focus on making sure digital 
imaging terminology and parameters are the primary ori-
entation with very limited references to conventional film-
based imaging. Special effort is made to emphasize both 
the technical information and the ethical importance of 
understanding the specifics of image receptor sensitivity 
in order to be able to reduce exposure to the patient and 
adhere to ALARA concepts.

References are used extensively to assure both 
educators and students that we address all content 

expected for successful professional practice including 
the American Registry of Radiographic Technologists’ 
Content Specifications for the Examination in Radiogra-
phy, the Radiography Curriculum by the American Society 
of Radiologic Technologists, and various materials pre-
pared by the Canadian Association of Medical Radiation 
Technologists.

neW to this edition

The rapid changes in technology present a challenge to 
textbook authors who are committed to providing current 
information for learners. The authors and contributors to 
the sixth edition carefully reviewed all content to identify 
areas requiring updating or new topics. As a result, numer-
ous changes were made.

A special attempt was made to provide an introduc-
tion to physics and the imaging modalities, as well as to 
explore the new details of the principles of radiographic 
exposure techniques that have been brought on by the use 
of digital technology. Well-established image quality fac-
tors (density/image receptor exposure, contrast, recorded 
detail, and distortion) have been revised to reflect the 
realities of establishing radiographic exposure factors. 
The new factors are:

 ◾ Image Receptor Exposure

 ◾ Contrast 

 ◾ Spatial Resolution 

 ◾ Distortion 

 ◾ Histogram Fulfillment

 ◾ Look Up Table (LUT)

Because histogram fulfillment and use of the proper 
look up table (LUT) are critical to successful digital image 
production, they have both been included in the primary 
image quality factors.

Five phases of digitized image production are intro-
duced: acquisition, processing, archiving, displaying, and 
analyzing. Each includes well-known radiographic imaging 
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parameters but each is also enhanced by the addition of 
digital factors that now impact on all imaging decisions.

Most importantly, this entire edition has been revised 
with current clinical practices in mind, with many changes 
that now reflect our digital radiography world, from end 
to end.

organization

The overall design of the book separates the 42 chapters 
into six units: Creating the Beam, Protecting Patients 
and Personnel, Creating the Image, Digital Radiogra-
phy, Analyzing the Image, and Special Imaging Systems 
and Modalities. Unit IV, Digital Radiography, has been 
completely rewritten into 5 redesigned chapters; Digital 
Image Processing, Computed Radiography, Digital Radi-
ography/Flat-Panel Detector Systems, Technical Consid-
erations in Digital Imaging, and Informatics in Medical 
Imaging. In addition, Unit V Analyzing The Image now 
reflects the new paradigm for technical exposure fac-
tors; Image Receptor Exposure, Contrast, Spatial Reso-
lution, and Distortion. We continue to offer framework 
information on all radiologic and imaging sciences 
modalities and treatments. This design helps organize 
the content for students by following a logical progres-
sion from introductory physics through the production 
and control of the beam to advanced modality systems.

We remain extremely pleased that our book remains 
one of the resources listed in the Radiography Curriculum 
of the American Society of Radiologic Technologists, and 
we have long been pleased that this book continues to be 
recommended by the Canadian Association of Medical 
Radiation Technologists for preparation for its certifica-
tion in Radiological Technology.

Features

In addition to the updated and new content, this new edi-
tion continues to feature the following learning aids and 
critical content, with the addition of supporting video 
clips for the new digital radiography chapters:

 ◾ Physical concepts are clearly explained and 
illustrated with many high-quality full color figures.

 ◾ Effects of changing parameters on image quality are 
carefully described and illustrated with numerous 
images.

 ◾ Criteria for image analysis are presented to help 
learners develop analytical skills.

 ◾ High-quality radiographs are included throughout 
the text.

 ◾ Radiation protection concepts and procedures are 
emphasized for both patients and radiographic 
personnel.

 ◾ Chapter-end summaries provide a quick reference to 
critical concepts and developments in the science of 
radiography.

 ◾ Numerous troubleshooting tips are included to 
ensure quality radiographs.

 ◾ Extensive references and recommended readings 
provide a historical perspective and provide 
learners a means to expand their understanding of 
concepts and systems.

 ◾ Video clips are now available for the chapters on 
digital image production.

 ◾ Epigraphs and historical photos help trace the 
evolution of radiography to the present.

 ◾ Unique emphasis on the art versus the science of 
radiography illustrates the broad applications of the 
technology.

 statement oF Content 
aCCuraCy 

Although we assume full responsibility for any errors, 
including those that may be construed as arising from quot-
ing other works out of context, we have made every effort to 
ensure the accuracy of the information. However, appropri-
ate information sources should be consulted, especially for 
new or unfamiliar procedures. It is the responsibility of every 
practitioner to evaluate the appropriateness of a particular 
procedure in the context of actual clinical situations. There-
fore, neither the authors nor the publisher take responsibil-
ity or accept any liability for the actions of persons applying 
the information contained herein in an unprofessional 
manner. This information is designed to supplement and 
enhance the instructional methodologies of educators in 
JRCERT (Joint Review Committee on Education in Radio-
logic Technologies [USA]) and CAMRT (Canada) approved 
radiography programs and should not be applied, especially 
to human subjects, without this background. In committing 
this book to print, we fully realize that it is never finished, 
merely suspended for the time being. 

Finally, as a reader your perceptions are important 
to us. We encourage you to communicate with us regard-
ing facets of the book you appreciate or would like to 
see changed. We especially appreciate constructive com-
ments and notice of errors. Our intention is to present the 
principles of radiography in an interesting format that pro-
vides a base from which true professionalism can develop. 
Any commentary readers care to make toward this end 
will be valued and welcomed.
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1

An inherent quality of a professional is the possession 

of expertise regarding the technical aspects of a field far 

above that of a nonprofessional. Knowledge of the prin-

ciples of radiographic image production is part of the 

technical expertise of the professional radiographer. 

Radiography programs provide students with class-

room instruction, laboratory experience, and clinical 

practice in this subject. No other medical professional 

experiences as intensive or comprehensive a study of 

radiographic imaging. This unit is designed to provide 

the basics necessary for this knowledge by building a 

framework of information regarding the creation of the 

diagnostic x-ray beam.

The framework begins with an elementary review 

of basic mathematics and radiation concepts, includ-

ing atomic theory, x-ray properties, and necessary units 

of measurement. Although this may be a review of 

previous science coursework for many readers, it is 

important to make sure everyone is on the same wave-

length before using the information in the remainder of 

the book. Electricity and electromagnetism are large 

chapters that lay the foundation for understanding how 

to control the beam. The x-ray tube, x-ray equip-

ment, automatic exposure controls, and x-ray 

production provide an understanding of exactly how 

basic physics is used to create the x-ray beam.

 1 Basic Mathematics  /  2

 2 Radiation Concepts  /  18

 3 Electricity  /  35

 4 Electromagnetism  /  52 

 5 The X-Ray Tube  /  78

 6 X-Ray Equipment  /  96

 7 Automatic Exposure Controls  /  110

 8 X-Ray Production  /  117

Unit I Creating the Beam
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 2

OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Perform functions with fractions and decimals.

◾ Determine significant digits in a number.

◾ Perform calculations in scientific notation with signed numbers and 
exponents.

◾ Simplify algebraic expressions.

◾ Convert units within the SI system.

KEY TERMS

absolute value

algebraic expression

coulomb per kilogram (C/kg)

direct variation

equation

equivalent equation

gray (Gy)

identity

inverse variation

kilogram 

like term

meter

open equation

second

sievert (Sv)

Basic Mathematics
C H A P T E R  1

Do not worry about your difficulties in mathematics. I can assure you mine 

are still greater.

Attributed to Albert Einstein
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CHAPTER 1 Basic Mathematics  3

The Language of Science

Mathematics is the language of science. Radio graphers 
need to be able to speak this language. In order to quantify 
science, standard units of measurement were established. 
The fundamental units of measurement are mass, length, 
and time. Units of measurement were officially defined on 
an international level through the adoption of the SI unit 
system. The seven base SI units are mass, length, time, 
electric current, temperature, amount of substance, and 
luminous intensity. Radiologically important derived units 
are the coulomb per kilogram (C/kg), formerly the roent-
gen (R); the gray (Gy), formerly the rad (radiation absorbed 
dose); and the sievert (Sv), formerly the rem (radiation 
equivalent man). This review is intended to refresh essential 
skills in the use of math as well as appropriate units for the 
radiologic and imaging sciences.

aRiThMeTic

The radiologic technologist must have a basic under-
standing of computations such as addition, subtraction, 
multiplication, and division of whole numbers, fractions, 
and decimals.

Fractions
A fraction is a portion of a whole number and represents 
parts of a whole. The top number in a fraction is the 
numerator and the bottom number is the denominator.

Addition and Subtraction. To add or subtract two frac-
tions with like denominators, add or subtract the numera-
tors and keep the like denominator.

EXAMPLES:
3
8

2
8

5
8

� �

7
8

4
8

3
8

� �

a
b

c
b

a c
b

� �
�

a
b

c
b

a c
b

� �
�

EXAMPLES:
1
4

5
6

3
12

10
12

13
12

� � � �

7
5

1
3

21
15

5
15

16
15

� � � �

a
b

c
d

ad
bd

bc
bd

bc
bd

� � � �
�ad

a
d

c
d

ad
bd

bc
bd

ad bc
bd

� � � �
�

EXAMPLE:
2
5

3
7

2 3
5 7

6
35

� �
�

�
�

a
b

c
d

a c
b d

� �
�

�

EXAMPLE:
2
5

3
7

2
5

7
3

2 7
5 3

14
15

� � � �
�

�
�

a
b

c
d

a
b

d
c

a d
b c

� � � �
�

�

To add or subtract two fractions with unlike denom-
inators, rewrite each fraction with a like or common 
denominator. Then add or subtract the numerators and 
keep the like or common denominator.

Multiplication. Multiplication can be written in several 
ways (Table 1-1). To multiply two fractions, multiply the 
numerators and multiply the denominators.

Division. To divide two fractions, rewrite the division 
problem as a multiplication problem by multiplying the 
first fraction by the second fraction inverted.

 TABLE  1-1. Multiplication Notation

Example: 3 3 4 will be written as 3 ? 4.

A ? (dot) is used as a symbol for multiplication.

Example: a 3 b will be written as a ? b or as ab.

When two letters are used, the dot is usually omitted.

Example: 3 3 a will be written as 3a or as 3 ? a.

Parentheses can also be used to represent multiplication.

Example: 3 3 4 can be written as (3)(4).

Throughout this review the algebraic notation for  
multiplication will be used.
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4  UNIT I Creating the Beam
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Decimal number place value (columns)

•

FIGURE 1-1.  Decimal number place values.

EXAMPLES:

Add: Subtract: Rewrite as:

76 81

384 1
460 91

.

.

.
�

 

76 1
2 96
.
.�

 

76 10

2 96
73 14

.

.
.

�

EXAMPLE:

Multiply:

2 31
6 8

1848
1386

15 708

.
.

.

�

   

2 decimal positions
1 decimal position

3 decimal positions

Decimals
Decimal number place value (columns) is determined as 
shown in Figure 1-1.

Addition and Subtraction. To add or subtract two 
decimal numbers, line up the decimal points in each 
number, adding or subtracting as with whole numbers. 
Remember to add in zeros to fill out the decimal posi-
tions, if necessary. The decimal point must remain in the 
same position.

Multiplication. To multiply two decimal numbers, mul-
tiply the numbers as if they were whole numbers. Place 
the decimal point in the product so the number of places 
in the product equals the sum of the number of decimal 
places in each number.

Move the decimal point in the dividend the same number 
of places to the right (as was done for the divisor). Add 
zeros if necessary to maintain the position of the decimal. 
Divide the numbers as if they were whole numbers. Place 
the decimal point in the quotient directly above the deci-
mal point in the dividend. Add zeros if necessary to main-
tain the position of the decimal.

EXAMPLES:

)0.25 1250

)
.

25. 125000.
5000

)1 3 733 2. .

)13 7332
564

65
83
78
52
52
0

. .
.

Convert a Fraction into a Decimal Number. To convert 
a fraction into a decimal, divide the  denominator into the 
numerator.

EXAMPLE: Convert 7/8 into a decimal:

)8 7.000
0.875

64
60
56
40
40

Division. To divide two decimal numbers, set up as if 
doing whole number division. Move the decimal point in 
the divisor to the right to make the divisor a whole number. 
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CHAPTER 1 Basic Mathematics  5

Convert a Percent to a Decimal. To convert a percent to 
a decimal, move the decimal point two places to the left.

EXAMPLE: Convert 78.5% to a decimal:

78.5% 5 0.785

Convert a Decimal to a Percent. To convert a decimal to 
a percent, move the decimal point two places to the right.

EXAMPLE: Change 0.452 to a percent:

.452 5 45.2%

Computation with Values (Numbers)
Exact. Some numbers are exact values, like the counting 
numbers (1, 2, 3, . . .). For example, there are exactly four 
legs on a chair. Exact numbers in computations are as 
accurate or as precise as needed.

Significant Digits. Some values are obtained by mea-
surement and are only as accurate as the measuring 
device. The last digit in the reading is usually estimated. 
When dealing with these values in computations, the 
results will only be as accurate as the least accurate 
value. This is the concept of significant digits.

To determine the number of significant digits in a 
value (number):

 1. Count all nonzero digits.

 2. Count all zeros between nonzero digits.

 3. Count all zeros at the end of a decimal value.

The number of significant digits in a value is the sum 
of the numbers obtained in steps 1, 2, and 3.

EXAMPLES: The following are measured values 
from a radiation dose meter (dosimeter):

7.14 mR has three significant digits.

90.104 mR has five significant digits.

0.048 mR has two significant digits.

7300 mR has two significant digits.

6.900 mR has four significant digits.

Precision. The precision of a value refers to the decimal 
position of the last significant digit.

EXAMPLE: 

0.0218 is precise to the ten-thousandths.

Rounding Off. To round a number, the last digit to be 
retained is:

 1. Left unchanged if the digit to the right of the last digit 
to be retained is less than 5.

 2. Increased by one if the digit to the right of the last 
digit to be retained is 5 or greater.

EXAMPLES: 

75.2581 rounded to 4 significant digits is 75.26.

6,836.66 rounded to 2 significant digits is 6,800.

0.0381 rounded to 2 significant digits is 0.038.

0.0299 rounded to 2 significant digits is 0.030.

Multiplication and Division of Approximate Values.  
When multiplying or dividing two or more approximate 
values, the number of significant digits in the final answer is 
no greater than the number of significant digits in the value 
with the least number of significant digits.

EXAMPLE: Using the calculator, (103.81)?  
(1.34) = 139.1054. However, because 1.34 has only 
three significant digits, the answer should have only 
three significant digits. Therefore, 139.1054 needs to 
be rounded to three significant digits, making it 139.

Addition and Subtraction of Approximate Values.  
When adding or subtracting two or more approximate 
values, the final answer should be no more precise than 
the least precise of the values.

EXAMPLE: Add the following:

123 1
89 123

103 3456
315 5686

.

.

.

.
+

Because the least precise number is 123.1, the answer 
should be rounded to 315.6.

Powers of 10
The decimal system is based on powers of 10, as is the 
metric system. These are very important systems to the 
radiographer. When an is written, a is called the base and n 
is the exponent. Integers are defined as the numbers . . . 23, 
22, 21, 0, 1, 2, 3, . . . .
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6  UNIT I Creating the Beam

EXAMPLES: 

101 5 10

102 5 10 ? 10 5 100

103 5 10 ? 10 ? 10 5 1000

10n 5 10 ? 10 ? 10 ? ? ? 10 5 100 . . . 0 (n zeros)

EXAMPLE: 

100 5 1

Negative Integer Exponents. Definition:

a
a

for an
n

� �
1

0( )≠

10
1

10
11� � � .

10
1

10
012

2
� � � .

10
1

10
0013

3
� � � .

10
1

10
00 001� � � �n

n n 1 zeros.  . . .  ( )

Zero Exponents. Definition: a0 51 (for a  0)

Scientific Notation
A number written in scientific notation is written as the 
product of a number between 1 (including 1) and 10 times 
a power of 10. In other words, N 3 10p, where 1  N , 10 
and p is an integer.

EXAMPLES: 

7.15 3 104 is a number in scientific notation.

1.598 3 1025 is a number in scientific notation.

7.58 3 100 is a number in scientific notation.

Converting Numbers from Ordinary to Scientific Nota-
tion. To write a number in scientific notation, the decimal 
point must be moved to the position following the first 
nonzero digit.

EXAMPLES: 

70.57 5 7.057 3 101 (p 5 1)

0.00815 5 8.15 3 1023 (p 5 23)

7.58 5 7.58 3 100 (p 5 0)

In the first example, the decimal point is moved 
one digit to the left, making the power of 10 (p), 1. In the 
second example, the decimal point is moved three digits 
to the right, making the power of 10, 23. In the third 
example, the decimal point is not moved and the power 
of 10 is 0.

In general, when moving the decimal point to the 
left, the power of 10 will be the number of positions 
moved. When moving the decimal point to the right, the 
power of 10 will be negative the number of positions 
moved. When the decimal point is not moved, the power 
of 10 will be zero.

Converting Numbers from Scientific to Ordinary 
Notation. To convert a number in scientific notation 
to ordinary notation, the decimal position is moved 
according to the following:

 1. If the power of 10 is positive, move the decimal point 
to the right the number of positions in the exponent.

 2. If the power of 10 is negative, move the decimal point 
to the left the number of positions in the exponent.

 3. If the power of 10 is zero, the decimal remains in the 
same position.

In all of the above, once the decimal point has been 
moved, the 10 and its power are dropped. Zeros are added, 
if necessary.

EXAMPLES: 

3.7 3 104 5 37,000

5.56 3 1025 5 0.0000556

1.34 3 100 5 1.34

Dimensional Analysis
The concept of dimensional analysis is useful when con-
verting from one set of units to another. The principle is 
based on fractions whose quotients are 1.

EXAMPLE: 

12
1

1
1

12
1

in
ft

or
ft
in

� �

Positive Integer Exponents. Definition:
 an 5 a ? a ? a ? ? ? a (multiply n times)
              n times
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CHAPTER 1 Basic Mathematics  7

Signed Numbers
Numbers are not always positive. For example, the 
thermometer indicates that it is very cold at 220°F. 
Negative numbers can be illustrated by using a number 
line (Figure 1-2). Positive numbers are assigned to the 
right of the zero point and negative numbers to the 
left of the zero point. A statement that 7 is less than 10 
(written as 7 , 10) indicates that 7 is to the left of 10 on 
the number line. A statement that 25 is greater than 29 
(written as 25 . 29) indicates that 25 is to the right of 
29 on the number line.

Absolute Value. The absolute value of a number is the 
distance from 0 to that number on the number line. 
Because distance is the same number of units whether 
moving up or down the number line, that means that 
the absolute value of a number is always positive or 
zero. The notation used for absolute value is two verti-
cal bars (| |).

EXAMPLES: 

|22| 5 2 |4| 5 4 |0| 5 0

Because 22 is two units from zero on the number 
line, the absolute value is 2. Because 4 is four units 
from zero on the number line, the absolute value  
is 4. Because 0 is zero units from zero on the number line, 
the absolute value is 0.

Addition. To add two positive numbers, add their absolute 
values and attach a positive sign to the result. The positive 
sign is usually omitted.

EXAMPLE: 

(17) 1 (18) 5 115 7 1 8 5 15

To add two negative numbers, add their absolute values 
and attach a negative sign to the result.

EXAMPLE: 

(27) 1 (28) 5 215 27 1 (28) 5 215

Recall that multiplying a quantity by 1 does not change 
the value of the quantity. In order to convert from one set 
of units to another, algebraic operations are performed 
with units in the same way they are with algebraic symbols.

EXAMPLE: Convert 7.0 ft to inches.

7 0 7 0
12
1

7 12 84. .ft ft
in

ft
in in� � � � �

Note that it is possible to “cancel” the feet unit, leav-
ing the inches unit.

Convert 70.0 km/hr to m/s.

70 0. km
hr

�

70 0
1000

1

1

60

1
60

. km

hr

m

km

hr

min

min
s

� � � �

70 0 1000
1

60
1
60

19 4. .m
s

m
s

� � � �

Recall that 1  km 5 1,000 m, 1 hr 5 60 min, and  
1 min 5 60 s. Note that it is possible to “cancel” the km 
unit, the hr unit, and the min unit.

When converting cubic units or square units, extra 
attention needs to be given to the conversion factors. 
Study the following example carefully.

EXAMPLE: Convert 3.8000 ft3 (cubic feet) to cubic 
inches (in3).

3 8000 3 8000
12
1

12
1

3 3. .ft ft
in

ft
in

ft
� � � �

in
ft

12
1

5 6566.4 in3

or
3 8000 3 8000

12
1

6566 43. . .ft ft
in
ft

in3 3� �⋅










3

aLgeBRa

Algebra uses symbols and specific rules of number manip-
ulation to solve equations.

−4 −3 −2 −1 0 1 2 3 4

FIGURE 1-2.  Number line.

EXAMPLE: Convert 10 roentgens per hour to 
roentgens per minute.

10 0 10 0
1

60
. .roentgens

hour
roentgens

hour
hour

5 ?
mminutes

� .0 167
roentgens

minute
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8  UNIT I Creating the Beam

To add two numbers with unlike signs, subtract the smaller 
in absolute value from the larger in absolute value and 
attach the sign of the larger in absolute value to the result.

EXAMPLES: 

(210) 1 (3) 5 27 4 1 (29) 5 25

(8) 1 (25) 5 3         23 1 (7) 5 4

Negative of a Number. The negative of a number is the 
opposite of the number in sign.

EXAMPLE:

The negative of 7 is 27; the negative of 27 is 7.

If b 5 7, then 2b 5 27.
If b 5 27, then 2b 5 2(27) 5 7.

Subtraction. Subtraction is rewritten as addition, as in  
a 2 b 5 a 1 (2b).

EXAMPLES:

8 2 10 5 8 1 (210) 5 22
8 2 (210) 5 8 1 10 5 18
28 210 5 28 1 (210) 5 218
28 2(210) 5 28 1 10 5 2

All of the above subtraction problems are rewritten as 
addition and then the rules for addition of signed numbers 
are used.

Multiplication. To multiply two numbers, multiply their 
absolute values. If both numbers are positive or both 
numbers are negative, attach a positive sign to the result. 
If the numbers are opposite in sign, attach a negative sign 
to the result.

EXAMPLES:

(2)(3) 5 6

(22)(23) 5 6

(2)(23) 5 26

(22)(3) 5 26

Division. To divide two numbers, divide their absolute val-
ues. If both numbers are positive or both numbers are neg-
ative, attach a positive sign to the result. If the numbers 
are opposite in sign, attach a negative sign to the result.

EXAMPLES:

8 4 2 5 4

28 4 22 5 4

8 4 (22) 5 24

28 4 2 5 24

Order of Operation
Order-of-operation problems may occur when parenthe-
ses are not indicated. For example, evaluate 2 1 3 ? 4. 
Depending on whether addition or multiplication is per-
formed first, the answer might be 20 or 14. The answer 
actually depends on the order of operation. Rules have 
been established that make the correct result 14.

The difference between the unary minus sign (2) 
and the subtraction sign (2) and the difference between 
the unary plus sign (1) and the addition sign (1) must be 
understood before order-of-operation rules can be learned.

A subtraction sign (2) is used between two numbers.

EXAMPLE:

7 2 8 (subtraction sign)

A unary minus sign (2) is used before one number.

EXAMPLE:

27 (unary minus sign)

An expression can have both a subtraction sign and a 
unary minus sign.

EXAMPLE:

27 2 8 (The first is a unary minus, the second is a 
subtraction sign.)

An addition sign (1) is used between two numbers.

EXAMPLE:

8 1 10 (addition sign)
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CHAPTER 1 Basic Mathematics  9

A unary plus sign (1) is used before one number.

EXAMPLE:

18

Rules for Order of Operation
 1. Perform all operations inside grouping symbols (paren-

theses, radical symbols, fraction bar, brackets, etc.).

 2. Exponentiation (raising to a power or roots)

 3. Unary minus (2) or unary plus (1)

 4. Multiplication and division

 5. Addition and subtraction

Operations are performed from the lowest level (#1) to the 
largest level (#5). Operations on the same level are evalu-
ated left to right.

EXAMPLES:

2 1 3 ? 4 (multiplication first)

5 2 1 12 (addition)

5 14
8 ? 6 2 12 4 2 (multiplication and division first)

5 48 2 6 (subtraction)

5 42

8 7
2 3

�

�
 (bar acts as grouping symbol)

�
15
5

 (add numerator and add denominator first)

5 3 (divide)

(22)3 (exponentiation first)

5 28

2(2)4 (exponentiation first)

5 2(16) (unary minus sign)

5 216

3( 7 1 4 ) (add inside parentheses first)

5 3 ? 11 (multiply)

5 33

2( 6 1 1 )2 (add inside parentheses first)

5 2 (7)2 (exponentiation next)

5 2 ? 49 (multiply)

5 98

Algebraic Expressions
An algebraic expression consists of letters and/or numbers 
that are multiplied, divided, added, subtracted, or raised 
to a power.

EXAMPLE:

3x3 1 5x2 2 7x 5 8

x
y

�

�

5
7

There are several rules for combining algebraic 
expressions.

Distributive Law. The statement of the distributive law is:
a(b 1 c) 5 a ? b 1 a ? c

EXAMPLE:

7(x 1 y) 5 7x 1 7y

7(3 1 5) 5 7 ? 3 1 7 ? 5 5 21 1 35 5 56

p(x 1 4) 5 px 1 4p (The numeral is normally  
written in front of the letter.)

If the addition sign were a subtraction sign, then:
a(b 2 c) 5 a ? b 2 a ? c

EXAMPLE:

7(x 2 y) 5 7x 2 7y

7(3 2 5) 5 7 ? 3 2 7 ? 5

5 21 2 35 5 21 1 (235) 5 214

p(x 2 4) 5 px 2 4p

Care needs to be taken when one or two negative signs 
are involved.

EXAMPLE:

27(x 1 y) 5 27x 1 (27y) (distributive law)

5 27x 2 7y (the reverse defini - 
tion of subtraction)

27(x 2 y) 5 27x 2 (27y) (distributive law)

5 27x 1 7y (definition of 
subtraction)

27(23 28) 5 (27)(23) 2 (27)(8) (distributive 
law)

5 21 2 (256) (multiply)

5 21 1 56 (definition of  
 subtraction)

5 77

Addition and Subtraction of Like Terms. A like term is 
a term with identical literal factors. A literal factor is a 
factor denoted by a letter. Like terms may be added or 
subtracted.
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10  UNIT I Creating the Beam

Laws of Exponents
Law 1: am ? an 5 am 1 n

Exponents. Definition:

a a a a  a
n times

n � ⋅ ⋅ ⋅ ⋅ ⋅     � ��� ���

where a is the base and n is the exponent.

Parentheses. When an algebraic expression involves pa-
rentheses, the parentheses need to be removed in order 
to simplify the expression.

EXAMPLE:

7x 1 3x 5 10x (like terms)

EXAMPLE:

7x 1 3y 5 7x 1 3y (Unlike terms may  
not be added.)

EXAMPLE:

7x 2 3x 5 4x

EXAMPLE:

27x 2 3x 5 27x 1 (23x) (definition of 
 subtraction)

5 210x (combine like terms)

EXAMPLE:

27x 2 (23x) 5 27x 1 3x  (definition of  
 subtraction)
5 24x (combine like terms)

EXAMPLE:

7(x 1 y) 1 4(x 1 y)

5 7x 1 7y 1 4x 1 4y (distributive law)

5 11x 1 11y (combine like terms)

EXAMPLE:

7(x 1 y) 2 4(x 1 y)

5 7(x 1 y) 1 (24)(x 1 y) (definition of subtraction)

5 7x 1 7y 1 (24x) 1 (24y) (distributive law)

5 3x 1 3y (combine like terms)

EXAMPLE:

7(x 2 y) 2 4(x 2 y)

5 7(x 2 y) 1 (24)(x 2 y)  (definition of 
subtraction)

5 7x 2 7y 1 (24x) 2 (24y)  (distributive  
law)

5 7x 1 (27y) 1 (24x) 1 (4y) (definition of 
subtraction)

5 3x 1 (23y) (combine like terms)

5 3x 2 3y  (reverse of definition of  
subtraction)

EXAMPLE:

x 2 (y 2 x) 5 x 1 (21)(y 2 x)

5 x 1 (2y) 2 (2x)

5 x 1 (2y) 1 x

5 2x 2 y

If an expression involves parentheses within parentheses, 
then it is simplified from the innermost parentheses out.

EXAMPLE:

7 2 [6x 2 (x 2 4)]

5 7 2 [6x 2 x 1 4] (remove innermost  
parentheses)

5 7 2 [5x 1 4] (simplify within parentheses)

5 7 2 5x 2 4 (remove parentheses  
[square bracket])

5 3 2 5x (combine like terms)

EXAMPLE:

34 5 3 ? 3 ? 3 ? 3 5 81
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CHAPTER 1 Basic Mathematics  11

Multiplying Numbers in Scientific Notation. When mul-
tiplying two numbers in scientific notation, the Ns are 
multiplied and the powers of 10 are added. This is simply 
using the rule of exponents when the bases are the same.

EXAMPLES:

a4 ? a3 5 a4 1 3 5 a7

a ? a5 5 a1 1 5 5 a6

Law :
a
a

a if m n

1
a

if n m
a 0

m

n

m n

n m

2 �

�

�

�

�

















≠

 

EXAMPLES:

 

x
x

x x
5

2
5 2 3� ��

x
x x x

7

10 10 7 3

1 1
� �

� 

Law 3: (ab)m 5 ambm

EXAMPLE:

(ab)4 5 a4b4

Law :
a
b

a
a

b
m m

m4 0





≠� ,

 
b  0

EXAMPLE:

a
b

a
b







5 5

5�

Law 5: (am)n 5 am ? n

EXAMPLE:

(a4)5 5 a4 ? 55 a20

Definition: a0 5 1 for a  0

EXAMPLE:

50 5 1
x0 5 1
(5x)0 5 1
5x0 5 5 ? 1 5 5

Definition: a
a

for an

n

� �
1

0≠ for a  0

EXAMPLES:

x
x

� �7
7

1

2
1
2

1
8

3
3

� � �

It can also be shown that:

1
0

a
a for a

n
n

�
� ≠ . for a  0.

EXAMPLES:

1
5

5 25
2

2
�

� �

1
5

5

x
x

�
�

EXAMPLE:

(2.4 3 103)(3.8 3 1011)

5 (2.4 ? 3.8) 3 103 1 11

5 9.1 3 1014

Dividing Numbers in Scientific Notation. When dividing 
two numbers in scientific notation, the Ns are divided and 
the exponents are subtracted. This is another example of 
using the rules of exponents.

EXAMPLE:

(8.3 3 104) 4 (2.7 3 1011)

5 8.3 4 2.7 3 104211

5 3.1 3 1027

Evaluating Algebraic Expressions
To evaluate an algebraic expression, replace each unknown 
with the given value and then perform the indicated 
operations.
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12  UNIT I Creating the Beam

An open statement becomes either true or false when 
the unknown (variable) is replaced (substituted) with a 
numeric value.

EXAMPLE: Evaluate 2a2 1 5b for a 5 3 and b 5 4.

2a2 1 5b 5 2(3)2 1 5(4)

5 2 ? 9 1 20

5 18 1 20

5 38

Formulae are examples of equations where algebraic 
expressions are evaluated.

EXAMPLES:
Convert 60.0°F to C.
The formula involved is C 5 5/9(F 2 32°).
Determine C when F 5 60.0°.

C 5 5/9(F 2 32°)
C 5 5/9(60.0° 2 32°) (substitute 60.0° for F)
C 5 5/9(28°)
C 5 15.6°

Convert 20.0°C to F.
The formula to use is F 5 9/5C 1 32°.
Determine F when C 5 20.0°.

F 5 9/5(20°) 1 32°
F 5 36° 1 32°
F 5 68°

Equations
An equation is a statement that contains an equal sign. For 
example, A 5 B is an equation. An equation can be either 
a true or a false statement.

EXAMPLES:

5 1 3 5 7 (false statement)

5 1 3 5 8 (true statement)

Both of these statements are equations but only one is 
true.

An equation that contains at least one unknown 
(variable) is an open equation.

EXAMPLES:

x 1 5 5 7

3x 1 5 5 7 2 2x

EXAMPLES:

In x 1 5 5 7, replace x with 3.

3 1 5 5 7 is a false statement.

In x 1 5 5 7, replace x with 2.

2 1 5 5 7 is a true statement.

The solution of an equation is that numeric value 
which, when substituted in the equation, gives a 
true statement. In the earlier example, 2 is the solution 
to the equation.

There may be many solutions to an equation. For 
example, in the equation x 1 5 5 x 1 5, all numeric values 
for x will give a true statement. This type of equation is 
called an identity.

There may be no solutions to an equation. For exam-
ple, in the equation x 1 5 5 x 1 6, there are no numbers 
that, when substituted in the equation, give a true state-
ment. Therefore, there are no solutions to the equation.

Equivalence Principles. The principles of equivalence are 
needed to solve equations. An equivalent equation is an 
equation that has the same solution.

Addition and Subtraction Principle. If the same number is 
added to each side or subtracted from each side of an equa-
tion, the equation remains equivalent.

EXAMPLE:

x 2 5 5 7

x 2 5 1 5 5 7 1 5 (add 5 to both sides)
x 5 12 (equivalent equation to
  x 2 5 5 7)

EXAMPLE:

x 1 3 5 12 (subtract 3 from both sides)

x 1 3 2 3 5 12 2 3 (equivalent equation to  
x 5 9 x 1 3 5 12)

Multiplication and Division Principle. If the same non-
zero number is multiplied or divided by each side of the 
equation, the equation remains equivalent.
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EXAMPLE:
x
5

6�

5
5

5 6
x

� � �  (multiply each side by 5)

x 5 30  (equivalent equation)

EXAMPLE:

3x 5 12 

(divide each side by 3)3
3

12
3

x
�  

(equivalent equation)x 5 4

To find a solution to an equation, the unknown (variable) 
must be isolated on one side of the equation.

EXAMPLE:

Solve: x 1 7 5 12 for x

x 1 7 5 12

x 1 7 2 7 5 12 2 7 (subtract 7 from  
each side)

x 5 5

Check:

x 1 7 5 12

5 1 7 5 12 (substitute value for x)

12 5 12  (Statement is true; therefore, 
5 is solution to equation.)

EXAMPLE:

Solve: 
x
6

18�  for x

x
6

18�

6
6

6 18
x

� � �  (multiply both sides by 6)

x 5 108

Check:
x
6

18�

108
6

18�  (substitute 108 for x)

18 5 18 (Statement is true.)

EXAMPLE:

Solve: 5a 5 30 for a

5a 5 30
5
5

30
5

a
�  (divide both sides by 5)

a 5 6

Check:

5a 5 30

5(6) 5 30 (substitute 6 for a)

30 5 30 (Statement is true.)

EXAMPLE:

Solve: 7x 2 5 5 3x 1 7 for x

7x 2 5 5 3x 1 7

7x 2 5 1 5 5 3x 1 7 1 5 (add 5 to  
both sides)

7x 5 3x 1 12

7x 2 3x 5 3x 1 12 2 3x (subtract 3x from both 
sides)

4x 5 12

4
4

12
4

x
�

 (divide both sides by 4)
x 5 3

Check:

7x 2 5 5 3x 1 7

7(3) 2 5 5 3(3) 1 7 (substitute 3 for x)

21 2 5 5 9 1 7

16 5 16 (Statement is true.)

To solve an equation with parentheses, the parentheses 
need to be eliminated using some correct procedure, usu-
ally the distributive law.

EXAMPLE:

Solve: 7(x 1 6) 5 21 for x

7(x 1 6) 5 21 (distributive law)

7x 1 42 5 21 (subtract 42 from each side)

7x 5 221 (divide each side by 7)

x 5 23

Check:

7(x 1 6) 5 21 (substitute 23 for x)

7(23 1 6) 5 21

7(3) 5 21

21 5 21 (Statement is true.)
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14  UNIT I Creating the Beam

uniTS of MeaSuReMenT

In order to quantify scientific phenomena, standard units 
of measurement have been established. These units allow 
scientists to describe quantities. In physics, the primary or 
fundamental units of measurement are mass, length, and 
time. These units, although they have the same meaning and 
have been standardized by international organizations, are 
measured by the use of two widely different systems. These 
are the British (foot-pound-second) system, also called 
the U.S. customary system, and the metric (MKS [meter-
kilogram-second] or CGS [centimeter-gram-second]) system. 
Although most countries utilize the metric system of mea-
surement, attempts to switch to this system in the United 
States have not been very successful. In the United States, 
length is measured in inches and feet rather than meters and 
kilometers. By combining one or more of the fundamental 
units, scientists arrive at secondary or derived units. For 
example, the area of an object is derived from the fundamen-
tal unit of length. The area of a rectangle is determined by 
multiplying the lengths of the two sides of the object.

SI Units
In 1960, at the Eleventh General Conference of Weights 
and Measures, the Système Internationale d̀ Unites (SI) 
was defined and officially adopted. This system of units, 
used to measure various quantities, is now accepted as the 
metric system. In the SI system, there are seven base units 
(Table 1-2). All other units are derived from these units, 
although some derived units are given special names. It is 
important to become familiar with SI units because they 
have been internationally adopted.

In addition, although the United States does not 
use SI/metric units for the public, all scientific inqui-
ries utilize the SI system. As noted earlier, the seven 
base SI units are mass, length, time, electric current, 
temperature, amount of substance, and luminous inten-
sity. Radiologically important derived units are the 
coulomb per kilogram (C/kg), formerly the roentgen (R); 
the gray (Gy), formerly the rad (radiation absorbed dose); 
and the sievert (Sv), formerly the rem (radiation equiva-
lent man). These radiologic units are described in greater 
detail in Chapter 8.

Fundamental Units
Mass. Mass is the amount or quantity of matter. The standard 
unit of mass is the kilogram (kg). It is represented by a cylin-
der of platinum-iridium, which is kept in a vault at the Inter-
national Bureau of Weights and Measures in Paris, France.

Length. The unit of length is the meter (m). The meter 
was defined in 1983 as the distance that light travels in a 
vacuum in 1/299,792,485 s.

Variation
Two types of variation will be discussed here— direct and 
inverse.

Direct Variation. When one quantity is a multiple of 
a second quantity, this represents direct variation. An 
example of direct variation is y 5 kx, where k is the 
constant of proportionality. Here y is a multiple of x,  
making y directly proportional to x.

Another example is y 5 kx2, where k is the constant 
of proportionality, making y directly proportional to the 
square of x. Another way to think of direct variation is that 
the quotient of the two quantities is always a constant. It 
is possible, knowing the values for the quantities, to find 
the constant.

Inverse Variation. When two quantities are multiplied and 
their product is a constant, this represents inverse variation.

An example of inverse variation is y 5 k/x, where k 
is the constant of proportionality. Here the product of x 
and y is a constant, namely k. This is usually read as y is 
inversely proportional to x.

Another example is y 5 k/x2, where k is the constant 
of proportionality. Here the product of x2 and y is a con-
stant. This is usually read as y is inversely proportional to 
the square of x (or x2).

It is also possible to combine the two variations. 
As an example, consider y 5 kx/z2. Here y is directly 
proportional to x and inversely proportional to the 
square of z.

Sometimes a formula needs to be rearranged. This is just 
like solving an equation for an unknown (variable).

EXAMPLE:

Solve for t when a 5 bt 1 c

a 5 bt 1 c

a 2 c 5 bt 1 c 2 c (subtract c from each side)

 a 2 c 5 bt (divide by b)

a c
b

bt
b

�
�

 

a c
b

t
�

�

Check:
a 5 bt 1 c

a b
a c

b
c�

�
�⋅  (substitute a c

b
�  for t)

a 5 a 2 c 1 c

a 5 a (Statement is true.)
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Time. The unit of time is the second (s). The second was 
originally defined in terms of the rotation of the earth 
on its axis (the mean solar day) but, like the meter, 
the need for greater accuracy resulted in redefining 
the unit. Time is now measured by the vibrations of 
cesium-133 atoms. This method is sometimes called the 
atomic clock.

Prefixes
The metric system uses prefixes to units to denote different 
orders of magnitude, as shown in Table 1-3.

To convert from grams to kilograms or micrograms, or 
to grams with any other prefix, the decimal point is moved. 
If the prefix moves up the table, the decimal point is moved 
to the left the number of exponent positions moved. If the 
prefix moves down the table, the decimal point is moved 
to the right the number of exponent positions moved.  
Dimensional analysis can also be used.

 TABLE  1-2. SI Units of Measurement

Base Units
Quantity Unit Name Symbol

Mass kilogram kg

Length meter m

Time second s

Electric current ampere A

Temperature kelvin K

Amount of mole mol 
substance

Luminous intensity candela cd

Derived Units

 Unit  British  
Quantity Name Symbol Units

Absorbed dose gray Gy rad

Charge coulomb C esu 

Electric potential volt v 

Dose equivalent sievert Sv rem 

Energy joule J ft/lb 

Exposure coulomb/ C/kg roentgen  
 kilogram

Frequency hertz Hz cycles per 
   second 

Force newton N 

Magnetic flux weber Wb 

Magnetic flux tesla T gauss  
density

Power watt W 

Radioactivity bequerel Bq curie 

 TABLE  1-3. SI Unit Values

Factors Prefixes Symbols

 1012 tera T

 109 giga G

 106 mega M

 103 kilo k

 102 hecto h

 101 deca da

 1021 deci d

 1022 centi c

 1023 milli m

 1026 micro μ

 1029 nano n

 10212 pico p

 10215 femto f

 10218 atto a

23.4 g 5 0.0234 kg (move the decimal  
point 3 positions left)

23.4 g 5 23,400 mg (move the decimal  
point 3 positions right)

23.4 mg 5 0.0000234 kg (move the decimal point 6 
positions left)

23.4 kg 5 2,340,000 cg (move the decimal point 5 
positions right)

Using dimensional analysis:

23 4 23 4
1000

0 0234. . .g g
kg

g
kg� �

EXAMPLES:

Some commonly used prefixes are shown in Table 1-4.
Conversion from one system to another is needed 

from time to time. For example, 1 in. 5 2.54 cm is the 
conversion fact for changing inches to centimeters. See 
the section on Dimensional Analysis under the math 
review for the procedure to convert from one set of units 
to another.

 TABLE  1-4. Commonly Used SI Prefixes

Unit Symbol Meaning

kilovolt kV 103 volts

centimeter cm 1022 meter

milliampere mA 1023 amp

milligray mGy 1023 Gy

nanosecond ns 1029 second
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16  UNIT I Creating the Beam

 5. Change 0.325 to a percent.

 6. What are the significant digits of each of the 
following:

a. 20.10

b. 192

c. 38.04

d. 2,700

e. 1,800.004

 REVIEW QUESTIONS

 1. 4
7

1
2

� �

 2. 2
9

3
8

⋅ �

 3. 571.1 2 182.572 5

 4. 725 4 0.25 5

SUMMARY

A basic review of arithmetic, algebra, and units of mea-
surement has been presented. The arithmetic review in-

cludes fractions, decimals, computation with values, powers of 
10, scientific notation, and dimensional analysis. The algebra 
review includes signed numbers, order of operation, algebraic 
expressions, exponents, evaluating algebraic expressions, 
equations, and variation. Both SI and British (U.S. customary) 
units of measurement are introduced.

In order to quantify science, standard units of 
measurement were established. The fundamental units 

of measurement are mass, length, and time. Units of 
measurement were officially defined on an international 
level through the adoption of the SI units. The seven 
base SI units are mass, length, time, electric current,  
temperature, amount of substance, and luminous  
intensity. Radiologically important derived units are the 
coulomb per kilogram (C/kg), formerly the roentgen (R); 
the gray (Gy), formerly the rad (radiation absorbed dose); 
and the sievert (Sv), formerly the rem (radiation equiva-
lent man).

These mammals were 
radiographed in the Deep South. 

What are they? 

Answers to the case studies can 
be found in Appendix B.

The Case of the  
Mysterious Mammals
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 15. Evaluate the expression for a 5 2, b 5 24, and c 5 6. 
  3(a 1 b) 2 c

 16. Solve for x: 2x 2 8 5 4

 17. Solve for x: 2(3x 2 8) 5 3(4 2 x) 1 6x

 18. Solve for a: 
2
3 15

�
a

  REFERENCES  
AND RECOMMENDED 
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 7. Add the following numbers, leaving the results with 
the correct number of significant digits if each num-
ber is assumed to be approximate.

a. 2.1 1 2.824

b. 3.2 1 4.19

 8. Change the following numbers to scientific notation:

a. 0.0081

b. 7,811.2

c. 0.00024

d. 78,432

 9. Change the following numbers to ordinary notation:

a. 3.614 × 102

b. 1.876 × 1024

c. 1.823 × 103

d. 5.67 × 106

 10. Convert 1,500 seconds to hours.

 11. Convert 10 meters2 to centimeters2.

 12. Simplify the following algebraic expressions:

a. 23(x 1 y) 1 7(2x 1 1)

b. 24(x 1 2y) 2 8(2x 2 y)

 13. Simplify the following expressions, leaving the  
answer with only positive exponents:

a. a2 ? b3 ? a4 ? b2

b. (a4)3 ? (a2)23

 14. Evaluate the expression for a 5 5 and b 5 3.  
3
8

2 2( )a b�
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Describe the branches of science.

◾ Differentiate between matter and energy.

◾ Describe the basic structure of matter.

◾ Identify the various types of energy.

◾ Explain the basic concepts of atomic theory.

◾ Differentiate between the radiations along the electromagnetic 
spectrum.

◾ Describe the wave and particle theories for electromagnetic radiation.

◾ Identify the properties of x-rays.

KEY TERMS

amplitude

atom

atomic mass number (A)

atomic mass unit (amu)

atomic number

chemical energy

compound

electrical energy

electricity

electromagnetic energy

electromagnetic radiation (EM)

electromagnetic spectrum

electrons (e2)

electron binding energy (Eb)

electron volt (eV)

element

excitation

frequency

heat

ion

ionization

isotope

kinetic energy

K-shell

lambda

M theory

mass

mechanical energy

mixture

molecule

neutrons (no)

Radiation Concepts
C H A P T E R  2

I have discovered something interesting, but I do not know whether or not 

my observations are correct.

W. C. Röntgen to his friend Theodor Boveri  

in early December 1895.
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CHAPTER 2 Radiation Concepts  19

Physics is a branch of physical science that studies 
matter and energy and their interrelationships. Matter is 
defined as anything that has mass and occupies space. 
Energy is the ability to do work.

Matter
Matter is a very general term used to describe the sub-
stance that comprises all physical objects. It has shape, 
form, and it occupies space. A principal characteristic of 
matter is mass. Mass is the quantity of matter contained in 
an object. It is best described by its energy equivalence, 
although the term weight is generally used to mean the 
same thing. The force that an object exerts under the 
influence of gravity is weight. An object may be weightless 
in a zero-gravity environment, such as in space, but the 
mass of that object would remain unchanged.

The unit of mass is the kilogram, which equals to 
1,000 grams. The kilogram represents the weight of a stan-
dard piece of platinum-iridium kept at the International 
Bureau of Weights and Measures in Paris, France. It is 
equal to the mass of 1,000 cm3 of water at 0° Celsius (C) 
or Centigrade.

The structure of matter has been studied throughout 
history. In nature, matter is most commonly found as a 
mixture of substances  (Figure 2-1). A substance is defined 
as a material that has a definite and constant composition. 
When two or more substances are combined, they form a 
mixture. For example, air is a mixture of oxygen, hydro-
gen,  nitrogen, and a variety of other substances.

MATTER AND ENERGY

Radiography is the recording of images created by the use 
of x-ray energy. It is both an art and a science. In order 
to perform the duties of a radiographer, it is necessary 
to understand the art of the profession as well as the 
science.

Science is the use of knowledge in an organized and 
classified manner. The scientific method has been used 
by men and women to understand the world in which we 
live. This method systematically involves collecting facts, 
studying their relationships, and arriving at conclusions 
based on analysis. Natural science is the study of the 
universe and its contents. It can be divided into two cat-
egories: (1) the study of nonliving matter, known as physi-
cal science; and (2) the study of living matter, known as 
biological science. Radiographers learn about biological 
science through a study of human anatomy and physiol-
ogy and about physical science through a study of x-ray 
production and imaging processes.

KEY TERMS (continued)

nu

nuclear energy

nucleons

nucleus

octet rule

period

photon

potential energy

protons (p1)

quantum

quarks

radiation

shell

string theory

substance

temperature

thermal energy

valence

wavelength

weight

Z number

Mixture

Element

Substance

Compound

MoleculeAtom

FiguRE 2-1. Structure of matter.
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20  uNiT i Creating the Beam

There is a unique relationship between matter and 
energy. They are interchangeable. This relationship was 
described in 1905 by the German-American physicist 
Albert Einstein (1879–1955) in his well-known theory of 
relativity. Einstein mathematically described the relation-
ship between matter and energy in the equation:

 E 5 mc2

where: E 5 energy
 m 5 mass
 c 5  constant (the speed of light in a  

vacuum) 

At the basis of Einstein’s work is the Law of Con-
servation. This law states that the sum total of all mat-
ter and energy in the universe is a constant: matter and 
energy cannot be created or destroyed but they can be 
converted from one form to another. Although recent 
research has demonstrated certain circumstances when 
Einstein’s theory has been disproved, for practical pur-
poses it is essentially true.

ATOMIC THEORY

Matter comprises very small particles known as atoms. To 
understand how small atoms really are, it has been esti-
mated that one teaspoon of water (about 1 cm3) contains 
about three times as many atoms as the Atlantic Ocean 
contains teaspoons of water.

Atoms can be subdivided into three basic subatomic 
particles: protons (p1), neutrons (n0), and electrons (e2).

Historical Overview
The composition of the atom has been a topic of scientific 
investigation for thousands of years. The Greeks theorized 
that matter has four basic components: air, water, earth, 
and fire. They named the smallest division of these com-
ponents the atom. This theory was accepted until the early 
1800s when an English schoolteacher named John Dalton 
(1766–1844) published his work on atomic theory. Dalton 
concluded that all elements could be differentiated from 
one another based on the characteristic of mass. He further 
concluded that each of the elements comprises atoms that 
behaved in an identical fashion during a chemical reaction. 
During the mid-1800s, Russian scientist Dmitri Mendeleev 
(1834–1907) developed the first periodic table of the ele-
ments. This table arranges the elements in order of ascend-
ing atomic mass and on the basis of the repetition of similar 
chemical properties (Figure 2-2). More detailed information 
on a specific element on the periodic table, including specific 
characteristics, electron configurations, and electron binding 
energies, can be found at http://www.webelements.com.

Substances may be either simple or complex. A simple 
substance is known as an element and a complex substance 
is known as a compound. An element is a substance that can-
not be broken down into any simpler substances by ordinary 
means. There are 92 naturally occurring elements identified 
on the periodic table of elements (Figure  2-2). Elements 
include such substances as hydrogen, oxygen, carbon, cal-
cium, copper, silver, gold, lead, and barium. When two or 
more elements are chemically united in definite proportion, 
compounds are formed. Water and salt are both examples 
of compounds. Water is formed by the chemical union of 
two hydrogen atoms and one oxygen atom and is referred 
to as H

2
O (Figure  2-3). Each element has an abbreviated 

letter or letters to identify it. These abbreviations for the 
elements are outlined on the periodic table. For example, in 
the compound salt, the element sodium (Na) is chemically 
combined with the element chlorine (Cl), in equal propor-
tions, to form sodium chloride (NaCl).

When broken down and examined in its purest form, 
matter actually comprises very small invisible particles 
known as atoms. An atom is the smallest particle of an 
element that still possesses the chemical properties of 
that element. When two or more atoms are chemically 
united, they form a molecule, which is the smallest parti-
cle of a compound that still possesses the characteristics 
of the compound. For example, in the compound water, 
two hydrogen (H) atoms combine with one oxygen (O) 
atom to form one water (H

2
O) molecule. With salt, one 

sodium (Na) atom combines with one chlorine (Cl) atom 
to form one sodium chloride (NaCl) molecule.

Atoms are tightly bonded to one another when a mol-
ecule is formed. These bonds cannot be broken by ordinary 
physical means, such as crushing. Atoms and molecules are, 
however, bound to one another by varying degrees of attrac-
tion. The degree of attraction between atoms or molecules 
will determine if the substance is a solid, a liquid, or a gas. The 
attraction is weakest with a gas and strongest with a solid. For 
example, depending on the degree of molecular attraction, 
water can exist in its usual state as a liquid, or it can exist as 
a gas (steam) or a solid (ice). The state is determined by the 
heat or thermal energy that the substance possesses.

Energy
Energy is defined as the ability to do work. The unit of 
energy is the joule (J), named after the English physicist 
who developed the standard. When energy is emitted and 
transferred through matter, it is called radiation. Radia-
tion is a term applied to many forms of energy, such as 
heat and light. When the burner on a stove is lit, it can 
be described as radiating heat. A light bulb is capable of 
radiating light. When any form of matter is struck by a 
form of radiant energy, it is described as being exposed 
or irradiated.
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22  uNiT i Creating the Beam

Schrödinger were successful, but physicists primarily use 
Schrödinger’s concept because it has been found to be 
more convenient. This approach is the foundation of mod-
ern physics and is known as quantum or wave mechanics.

According to the principles of quantum mechanics, 
orbital electrons are assigned probabilities for occupying 
any location within the atom. The greatest probabilities 
are associated with Bohr’s original model.

Basic Atomic Particles
The atom is best described as having a small, dense 
center known as the nucleus, which is surrounded by 
electrons that orbit it at various levels (Figure 2-4). The 
nucleus contains two of the three basic particles of the 
atom, protons and neutrons, which are responsible for 
almost all of the mass of an atom. Protons and neutrons 
together are referred to as nucleons. The third basic 
particle, the electron, is located outside the nucleus 
and has a relatively insignificant mass, 1/1,826 that of 
a proton.

Electrons cannot be divided into smaller parts, but 
protons and neutrons both comprise even smaller sub-
nuclear structures called quarks. There are new theories 
that may explain them as well as find a way for quantum 
physics and relativity theory to work together. The over-
all concept is being referred to as M theory. It postulates 
that electrons and quarks may not be particles, but 

Investigation of the structure of matter contin-
ued and, in 1911, English physicist Ernest Rutherford 
(1871–1937) developed a model for the atom that con-
tained a central, small, dense nucleus, which possessed 
a positive charge and was surrounded by a negative 
cloud of randomly placed electrons, which had a nega-
tive charge. In 1913, Niels Bohr (1885–1962), a Danish 
physicist, expanded on Rutherford’s work and proposed 
a model for the atom that is considered the most rep-
resentative of the structure of matter. Bohr’s atom is 
likened to a miniature solar system where electrons 
orbit around a central nucleus just as the planets revolve 
around the sun.

Although the atom is far more complex than Bohr’s 
simple model suggests, this model is still the most widely 
used in explaining the composition of matter. One key dis-
tinction between Bohr’s model and an actual atom is that 
electrons orbit the nucleus in many planes, whereas the 
planets orbit the sun in essentially the same plane.

Bohr’s simple model was difficult to apply to ele-
ments with a high atomic number. Both Niels Bohr 
and the Austrian physicist Erwin Schrödinger, working 
with their associates, developed a theoretical approach 
to understanding atomic behavior. Both Bohr and 

2 hydrogen atoms 

1 oxygen atom 

e
_
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1 p+ 

e
_

e
_
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_

e
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e
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e
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FiguRE 2-3. A water molecule is formed when two atoms of 
hydrogen combine with one atom of oxygen.
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FiguRE 2-4. A three-dimensional diagram of an atom of oxygen, 
which contains eight protons, eight neutrons located within the cen-
ter nucleus, and eight electrons within orbital shells moving around 
the nucleus.
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CHAPTER 2 Radiation Concepts  23

number 7. Atoms of one element do change to atoms of 
another element during the natural process of radioactive 
decay. Radium, with an atomic number of 88, decays over 
a very long period of time to form the element radon, 
which has atomic number 86. Radon is a naturally occur-
ring gas that is also radioactive. Recent studies have 
found increased radon levels in homes around the coun-
try. Radon testing kits are now commercially available to 
measure radon levels in the home.

Changes in the number of protons change the iden-
tity of the element completely, but this is not the case 
with changes in the number of neutrons or electrons. If an 
atom gains or loses neutrons, the result is an atom called 
an isotope. Isotopes are atoms that have the same number 
of protons in the nucleus but differ in the number of neu-
trons. Deuterium is an isotope of hydrogen. It contains the 
same number of protons as hydrogen but also contains 
one neutron.

If an atom gains or loses an electron, it is called an 
ion and the atom is said to be ionized. The process of 
adding or removing an electron from an atom is called 
ionization. When an electron is removed from an atom, 
the atom becomes a positive ion; that is, the atom pos-
sesses an extra positive charge. When an electron is 
added to an atom, the atom becomes a negative ion; that 
is, it possesses an extra negative charge (Figure 2-5). The 
radiologic technologies use powerful beams of ionizing 
radiation that have the ability to ionize atoms, thus chang-
ing the charges and force fields between atoms. This can 
cause serious disruption of the metabolic relationships 
in the body. This is why exposure of patients to ionizing 
radiation requires an order from someone with a license 
to practice medicine.

Atomic Mass
The mass of an atom is extremely small; however, it is 
important to understand the differences in the mass of 
each of the basic particles of an atom. Each individual 
particle has its own unique mass. As stated earlier, the 
mass of an atom is almost entirely concentrated in the 
nucleus. The mass of a proton is approximately 1.673 3 
10–27 kilograms, and the mass of a neutron is almost iden-
tical, at 1.675 3 10–27  kilograms. Although these numbers 
seem remarkably small, they are still significantly greater 
than the mass of an electron, at 9.109 3 10–31 kilograms. 
Protons have approximately 1,836 times the mass of 
electrons, and neutrons have approximately 1,838 times 
more. The mass of the particles of an atom is sometimes 
described using the atomic mass unit (amu).

In order for science to be as exact as possible, scien-
tists defined an atomic mass unit as equal to one-twelfth 
of a carbon 12 atom. The amu of a proton is approximately 

instead may be extremely small loops of rapidly vibrat-
ing string like matter. One idea is that matter behaves 
differently depending on the vibrations of the string (like 
a guitar string playing many different sounds depending 
on the position of the fingers on the frets, force applied 
via finger or pick, and the shape and size of the body 
of the guitar or the electronics in the pickup). In fact, 
this concept is now being called string theory. There are 
actually five different string theories and they require 
the addition of several new dimensions in addition to 
the four we know (as well as the need to invent new 
forms of mathematics to figure out how they function). 
Although this begins to sound like a science fiction story, 
many physicists are beginning to agree that these new 
theories may be the next frontier for research and hold 
hope for better explanations about how matter behaves. 
It is likely that our knowledge of radiation will expand 
along with these theories throughout your career in the 
radiologic sciences.

The subatomic particles possess electrical charges. 
There are two types of electrical charges: positive and 
negative. The proton is a positively charged particle and 
the electron is a negatively charged particle. The neutron 
contains no charge and is said to be electrically neutral. 
When the number of positively charged protons equals 
the number of negatively charged electrons, the atom is 
neutral or stable. Because of its electrical nature, the atom 
is dynamic and ever moving. It is in a constant, vibrating 
motion because of the strong positive nuclear force field, 
which is surrounded by the negatively charged spinning 
and orbiting electrons.

Each of the elements has its own specific num-
ber of nuclear protons. This is the key characteristic 
that distinguishes one element from another. The 
number of nuclear protons in an atom is known as 
the atomic number or Z number. The simplest element, 
hydrogen, possesses only one proton and, therefore, 
has an atomic number of 1. Helium comes next on the 
periodic table and has two protons, giving it an atomic 
number of 2. Lead has an atomic number of 82, indicat-
ing that within the nucleus of an atom of lead there 
are 82 protons. The periodic table lists the elements 
in ascending order according to the element’s atomic 
number (Figure 2-2). In a neutral atom, the number of 
protons is equal to the number of electrons. For exam-
ple, in a stable neutral atom of hydrogen, there is one 
proton and one electron. In a stable atom of lead, there 
are 82 protons and 82 electrons.

Although not a common occurrence in nature, when 
an atom of a given element loses or gains a proton, that 
atom becomes a different element. For example, if an 
atom of carbon with atomic number 6 gains a proton, 
the atom then becomes an atom of nitrogen with atomic 
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24  uNiT i Creating the Beam

a certain electron binding energy (Eb). The binding energy 
of an electron is defined as that amount of energy needed 
to remove the electron from the atom. If a free electron at 
rest is assumed to have an energy of zero, then the total 
energy of an orbital electron would be zero minus the 
binding energy or the negative of the binding energy. The 
closer an electron is to the nucleus, the more tightly it is 
bound to its orbit or shell. The charge felt by any elec-
tron at various distances from the nucleus is termed the 
shielded nuclear charge.

Certain forces are responsible for maintaining the 
electron’s position and motion in its orbit. The stability 
of this orbit is contributed to by two opposing forces: 
the centrifugal force and the attractive electrostatic 
force. The centrifugal force tends to cause the elec-
tron to fly out in space. The attractive electrostatic 
force between the positively charged nucleus and the 
negatively charged electron tends to cause the two to fly 
together. These forces are exactly equal and opposite in 
a stable orbital. The end result is an electron that is in 
motion in a specific orbit around the nucleus. The closer 
an electron is to the nucleus, the higher the electron 
binding energy is and the more difficult it is to remove 
the electron from the atom.

The orbital shell closest to the nucleus is called 
the K-shell; the next shell is called the L-shell, then M-, 
N-, O-, P-, and, finally, the Q-shell. These letters for the 
shells are actually no longer used by chemists and physi-
cists. They identify the shells by the principal quantum 
number (n). The first shell (K) is designated as n 5 1. 

1.00728, a neutron has an amu of approximately 1.00867, 
and an electron has an amu of approximately 0.000548. 
When precision is not necessary, the mass of an atom is 
described by an atomic mass number symbolized by the 
letter A. The atomic mass number is equal to the number 
of protons and neutrons in the nucleus. For our purposes, 
each proton and neutron can be considered to have a 
mass number of one and an electron to have a mass num-
ber of zero (Table 2-1).

Orbital Electrons
Each of the electrons around the nucleus is in continu-
ous motion. According to quantum mechanics, each of 
these electrons resides in an orbit that may be described 
as a “probability density.” The orbital describes the 
region over which the electron is most likely to be at any 
given time.

The distance from the nucleus determines the energy 
level or shell the electron occupies. Each energy level has 

 TABLE  2-1. Atomic Particles

 Mass  Mass   
Particle Number (Kilograms) amu Charge

Proton 1 1.673  10–27 1.00728 Positive

Neutron 1 1.675  10–27 1.00867 Neutral

Electron 0 9.109  10–31 0.000548 Negative

6 Protons
5 Electrons

Positive ion

6 Protons
7 Electrons

Negative ion

6 p+ 
6 n

6 p+ 

e– 

e– 

e– 
e– 

e– 

e– 

e– 

e– 

e– 

e– 

e– 
e– 

6 n0 0

FiguRE 2-5. The ionizations process. When an electron is either added to or removed from an atom, the atom is ionized. A neutral carbon atom 
contains six protons and six electrons; a positive ion of carbon would contain more protons than electrons, and a negative ion of carbon would 
contain more electrons than protons.
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CHAPTER 2 Radiation Concepts  25

The binding energy of an electron is measured in 
a unit called the electron volt (eV). This is the same unit 
used to describe x-ray energies. The electron volt is the 
energy one electron will have when it is accelerated 
by an electrical potential of one volt. Because x-ray 
and binding energies are great, the usual unit used to 
express these energies is the kilo-electron volt (keV). 
One keV equals to 1,000 electron volts.

The atomic configuration and the approximate bind-
ing energies of certain elements are important because 
of their significance in radiology. These elements include 
hydrogen (H), carbon (C), and oxygen (O) because they 
are the principal elements that comprise the human body; 
iodine (I) and barium (Ba), because these elements are 
used as contrast media for a variety of radiologic examina-
tions; tungsten (W) and molybdenum (Mo), because they 
are x-ray tube target materials; and lead (Pb), because it 
is the element used for radiation protection devices. A dia-
gram of these elements shows that as the atomic number 
of an element increases, the K-shell binding energy of the 
element increases (Figure 2-7). This means that a K-shell 
electron of lead (Pb) is more tightly bound and more dif-
ficult to remove from the atom than a K-shell electron of 
smaller-atomic-number elements, such as hydrogen (H) 
or oxygen (O).

To remove the K-shell electron from an atom of 
tungsten or lead requires much more energy than would 
be necessary to remove a K-shell electron from an atom 
of hydrogen, carbon, or oxygen. When an electron is 
removed from an atom, the atom is said to be ionized. 
X-rays are capable of ionizing atoms. The x-ray energy 
must be greater than the binding energy of the electron 
in order for ionization to occur (Figure 2-8).

The Periodic Table
The present-day periodic table lists 118 elements 
(Figure  2-2). The elements are listed in ascending 
order based on the atomic number located above the 
element’s symbol. The relative atomic mass of the 
element is identified below the symbol. Each of the 
elements is also arranged into one of seven horizontal 
periods and one of eight vertical groups. The periods 
represent elements with the same principal quantum 
number or number of electron shells and the groups 
represent elements with the same number of electrons 
in the outermost shell. For example, each element 
in the last group has eight electrons in its outermost 
shell. These elements are chemically very stable 
atoms.

The number of electrons in the outermost shell 
of an atom determines the chemical combining 

The second shell (L) is n 5 2, the third shell (M) is n 5 3, 
and so on. Two additional quantum numbers, the angular 
momentum quantum number and the magnetic quantum 
number, are further used by chemists and physicists 
to describe more precisely the location of an electron 
within an atom.

In a neutral atom, the number of protons and elec-
trons is equal. This means that each element has a differ-
ent number of orbital electrons. The element hydrogen 
has only one proton and one electron. The electron of a 
hydrogen atom orbits in the K-shell. There is a maximum 
number of electrons that can occupy a given shell. The 
maximum number is determined by the formula 2n2, 
where n equals to the shell or principal quantum num-
ber, starting with K as the first shell. According to this 
formula, the maximum number of electrons in each of 
the shells would be:

K 5 2(1)2 5 2
 L 5 2(2)2 5 8
 M 5 2(3)2 5 18
N 5 2(4)2 5 32
O 5 2(5)2 5 50
 P 5 2(6)2 5 72
Q 5 2(7)2 5 98

Electrons may begin to appear in the next shell 
before a shell contains its maximum number of elec-
trons. For example, electrons may appear in the N-shell 
before the M-shell has 18 electrons in it. This is because 
the number of electrons in the outermost shell never 
exceeds eight electrons. This is commonly referred to 
as the octet rule. Atoms that contain exactly eight elec-
trons in their outermost shell are considered inert and 
chemically stable. The specific electron configuration 
will determine an element’s position within the groups 
of the periodic table.

As the number of electrons and protons increases, 
so does the binding energy of a given electron. This is 
due to the increase in the positive charge in the nucleus. 
This means that the electrons in atoms of high-atomic-
number elements are bound more tightly than the 
electrons in atoms of lower-atomic-number elements. 
The binding energy of electrons in the K-shell of lead is 
much higher than the binding energy of the K-shell elec-
trons in hydrogen or oxygen. In addition, the binding 
energy of an electron decreases as the distance from the 
nucleus is increased (Figure 2-6). It takes more energy 
to remove a K-shell electron from its path than it would 
to remove an electron from a shell at a greater distance 
from the nucleus, such as the L-, M-, or N-shell. This 
will become important to remember when studying the 
effect of x-rays on atoms.
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is the salt molecule. Sodium (Na), having a valence 
of 11, can easily combine with chlorine (Cl), with a 
valence of 21, to form sodium chloride (NaCl), salt 
(Figure  2-9). The valence of an element determines 
the way the atoms will combine in definite propor-
tions. Because of the element’s valence number, two 
hydrogen atoms combine with one oxygen atom to 
form water. Hydrogen has a valence of 11, whereas 
oxygen has a valence of 22. Oxygen has room for two 
hydrogen atoms and will share electrons, a type of 
bond known as a covalent bond (Figure 2-10).

characteristic or valence of the element. An element 
that has only one electron in the outermost shell is 
described as having a valence of 11 and would be 
located in Group 1 on the periodic table. This element 
will freely give up this electron to bind with another 
element to form a compound. An element that has 
seven electrons in its outermost shell has a valence 
of 21 and would be located in Group 7. This element 
will freely accept an electron to form a chemical bond 
because atoms prefer the stable octet configuration. 
An example of this bond, known as an ionic bond, 

FiguRE 2-6. The closer an electron is to the nucleus, the greater will be the binding energy of the electron.
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FiguRE 2-7. The atomic configurations and binding energies of elements that have significance in radiology.
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above a table, work is done and energy is expended. If the 
same book is lifted 2 feet above the table, twice as much 
work and energy are expended.

Mechanical
The result of the action of machines or physical 
movement is referred to as mechanical energy. There 
are two types of mechanical energy: potential and 
kinetic. The energy that an object has because of its 

TYPES OF ENERGY

Energy is the ability to do work. It exists in many dif-
ferent forms. Regardless of form, all types of energy pos-
sess an actual or potential ability to do work. Work is the 
result of a force acting upon an object over a distance. It 
is expressed in the equation work 5 force 3 distance. 
When a force acts upon an object over a distance, energy 
is expended. For example, when a book is lifted 1 foot 
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FiguRE 2-8. An x-ray photon can interact with an electron and eject it from an atom. This removal of an electron results in the ionization of 
the atom.
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FiguRE 2-9. An ionic bond is formed between sodium (Na) and chlorine (Cl) to form table salt, sodium chloride (NaCl).
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energy. As the temperature of a substance increases, the 
motion of the atoms in the substance increases. When a 
pan of water is placed on an electric burner, the electri-
cal energy is converted to heat energy, which raises the 
temperature of the water and increases the motion of its 
atoms and molecules.

Electrical
The result of the movement of electrons (electrical 
charges) is electrical energy, or electricity. Electricity is the 
study of resting or moving electrical charges. Numerous 
appliances operate by the use of electrical energy. When a 
lamp is turned on, a flow of electrons passes along a wire 
in a light bulb. The light bulb is a device that converts elec-
trical energy to light, which is a form of electromagnetic 
energy. In a toaster, electrical energy is converted to heat, 
or thermal energy.

Nuclear
Energy stored in the nucleus of each atom that holds 
the nuclear particles in a tight bond is referred to 
as nuclear energy. A tremendous amount of energy is 
stored in the nucleus of an atom. In the 1940s, sci-
entists working at the University of Chicago learned 
how to control the release of this energy and, as a 
result of this knowledge, developed the atomic bomb. 
Today, nuclear power plants convert nuclear energy, 
within a very controlled environment, to electricity.

position is called potential energy. It is stored, by vir-
tue of its position, in the object until it is converted 
to another form of energy. A car located at the top of 
a hill possesses more potential energy than the same 
car located at the bottom of a hill. If the car’s brakes 
are released, the potential energy is then converted to 
kinetic energy as the car moves to the bottom of the 
hill (and a lower energy state). The energy of motion is 
kinetic energy. An object in motion is able to perform 
work because it is moving. For example, the energy 
of water as it moves in a river can be used to perform 
work. When a dam is built across a river, the kinetic 
energy of the moving water can be used to produce 
electric energy. No electricity will be produced if the 
water is not moving.

Chemical
The form of energy released during a chemical reaction is 
called chemical energy. A battery operates using chemical 
energy. The purpose of a battery is to convert chemical 
energy into electrical energy.

Heat
The quality of heat, also called thermal energy, is the 
result of the motion of atoms and molecules. The faster 
the atoms and molecules within a substance are mov-
ing or vibrating, the greater the thermal energy of the 
substance. The temperature is a measure of thermal 

FiguRE 2-10. A covalent bond is formed between two hydrogen atoms and one oxygen atom to form water (H2O).
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Electromagnetic
A form of energy that is the result of electric and 
magnetic disturbances in space (Figure  2-11) is called 
electromagnetic energy. This type of energy travels 
through space as a combination of electric and mag-
netic fields and is produced by the acceleration of a 
charge. There are many familiar forms of electromag-
netic energy, including radio waves, microwaves, infra-
red light, visible light, and cosmic rays. X-rays are a form 
of human-made electromagnetic energy that is created 
in an x-ray tube when high-speed electrons are suddenly 
stopped. Physically they are identical to gamma rays, 
differing only in origin. Gamma rays originate from the 
nucleus of radioactive materials, whereas x-rays origi-
nate in an x-ray tube.

ELECTROMAGNETIC 
SPECTRUM

Electromagnetic radiation (EM) is a natural part of the 
environment in which we live. Although the term may not 
be a common one, we are all familiar with many forms of 
this energy. The nature of electromagnetic radiation was 
discovered in scientific experiments using visible light. 
Visible light was shown to have both electric and mag-
netic properties and was, therefore, described as being 
electromagnetic. Shortly after these investigations, other 
forms of electromagnetic radiation, invisible to humans, 
were studied and a theory to explain this form of energy 
was proposed.

Electromagnetic radiation spans a continuum of 
wide ranges of magnitudes of energy. This continuum 
is termed the electromagnetic spectrum  (Figure  2-12). 
The electromagnetic spectrum details all of the vari-
ous forms of EM radiation. One of the common prop-
erties of all forms of EM radiation is velocity. The 
velocity of EM energy is equal to the speed of light 
(c), which is 3  108 meters/second (186,400 miles per 
second) in a vacuum.

Electromagnetic radiation with energies of approxi-
mately 10 eV and higher is capable of ionizing an atom 
or molecule. Ultraviolet, x-ray, and gamma radiations are 
all capable of ionization. When they interact with mat-
ter, they can remove an electron from an orbital shell. 
Electromagnetic radiation is also capable of transferring 
energy to an atom by a process known as excitation. In 
the excitation process, electrons in an atom are moved 
to a higher energy state without actually being removed 
from the atom.

In studying EM radiation, scientists found that 
under certain circumstances it behaved as a wave 
and at other times it behaved as a particle. This dual 
nature is known as the wave-particle duality of 
radiation. To best understand x-rays, it is neces-
sary to consider them as both waves and particles 
of energy.

Wave Theory
Electromagnetic energy travels through space in the form 
of waves. Waves are disturbances in a medium. Ocean 
and sound waves are examples of disturbances of the 
mediums of water and air. When a rock is dropped into 
water, waves result. During speech, sound waves are cre-
ated as disturbances in the air. Electromagnetic waves are 
unique in that no medium is required. They can travel in 
a vacuum.

All types of waves have an associated wave-
length, frequency, amplitude, and period. To illus-
trate the wave concept, a sine wave is used because 
electromagnetic waves travel in the form of a sine 
wave (Figure 2-13). Sine waves can be mathematically 
described, but these definitions are beyond the scope 
of this book. Instead, we will use the primary descrip-
tions of electromagnetic waves: wavelength and fre-
quency. The wavelength is the distance between any 
two successive points on a wave. Wavelength is usu-
ally measured from crest to crest or trough to trough. 
It is represented by the Greek letter lambda  (), the 
character for length. Wavelengths vary from kilome-
ters to Angstroms. The Angstrom (represented by 
the symbol Å) is equal to 10210 meters, which is one 
ten-billionth of a meter. The Angstrom is of special 
interest because the wavelength of diagnostic x-rays 

Direction of 
photon travel

Electric field (E)

Magnetic field (b)

FiguRE 2-11. Overlapping sine waves, one representing an elec-
tric field and the other a magnetic field, illustrate electromagnetic 
radiation.
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initial for number. The unit of frequency is the hertz (Hz) 
or cycles per second (cps). The time required to complete 
one cycle of the wave is called a period.

A relationship exists between the frequency, wave-
length, and velocity of a wave. This relationship is 
expressed by the formula:

velocity 5 frequency  wavelength,
or c 5 

where: c 5 constant (the speed of light)

 5 the frequency

 5 the wavelength

This is known as the wave equation. Recall that 
with electromagnetic waves, velocity was a constant 
equal to the speed of light. Because velocity is a 
constant, an increase in frequency would result in 
an associated decrease in wavelength and vice versa. 
Therefore, frequency and wavelength are inversely 
proportional.

Radiation along the electromagnetic spectrum will 
vary according to the associated frequency and wave-
length. Low frequencies and long wavelengths are at the 
bottom end of the spectrum with radio waves and micro-
waves, visible light is in the center of the spectrum, and 
at the top of the spectrum are gamma and x-rays, with 
associated high frequencies and short wavelengths.

is 0.1–0.5 Å. The intensity of the wave defined by its 
maximal height is described as amplitude.

The frequency is the number of waves that pass a par-
ticular point in a given time frame, or the number of cycles 
per second. It is represented by the Greek letter nu (), the 

Wavelength
(meters)

10–12 10–9 10–6 10–3 1 103 106 109

1024102110181015101210910610
Frequency

(hertz)

Energy
(electron volts)

Ultra violet

Gamma rays

DiagnosticHeat

Red VioletBlueGreenYellowOrange

Radio
Television

Radar
MRI

Therapeutic

X-rays

Visible
light

Infrared

Cosmic rays

106 103

103

1 10–3 10–6 10–9 10–12 10–15

FiguRE 2-12. The electromagnetic spectrum.
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FiguRE 2-13. Two sine waves. With electromagnetic waves, if 
wavelength decreases, frequency will increase.
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THE DISCOVERY OF X-RAYS

On November 8, 1895, the German physicist Wilhelm 
Conrad Röntgen discovered an unusual phenomenon 
while working in his laboratory at the University of 
Würzburg. Röntgen had been repeating various experi-
ments with cathode rays, notably those of his colleagues 
Hertz, Hittorf, Crookes, and Lenard. These investigators 
had developed equipment for exploring the effects of 
high-tension discharges in evacuated glass tubes. By 
late 1895, this small group of physicists was beginning 
to explore the properties of cathode rays outside the 
tubes. Early in November of 1895, Röntgen was repeat-
ing an experiment with one of Lenard’s tubes in which 
a thin aluminum window had been added to permit the 

cathode rays to exit the tube. Lenard had supplied the 
tube with a tightly fitting cardboard covering to pro-
tect the aluminum window from damage by the strong 
electrostatic field necessary to produce the cathode 
rays. This covering also prevented any visible light from  
escaping. Röntgen had successfully repeated the experi-
ment and had observed that the invisible cathode rays 
caused a fluorescent effect on a small cardboard screen 
painted with barium platinocyanide when it was placed 
very close to the aluminum window.

It occurred to Röntgen that the Hittorf–Crookes 
tube, which had a much thicker glass wall than the Lenard 
tube, might also cause this fluorescent effect. In the late 
afternoon of  November 8, he determined to test his idea. 
He carefully constructed a black cardboard covering simi-
lar to the one he had used on the Lenard tube. He covered 
the Hittorf–Crookes tube with the covering and attached 
electrodes to the Ruhmkorff coil to generate an electro-
static charge. Before setting up the barium platinocyanide 
screen to test his idea, Röntgen darkened the room to 
test the opacity of his cardboard cover. As he passed the 
Ruhmkorff coil charge through the tube, he determined 
that the cover was light-tight and turned to prepare the 
next step of the experiment. It was at this point that he 
noticed a faint shimmering from a bench a meter away 
from the tube. To be sure, he tried several more dis-
charges and saw the same shimmering effect each time. 
Striking a match, Röntgen discovered the shimmering 
had come from the location of the barium platinocyanide 
screen he had been intending to use next.

Röntgen spent the next few hours repeating the 
experiment again and again. He quickly determined that 
the screen would fluoresce at a distance from the tube 
much greater than in his previous tests. He speculated 
that a new kind of ray might be responsible. November 8 
was a Friday, and Röntgen took advantage of the weekend 
to repeat his experiments and make his first notes. In the 
following weeks, he investigated nearly all the known 
properties of the rays, even eating and sleeping in his 
laboratory.

Röntgen’s discovery of x-rays was no accident, and 
he was not working alone. With the investigations he and 
his colleagues in various countries were pursuing, the dis-
covery was imminent. The idea that he just happened to 
notice the barium platinocyanide screen totally misrepre-
sents his investigative powers. He had planned to use the 
screen in the next step of the experiment.

At one point while he was investigating the ability 
of various materials to stop the rays, he brought a small 
piece of lead into position while a discharge was occur-
ring. Imagine Röntgen’s astonishment as he saw the first 
radiographic image, his own flickering ghostly skeleton, 
on the barium platinocyanide screen. He later reported 
that it was at this point that he determined to continue his 

Particle Theory
When high-frequency electromagnetic radiation interacts 
with matter, it behaves more like a particle than a wave. 
With this model, electromagnetic radiation acts like a small 
bundle of energy, known as a photon or quantum. The pho-
ton carries a specific amount of energy that is dependent on 
frequency. Photon energy and frequency are directly 
proportional. If the frequency of an x-ray is doubled, the 
energy is doubled. This relationship was first described by 
the German physicist Max Planck (1858–1947). The relation-
ship between photon energy and frequency is mathemati-
cally described in the formula:

       E 5 h

where: E 5 photon energy (eV)
       h 5  Planck’s constant 

(4.15  10215 eV-s)
        5 photon frequency (Hz)

From this formula, it is possible to calculate the fre-
quency of an x-ray when given the x-ray photon’s energy.

EXAMPLE: What is the frequency of a 72 keV  
x-ray photon?

Answer:

E 5 h
E
h

72 keV
4.15 10 eV-s

7.2 10 eV
4.15 10 eV-s

1.73 10 Hz

15

4

15

19
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of three papers on x-rays between 1895 and 1897. His 
investigative powers were so phenomenal that none of 
his conclusions have yet been proven false. Röntgen 
received many honors for his discovery, including, in 
1901, the first Nobel Prize for physics. He died of carci-
noma of the bowel in 1923.

X-RAY PROPERTIES

When Röntgen began his study of the invisible x-rays, it 
was unlikely that he would be able to identify all of the 
properties of this new discovery. Röntgen’s investiga-
tion was so thorough, however, that no scientist since 
has been able to add to the list of properties Röntgen 
identified.

Through his use of the scientific method, Röntgen 
found that x-rays:

 1. Are highly penetrating, invisible rays that are a form 
of electromagnetic radiation.

 2. Are electrically neutral and, therefore, not  affected 
by either electric or magnetic fields.

 3. Can be produced over a wide variety of  energies and 
wavelengths (polyenergetic and heterogeneous).

 4. Release very small amounts of heat upon passing 
through matter.

 5. Travel in straight lines.

 6. Travel at the speed of light, 3  108 meters per sec-
ond in a vacuum.

 7. Can ionize matter.

 8. Cause fluorescence (the emission of light) of certain 
crystals.

 9. Cannot be focused by a lens.

 10. Affect photographic film.

 11. Produce chemical and biological changes in matter 
through ionization and excitation.

 12. Produce secondary and scatter radiation.

experiments in secrecy, because he feared for his profes-
sional reputation if his observations were in error.

Röntgen became the first radiographer when he 
produced a series of four photographs to accom-
pany the first draft of his paper: the hand of his wife 
(Figure 2-14), a set of weights, a compass, and a piece 
of metal. Röntgen’s original paper, “On a New Kind of 
Rays,” was published 50 days later on  December 28. 
It is translated in Appendix  A. Röntgen assigned the 
mathematical term for an unknown, X, to the rays he 
discovered. In later years, they were officially given his 
name to honor his work. Today, either term, x-rays or 
Röntgen rays, is acceptable. Röntgen published a total 

SUMMARY

The physical universe can best be understood through 
physics—the study of matter and energy and their 

interrelationships. Matter is the substance that comprises 
all physical objects. The smallest subdivision of matter is the 
atom, which comprises three basic subatomic particles: the 
proton, the neutron, and the electron. Energy is the ability to 
do work. There are many forms of energy, including x-rays, 

which are a form of electromagnetic radiation. Matter and 
energy cannot be created or destroyed but are interchange-
able, as described in Einstein’s theory of relativity (E 5 mc2).

The atom is best described as having a small, dense 
center, known as the nucleus, that is surrounded by elec-
trons located within orbital shells. Protons and neutrons are 
located within the nucleus and are responsible for almost all 

FiguRE 2-14. The first x-ray image of the human hand. The  
radiograph was taken by Röntgen of his wife’s hand. 
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 REVIEW QUESTIONS

 1. What are the two major branches of natural science?

 2. How do matter and energy differ?

 3. Define an atom and a molecule.

 4. What are the three basic subatomic particles?

 5. What is ionization?

 6. What is the formula used to determine the maximum 
number of electrons that can be contained in a given 
shell? How many electrons can be contained in the 
N-shell?

 7. The periodic table of elements arranges the elements 
into periods and groups. How are the elements simi-
lar within each period and within each group?

 8. How do radiations differ along the electromagnetic 
spectrum?

 9. List five types of energy.

 10. For electromagnetic radiation, what is the relation-
ship between frequency and wavelength and between 
frequency and photon energy?

 11. List five properties of x-rays.

  REFERENCES  
AND RECOMMENDED 
READING

Ball, J. L., & Moore, A. D. (2008). Essential physics for radiogra-
phers (4th ed.). Oxford: Wiley-Blackwell Scientific.

SUMMARY (continued)

of the mass of an atom. The electron is located outside the 
nucleus and has a relatively insignificant mass. Protons pos-
sess a positive charge, electrons possess a negative charge, 
and neutrons are electrically neutral.

Each of the elements has its own specific number of 
nuclear protons. This is the key characteristic that distin-
guishes one element from another. The number of nuclear 
protons in an atom is known as the atomic number or Z num-
ber. The periodic table lists the elements in ascending order 
according to the element’s atomic number.

Electromagnetic radiation behaves as both a wave 
and a particle. As a wave, EM radiation has an associated 
frequency and wavelength. As a particle, it behaves as a 
bundle of energy, called a photon. X-rays are a human-made 
form of electromagnetic radiation that is created when high-
speed electrons are suddenly stopped. X-rays were discov-
ered by Wilhelm Conrad Röntgen on November 8, 1895, in 
Germany. From his thorough investigation, 12 properties of 
x-rays were identified. ◾
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The experience of life itself is the real test … for any … profession.

W. C. Röntgen

Electricity

KEY TERMS

admittance

alternating current (AC)

amp (A)

ampere (A)

atomic reactor

battery

circuit breaker

concentration

conductance

conduction band

conductors

contact

current

direct current (DC)

distribution

electrical circuit

electric current

electric fields

electrification

electromotive force (emf)

electrostatics

friction

fuse

gasses

generator

induction

insulators

inverse square law

ionic solution

C H A P T E R  3

OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Explain the atomic nature of electricity.

◾ State the elementary laws of electrostatics.

◾ Describe the methods of electrification.

◾ Interpret the results of various electrostatic interactions.

◾ Differentiate conductors from insulators.

◾ Describe the basic factors of electrodynamics.

◾ Calculate the effect of changes in voltage, amperage, and 
resistance according to Ohm’s law.

◾ Calculate voltage, amperage, and resistance in simple series and 
parallel circuits.
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Understanding electricity

To control x-rays, it is necessary to understand how 
they are produced. X-rays are produced when extremely 
high-energy electricity creates high-speed electrons that 
interact with matter. Electricity must be understood at 
the subatomic level for this process to become clear. The 
distribution and movement of electrons, along with their 
associated charges, make up electricity. Understanding 
atomic structure, including how electrons interact both 
inside and outside of atoms, becomes the key to under-
standing electricity. It is the distribution and movement of 
atomic charges that can cause forces to interact.

Atoms contain both kinds of electrical charges, the 
positive charge of the proton, which is locked within the 
nucleus by very strong forces, and the negative charge of  

the electron, which is located outside the nucleus, bound by 
relatively weak forces. Electrons may not be associated with 
a nucleus at all, in which case they are called “free” electrons. 
In either case, the positive charge of the proton and the 
negative charge of the electron are equal in strength. 
Because electrons, with their negative charges, are free 
to move between atomic orbital shells and even between 
atoms, electricity concerns the distribution and movement 
of electrons, and has little to do with the positively charged 
protons locked within the atomic nucleus.

electrOstatics

The study of the distribution of fixed charges, or elec-
trons that are at rest is electrostatics. Just as all atoms 
are charged (neutral, positive, and negative), objects 
become charged by their composite individual atomic 
charges. Some atoms include electrons in their outer 
shells, or beyond the outer shell, but within the atom’s 
sphere of influence, that are very easily removed. There 
are instances, as when walking across a heavy rug in 
winter, when electrons are easily transferred (literally 
scooped up) onto another object. It is this type of dis-
tribution and redistribution of charged electrons that 
makes up electrostatics.

The term electrification is used to describe the process 
of electron charges being added to or subtracted from an 
object. When one object has more electrons than another, 
it also has more negative charges. Therefore, it can be con-
sidered to be negatively electrified, or to have a negative 
charge. The concept of positive electrification, a positive 
charge, is more complicated because protons, which carry 
true positive charges, are not easily distributed. There-
fore, a positive charge usually refers to something with a 
weaker negative charge, or fewer electrons. The so-called 
positively electrified, or charged, object has a negative 
charge; it is just a weaker negative charge than the object 
with which it is being compared. It is less negative, and 
therefore termed positive, by comparison. It is important 
to remember that electrification is a relative term and that 
nearly all objects have negative charges. When discuss-
ing electricity, the terms negative and positive refer 
to the relationship between two objects, not to their 
true atomic charges.

In conjunction with the idea that negative and 
positive charges are relative to each other, another 
concept is required in order to establish a neutral ref-
erence point. This is done by defining the earth as 
zero or ground potential. Because the earth contains what 
is essentially an infinite number of charges, both positive 
and negative, in equal distribution, it is considered to be 
neutral and is the reference point for discussing charges. 
It has zero potential because the equally balanced charges 

KEY TERMS (continued)

laws of electrostatics

metallic conductor

milliamperage (mA)

movement

negative charge

ohm (Ω)

parallel circuit

positive charge

potential difference

potentiometer

power loss formula

repulsion–attraction

resistance

rheostat

semiconductors

series circuit

solar converter

static discharge

superconductors

vacuum

valence energy band

volt (V)

voltage (V)

zero or ground potential
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have no potential to perform work and release energy. 
The symbol for ground is .

Laws of Electrostatics
Before attempting to understand how objects are 
electrified, it is helpful to learn five fundamental 
laws of electrostatics. These important laws have many 
corollaries in physics and will be used again and again 
throughout this book. The five laws are:

 1. Law of repulsion–attraction (Figure 3-1). Like charges 
repel; unlike charges attract.

 2. The inverse square law (Figure  3-2). The force 
between two charges is directly proportional to the 
product of their magnitudes and inversely propor-
tional to the square of the distance between them. As 
a charged object gets further away, the influencing 
charge decreases because of the increased area it 
affects. The law is expressed as:

    

I

I

D

D
1

2

2
2

1
2

=

  where:    I
1
 5 old intensity

       I
2
 5 new intensity

    D
1

2 5 old distance squared

    D
2

2 5 new distance squared

In this example, as the distance doubled, the charge was 
reduced to 25 percent of its original value. Although 
this inverse square formula is usually sufficient for 
radiographic needs, it is important to understand that 
the true relationship of the force between two charges 
is accurately expressed in Coulomb’s law:

F
kq q

R
= 1 2

2

where:  F 5 electrostatic force in newtons
k 5  constant of proportionality (9 3 109 

for coulombs and meters)
q

1
 and q

2
 5 charges in coulombs

R 5 distance in meters

This formula takes into account the true defini-
tion: the force between two charges (q

1
 and q

2
) is 

A

C

B

FIgURE 3-1.  Repulsion–attraction law: (A) neutral charge;  
(B) repulsion of like charges; and (C) attraction of unlike charges.

EXAMPLE: If an object has a charge of 4 coulombs at 
4 mm, what will the charge be at 8 mm?

Answer:

 

I

I

D

D
1

2

2
2

1
2

=

4 8

4

2

2

coulombs
x

mm

mm
=

( )
( )

 

4 64
16

64 64
1

x
x

x coulomb

=

=
=  

S

D1 D2

FIgURE 3-2.  The inverse square law: If S is the source and D2 is 
twice the distance of D1, the area covered by the diverging field at 
D2 is four times the area covered at D1.
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directly proportional to the product of their mag-
nitudes (q

1
 3 q

2
), and inversely proportional to the 

square of the distance between them [(q
1
 3 q

2
)/R2]. 

Ironically, although the French physicist Coulomb 
(1736–1806) received the credit for development of 
this law, the original inquiry was initiated by the 
American scientist Benjamin Franklin (1706–1790).

 3. Law of distribution (Figure  3-3). Charges reside on 
the external surfaces of conductors and equally 
throughout nonconductors. This law is a result of the 
effect of the repulsion–attraction law, as electrons, 
all with negative charges, attempt to repel each other 
as much as possible. In a solid conductor, this results 
in equal distribution on the surface, which is the 
point where electrons can obtain maximum distance 
from each other. In a nonconductor, such as a cloud, 
charge movement is not facilitated and equal distri-
bution throughout the object results.

 4. Law of concentration (Figure 3-4). The greatest con-
centration of charge will be on the surface where the 
curvature is sharpest. If enough electrons congregate, 
they can induce ionization of the surrounding air and 
even discharge to the nearest point of lower concen-
tration. Therefore, x-ray tubes, which are subjected to 
extremely high charges, must not have sharp or rough 
edges where concentrations of electrons could occur 
and discharge at the wrong moment or in an undesir-
able direction. Consequently, the interior components 
of x-ray tubes are rounded and highly polished to 
eliminate sharply curved surfaces.

 5. Law of movement. Only negative charges move along 
solid conductors. Because the positive charges, the 
protons, are tightly bound inside the atomic nuclear 
field, only the electrons, which exist outside the 
nucleus, are easily moved along conductors.

Electrification
Objects can be electrified by three methods: friction, 
contact, and induction.

Friction. Electrification by friction occurs when one object 
is rubbed against another and, due to differences in the 
number of electrons available on each, electrons travel 
from one to the other. Ideal conditions for electron transfer 
occur during cold weather when low humidity removes sta-
bilizing electrons from the air, decreasing the resistance to 
electron movement between objects. An example is a com-
mon trick that delights children—rubbing a balloon against 
a wool sweater will permit the balloon to stick to a wall. In 
low humidity, electrons will transfer from the wool to the 
balloon, giving it a negative charge, which can cause it to 
stick to a  smooth wall with a relatively positive charge.  
This is an example of opposites attracting one another. A 
common example of like charges repelling one another 
occurs when hair is electrified by friction during combing 
in low-humidity conditions. The comb removes electrons 
from the strands of hair, often accompanied by crackling 
sounds, leaving each more positively charged. The strands 
are then repelled by those adjoining, which now also have 
stronger positive charges. The result is wild strands of hair 
standing straight out from your head. The solution to the 
problem is to increase the humidity, or the amount of water 

FIgURE 3-3.  The law of distribution of charge: As individual 
electrons are repelled from one another, they distribute at the outer 
limits of a conductor.

FIgURE 3-4.  The law of concentration of charge: Because each 
negative charge is repelled by all other negative charges, they tend to 
concentrate at points of greatest curvature.
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in the air, causing a slight condensation on all surfaces. This 
thin film of moisture becomes a pathway for the distribu-
tion of electrons. The use of a humidifier in a radiographic 
darkroom during cold weather thus helps eliminate electro-
static discharges that can cause artifacts on film.

Contact. Electrification by contact occurs when two 
objects touch, permitting electrons to move from one to 
the other. This process is a simple equalization of charges, 
with both objects having similar charges after the contact. 
Walking across a woolen carpet in a room with low humid-
ity may cause shoes to scoop electrons from the carpet 
fibers that are then distributed over the entire body. This is 
an example of electrification by friction. However, when a 
positively charged object with fewer electrons is touched, 
the contact will cause electrons to move to the less nega-
tively charged object in an attempt to equally distribute the 
charges. A metal doorknob or another person are examples 
of positively charged objects that would attract electrons 
from a person who had just walked across a rug. After the 
contact, both objects would have a more equal distribution 
of electrons. This is caused by the individual force fields of 
the electrons satisfying the repulsion–attraction law over 
the entire surface of the conductors. In many instances, 
actual physical contact does not occur before the electrons 
equalize. As soon as the oppositely charged objects are in 
close proximity, the electrons often jump the gap in the form 
of a static discharge. This occurs as soon as the difference in 
charges becomes sufficiently great and the intervening dis-
tance sufficiently small. In most cases, the static discharge 
releases excess energy in the form of light photons.

An electroscope is a simple device that illustrates 
the laws of electrostatics. It consists of a rod connected 
to a pair of thin, easily charged metallic leaves, which are 
protected from air currents by a glass flask (Figure 3-5A). 
When a charged object (such as the metallic rod shown 
in Figure  3-5B) is brought into contact with the rod, the 
excess electrons obey the third law of electrostatics and 
distribute equally throughout the rod and leaves. The 
resultant increase in the number of electrons present on 
both leaves causes the two leaves to obey the first law 
of electrostatics and, because they possess like charges, 
repel each other. Consequently, it is possible to see the two 
leaves move further apart.

If an electroscope is subjected to an intense beam of 
ionizing x-ray photons, the air becomes ionized. The ion-
ized atoms draw electrons from the leaves, thus causing 
the charge on the leaves to be reduced. Consequently, the 
electroscope leaves relax and move closer together.

Induction. Electrification by induction is the most impor-
tant method because it is the one used in the operation 
of electronic devices. Induction is the process of electri-
cal fields acting on one another without contact. Every 

charged body is surrounded by a force field, much like 
the fields that surround individual atoms. Like atoms, 
force fields are a result of the composite forces of the 
charges residing within the object. These force fields are 
called electric fields and they can cause induction. When 
a strongly and a weakly charged object come close to 
one another, the electrical fields will begin to act on one 
another before contact occurs  (Figure  3-6A). As can be 
seen in Figure 3-6B, charges will migrate to one end of an 
object as the force field interacts with them. However, as 
seen in Figure 3-6C, when the stronger object is removed 
before contact, the charges in the weaker object will 
redistribute themselves as they were before the induction 
occurred. This temporarily induced movement of charges 
is useful in many electronic devices, such as motors, trans-
formers, and solenoids.

With an understanding of friction and induction electri-
fication, it becomes possible to understand one of the great-
est of natural phenomena—lightning. Lightning discharges 
occur as the masses of atoms making up the water vapor in 
clouds move rapidly through the atmosphere. Under condi-
tions where many electrons are available, such as when there 
are numerous storm clouds, the movement of the water 
vapor atoms tends to cause electrons to be picked up or lost. 
As an individual cloud becomes predominantly positively or 
negatively charged, it becomes a candidate for a huge elec-
trostatic discharge. Clouds often pick up electrons on their 
upper edges and lose them on their lower edges and vice 
versa. In these instances, the difference in charges makes the 
cloud a candidate for a cloud-to-cloud discharge as soon as 

Metal knob
and rod 

Foil leaves

A B

FIgURE 3-5.  Charging an electroscope by contact: Electrons distrib-
ute equally when they are permitted to move from one object (the 
rod) to another (the electroscope) by contact.
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electron flow, it is especially useful in permitting electrons 
to reach the speed necessary to produce x-rays. Some gasses 
(such as neon) will promote the drift of electrons from a 
negative electrode (cathode) to a positive electrode (anode). 
These gasses also promote the drift of positive ions toward 
the negative cathode while negative ions move toward the 
positive anode. An ionic solution can cause electrons to 
migrate to positive or negative poles during electrolysis, 
when they are subjected to an electric current.

Electrolysis becomes possible when two neutral atoms 
with complementary valences (e.g., 21 and 11) are brought 
together in a solution. They become ions in the solution 
when the positive valence atom gives up an outer-shell 
electron to the negative valence atom. The atom missing 
an electron becomes a positive ion (because a negative 
charge has been removed), whereas the one receiving the 
electron becomes a negative ion (because a negative charge 
has been added). When metallic rods are connected to a 
battery and immersed in the solution, the negative pole 
will attract the positive ions, whereas the positive pole will 
attract the negative ions. This migration of electrons during 
the electrolytic process comprises an electrical current.  
A metallic conductor, such as copper wire, is the most 
common pathways provided for the movement of elec-
trical current. The atoms of metallic conductors permit 
valence electrons to drift. In common household wiring, 
the actual physical movement is less than 1 mm per second  
(Figure 3-7). The electrical current, as a whole, is similar to 

the insulating effect of the vapor between the two surfaces 
has been overcome. However, the most interesting part of 
lightning is cloud-to-ground discharges. The ground often 
develops a temporary opposite charge from the underside 
of the cloud because of the induction effect of the cloud on 
the ground. This causes the electrons to spread out, which 
in turn tends to rapidly increase the difference in charges 
between cloud and ground and can quickly overcome the 
insulating effect of the air between the cloud and the ground. 
The result is lightning discharges occurring much more 
rapidly than if induction had not taken place. Lightning dis-
charges do not occur as a single transfer of electrons from 
one area to another. Instead, vast numbers of electrons may 
be transferred from cloud to ground, overloading the ground, 
which in turn transfers electrons back to the cloud, which 
again transfers them to the ground, over and over until the 
charges are somewhat equally distributed. A short lightning 
discharge often transfers electrons back and forth between 
cloud and ground many times within a microsecond.

electrOdynaMics

Electrons that are moving in predominantly the same direc-
tion are often referred to as an electric current. Numerous 
conditions encourage electron movement, thus permitting 
the flow of electric current. A vacuum is a space from which 
air has been removed. Because it has few atoms to oppose 

A CB

FIgURE 3-6.  Charging an electroscope by induction: Electrons are induced to move away from the heavily charged rod (B) but return to their 
normal distribution when the rod is removed (A and C).

11067_ch03_hr_035-051.indd   40 11/20/18   5:07 PM



CHAPTER 3 Electricity  41

a tube filled with balls, as in Figure 3-8. If the tube is full and 
a new ball is pushed into one end, a ball will drop instantly 
from the far end, although each ball moved or drifted only 
a short distance. Electrons move along a conductor with a 
similar domino effect, resulting in movement of electrons at 
the far end. This movement occurs extremely rapidly, nearly 
at the speed of light (3  3 108 meters/second).

The movement of electrons is facilitated by materi-
als that easily permit electrons to flow. These materials 
are called conductors and superconductors. Examples of 
conductors are metals such as copper and aluminum. Con-
versely, electron movement is inhibited by materials that 
resist the flow of electrons. These nonconducting materi-
als are called insulators. Examples of insulators are plastic, 
rubber, and glass. The third classification of materials is 
semiconductors. They have the ability to conduct under 
certain conditions and insulate under others. The actual 
conditions causing these changes in conductivity are com-
plex and are addressed later in this chapter. They result 
primarily from changes in the energy states of atoms, caus-
ing outer-shell electrons to move in a particular direction 
(Table 3-1).

An electrical circuit is a pathway (commonly cop-
per wire) that permits electrons to move in a complete 
circle from their source, through resisting electrical devices 
and back to the source. As in electrostatics, an electrical 

circuit must have an excess charge at one end and a com-
parative deficiency at the other to allow electrons to flow. 
There are several sources of the excess electrons necessary 
to cause current flow. Examples include a battery, which 
converts chemical energy to electrical; a generator, which 
converts mechanical energy to electrical; a solar converter, 
which converts solar photons to electrical energy; and an 
atomic reactor, which converts nuclear energy to electrical. 
Solar converters remain expensive, and nuclear reactors, 
although efficient on a large scale, continue to meet signifi-
cant public opposition. They operate by using the massive 
energy of the atom to produce steam, which is then used to 
run turbine generators.

FIgURE 3-7.  Electron drift along a conductor.

Tube filled with balls

Ball

Ball

FIgURE 3-8.  As when balls are pushed into a tube, each electron 
needs to move only a short distance for the effect of current move-
ment to be achieved at the other end.

 TABLE  3-1. Properties of Conducting Materials

State Material Characteristics

Insulator Plastic, rubber, glass Large energy difference between conduction and valence bands; resists electron flow.

Semiconductor Silicon, germanium Small energy difference between conduction and valence bands; conducts or resists, 
depending on temperature and other conditions.

Conductor Copper, aluminum Overlapping conduction and valence bands; conducts with minor resistance, varying 
depending on temperature and other conditions.

Superconductor Titanium Greatly overlapping conduction and valence bands; conducts with little or no electrical 
potential; most current systems require extreme cold to function although research indi-
cates room-temperature superconductors may be developed soon.
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The word current is used to describe the presence of elec-
tron flow as well as to describe exactly how much current 
is flowing. It is important to distinguish which use of the 
word is intended.

Potential Difference
The force with which the electrons travel is a function of 
the difference between the number of electrons in excess 
at one end of the circuit and the deficiency at the other 
end. The attempt of the unequal forces to balance is the 
cause of the force of electron movement. Because the 
difference is present while the source is connected into 
the circuit, there does not have to be an actual flow 
of current for the difference to exist. Therefore, the 
simple potential for a difference is used to describe the 
force, or strength of movement, behind electrons.

The potential difference is the best term to describe 
the force or strength of electron flow. It should be 
remembered that potential difference continues to exist 
even when a switch is opened in a circuit, breaking the 
actual flow of electrons (current). Because potential 
difference is the prime force causing electrical devices 
to convert electrical energy to mechanical, the term 
electromotive force (emf) has also been used. Electromo-
tive force is actually the total maximum difference of 
potential between the positive and negative ends of the 
electron source, but it is not incorrect to use the term in 
place of potential difference.

The unit of potential difference is the volt, represented 
by the symbol V (named for the Italian physicist Alessandro 
Volta [1745–1827]). The term voltage is also used to describe 
potential difference. The technical definition of a volt is  

Describing Current Flow
Electrons move from the highest concentration to the low-
est. There is much confusion regarding how to describe 
their movement because early pioneers in electrical phe-
nomena assumed that the moving charges were positive 
when actually they were negatively charged electrons. The 
negative pole is the source of electrons that move toward 
the positive receiving pole. Consequently, conventional 
electric current is described as going from positive 
to negative poles, whereas electron flow is actually 
from negative to positive poles.

It is important to specify whether descriptions are 
of electrical current or electron flow, as they are exact 
opposites. It may be useful to think of negative charges 
moving in one direction as being equivalent to a positive 
charge effect in the opposite direction. The importance of 
these definitions will become apparent later in this text, 
especially when discussing the interactions of both elec-
trical and magnetic forces.

The nature of the flow of electrons that make up an 
electric current can be described in many different ways. 
The most common factors used as descriptors are the 
quantity of electrons flowing, the force with which they 
travel, the amount of opposition to the current flow in the 
circuit, and the direction of travel.

The direction of travel of the electrons is defined as 
either direct current (DC), when all electrons move in the 
same direction, or alternating current (AC), when electrons 
move first in one direction and then reverse and move in 
the opposite direction. Through the use of various electri-
cal devices, which we will investigate later, it is possible to 
change the current from DC to AC and back, as necessary.

Current
The quantity, or number, of electrons flowing is sometimes 
referred to as the current. It is useful to think of the mea-
surement of current as the number of electrons flowing 
past a given point per unit of time (usually per second). 
The French scientist André Ampère (1775–1836) did much 
original work in defining electricity and magnetism. Con-
sequently, the unit of current bears his name. The ampere 
is sometimes called the amp for short and is represented 
by the symbol A. It consists of the movement of 6.24 3 
1018 electrons per second past a given point; therefore, 
the technical definition is one coulomb of electrical charge 
flowing per second (1  ampere 5 1 coulomb/1 second). 
Earlier, the drift of electrons was given as less than 1 mm 
per second. The fact that 1 ampere flowing in a household 
wire causes 6,240,000,000,000,000,000 electrons to move 
less than 1  mm per second should help in understand-
ing the small size of electrons. Diagnostic radiographic 

equipment utilizes milliamperage units to regulate the num-
ber of electrons available to produce x-ray photons. The 
milliamperage (mA) is found on nearly all x-ray machines 
and adjustment by the radiographer operating the equip-
ment will cause the number of electrons and the number of  
x-ray photons produced to vary. The adjustment of an 
x-ray machine to add an additional 100 mA (a common 
increment) causes 6.24 3 1017 more electrons per second 
to pass through the x-ray tube.

EXAMPLE: If an x-ray machine is operating at 0.01 
second and the amperage is 100 mA, how many electrons 
would move through the tube?

Answer:

(6.24 3 1017 electrons/second) 3 0.01 seconds 5 6.24 3 

1015 (6.24 million billion or 6,240,000,000,000,000)
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1 joule (J) of work done on 1 coulomb of charge (1 volt 5 1 
joule/1 coulomb). A joule is the SI unit for both mechanical 
energy and work.

Thus, for the reasons previously stated, the force 
with which electrons travel can be described by the 
terms potential difference, electromotive force (emf), and 
voltage (V).

As the current flows along the circuit, the potential 
difference is reduced because the closer the electrons 
come to the deficient end of the circuit, the farther they 
are from the excess end (the driving source) and the 
closer they are to becoming part of the deficiency them-
selves. With this understanding of potential difference, the 
concept of grounding electrical circuits for safety should 
become clear. When equipment is properly grounded and 
the radiographer, who is also grounded, comes in contact, 
there is no potential difference. However, when equip-
ment is not properly grounded, the radiographer may 
become a better path to ground. The passage of electrons 
(voltage) through the radiographer may be shocking, to 
say the least.

High voltage is extremely dangerous because there 
does not have to be an actual flow of current for the 
potential difference to exist. This means high potential 
difference or voltage remains a hazard at all times (and 
explains why warnings must be posted in these areas). All 
that is required for a high difference in voltage to achieve 
equalization is for a conductor to present itself. If this hap-
pens to be a patient who inadvertently uses a wet hand to 
grasp a cracked high-voltage cable or a radiographer who 
touches two connection points inside a control console, 
the shocking result is the same.

Resistance
The amount of opposition to the current in the circuit is 
called the resistance. Research into the interrelationships 
of current, potential difference, and resistance was done 
by the German physicist Georg Ohm (1787–1854). As a 
result, the unit of resistance is called the ohm. It is repre-
sented by the symbol Ω (omega). The technical definition 
of an ohm is the resistance to a flow of current provided 
by a column of mercury 106.3 cm long with a diameter of 
1 mm2 at 0°C. A practical definition of an ohm will be pro-
vided later, based on the interaction of several characteris-
tics of a conductor. Resistance and impedance are the  
terms used to describe current opposition. There are 
numerous factors that impede the flow of electrons, thus 
increasing resistance. The primary factors for electrical cir-
cuits are the ability to conduct electrons, the length of the 
conductor, the cross-sectional diameter, and temperature.

When the expression 1/R is used, the resistance of 
a DC circuit is measured as conductance, whereas that of 

an AC circuit is measured as admittance. The SI unit for 
conductance and admittance is the siemens, which is rep-
resented by the symbol S and is named after the English 
electrical engineer Sir William Siemens (1823–1883), 
brother of Werner von Siemens, founder of the German 
electrical and x-ray equipment corporation.

The ability to conduct electrons has already been 
discussed enough to define a conductor as a material 
that permits electrons to flow easily, and an insulator 
as one that inhibits their movement. The tendency of 
an atom to permit electrons nearby or within one of the 
orbital shells is the prime factor in determining con-
ductivity, semiconductivity, and insulation properties. 
The valence energy band (the outermost and sometimes 
next-to-outermost orbital shell) not only determines the 
chemical properties of the atom, as discussed previ-
ously, but has much to do with conductivity as well. 
Orbital shells lower or closer to the nucleus (and of less 
energy) than the valence band are normally completely full  
(Figure  3-9). Valence has much to do with the ability 
of a material to conduct electrons. Any element with 
one valence electron is a good conductor (e.g.,  copper,  
silver, and gold). In addition, the farther the valence elec-
tron is from the nucleus, the better a conductor it is. For 
example, gold is a better conductor than silver because its 
valence electron is in the sixth shell, whereas silver’s is 
in the fifth shell. Silver is a better conductor than copper 
because copper’s valence electron is in the fourth shell. 
Because copper has a higher melting point and is much 
cheaper, it is more commonly used than silver or gold.

There is also an area beyond the valence band that is 
referred to as the conduction band. The conduction band 
is not an orbital shell but is within the force field (area of 
influence) of the atom (see  Figure 3-9). Conductors have 
conduction bands that are populated by free electrons 
and, in solid materials, they are able to move freely from 
one atom’s conduction band to another atom’s conduction 
band, as in  Figure 3-9C. This is why many of the best con-
ductors are solids. Conversely, insulators have very poor 
or nonexistent conduction bands. The number of electrons 
in the conduction band is determined by the energy differ-
ence between the valence band and the conduction band. 
Although the conduction band is always at a higher energy 
level than the valence band, the energy required of an 
individual electron to place it in the conduction band will 
determine how many electrons can possibly exist there. In 
fact, the difference between the energy levels required of 
conduction band electrons as compared to valence band 
electrons is the factor that differentiates conductors from 
semiconductors from insulators. In Figure 3-9, the differ-
ences are shown as (C) a good conductor with overlapping 
valence and conduction bands, (B) a semiconductor with 
closely related bands, and (A) a good insulator with a wide 
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gap between the bands. Metals often have overlapping 
bands with conduction bands, including portions of the 
valence bands, thus placing large numbers of electrons 
into the conduction bands. Therefore, metals, especially 
silver and copper, make the best conductors. The best 
insulators are materials with complex molecular struc-
tures, such as wood, plastic, glass, and rubber.

The length of the conductor has a directly propor-
tional relationship to resistance. In other words, as the 
length of the conductor doubles, the resistance will also 
double. Just as a short garden hose will spray water with 
greater force than a long hose, so a short conductor will 
permit a greater force of electrons, whereas a longer con-
ductor offers greater resistance.

The cross-sectional diameter of the conductor has an 
inversely proportional relationship to resistance. In other 
words, as the cross-sectional diameter doubles, the resis-
tance will be halved. A garden hose with a small diameter 
will impede water flow more than a large-diameter hose, 
just as a small-diameter conductor will resist electron 
flow more than a conductor with a large diameter.

Finally, the temperature of the conductor can also 
influence the resistance. Heat is simply a measurement of 
the amount of atomic and molecular energy, often seen 
as vibration. As temperature increases, atomic collisions 
provide enough energy to some electrons to permit them 
to jump into the atom’s conduction band. In conductors, 
increased temperature increases free electron collisions, 
and this in turn lessens electrical current flow. In insu-
lators, the increased number of collisions because of 
increased temperature causes some electrons to lose 
energy and fall back into the valence band, thus decreas-
ing the energy difference between the bands and conse-
quently decreasing the insulating ability of the material. 

Semiconductors become more conductive as temperature 
increases, for the same reason, with a resultant narrowing 
of the gap between their already close bands.

An approximation of these relationships is shown in 
Figure 3-10. A close examination of this figure illustrates 
that increased resistance from heat is significant. In fact, 
it becomes a major problem with the large heat-producing 
transformers used in x-ray equipment, and unique meth-
ods have been adopted to overcome its effect. In addition, 
extrapolation of the conductor curve to the left illustrates 
that if conductors can be supercooled, as they are in 

Conduction
 band 

Conduction
 band 

Valence
band 

Valence
 band 
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A. Insulator B. Semiconductor C. Conductor

Filled 
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FIgURE 3-9.  The arrows demonstrate the difference between the energy levels of conduction and valence bands in an  
(A) insulator, (B) semiconductor, and (C) conductor. Note that the conduction and valence bands overlap in a good conductor.
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FIgURE 3-10.  The effect of temperature on conductors, semicon-
ductors, and insulators.
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A memory device used by many students is known 
as an Ohm’s law triangle (Figure  3-11A). To determine 
the correct formula for one of the variables in the Ohm’s 
law equation, V 5 IR, simply write the variables as shown  
(V over I and R), and then cover the variable to be solved 
with a finger. For example, Figure  3-11B is to solve for  
R. The correct relationship is given of V/I equals the 
covered R. Moving a finger around the triangle produces  
V/R 5 I and I 3 R 5 V as well.

It is useful to be able to calculate the total amount 
of power used in an electric circuit. The unit of power 
is the watt. Because the total amount of energy avail-
able in a circuit is determined by the current (amperage) 
and potential difference (voltage), the watt is defined as 
1  ampere flowing through 1 volt. Power is calculated with 
the following formula:

 P 5 IV

where: P 5 power in watts
 I 5 current in amperes
 V 5 potential difference in volts

magnetic resonance imaging equipment, a significant 
increase in conductivity can be achieved.

In recent years, superconductivity has been achieved 
to reduce resistance to the point where current is 
apparently flowing without potential difference. Table 3-1 
provides information on the conductive properties of 
materials important in electronics.

The total resistance is calculated as:

 
R

L

A
=

�

where: R 5 resistance in ohms
 r 5  resistivity (a function of atomic structure 

and temperature) (r is the Greek letter rho)
 L 5 length in meters
 A 5 area in square meters

This total resistance formula is the true technical defini-
tion of an ohm as a unit.

Ohm’s Law
Georg Ohm discovered a mathematical relationship  
between the factors of current, potential difference, and  
resistance that applies to all resistance circuits and is 
known as Ohm’s law. The law describes the relationship be-
tween current and potential difference as the current along 
a conductor is proportional to the potential difference. It is 
easier to remember this relationship as a formula:

 

V
I

where: V 5 potential difference in volts
  I 5 current in amperes

This expression does not include the resistance factor, 
which is a critical element. Therefore, Ohm’s law is usu-
ally expressed as the algebraic derivation with resistance 
times current equal to potential difference, or:
 V 5 IR

where: V 5 potential difference in volts
 I 5 current in amperes
 R 5 resistance in ohms

This version solves for voltage when the current and 
resistance are known. Of course, Ohm’s law can also be 
stated in its other forms to solve for unknown currents 
and resistances:

 
I

V
R

=

and

 R 5  I
__V

EXAMPLE: What is the amperage in a circuit of  
20 volts and 10 ohms?

Answer:

I 5 V/R

I 5 20 volts/10 ohms

I 5 2 amperes

EXAMPLE: What is the voltage in a circuit of  
100 amperes and 5 ohms?

Answer:

V 5 IR

V 5 100 amperes 3 5 ohms

V 5 500 volts

EXAMPLE: What is the resistance in a cir cuit of  
80 kilovolts and 200 milliamperes?

Answer:

R 5 V/I

R 5 80 kV/200 mA

R 5 80,000 volts/0.2 ampere

R 5 400,000 ohms
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Common household appliances tend to operate between 
500 and 2,000 watts (most have labels indicating their 
wattage ratings), and all circuits in buildings have watt-
age safety limitations. The use of equipment whose total 
wattage ratings exceed the safety limit of the circuit will 
cause the circuit to overload and shut down because of 
excessive heat generation. Radiographic equipment capa-
bilities can be measured by the power rating, usually by 
calculating the greatest possible energy output.

With this information, it is also possible to calculate the 
expense of the power for a radiographic examination.

V

I R

V

I
A B

FIgURE 3-11.  Ohm’s law triangle.

EXAMPLE: What is the power rating, in  kilowatts, 
of an x-ray generator capable of 800 milliamperes at  
100 kilovolts?

Answer:

P 5 IV

P 5 800 mA 3 100 kV

P 5 0.8 A 3 100,000 V

P 5 80,000 watts

P 5 80 kilowatts

EXAMPLE: If a mobile x-ray machine operates 
from a 110-V wall receptacle and is rated at a total 
resistance of 12 Ω, how much current does it draw 
during exposure?

Answer:

I
V
R

I
V

I A

=

=
Ω

= .

110

12
9 2

 

EXAMPLE: How much power does this mobile x-ray  
machine use?

Answer:

P 5 IV

P 5 9.2 A 3 110 V

P 5 1,012 W

EXAMPLE: If the power company charges  
5¢ per kWhr, what is the cost of the power for  
10 minutes of fluoroscopy at 5 mA and 100 kV?

Answer:

The power is calculated as:

P 5 IV

P 5 5 mA 3 100 kV

P 5 0.005 A 3 100,000 V

P 5 500 W

The total energy consumed is calculated as:

total energy 5 power 3 seconds
 5 500 W 3 10 minutes
 5 500 W 3 600 seconds
 5 300,000 W s
 5 300 kW s

The total cost is calculated as:

total cost 5 total energy used 3 $0.05/kW hr
 5 300 kW/second 3 $0.05/kW hr
 5 0.08 kW/hr 3 $0.05/kW hr
 5 $0.004, or
 5 0.4¢

The heat that is produced during the operation of electri-
cal equipment becomes of great concern as power use 
increases. The importance of changes in resistance to 
heat output can best be understood if the power formula, 
P 5 IV, is converted to what is sometimes called the 
power loss formula, P 5 I2R. This is calculated from:

the power formula, P 5 IV
substituting IR for V
(because Ohm’s law states that V 5 IR)
resulting in P 5 I 3 IR
or P 5 I2R (watts).
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This equation clarifies that power loss from current 
heat is proportional to the resistance, and heat power loss 
increases very rapidly with current increase. As illustrated 
in the formula, heat power loss is proportional to the square 
of the amperage. In other words, doubling the amperage 
increases power loss by a factor of 4, and so forth.

series and Parallel circUits

An electric circuit can be designed to send electrons 
through various resistance devices by linking them one 
after the other in a series circuit (Figure 3-12A) or by giving 
each component an individual branch in a parallel circuit 
 (Figure  3-12B). The classic example of the difference is 
illustrated by comparing strings of Christmas lights in 
series versus parallel circuits. When a single series-wired 
light burns out, it breaks the circuit and all the lights go 
out. When a single parallel-wired light burns out, it breaks 
the circuit in its parallel branch only and the other lights 
continue to operate. Electrical devices use a wide variety 
of both types of circuits, including complicated combina-
tions of both. The effect of each type of circuit on cur-
rent, potential difference, and resistance is summarized in 
Table 3-2. The best way to understand the effects of both 
series and parallel circuitry is to work through a series of 
problems that demonstrate these differences.

Note that the series circuit supplies a current of 10 
amperes, whereas the parallel circuit supplies 30 amperes. 
Parallel circuits supply a greater total current than series 
circuits when all other factors are the same. An interesting 
phenomenon occurs when the effect on voltage is com-
pared, instead of current, using resistances.

R2

R2

R1

R1

R3

R3

A. Series circuit

B. Parallel circuit

FIgURE 3-12.  (A) Series and (B) parallel circuits.

EXAMPLE: What is the total current in a series 
circuit with three resistances, each supplied with  
10 amperes?

Answer:

It 5 I1 5 I2 5 I3

It 5 10 A 5 10 A 5 10 A

It 5 10 amperes

EXAMPLE: What is the total current in a paral-
lel circuit with three resistances, each supplied with  
10 amperes?

Answer:

It 5 I1 1 I2 1 I3

It 5 10 A 1 10 A 1 10 A

It 5 30 amperes

NOTE: A reciprocal ohm, as in 1/R, is known as a siemens (S).

 TABLE  3-2.  Effect of Circuit Type on Current, Potential Difference, and Resistance  
(with an Example Circuit of Three Resistances)

Series Parallel

Current Same in each element, each element same  
as total circuit, It 5 I1 5 I2 5 I3

Sum of all elements equals total circuit,  
It 5 I1 1 I2 1 I3

Voltage Sum of all elements equals total circuit,  
Vt 5 V1 1 V2 1 V3

Same in each element, each element same as total circuit, 
Vt 5 V1 5 V2 5 V3

Resistance Sum of all elements equals total circuit,  
Rt 5 R1 1 R2 1 R3

Sum of reciprocal of each element is inversely proportional 

to the total,
 

1 1 1 1

1 2 3R R R Rt

= + +
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Note that the series circuit supplies 30 volts, whereas the 
parallel circuit supplies 10 volts. Series circuits supply 
greater total potential difference than parallel circuits 
when all other factors are the same. The difference 
between series and parallel circuits when the same resis-
tances are used is also notable.

Note that the series circuit provides 13.5 Ω of resis-
tance, whereas the parallel circuit has only 1.274 Ω. 
Parallel circuits offer less total resistance to electrical 
current when all other factors are the same. In addition, 
parallel circuits are not broken when a single resistance 
is interrupted (as when a light bulb burns out). Series 
circuits require all resistances to be operable, other-
wise there is no pathway for the current to take. It is 
also interesting to calculate the effect of both circuit 
types on amperage by figuring resistance and then 
applying Ohm’s law.

Note that the series circuit operates with a current of 
0.74 ampere, whereas the parallel circuit operates with 
a current of 7.9 amperes. Parallel circuits operate with 
greater current when all other factors are the same. It is 
also interesting to study the effect of both circuit types 
on voltage by calculating resistance and then applying 
Ohm’s law.

EXAMPLE: What is the total voltage in a series 
circuit with three resistances, each supplied with  
10 volts?

Answer:

Vt 5 V1 1 V2 1 V3

Vt 5 10 V 1 10 V 1 10 V

Vt 5 30 volts

EXAMPLE: What is the total voltage in a paral-
lel circuit with three resistances, each supplied with  
10 volts?

Answer:

Vt 5 V1 5 V2 5 V3

Vt 5 10 V 5 10 V 5 10 V

Vt 5 10 volts

EXAMPLE: What is the total resistance of a series 
circuit with resistances of 2.5 Ω, 4.2 Ω, and 6.8 Ω?

Answer:

Rt 5 R1 1 R2 1 R3

 Rt = . Ω + . Ω + . Ω2 5 4 2 6 8     

Rt 5 13.5 Ω

EXAMPLE: What is the total resistance of a 
parallel circuit with resistances of 2.5 Ω, 4.2 Ω,  
and 6.8 Ω?

Answer:

1 1 1 1

1 2 3R R R Rt

= + +

 

1 1
2 5

1
4 2

1
6 8Rt

=
. Ω

+
. Ω

+
. Ω     

 

1
0 4 0 24 0 15

R
S S + S

t

= . + . .

1
0 785

R
S

t

= .

 
R

St =
.

1
0 785

Rt = . Ω1 274 

EXAMPLE: What is the total amperage in a series 
circuit with resistances of 2.5 Ω, 4.2 Ω, and 6.8 Ω with 
a potential difference of 10 volts?

Answer:

The total resistance is calculated as:

 R R R Rt = + +1 2 3

Rt = . Ω + . Ω + . Ω2 5 4 2 6 8     

Rt = . Ω13 5 

The total amperage is calculated with Ohm’s law:

 
I

V
R

�

 Ω
I

10 V
13.5 

�

 I 5 0.74 ampere
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Note that the series circuit operates at 675 volts, whereas 
the parallel circuit operates at 64 volts. Parallel circuits 
operate at lower voltage than series circuits when all 
other factors are the same.

Parallel circuits are used for the electrical wiring of 
buildings because the failure of a single device does not 
break the electrical supply to other devices. As can be 
seen from these problems, the addition of current-using 
devices to a series circuit causes the voltage to drop, thus 
reducing the potential difference to the other devices in 
the circuit. In a series circuit of lights, for example, the 
addition of more bulbs will cause all the bulbs to burn 
dimmer. As more resistances are added to a paral-
lel circuit, total resistance drops, total amperage 
increases, and total voltage remains unchanged. 
The total resistance of a parallel circuit is always less 
than the amount of the lowest resistor (usually about 
half of the lowest resistor).

A disadvantage to parallel circuits is that with the 
addition of resistances, the increasing amperage can short 
circuit the entire system. This creates the possibility of 
wires becoming hot enough to start a fire. To prevent this 
from occurring, either a circuit breaker or a fuse is placed 
in the line. These devices are constructed to permit the 
breaking of the circuit before a dangerous temperature is 
reached. Circuit breakers simply pop open and can be reset 
once the cause of the problem has been located and re-
moved from the circuit. Fuses are constructed with a metal 
tab that will melt when dangerously heated, thus breaking 
the circuit. Fuses are not reusable and must be replaced.

A variable resistor called a potentiometer or rheostat 
permits a variable contact to slide along a series circuit of 
resistance coils. When resistors are connected in a series 
circuit, Ohm’s law dictates that an increase in resistance 

EXAMPLE: What is the total amperage in a parallel 
circuit with resistances of 2.5 Ω, 4.2 Ω, and 6.8 Ω and 
a potential difference of 10 volts?

Answer:

The total resistance is calculated as:

Rt

= +
1

R1

1
+

R2

1
R3

1

1 1
2 5

1
4 2

1
6 8Rt

=
. Ω

=
. Ω

+
. Ω     

 1
0 4 0 24 0 15

R
S S S

t

= . + . + .

 1
0 79 S

Rt

= .

 Rt = 1
.0 79 S

 Rt = . Ω1 265  

The total amperage is calculated with Ohm’s law:

 
I

V
R

�

 

=
. Ω

I
10 V

1 265
I 5 7.9 amperes

EXAMPLE: What is the total voltage of a series 
circuit with resistances of 2.5 Ω, 4.2 Ω, and 6.8 Ω with 
a current of 50 amperes?

Answer:

The total resistance is calculated as:

R R R Rt = + +1 2 3

 Rt = . Ω + . Ω + . Ω2 5 4 2 6 8     

 Rt = . Ω13 5 

The total voltage is calculated with Ohm’s law:

 

V IR
V A
V volts

=
= × . Ω
=

50 13 5
675

 

EXAMPLE: What is the total voltage of a parallel 
circuit with resistances of 2.5 Ω, 4.2 Ω, and 6.8 Ω and 
a current of 50 amperes?

Answer:

The total resistance is calculated as:

1 1 1 1

1 2 3R R R Rt

= + +

1 1
2 5

1
4 2

1
6 8Rt

=
. Ω

+
. Ω

+
. Ω     

1
0 4 0 24 0 15

R
S S S

t

= . + . + .   

1
0 785

R
S

t

= .

R
St =

.
1

0 7

R t 5 1.274 Ω

The total voltage is calculated with Ohm’s law:

V 5 IR

V 5 50 A 3 1.274 Ω
V 5 63.68 volts
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will result in a decrease in voltage and vice versa if the 
amperage remains unchanged. When a knob is connected 
to the variable slide contact (as in a radio volume control), 
a simple twist permits voltage and amperage regulation 
(with a corresponding increase or decrease in speaker vol-
ume). Unfortunately, rheostats cause significant energy 

waste in heat, and the direct application of Ohm’s law 
results in voltage changing when only an amperage change 
is desired and vice versa. For these reasons, rheostats are 
not practical in high-voltage situations. Their prime use is 
to control current but they have never been adaptable to 
high-voltage transformers.

SUMMARY

The distribution and movement of electrons, along with their 
associated charges, make up electricity. Electrostatics is the 

study of the distribution of fixed charges that are at rest. When 
one object has more electrons than another, it also has more 
negative charges and is considered to have an overall negative 
charge. A positive charge refers to something with a weaker 
negative charge, or fewer electrons. The terms negative and posi-
tive refer to the relationship between two objects, not to their true 
atomic charges. Because the earth contains what is essentially 
an infinite number of charges, it is considered to be neutral, 
or at zero ground potential. The five laws of electrostatics are:  
(1) repulsion–attraction, (2) the inverse square law, (3) distribu-
tion, (4) concentration, and (5) movement. Objects can be electri-
fied by friction, contact, and induction.

The movement of electrons is facilitated by materials 
that permit electrons to flow easily. These materials are 
called conductors or superconductors. Nonconducting mate-
rials are called insulators, and materials that conduct under 
certain conditions and insulate under others are known as 
semiconductors.

An electrical circuit is a pathway that permits electrons to 
move in a complete circle from their source, through resisting 
electrical devices, and back to the source. Electrons move from 
the highest concentration to the lowest. Conventional electric 
current is described as going from positive to negative poles, 
whereas electron flow is actually from negative to positive 
poles. It is important to specify whether descriptions are of 
electrical current or electron flow, as they are exact opposites.

The quantity of electrons flowing is referred to as the current 
and is measured in amperes. The force with which the electrons 
travel is referred to as the potential difference, electromotive 
force, or voltage and is measured in volts. There does not have 
to be current flow for voltage to exist. The opposition to the cur-
rent flow is referred to as resistance and is measured in ohms. 

The relationship between these factors is expressed in Ohm’s 
law: V 5 IR. The resistance of metallic conductors is affected by 
length, diameter, and temperature. When 1/R is used to express 
resistance in an AC circuit, it is measured in siemens.

The valence energy band of an atom has much to do 
with the ability of a material to conduct electrons. There is 
also an area beyond the valence band that is referred to as 
the conduction band. Conductors have conduction bands that 
are populated by electrons that are able to move freely from 
one atom’s conduction band to another atom’s conduction 
band. Insulators have widely separated valence and conduction 
bands, whereas semiconductors have intermediate properties.

Circuits are known by several parameters. These include 
the direction the electrons travel, which is defined as either 
direct current (DC) or alternating current (AC). It is possible to 
change the current from DC to AC and back, as necessary. The 
total amount of energy in a circuit is described as the power 
of the circuit and is measured in watts so that P 5 IV. Circuits 
can be described as series or parallel, depending on how the 
components are connected. The total resistance of a series circuit 
is measured in ohms, as Rt 5 R1 1 R2 1 R3. The total resistance 
of a parallel circuit is measured in siemens, as

1 1 1 1

1 2 3R R R Rt

= + +

Parallel circuits operate with greater current through 
resistances, and they supply a greater total current from 
the power supply than series circuits when all other factors 
are the same. Parallel circuits are often used because the 
failure of a single device does not break the electrical supply 
to other devices. Circuit breakers and fuses prevent damage 
to electrical components by permitting the breaking of an 
overloaded circuit before a dangerous temperature is reached.  
A potentiometer or rheostat is a variable resistor. ◾
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 REVIEW QUESTIONS

 1. State the five elementary laws of electrostatics.

 2. Describe the three methods of electrification.

 3. How are conductors different from insulators?

 4. Explain the difference between conventional electri-
cal current and actual electron flow.

 5. State the four basic factors that are used to 
describe the nature of the flow of electrons in 
electrodynamics.

 6. What are the units used to describe potential differ-
ence, current flow, and opposition to current flow?

 7. State Ohm’s law.

 8. What is the potential difference in a circuit of 20 
amperes and 10 ohms, 30 amperes and 6 ohms, and 
100 mA and 5 ohms?

 9. What is the power rating of an x-ray generator 
capable of 1,000 mA at 110 kV?

 10. What is the voltage in a parallel circuit of 20 amperes 
with resistances of 6, 10, and 15 ohms?

11. What is the amperage in a series circuit of 110 volts 
with resistances of 5, 10, and 20 ohms?
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Explain the atomic nature of magnetism.

◾ Classify materials according to their magnetic properties.

◾ State Fleming’s hand rules of electromagnetics.

◾ Explain how a solenoid and an electromagnet function.

◾ Describe magnetic and electromagnetic induction.

◾ List the types of movement that will produce electromagnetism.

◾ State the factors that regulate the strength of electromagnetic 
induction.

◾ Explain self-induction.

◾ Illustrate the generator and motor principles.

◾ Explain the waveform produced by direct- and alternating-current 
generators and motors.

◾ Describe the function of a transformer.

◾ Calculate voltage and amperage according to the transformer law.

KEY TERMS

air-core transformer
ammeter
armature
artificial permanent magnet
autotransformer
brushes
capacitor
closed-core transformer
coercivity
commutator ring
diamagnetic
dielectric
diode
dynamometer
eddy current loss
electromagnet
electromagnetic relay
farad (f)
ferromagnetic
Fleming’s hand rules
flux density
full-wave rectification
galvanometer
gauss (G)
generator
half-wave rectification
hysteresis loss
I2R loss
inductive reactance
lines of flux
lines of force

He expressed his satisfaction and, going back to Joachim, warned him to 

draw in his breath and hold it until all was over. Joachim’s rounded back 

expanded and so remained; the assistant, at the switch-board, pulled the 

handle. Now, for the space of two seconds, fearful powers were in play—

streams of thousands, of a hundred thousand of volts.

Thomas Mann, Der Zauberberg (The Magic Mountain)

Electromagnetism
C H A P T E R  4
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◾ Discuss various factors affecting transformer 
efficiency and construction.

◾ Explain the function of an autotransformer and a 
capacitor..

◾ Describe the function of a silicon-controlled rectifier 
at the atomic level.

◾ Describe the process of thermionic emission..

◾ Explain the waveforms that are produced by half-
wave and full-wave rectification.

MAGNETISM

Magnetism is one of the fundamental forces.  Materials 
that have the ability to attract iron are classified as hav-
ing a strong magnetic force. To understand magnetism, it 
is important to return to atomic structure for a detailed 
examination of the effects of particle movement around 
the nucleus. When a charged particle (electron or pro-
ton) is in motion, a magnetic force field perpendicular 
to the motion will be created (Figure  4-1). In the case 
of the negatively charged electrons orbiting the nucleus 
of an atom, the closed loop of the orbit cancels all but 
the field that is perpendicular to the plane of the motion 
(Figure 4-2). This perpendicular magnetic force is called 
orbital magnetic moment.

A magnetic effect is also established by charged 
particles spinning on their axes. The effect created by 

Magnetic field lines

FiguRE 4-1.  Magnetic field created by a charged particle in 
motion. The movement of a charged particle creates a magnetic field 
perpendicular to the motion of the particle.

KEY TERMS (continued)

magnet
magnetic dipole
magnetic domain
magnetic field
motor
mutual induction
natural magnet
nonmagnetic
open-core transformer
orbital magnetic moment
paramagnetic
permeability
primary coil
rectification
retentivity
rotor
secondary coil
self-induction
self-rectification
shell-type transformer
silicon-controlled rectifier (SCR)
sine wave
slip rings
solenoid
space charge cloud
spin magnetic moment
stator
step-down transformer
step-up transformer
tesla (T)
thermionic emission
thyristor
transformer
transformer law
voltmeter
weber (Wb)
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the movement of these electrons and protons is called 
spin magnetic moment. The disruption of this axial spin-
ning and the energy released as it reorients itself are the 
physical basis that permits magnetic resonance imaging 
(see Chapter 39).

Atoms having a significant number of electrons and 
protons with their magnetic moments in the same direc-
tion, especially when the outer shells are involved, will 
exhibit a net magnetic field in a distinct direction (see 
Figure  4-2A). Groups of atoms with this net magnetic 
field are known as a magnetic dipole or magnetic domain. 
This is the basis of the domain theory of magnetism. It 

has been theorized that 1015 (1,000,000,000,000,000 
or 1  million billion) atoms make up a single dipole. 
This is not a standard number, as it has been shown 
that dipoles vary in size and actually grow or shrink, 
depending on local conditions. In nonmagnetic objects, 
the magnetic dipoles are randomly arranged, essen-
tially canceling out each other. If an external force 
field has the time or strength to orient enough of 
the dipoles in the same direction and/or cause those 
dipoles to grow in size, the object exhibits a uniformly 
strong magnetic field and is referred to as a magnet  
(see Figure 4-2B).

A.

B. Magnetized

C. Nonmagnetized

S N

_

FiguRE 4-2.  The concept of magnetism: (A) The spinning of an individual electron is the spin magnetic movement, and the magnetic field  
created by the spin is the orbital magnetic moment (heavy arrows). Groups of atoms with most of the magnetic moment force in a single  
direction form a magnetic dipole or domain. (B) When the magnetic dipoles or domains are in a predominant direction, a magnet is formed  
with an external magnetic field. (C) When the magnetic dipoles or domains are not in a predominant direction, the object is not magnetized.
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The force fields that are created when magnetic 
dipoles orient to create a magnet are called lines of force, 
lines of flux, or the magnetic field. These lines of force 
flow not only through the magnet itself but also outside 
the magnetic material, forming a three-dimensional field 
surrounding the magnet (see Figure  4-2B). The stronger 
the magnetic field, the more lines of flux. Placing small 
iron filings on a surface under which a strong magnet is 
placed will map out the magnetic lines of flux. Figure 4-3 
illustrates the lines of flux emanating from the poles of 
a bar and a horseshoe magnet. The ends of a magnet are 
defined as the north and south poles; lines of force always 
flow from north to south outside a magnet and from south 
to north within a magnet (see Figure 4-2B). It is important 
to remember that lines of force never intersect. In some 
cases, they are described as being parallel. However, 
many circumstances may cause, the magnetic field to con-
tract or expand. Under these conditions, the lines of force 
bend closer or further from one another, making them no 
longer truly parallel.

The stronger the magnetic field, the greater the num-
ber of lines of flux or the greater the flux density. Flux 
density is determined both by field strength and by the 
area in which the lines of flux are located.

magnetic flux
field strength

area
=

There are two primary units used to measure the 
strength of magnetic fields. The SI unit for magnetic 
flux is the weber, represented by the symbol Wb (for 
the German physicist  Wilhelm Weber [1804–1891], who 

proposed the basic theory of magnetism discussed 
above). 1 Wb 5 108 lines of flux. The units for magnetic 
flux density are the tesla, represented by the symbol T 
(for the American physicist Nikola Tesla [1857–1943]), 
and the gauss, represented by the symbol G (for the 
 German mathematician Johann Gauss [1777–1855]). 
1 tesla 5 10,000  gauss. 1 T 5 1  Wb/m2, or 1  Wb per 
square meter. The earth’s magnetic field averages 
about 0.0001 T (1 G or 100,000 lines of flux per square 
meter), whereas an ordinary household magnet (used, 
e.g., to keep papers on a refrigerator) might have a 
strength of 0.1 T (1,000 G or 10,000,000 lines of flux per 
square meter). Modern magnetic resonance imaging 
(MRI) equipment often operates in the range of 0.3–2 T 
(3,000–20,000 G or 30,000,000–200,000,000 lines of flux 
per square meter).

Because the earth itself is a magnet, with a north 
and a south pole, lines of force, although relatively weak, 
are present everywhere. This fact is used in the design of 
a magnetic compass. The pointer is simply a small piece 
of permanent magnet that will align itself with the earth’s 
magnetic lines of force and indicate direction. Because 
of this, a compass is a useful tool in detecting magnetic 
lines of force, including those induced by electrons mov-
ing in electrical circuits and devices. Worth noting is the 
fact that the earth’s true magnetic poles are not located 
in Antarctica and the Arctic Ocean. Instead, the true 
magnetic north pole is located in Canada’s far north, 
whereas the true magnetic south pole is near Australia. 
Both poles tend to drift to new locations as geological 
conditions beneath the earth’s crust change.

Magnets can be classified by type of production 
as natural, artificial permanent, and electromagnets.  
A natural magnet is created when iron oxide (magnetite) 
remains in the earth’s magnetic field for ages, slowly 
orienting the magnetic dipoles in the same direction. 
These natural magnets are called lodestones. They 
were recognized by primitive man and investigated by 
Greek academics. In some regions, entire mountains of 
iron ore that have remained undisturbed for eons have 
magnetic properties. Natives of Thunder Bay,  Ontario, 
delight in watching tourists follow signpost instructions 
to place their cars in neutral gear at the bottom of a mag-
netic mountain’s gentle grade in hopes that the magnetic 
field will pull their cars up the hill.

An artificial permanent magnet is manufactured 
from a steel alloy called alnico, comprising aluminum, 
nickel, and cobalt. While it is hot, alnico is subjected to 
the field of a strong commercial magnet to permit easier 
orientation of the magnetic dipoles. Upon cooling, the 
magnetic field becomes relatively permanent. Prior to the  
20th century, experienced blacksmiths were easy to 
spot because the tongs they used to handle heated 

FiguRE 4-3.  Strong permanent magnets placed under a surface 
containing loose iron filings will demonstrate magnetic lines of 
flux as the filings orient to the magnetic field (forming the initials 
of Indiana University Northwest). (Courtesy of Radiologic Sciences 
Department, Indiana University Northwest.)
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A B
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FiguRE 4-4.  Repulsion–attraction of magnetic lines of force:  
(A) Lines of force in the same direction will repel each other.  
(B) Lines of force in opposite directions will attract each other.

metals had become magnetized. After many years of 
standing in the same position (in orientation to the 
earth’s magnetic lines of force), heating the tongs in 
the forge, and then pounding the hot metal into shape 
on the anvil, the tongs had become well-magnetized. A 
request to see a horseshoe hanging from a rafter would 
prove a smith’s experience when he used the magne-
tized tongs to easily lift it down.

An electromagnet is a temporary magnet produced 
by moving electric current. Because the electrons com-
prising the flow of current create magnetic fields in 
exactly the same manner as do the orbiting and spin-
ning atomic electrons, any flow of current produces a 
magnetic field. When the current ceases flowing, the 
magnetic field collapses, making these electrical mag-
nets temporary. It is possible to create a fourth type of 
magnet by vibration.

The laws governing magnetism are similar to the 
laws of electrostatics. However, only three laws are of 
importance for this text:

 1. Repulsion–attraction. Like poles repel; unlike poles 
attract. In addition, like lines of force repel and unlike 
lines of force attract, when placed within each other’s 
force fields (Figure 4-4).

 2. The inverse square law. The force between two 
magnetic fields is directly proportional to the prod-
uct of their magnitudes and inversely proportional 
to the square of the distance between them. Exactly 
as with electrostatics, as an object gets further 
away, the influencing field decreases because of the 
increased area it affects.

 3. Magnetic poles. Every magnet has two poles, a 
north and a south, as discussed earlier. No matter 
how much a magnet is divided, even into individual 
moving electrons, both poles continue to exist.

Because the laws of electrostatics, magnetism, 
and gravity have so many similarities, physicists have 
searched since the 1860s for a mathematical theory to 
relate the three forces into a unified field theory. Albert 
Einstein worked unsuccessfully toward this goal until 
he died, and the search continues to the present time in 
the work of  Stephen Hawking, among other prominent 
 theoretical physicists.

Magnetic Induction
When a nonmagnetized iron bar is brought within the lines 
of force of a strong magnet, the dipoles will temporarily 
align themselves with the lines of force passing through 
the iron bar. If the bar is removed from the field after a 
short time, the dipoles will return to their random orienta-
tion, thus leaving the bar unmagnetized. This process is 
termed magnetic induction and operates like electromag-
netic induction. Instead of temporary repulsion of elec-
trons, magnetic poles are induced through the temporary 
orientation of the dipoles.

The ease with which sensitive devices can be 
magnetized or demagnetized by stray electrical fields 
makes magnetic shielding desirable in many situa-
tions. Because there is no magnetic insulator, shield-
ing is accomplished by providing a highly permeable 
ferromagnetic material, such as iron, through which 
stray magnetic fields can be directed, thus protecting 
sensitive devices from exposure to the stray field. This 
technique is used to shield some magnetic resonance 
imaging (MRI) units, although they require radio fre-
quency (RF) shielding as well.

Magnetic Classification  
of Materials
The ease with which a material can be magnetized is 
called permeability, whereas retentivity is the ability of 
a material to stay magnetized. These two factors are 
inversely proportional because if it is difficult to orient the 
dipoles (low permeability), it is also difficult to disorient 
them (high retentivity). The major classifications of the 
magnetic properties of materials according to their rela-
tive permeabilities are:

 1. Ferromagnetic (or simply magnetic) materials, such 
as iron, cobalt, and nickel, are highly permeable and 
greatly susceptible to induction. These materials 
have a majority of their dipoles lying in the same 
direction, thus setting up a natural magnetic field. 
In addition, the material must permit the atoms 
to be oriented, thus permitting the growth of mag-
netic dipoles in predominantly the same direction. 
Specialized alloys such as alnico, permalloy, or 
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mumetal (some alloys, strangely enough, contain no 
ferromagnetic elements) are designed to enhance 
permeability and exhibit dramatically increased 
magnetic field strength.

 2. Paramagnetic materials, such as platinum and alumi-
num, have low permeability and weak attraction to 
magnetic fields. These materials have only a slight 
majority of dipoles in the same direction and there is 
little tendency for the size of the dipoles to grow. MRI 
contrast media are usually paramagnetic.

 3. Diamagnetic materials, such as beryllium, bismuth, 
and lead, are actually weakly repelled by all mag-
netic fields, including both north and south poles. 
Strangely, water is slightly diamagnetic. This prop-
erty is so weak that it is easily obscured by other 
types of magnetic induction.

 4. Nonmagnetic materials, such as wood, glass, rubber, 
and plastic, are not affected by magnetic fields 
and cannot be magnetized. Nonmagnetic materials 
most often comprise atoms locked into crystalline 
or molecular patterns, thus forming ionic and cova-
lent bonds and eliminating the ability of electrons 
to freely orient themselves to external magnetic 
lines of force. This classification includes most 
materials.

ELECTROMAGNETISM

Electricity and magnetism are actually different aspects 
of the same force, electromagnetism. Although the study 
of magnetism dates to ancient times, and the study of 
electricity to Queen  Elizabeth I’s physician, William 
Gilbert (1540–1603), it was not until 1820s, when the 
Danish physicist Hans Oersted (1777–1851) observed 
the deflection of a compass during a classroom demon-
stration of electrical phenomena, that the relationships 
between the two began to be established. Oersted’s dis-
covery, and subsequent investigations by many others, 
permitted the generation, control, and practical use of 
electricity and initiated the electronic revolution that 
continues today.

Oersted’s experiment proves that when there is no 
current flowing in the wire, the compass needle aligns 
itself with the earth’s magnetic field (Figure 4-5). How-
ever, when current is flowing, the needle is deflected 
toward the wire and when the current stops, the needle 
returns to alignment with the earth’s field. This led 
to the conclusion that any moving charge produces a 
magnetic field. As was stated earlier in the section on 
magnetism, this applies to even a single electron’s nega-
tive charge in orbit around an atom. A slightly different 

FiguRE 4-5.  Oersted’s experiment: A compass placed near a wire 
conductor will indicate the direction of the earth’s magnetic field 
(A) when no current is flowing in the wire. Because flowing current 
creates a magnetic field around the wire conductor that is stronger 
than the earth’s field, the compass will indicate the direction of the 
current-induced field while the switch is closed (B).

A.  Without current flow

Switch

Compass

Battery

Magnetic field of earth

B.  With current flow

Switch

Current flow

Battery

Magnetic field of earth

Compass

arrangement of Oersted’s experiment (Figure  4-6) per-
mits the mapping of the magnetic field surrounding the 
flow of current.

The English scientist John Fleming  (1849–1945) 
developed a series of easily remembered aids to help 
with the relationship between electricity and magnetism. 
They are known as Fleming’s hand rules. There are several 
hand rules that are quite useful for remembering vari-
ous electromagnetic relationships. The rules are divided 
into four groups: (1) hand-thumb rules along a conductor;  
(2) hand-thumb rules for solenoid and electromagnet 
poles; (3) hand generator effect rules; and (4) hand motor 
principle rules. These are summa rized in Table 4-1. Before 
learning any of the rules, it is critical to remember that 
hand rules that are based on current flow (conventional 
current direction) and hand rules that are based on elec-
tron flow (actual direction of electron movement) will be 
exact opposites. For example, the right-hand thumb rule 
applies to conventional current flow. This is identical to 
the left-hand thumb rule applied to actual electron flow.
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Direction of magnetic
field lines

Current

Wire

FiguRE 4-7.  Fleming’s right-hand thumb rule for a straight 
conductor: When the right hand is positioned so the thumb points 
in the direction of conventional current flow, the fingers indicate the 
direction of the induced magnetic field. Fleming’s left-hand thumb 
rule does the same for actual electron flow.

Compass

FiguRE 4-6.  Relationship of induced magnetic field to direction of 
current flow: A variation of Oersted’s experiment maps out the mag-
netic field induced by flowing current.

 TABLE  4-1. Fleming’s Hand Rules for Electromagnetic Relationships

  Conventional Current Flow Electron Flow

Along a straight conductor

thumb 5 conventional current or electron flow right-hand thumb rule left-hand thumb rule 
  (see Figure 4-7) (left-hand version)

fingers 5 magnetic field

Solenoid and electromagnet poles

thumb 5 direction of north pole right-hand thumb rule left-hand thumb rule 
  (see Figure 4-9) (left-hand version)

fingers 5 conventional current or electron flow

Generator effect

thumb 5 movement of conductor or armature right-hand generator rule left-hand generator rule 
  (see Figure 4-12) (left-hand version)

index finger 5 magnetic lines of force field

middle finger 5 current or electron flow

Motor principle

thumb 5 movement of conductor left-hand motor rule right-hand motor rule 
  (see Figure 4-18) (right-hand version)

index finger 5 magnetic lines of force field

middle finger 5 current or electron flow

The hand-thumb rule for a straight conductor, the first 
of the hand rules, applies to remembering the relationship 
between the direction of current along a straight conductor 
and the direction of the resulting magnetic lines of force 

field. Fleming’s right-hand thumb rule for a straight conduc-
tor states that if the right hand is used to grasp a conducting 
wire with the thumb in the direction of the current flow, 
the fingers will indicate the direction of the magnetic field 
lines of force surrounding the conductor  (Figure 4-7). (If the 
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A. Loop of conductor

B. A solenoid

FiguRE 4-8.  A solenoid: (A) When a conductor is looped to form a coil, the magnetic fields from both sides join to double the magnetic field 
strength inside the loop. (B) A solenoid is a helix coil through which current is flowing; it uses the coil loops to produce a greatly strengthened 
magnetic field.

thumb points in the direction of actual electron flow, then 
a left-hand thumb rule must be used to show the direction 
of the magnetic field lines of force surrounding the conduc-
tor.) Table 4-1 compares this rule with the other hand rules.

 SOLENOIDS AND 
ELECTROMAGNETS

An interesting phenomenon occurs when conducting 
wire is looped (Figure  4-8A). Using the right-hand 
thumb rule to determine the direction of the magnetic 

lines of flux, it is apparent that inside the loop the 
magnetic fields from both sides join to double the 
magnetic flux density. If a series of loops are made, 
creating a coil (Figure 4-8B), the flux density is greatly 
increased. When current is flowing through this type 
of coil it is called a solenoid. The flux density can 
be increased  further still by adding a ferromagnetic 
core. This configuration is called an electromagnet.  
The strength of solenoids and electromagnets is deter-
mined by the number of loops (or turns) of wire, the 
current strength, and the permeability of the core. The 
right-hand thumb rule can also be applied to a solenoid 
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or an electromagnet to determine the location of the 
magnetic poles. If the fingers point in the direction of 
the current, the thumb will point toward the north pole 
(Figure  4-9). (If the fingers point in the direction of 
actual electron flow, then a left-hand thumb rule must 
be used for the thumb to point toward the north pole.) 
Table 4-1 compares this rule with the other hand rules.

Both the solenoid and the electromagnet demon-
strate magnetic properties only while electric current is 
flowing. If the current stops flowing, the magnetic proper-
ties vanish, and if the current is adjusted up or down, the 
magnetic strength changes accordingly. The factors that 
govern the effectiveness of solenoids and electromagnets 
are the diameter of the coil, its length, and the current 
passing along the coil. Electromagnets are used as remote 
control devices in circuit breakers and in the temporary 
locks, sometimes called detents, on radiographic equip-
ment. In a typical circuit breaker configuration, a wire 
from the circuit to be protected is incorporated into an 
electromagnet, which, when the current becomes dan-
gerously high, has been calculated to attract a movable 
contact, which breaks the circuit.

Solenoids are often used as detent locks on the over-
head crane of x-ray tubes. The detent can be activated by 
a switch at the x-ray tube controls. The switch activates 
the magnetic properties of the solenoid, which in turn 
attracts a metal latch or bolt. This temporarily locks 
the tube to the center of the x-ray table or at the proper 

distance from the image receptor. An electromagnetic relay 
is similar to circuit breakers. They are used to protect 
radiographers from electrical shock by isolating control 
buttons on the x-ray console from the actual circuit in 
which high voltage is flowing.

Electromagnetic Induction
Once it became known that electrical current could gener-
ate a magnetic field, the obvious question was whether the 
reverse was true. In fact, it was demonstrated by the English 
physicist Michael Faraday (1791–1867) the year after Oer-
sted’s discovery. The simple presence of a magnetic field 
is not sufficient to cause electrons to move along a wire. 
Faraday discovered that the magnetic lines of force and the 
wire must have a motion relative to each other to induce an 
electrical current (Figure 4-10). There are three ways to cre-
ate the motion between lines of force and a conductor:

 1. Move the conductor through a stationary, unchang-
ing-strength magnetic field.

 2. Move magnetic lines of force through a stationary 
conductor with an unchanging-strength magnetic 
field.

 3. Vary the magnetic flux strength from a stationary 
magnet through a stationary conductor. As the flux 
strength varies, the lines of force will expand and 
contract, in effect causing the relative motion neces-
sary to induce current.

The exact definitions of magnetic flux strength 
and lines of force are critical to understanding these 
differences.

There are two primary laws that govern the induction 
of current by magnetic fields.  Faraday’s law (sometimes 
called the First Law of  Electromagnetics) states that four 
factors regulate the strength of induced current when 
magnetic lines of force and a conductor are in motion 
relative to one another:

 1. the strength of the magnetic field,
 2. the speed of the motion between lines of force and 

the conductor,
 3. the angle between the magnetic lines of force and 

the conductor, and
 4. the number of turns in the conducting coil.

This law makes it possible to determine the direction in 
which the induced current will flow. This application of the 
law was established by the Russian scientist Heinrich Lenz 
(1804–1865). Lenz’s law (sometimes called the Second Law 
of Electromagnetics) states that induced current flow sets 
up a magnetic field opposing the action that produced the 
original current, or simply, that induced current opposes any 
flux change.

N S

FiguRE 4-9.  Fleming’s right-hand thumb rule applied to determine 
the pole of a solenoid or electromagnet. When the fingers point in the 
direction of the current, the thumb will point toward the north pole.
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These two laws apply to both forms of  induction: 
mutual induction and self-induction. When two coils are 
placed in proximity and a varying current supplied to the 
first coil (as an electromagnet) induces a similar flow in 
the second coil, mutual induction occurs (Figure  4-11). 
The coil supplied with current is called the primary coil, 
whereas the coil in which the current is inducted is called 
the secondary coil. The flow occurs in the secondary coil 
because the primary current alternates. This follows the 
rule that moving lines of force from a varying-intensity 
current will induce electron flow in the wire through 
which it passes. In this case, the secondary coil is cut by 

the varying (and therefore moving) lines of force from the 
current in the primary coil.

Self-induction is much more complicated, but is more 
understandable when comparing a coil supplied with direct 
current, where there is self- induction only at the turn-on 
moment, with a coil supplied with alternating current, 
where self- induction occurs regularly. Alternating current 
is present when the electrons constantly change direction. 
A coil supplied with alternating current permits a steady 
flow of electrons and establishes an electromagnetic effect 
for half the cycle. However, at the instant the current sup-
ply reverses, the previously established electromagnetic 
north and south poles will induce an opposing potential 
difference, thus attempting to induce against the incoming 
supply of electrons. This tendency of an alternating current 
is called inductive reactance and is measured in ohms of 
resistance. Self-induction is useful when it is desirable to 
permit direct current to flow while at the same time hinder-
ing alternating current.

An important relationship exists between the direction 
of movement of a wire coil (the armature), the direction of 
the magnetic lines of force field, and the direction in which 
the induced current will flow. This relationship is best 
remembered by the use of another hand rule (Figure 4-12). 
Fleming’s right-hand generator rule states that if the thumb 

A. Without relative motion

B. With relative motion

Magnet

Magnet

Meter

Meter

N

S

N

S

FiguRE 4-10.  Faraday’s experiment: A meter will not  
indicate current flow (A) until the magnetic lines of force from the 
magnet and wire have a motion relative to one another (B).
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FiguRE 4-11.  Mutual induction: A varying current supplied to the 
primary coil induces a similar flow in the second coil. The constantly 
expanding and contracting magnetic lines of force induced in the 
primary coil provide the relative motion, with the secondary coil nec-
essary to induce current flow in the secondary coil.
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points in the direction the conductor (or armature) is 
moving, and the index finger points in the direction of the 
magnetic lines of force field, then the middle finger will 
indicate the direction of the conventional current. (If the 
direction of actual electron flow is desired, then a left-hand 
generator rule must be used.) Table 4-1 compares this rule 
with the other hand rules.

Generators
A generator, or dynamo, is a device that converts 
mechanical energy to electrical energy using  Faraday’s 
discovery of moving lines of flux in relationship to a 
conductor to induce current. This process converts the 
mechanical energy of the motion (any of the three ways) 
to electrical energy. A simple generator comprises a con-
ductor and magnets arranged, as shown in Figure 4-13. 
The conductor is an armature, set between opposing 
magnetic poles so that it encounters the strongest lines 
of force. If the armature is rotated by a strong source of 
mechanical energy (such as a steam or water turbine), 
the generator can produce massive amounts of electrical 
energy. It is important to note the method that is used 
to convey the electrical current from the armature to 
the circuit. A set of slip rings and brushes permits the 
circuit to remain stationary while the armature rotates 
without breaking the electrical contact between them. 
This allows the electrons to flow without interruption. 
Each slip ring connects to one end of the armature wire 
(see Figure 4-13).

To understand exactly how the current is produced, 
it is necessary to follow the production step-by-step 

(Figure  4-14). Notice that the armature coil wire is 
shown in cross section at the top, three- dimensionally in 
the middle, and that the graph at the bottom represents 
the voltage produced. It is important to understand the 
relationship of the angle between this wire’s motion and 
the lines of force between the stationary magnets. In 
 Figure  4-14A, the wire’s motion is parallel to the lines 
of force. This produces no electromagnetic force (emf), 
as shown on the graph. In Figure  4-14B, the rotation 
of the armature has changed the wire’s motion until it 
is at a 45° angle to the lines of force. Fleming’s right-
hand generator rule demonstrates that the conventional 
electrical current is moving into the page (electron flow 
would be out of the page). Because of the 45° angle, 
the magnitude of the emf, although rising, has not yet 
reached its peak. In Figure 4-14C, the motion of the wire 
is 90° to the lines of force (the maximum angle), result-
ing in the peak emf. As the wire begins to turn back to 
parallel in Figure  4-14D, the emf begins to drop back 
toward zero. When the wire reaches a parallel position, 
as in Figure 4-14E, the emf has returned to zero. As the 
wire begins to move into a 270° position (which is a 
90° position in the opposite direction), notice that the 
relationship between the wire’s motion and the lines of 
force has changed. Using Fleming’s right-hand genera-
tor rule again, it is simple to see that the conventional 
electrical current has now reversed and is moving out 
of the page (while the electron flow has reversed to 
move into the page). It is at this point that alternating 
current is produced. This has occurred because alternat-
ing current is produced when the wire’s motion relative 

Field

Motion

Current

FiguRE 4-12.  Fleming’s right-hand generator rule: When the 
thumb points in the direction the conductor (or armature) is moving, 
and the index finger points in the direction of the magnetic lines of 
force field, the middle finger indicates the direction of conventional 
current flow. Fleming’s left-hand generator rule does the same for 
actual electron flow.

Brush

Slip ring

Armature

Rotating shaft
(attached to turbine or

other source of mechanical
energy)

FiguRE 4-13.  An AC generator: Mechanical energy rotates the 
shaft to which the armature is attached. As the wires of the arma-
ture rotate, they cut through the magnetic lines of flux from the 
magnets and produce electrical current. The slip rings and brushes 
permit the armature to rotate while maintaining contact with the 
wires of the circuit.

11067_ch04_hr_052-077.indd   62 11/20/18   5:00 PM



CHAPTER 4 Electromagnetism  63

to the lines of force is reversed. In Figures 4-14F–I, the 
rise to peak and drop back to zero emf is repeated but 
in the opposite direction. This explains not only why 
generator-produced current must be alternating but also 
accounts for its pulsating nature.

The type of curve produced by an AC generator will 
always appear as in Figure 4-14. It is called a sine wave 
because it depends on the mathematical sine (a smooth 
repetitive oscillation) between the plane of the armature 
and a plane perpendicular to the lines of force. One 
complete turn of the generator armature represents one 
cycle. The sine wave illustrates one complete turn of 
the armature as the distance between two correspond-
ing points. Note that this would be represented by the 
distance between A and I in Figure 4-14. The frequency 
of the sine wave is determined by the number of cycles 
per second (cps). The unit of frequency is the hertz, rep-
resented by the symbol Hz. 1 cps 5 1 Hz. American and 
Canadian generators operate at 60 Hz. Most of the rest of 
the world operates at 50 Hz.

FiguRE 4-14.  The production of alternating current: Armature coil wire is shown in cross section (top). Three-dimensional view of generator 
(middle). Graph of the voltage produced (bottom). See text for step-by-step description. 
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EXAMPLE: How many times per second do the 
electrons in a 60-Hz alternating current change their 
direction of movement?

Answer:

60 Hz 3 2 directions 5 120 changes per second

From Figure  4-14, it also becomes apparent that 
the peak voltage is not the same as the average voltage 
throughout the entire sine wave. The same is true of 
amperage and resistance (Ohm’s law). This makes the 
measurement of all factors very difficult in pulsating 
alternating current because of the constant fluctuation 
of the sine wave. This is solved by using the root mean 
square (rms) values of the amperage and voltage. Root 
mean square (rms) values of the total voltage and amper-
age in an alternating current are equivalent to the effect 
that would be produced in a direct-current resistance by 
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the same factors. Resistance in alternating currents is 
calculated from a complicated series of factors, resulting 
in measurement of the apparent total resistance. Apparent 
total resistance of an alternating current is called imped-
ance, which is represented by the symbol Z. This permits a 
revised version of Ohm’s law to be applied for alternating 
current as:

I
V
Z

=

where:  I 5 rms amperage 
V 5 rms voltage 
Z 5 impedance

When using an x-ray machine, it is worth remembering 
that the kilovoltage settings represent peak kilovoltage, 
not average or rms values.

A direct-current generator is made by exchanging the 
slip rings for a commutator ring, as shown in Figure 4-15. 
A commutator is a single ring that is divided in half, with 
each half connected to one end of the armature wire. The 
single commutator’s two halves replace the pair of slip 
rings. Instead of each end of the armature wire being con-
nected to its own slip ring, each end of the armature wire is 

connected to half of the commutator ring. When a genera-
tor has its armature connected to a  commutator, the sine 
wave of the output is dramatically different from that pro-
duced by a pair of slip rings. Although the armature turns 
exactly as in an alternating-current generator, the com-
mutator routes the current very differently. This current 
produces a sine wave exactly as in an alternating-current 
generator (Figures  4-15A–C). The use of Fleming’s right-
hand generator rule demonstrates that the conventional 
electrical current is moving into the page (electron flow 
would be out of the page). In Figure 4-15D, the wire has 
begun to move toward the second phase of the cycle. As in 
the alternating-current generator, the relationship between 
the wire’s motion and the lines of force has changed. Using 
Fleming’s right-hand generator rule again, it is simple 
to see that the conventional electrical current has now 
reversed and is moving out of the page (while the elec-
tron flow has reversed to move into the page). However, 
it is extremely important to note that in Figure 4-15D, the 
commutator ring has also changed the brush with which 
it was in contact. This has the same effect as switching 
the exiting connections on the armature wires. Although 
Fleming’s right-hand generator rule demonstrates the 
change in direction of current within the armature wire, 

FiguRE 4-15.  A DC generator: The slip rings have been exchanged for a commutator ring, with each half connecting to one end of the  
armature wire. Although the armature turns exactly as in an AC generator, the commutator routes the current as shown on the graph. See text 
for step-by-step description.
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the commutator ring has also reversed the exiting con-
nections, thus keeping the current in the circuit flowing in 
the same direction. It is at this point that direct current is 
produced. Note that the direct current is not as steady as 
would be expected with a battery source. Instead a pulsat-
ing direct current has been produced.

Multiple-coil direct-current generators are used in 
place of the simple single-coil generators diagrammed in 
Figures 4-14 and 4-15. These DC generators utilize numer-
ous coils and a commutator divided into a corresponding 
number of segments, as shown in Figure 4-16A. This type of 
generator produces a sine wave, as shown in Figure 4-16B. 
The combined current generated never drops to zero and 
has the advantage of a much steadier flow, although the 
pulsations have not been completely eliminated.

Motors
A device that is supplied with electrical current to pro-
duce mechanical motion is called a motor. Motors have 
essentially the same parts as generators and operate on 
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FiguRE 4-16.  Multiple coil, split commutator DC generator: More 
than one coil, or armature, with a split commutator (A) will produce 
DC current as shown in the graph (B).

the same principles but in reverse. In addition, some of 
the parts have been slightly redesigned and carry names 
different from those in a generator.

The motor principle is a result of the  interaction of 
magnetic fields when an electric current is sent along a con-
ductor that is residing in a magnetic field. As current flows 
through the conducting coil, a magnetic field is established, 
according to Fleming’s right-hand thumb rule (Figure 4-17). 
Because the conducting coil lies within the lines of force 
from the stationary magnets, the induced lines of force will 
be attracted in one direction (downward for the left wire 
and upward for the right wire) while at the same time being 
repelled in the other direction (upward for the left wire 
and downward for the right wire). The net result is that the 
conductor begins to move in the direction of the arrows.

Fleming’s left-hand motor rule states that if the index 
finger points in the direction of the magnetic lines of force 
field and the middle finger points in the direction of the 
conventional current, the thumb will indicate the direc-
tion the conductor will move (Figure  4-18). (This would 
be a right-hand motor rule if the direction of electron flow 
is being considered.) Table 4-1 compares this rule with the 
other hand rules.

Different motor configurations are required depend-
ing on whether alternating or direct current is supplied. 
Direct-current motors use commutator rings. As with a DC 
generator, the commutator is required in order to switch 
the flow of current when the conducting coil begins to 
reach a 180° position, where the induced and stationary 
lines of force no longer attract or repel one another. When 
the current flow is switched by the commutator ring, 

+

S N

FiguRE 4-17.  The motor principle: Because the conducting wires 
of the armature lie within the lines of force from the stationary 
magnets, when current begins to flow through the armature, the 
induced lines of force will be attracted downward for the left wire 
and upward for the right wire while at the same time being repelled 
in the other direction (upward for the left wire and downward for 
the right wire). The net result is that the conductor begins to move in 
the direction of the arrows.
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Field

Motion

Current

FiguRE 4-18.  Fleming’s left-hand motor rule: If the index finger 
points in the direction of the magnetic lines of force and the middle 
finger points in the direction of the conventional current flow,  
the thumb will indicate the direction the conductor will move.  
(This would be a right-hand motor rule if the direction of actual  
electron flow is being considered.)

the magnetic lines of force also reverse. Continuing this 
switching of current flow results in the conductor continu-
ally being simultaneously repelled and attracted in a circle, 
thus turning a shaft and supplying the mechanical motion 
as a conversion of the applied electrical energy.

These direct-current motors use many turns of wire in 
the conductor coil to increase the strength of the field. This 
requires numerous pairs of stationary magnets to force the 
conductor coil to cut the stationary lines of force as near 
to 90° (the maximum inducing angle) as often as possible.

Alternating-current motors use slip rings. Unlike 
direct-current motors, the incoming current switches 
direction, making the commutator unnecessary. There are 
two major types of alternating-current motors.

Synchronous alternating-current motors have con-
ducting coils that turn at the same speed as the genera-
tor armature supplying the current (or a multiple of the 
armature’s speed). Synchronous motors are useful when a 
steady speed is necessary, as in a timing device. They tend 
to be relatively weak because insufficient motor principle 
force is established at the conducting coil.

Alternating-current induction motors utilize a rotor 
coil with the exterior magnetic field supplied by several 
pairs of electromagnets, thus producing a strong magnetic 
field, increasing the power of the motor and permitting it 
to run at any desired speed. Instead of supplying current 
to the coil in the magnetic field, an induction motor uses 
a device called a rotor. A rotor consists of bars of copper 
around an iron core (Figure 4-19). No commutator or slip 
rings are required. Instead, a device called a stator is used. 
A stator consists of pairs of stationary magnets (or, more 
commonly, electromagnets) arranged around the rotor. 
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FiguRE 4-19.  Alternating-current induction motor: The rotor windings 
obey the motor principle as they move perpendicular to the magnetic 
lines of flux, in the direction of the arrows. The stator electromagnets 
are supplied with multiphase current to activate them in sequential 
pairs to maintain maximum perpendicular motor principle force.

The stator must be supplied with multiphase current. The 
stator electromagnets are energized in sequence. As the 
copper bars of the rotor reach a point where the motor 
principle forces are equalized, the multiphase current 
activates the next pair of electromagnets and the motor 
principle forces pull the rotor around to the next position. 
This continuing sequential energization causes the motor 
principle forces to continually turn the rotor. Extremely 
powerful induction motors are made by increasing the 
strength and number of pairs of  electromagnets; these 
motors are popular for industrial and consumer uses.

Induction motors are used in rotating anode x-ray 
tubes where the target anode is attached to the induction 
motor rotor inside the glass vacuum tube. Because mag-
netic lines of force will pass through glass and a vacuum, 
the electromagnets can be positioned outside the vacuum 
tube, thus avoiding interference with the high voltages 
required to produce x-rays.

The motor principle is also used in meters: a 
galvanometer for direct current, when permanent magnets 
are used, to indicate current, and a dynamometer for alternat-
ing current, when electromagnets are used (Figure 4-20A). 
To a great extent, they are being replaced by digital meters 
that provide numerical indications of current. When a meter 
is connected in series, it measures current in amperes and 
is called an ammeter (see Figure 4-20B). When connected in 
parallel, it measures potential difference in volts and is called 
a voltmeter (see Figure 4-20C).
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 CONTROLLING ELECTRICAL  
CURRENT

Although nearly all electrical components in x-ray units 
are now embedded in silicon chips on printed circuit (PC) 
boards, transformers continue to operate as discussed 
below, although they are much smaller than they were 
20–30 years ago.

Although the concepts behind the operation of most 
of these components are more easily understood when 
presented from a hard-wired perspective, readers should 
remember that these devices and circuits are now minia-
turized within chip technology.

Transformers
Alternating current, because of its changing direction, 
constantly establishes, collapses, reestablishes, and re 
collapses its surrounding magnetic field. This aspect can 
be used to change electricity by combining electromag-
netic mutual induction with an application of Ohm’s law to 
form a device called a transformer. Transformers comprise 
two coils placed near one another (but without electrical 
connection). If current is supplied to one coil, the lines 
of force that are induced will pass through the other coil 
and induce a flow of electrons (see Figure 4-11). The coil 
that is supplied with current is the primary, and the coil in 
which current is induced is the secondary.

The number of turns of wire in the primary coil is 
designed to be different from the number of turns of wire 
in the secondary. This causes the induced current to be 
different in the secondary coil. For example, the lines 

of force induced by a single primary coil loop may cut 
two loops of the secondary. In this case the voltage in 
the primary would be induced in both secondary loops, 
thus doubling the secondary voltage. When the voltage 
is increased from primary to secondary, it is called a 
step-up transformer. When the voltage is decreased from 
primary to secondary, it is called a step-down transformer. 
The transformer law expresses this phenomenon:

V

V

N

N
s

p

s

p

=

where:  V  5 potential difference in volts 
N 5 number of turns of wire in the coil 
 p 5 primary coil 
  s 5 secondary coil

0
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100

A.  A galvanometer B.  Ammeter in circuit C.  Voltmeter in circuit

A

FiguRE 4-20.  (A) A simple galvanometer uses an electromagnet to attract a coil of wire to which a needle is attached. When a scale is  
calibrated, amperage or voltage can be measured. (B) Ammeter connection. (C) Voltmeter connection.

EXAMPLE: If a transformer is supplied with 400 volts 
to the primary coil, has 100 turns of wire on the pri-
mary coil, and 20,000 turns of wire on the secondary 
coil, what will the voltage be in the secondary coil?

Answer:
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Transformers are used to change voltage. However, 
Ohm’s law is in effect and the effect of the transformer 
on amperage, voltage, and number of turns in the coils 
can be calculated by combining the transformer law with 
Ohm’s law:

I

I

V

V
s

p

p

s

=

and

I

I

N

N
s

p

p

s

=

It is helpful to remember that voltage and number 
of turns are directly proportional, whereas voltage and 
amperage are inversely proportional. Therefore, the 
number of turns and amperage must also be inversely 
proportional. It is also important to note that a step-up 
transformer increases voltage from primary to second-
ary while decreasing amperage. Conversely, a step-down 
transformer decreases voltage from primary to second-
ary while increasing amperage. Because transformers 
are designed to change voltages, the descriptive terms 
step-up and step-down refer to the voltage change, not 
the amperage change. You should remember that Ohm’s 
law requires the consideration of resistance, and this is 
indeed an important factor. However, this book will not 
address that aspect. All transformers must operate on 
alternating current to provide the establishing and col-
lapsing magnetic fields that induce the voltage changes 
in the secondary coil.

Although transformer efficiency, the ability of a 
transformer to avoid power loss, is usually above 95 per-
cent, a number of factors influence how much energy is 
lost. Because the high-voltage transformer used in x-ray 
equipment must step up voltage into the kilovolt range, it 
uses large amounts of secondary coil windings. This mas-
sive amount of wire and the high induced voltage cause 

several problems that greatly affect the efficiency of the 
transformer.

 1. I2R loss, sometimes called copper loss, is caused by 
the inherent resistance to current flow that is found 
in all conductors. The power lost due to this resis-
tance is proportional to the square of the current. It 
is minimized by using low-resistance wire, such as 
large-diameter copper, and by using high voltage and 
low amperage. Lost power is given off as heat. This 
is the reason why power transmitted long distances 
between cities is carried on high-voltage power lines. 
The high voltage permits low amperage and greatly 
reduced I2R loss. Because high voltages are extremely 
dangerous, they are carried on high towers. Step-
down transformers are used at receiving stations to 
lower the voltage (and increase the amperage) to 
make the power safe for use in buildings.

 2. The hysteresis loss (lagging loss) in the core occurs be-
cause energy is expended as the continually changing 
AC current magnetizes, demagnetizes, and remagne-
tizes the core material. Demagnetization leaves some 
dipoles in the original orientation, and this residual 
magnetism causes the remagnetic effort to lag, thus pro-
ducing more heat loss. The characteristic that requires 
energy to carry out this constant reorientation of the 
magnetic dipoles is called coercivity. Coercivity can be 
minimized by using a core material such as silicon iron.

 3. The eddy current loss in the core is a result of currents 
opposing the cause that produced them, according to 
Lenz’s law, as discussed earlier. They are produced in 
any conducting material subjected to changing mag-
netic fields. Laminating the transformer core reduces 
the eddy current loss by dividing the core into thin 
layers. This reduces the strength of the eddy currents 
(Figure 4-21).

These factors result in a great amount of heat build up, 
which can be felt by placing your hand on the exterior of the 
transformer cabinet in a diagnostic x-ray room. Although the 
transformer is highly insulated and immersed in insulating 
dielectric oil, there is a definite warmth to the cabinet after 
the machine has been in use for a few hours. The size of the 
x-ray transformer makes its efficiency an important factor.

There are numerous types of transformer configu-
rations. The simple arrangement of two coils of wire 
in proximity to facilitate induction, which has been 
used so far to explain transformer function, is called an 
air-core transformer. If the primary and secondary coils are 
filled with an iron core, the strength of the magnetic field is 
greatly increased, forming an open-core transformer. Vari-
ous types of cores have been designed to enhance the lines 
of force and thereby increase the magnetic field strength  
(Figure 4-22). The field from an open core tends to diverge 
as it forms the external lines of force. Closing the core 
to form a closed-core transformer (by placing a top and 

EXAMPLE: If a transformer has 120 turns of wire 
on the primary coil, 80 volts in the primary coil, and 
20 volts in the secondary coil, how many turns of wire 
must there be in the secondary coil?

Answer:
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bottom to the cores) will direct the lines of force from 
primary and secondary cores toward each other and result 
in a significant system net increase in field strength. The 
shell-type transformer goes one step further by converging 
both the inside and outside lines of force through an iron 
core. In addition, a great efficiency is obtained by insulating 
the wiring and wrapping the primary and secondary coils 

atop one another, thus minimizing the distance between 
coils and maximizing the coupling effectiveness of the 
induction. X-ray generators use laminated core, shell-type 
transformers, which are the most common type in use today.

Autotransformers
It is possible to construct a variable transformer, called 
an autotransformer, by connecting both primary and 
secondary coils in series instead of insulating them. 
This also permits a single coil on a central core. Con-
nections are made along a single coil at different points 
for primary and secondary. The primary side has a 
selection of taps available to permit a variable number 
of turns in the primary coil (Figure 4-23). When the con-
nections to the taps are attached to control buttons, an 
effective means of changing voltage is available.

There are three important transformers in the x-ray 
circuit (Figure  4-24). The autotransformer is used to vary 
the incoming-line voltage to an appropriate level for the 
high-voltage step-up transformer. The high-voltage step-up 

Primary

Closed-core transformer

Nonlaminated core

Eddy currents

Laminated core

Eddy currents

Secondary

A.

C.

B.

D.

E.

FiguRE 4-21.  (A) Closed-core transformer; (B) nonlaminated  
core; (C) nonlaminated core eddy currents; (D) laminated core; and 
(E) laminated core eddy currents.

A. Air core B. Open core

D. Shell typeC. Closed core

FiguRE 4-22.  Various types of transformer core configurations:  
(A) air core; (B) open core; (C) closed core; and (D) shell type.

P S

FiguRE 4-23.  An autotransformer.
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Autotransformer

High-voltage
step-up

transformer

Filament
step-down
transformer

X-ray
tube

FiguRE 4-24.  Three critical transformer locations in the diagnostic x-ray circuit. The autotransformer permits selection of the voltage  
(by controls labeled kV on the console). The high-voltage transformer steps the incoming-line voltage up to the kV range before sending it to the 
x-ray tube. The filament transformer steps the incoming-line voltage down to heat the x-ray tube filament.

transformer is used to raise the incoming-line voltage to the 
kilovoltage range necessary for x-ray production. The filament 
step-down transformer is used to decrease the incoming-line 
voltage to the 5- to 15-volt and 3- to 5-ampere range used to 
heat the x-ray tube filament.

Capacitors
A capacitor is a device capable of accumulating and storing 
an electrical charge. A simple capacitor consists of two insu-
lated metal plates with opposite charges (Figure 4-25). The 
charges on the plates are opposite, and therefore, an attrac-
tion force exists between them. However, the insulation 
between the plates, which is called the dielectric, prevents 
the charges from crossing over. Once the charges build up on 
each of the plates, the plates become so full that they repel 
any more current from flowing. The value of the dielectric is 
determined by the insulating ability, as well as the plate size, 
distance between the plates, and charge. The unit of capaci-
tance is named for Faraday, but has been shortened to farad. 
It is represented by the symbol f and is expressed as:

C
q
V

=

where:  C  5 capacitance in farads 
 q 5 charge on either plate in coulombs 
V 5  potential difference between plates in volts

FiguRE 4-25.  A simple parallel plate capacitor.

Because of the immense size of the coulomb, the 
farad is very large, making the microfarad (µf) the more 
common unit.

Capacitors must be charged to be operable; this is 
done by applying a direct-current voltage. The capacitor 
will accept a charge until it equals the DC voltage. When 
discharged, the capacitor has  the ability to deliver the 
stored charge in short and easily controlled intervals. This 
uniform direct current is especially useful in mobile x-ray 
units, where it is convenient to have a battery charge a 

11067_ch04_hr_052-077.indd   70 11/20/18   5:00 PM



CHAPTER 4 Electromagnetism  71

capacitor, and then initiate a burst of high voltage for the 
x-ray exposure. Capacitors are also used to supply a more 
constant voltage to the x-ray tube in some stationary units.

RECTIFICATION

X-ray tubes operate best when receiving direct current. 
In fact, there is a danger in supplying alternating current 
because if a flow of electrons occurs in the wrong direc-
tion the tube may be damaged beyond repair. The process 
by which alternating current is changed to pulsating direct 
current is called rectification, and requires the use of one-
way electrical devices called rectifiers. Although solid-
state semiconductor diodes are most commonly used, it 
is easier to understand the operation of a vacuum-tube 
rectifier. Both of these devices create electrical “one-way 
streets” by permitting electrons to flow easily in one direc-
tion while offering a high resistance to movement in the 
other direction.

The operation of semiconductors was mentioned 
earlier, in Chapter 3, during the discussion of conductor 
valence bands. There are numerous types of semicon-
ductors but they all operate in the same manner. The 
simplest to explain is the p-n junction semiconductor, 
which comprises solid materials of two predominant 
categories, n-type and p-type. The n-type materials have 
loosely bound electrons that move freely between an 
atom’s conduction bands. The p-type materials have elec-
tron traps made up of positively charged holes that tend 
to attract and hold electrons instead of permitting them 
to move freely to another atom. Both types of materi-
als are affected by slight amounts of impurities that are 
intentionally added to change the conduction properties. 
For example, arsenic has a valence that permits it to form 
covalent bonds with silicon crystals, but it makes an extra 
electron available for conduction, thus forming an n-type 
material. Conversely, gallium also has a valence permit-
ting covalent bonding with silicon, but it leaves a need for 
an additional electron, thus forming an electron hole and 
a p-type material.

A rectifying semiconductor called a diode is made 
by sandwiching a p-type crystal with an n-type to form 
a p-n junction (Figure 4-26). When a potential difference 
is established with the positive charge at the p side of 
the junction and the negative charge at the n side of the 
junction, the positive holes from the p side are attracted 
to the junction, as are the  available electrons from the n 
side. This permits easy movement of electrons into the p 
holes. In a diode, electrons flow from the n to the p side 
of the p-n junction and conventional electrical current 
moves from the p to the n side. When alternating current 
reverses and the positive charge is at the n side of the 
junction and the negative charge is at the p side of the 
junction, the positive holes from the p side are repelled 

from the junction, as are the available electrons from 
the n side. This makes movement of electrons from the 
n side of the junction to the p side of the junction very 
unlikely, as both the repulsion–attraction of the charges 
and the distance between p holes and electrons are work-
ing against the electron movement. The result is that 
no electrons move across the junction, thus creating a 
one-way street for electrons. The electronic symbol for a 
diode reflects this movement for conventional electrical 
current (see Figure 4-26D). Remember that electron flow 
will be opposite the direction of the arrow.

A thyristor, or silicon-controlled rectifier (SCR), is a 
more complex semiconductor that has proven useful for 
high-speed switching of the primary high-voltage x-ray 
circuit. The term SCR is actually a General Electric trade 
name for a specific type of thyristor. SCRs comprise two 
p-type and two n-type layers, making three p-n junctions 
 (Figure 4-27). Both n-p-n-p and p-n-p-n sequences are pos-
sible. In either case, the third section serves as a gate. This 
gate can change the polarity of the entire SCR by receiv-
ing a given charge. Rapid pulses of current to the gate 
permit it to hold or release large amounts of current. The 
SCR functions extremely rapidly in high-kilowattage x-ray 
generators.

A valve tube was a vacuum tube that operated in the 
same manner as a diode but was constructed like an x-ray 
tube. Although they are no longer used in x-ray circuitry, 
they are a useful example in learning how a modern diode 
circuit functions. The difference between a valve tube 
and an x-ray tube is that a valve tube operated at energies 
below the range necessary to produce x-ray photons. The 
cathode and anode were arranged to permit electrons to 
jump without requiring the energy necessary to produce 
x-rays (Figure 4-28). Current could flow from cathode to 
anode because the jump to the massive anode was easy. 
However, as electrons repelled one another, they spread 
out over the entire surface of the anode and could not 
develop sufficient repulsive force to jump to the cathode. 
This made the tube a one-way street for electrons to move 
from cathode to anode.

The cathode included a coil of small-diameter tung-
sten wire, called the filament, through which current was 
passed. Of course the small diameter of the wire caused 
a greatly increased resistance to the flow of electrons. 
This resulted in heat increase to the extent that electron 
movement actually ejected individual electrons from 
the surface of the wire. Sometimes this phenomenon 
is described as a boiling of electrons from the surface. 
The result was the formation of an electron cloud (see 
Figure 4-28B). This process is called thermionic emission 
because the heat (therm) has caused ionization (ionic), 
resulting in electrons being expelled (emission) from 
the surface of the wire. This effect is sometimes called a 
space charge cloud. It is important to note that the small 
diameter of the cathode’s thin filament wire makes it 
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A. Resting state B. Migration of P holes to junction

D. Diode symbolC. Migration of P holes away from junction

Conventional current flow

P
“holes”

P
“holes”

JunctionJunction

Junction

Electron flow

p-typep-type n-typen-type

p-type n-type

FiguRE 4-26.  The functioning of a p-n junction of a solid-state semiconductor diode.

extremely fragile. At the high kilovoltages supplied to 
x-ray tubes, a single electron striking the heated filament 
would cause it to break, thus rendering the tube useless. 
All modern x-ray machines use safety devices to prevent 

AnodeCathode

CathodeAnode

Electron

flow

Electron

flow

n p n p

p n np

FiguRE 4-27.  Silicon-controlled rectifier (SCR) n-p-n-p and p-n-p-n 
junctions.

the anode side of the tube from receiving electrons, even 
during the opposing flow of alternating current.

The anode is a relatively large metallic surface, usu-
ally a cup, disk, or flat plate, depending on the desired 
function of the tube. The shape of the anode varies 
between a valve tube and an x-ray tube and this accounts 
for the fact that x-ray tubes emit primarily x-ray-range 
photons whereas valve tubes do not. Diagnostic x-ray 
tubes utilize angled disks, whereas dental x-ray tubes and 
other types of relatively low-voltage tubes use flat-plate 
anodes. A valve-tube anode consists of a cold metallic cup 
that surrounds the coiled filament (see Figure 4-28).

Valve tubes permit electrons to flow from cathode 
to anode when a large enough potential difference exists  
to cause the electrons of the  thermionically emitted cloud to 
be simultaneously repelled from the cathode and attracted 
to the anode. This is done by creating a negative charge at 
the cathode and a positive charge at the anode  (Figure 4-29). 
 Remember that electron flow will always be from cathode 
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be used to protect an expensive and sensitive device, such 
as an x-ray tube, from current that could potentially damage 
it. A supply of alternating current to either type of rectifier 
will result in a pulsating direct current due to the suppres-
sion of half of the incoming wave (Figure 4-30). This type 
of suppression rectification is called half-wave rectification 
because only half of the incoming alternating current is 
being converted to pulsating direct current. The oppos-
ing half of the flow is simply ignored and not utilized. 
The electrons simply cease moving and stop transferring 
energy. In early radiography, this type of circuit was called 
self-rectification (Figure  4-31). The danger was that over-
heating of the anode might cause thermionic emission. This 
condition could result in electrons moving to the cathode 
filament during the half of the alternating-current cycle 
when the anode was negatively charged. This of course 
would break the filament and destroy the x-ray tube. In even 
the simplest of modern x-ray equipment, the x-ray tube is 
protected from this occurrence by the addition of a single 
rectifier on the anode side of the circuit (see Figure 4-30). 
This protects the x-ray tube anode from receiving a negative 
charge. In addition, if overheating should occur, the protect-
ing rectifier would be destroyed and could be replaced, 
costing much less than it would to replace the x-ray tube.

Full-Wave Rectification
It is possible to convert the opposing half of the incom-
ing electron flow so that electrons are always moving 

A. Valve tube anode and cathode

B. Filament enlargement

Anode

Filament

Cathode

FiguRE 4-28.  Anode and cathode of a valve tube.
Electron flow

FiguRE 4-29.  Electron flow through an x-ray tube.

to anode and this means conventional electrical current will 
always be from anode to cathode. It is important to note 
that electrons cannot move from anode to cathode due to 
the charges and to the shapes of the anode and cathode. The 
anode is shaped much larger than the cathode filament, and 
this causes the electrons to distribute themselves over the 
entire surface as they follow the law of repulsion in regard 
to one another (see Figure 4-29). With such a large distri-
bution surface, the electrons should not build up enough 
repulsion or heat to make movement from anode to cathode 
possible. When direct current causes the anode to remain 
positive at all times, there is a force of attraction working 
to keep the electrons on the anode. On the other hand, the 
cathode is relatively small and carries a negative charge at 
all times. The small size not only causes heating, but it also 
restricts the flow of electrons so much that thermionic emis-
sion is enhanced. The negative charge works to encourage 
thermionic emission by actively repelling the electrons from 
the filament surface. Together these forces make the anode 
very attractive to electrons, while making the cathode unde-
sirable. Consequently, as electron movement from cathode 
to anode is made easy, movement from anode to cathode is 
made extremely difficult. This creates a one-way street for 
electron flow, just as in a diode.

Half-Wave Rectification
In both solid-state diodes and valve tubes, the forces create 
an electronic one-way street and effectively suppress the 
opposing half of the incoming current flow. This effect can 
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Oscilloscope

Diode

FiguRE 4-30.  Half-wave rectification with one diode rectifier on the anode side of the x-ray tube circuit. Note the waveforms that would result 
if an oscilloscope was connected to the circuit.

Oscilloscope

FiguRE 4-31.  Half-wave rectification without a diode rectifier (self-rectification).

in the same direction, instead of discarding half the 
cycle by suppression. This is done through an inge-
nious arrangement of four rectifiers in a bridge circuit 
called a full-wave rectification circuit (Figure  4-32). A 
full understanding of the circuit requires following the 

electron flow completely from the secondary coil of 
the high-voltage step-up transformer to the x-ray tube 
during both halves of the AC cycle. Figure  4-32 illus-
trates the electron flow by the sequence of numbered 
arrows.

11067_ch04_hr_052-077.indd   74 11/20/18   5:00 PM



CHAPTER 4 Electromagnetism  75

Oscilloscope
8

9
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7

Full-wave rectification circuit (1st half of electron flow)

B

3

12

4

5
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15 14

13 11

I II
III IV

16

FiguRE 4-32.  Full-wave rectification circuit from within a basic diagnostic x-ray circuit. (See text for description of electron flow.)

 1. Electron flow is induced from the secondary coil of 
the high-voltage step-up transformer.

 2. Electron flow reaches the first circuit junction and 
flows both ways.

 3. Electron flow on this path reaches the anode of valve 
tube II and distributes over the large, unheated sur-
face, attempting to build up enough charge to jump 
to the cathode.

 4. Electron flow on this path reaches the heated cath-
ode of valve tube I and easily jumps to the anode 
(thus never permitting enough charge to accumulate 
for the electron flow at arrow 3 to jump across valve 
tube II).

 5. Electron flow reaches the second junction and flows 
both ways.

 6. Electron flow on this path reaches the  
anode of valve tube III and distributes over the large, 
unheated surface, attempting to build up enough 
charge to jump to the cathode.

 7. Electron flow on this path moves without resistance 
toward the x-ray tube.

 8. Electron flow reaches the x-ray tube’s heated cath-
ode and jumps to the anode.

 9. X-rays are produced as a result of the electrons strik-
ing the anode.

 10. Electron flow from the anode moves without resis-
tance back toward the rectification circuit.

 11. Electron flow reaches the third junction and flows 
both ways.
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 16. From this point on, electron flow on this path moves 
without resistance toward the secondary coil of the 
high-voltage step-up transformer. This completes the 
circuit.

Following the same logic, to trace the current path 
for the opposite half of the alternating-current cycle in 
Figure 4-32 results in reorientation of the direction of elec-
tron flow. This is full-wave rectification and it produces 
the sine wave shown in Figure 4-14.

Note that the x-ray tube will emit x-ray photons during 
both halves of the full-wave rectified AC cycle. The double 
efficiency of full-wave rectification permits a significant 
increase in the power output capability of radiographic 
equipment. This results in an ability to use higher milli-
amperage (mA) and kilovolts peak (kVp) settings. Conse-
quently, all modern x-ray equipment is full-wave rectified.

 12. Electron flow on this path reaches the heated cath-
ode of valve tube II but cannot jump to the anode 
because the anode is still loaded with the charge 
moving at arrow 3. Because these are like charges, 
they repel one another.

 13. Electron flow on this path reaches the heated 
cathode of valve tube IV and easily jumps to the 
anode.

 14. Electron flow reaches the fourth junction and flows 
both ways.

 15. Electron flow on this path reaches the heated cath-
ode of valve tube III but cannot jump to the anode 
because the anode is still loaded with the charge 
moving at arrow 6.  Because these are like charges, 
they repel one another.

SUMMARY

A magnetic force field surrounds all charged  particles 
when they are in motion. These force fields are mag-

netic lines of force. Electromagnets are temporary magnets 
produced by moving electric current. The laws governing 
magnetism are similar to the laws of electrostatics. Elec-
tromagnetic induction is an important phenomenon basic 
to nearly all electrical devices. It is produced by movement 
between magnetic lines of force and a conductor.

A generator is a device that converts mechanical energy 
to electrical energy. Either AC or DC current can be produced 
through the use of either slip rings or a commutator ring. 
One complete turn of the generator armature represents 
one cycle (1  Hz). A device that is supplied with electrical 
current to produce mechanical motion is called a motor. 

Motors have essentially the same parts as generators and 
operate on the same principles, but in reverse. A meter may 
be connected in parallel to measure current or in series to 
measure voltage.

A transformer is used to change voltage through the use 
of Ohm’s law. A capacitor is a device cap able of accumulat-
ing and storing electrical charge. Rectification is the process 
by which alternating current is changed to pulsating direct 
current. Silicon-controlled rectifiers are solid-state semicon-
ductors that are used for high-speed switching of the primary 
high-voltage x-ray circuit. Both self-wave and half-wave rec-
tification are infrequently used in modern x-ray equipment. 
Diodes replaced valve tubes as one-way circuits that permit 
full-wave rectification. ◾
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 REVIEW QUESTIONS

 1. What is magnetism?

 2. What is an electromagnet?

 3. Explain the difference between electron flow and 
conventional current flow.

 4. What is indicated by the direction of the thumb, 
index, and middle finger in one of Fleming’s hand 
rules?

 5. What are the three ways to induce electromagnetic 
current flow in a conductor?

 6. Name the four factors controlling the strength of 
electromagnetically induced current.

 7. What is the difference between a generator and a 
motor?

 8. Describe the functions of slip rings and of a commu-
tator ring.

 9. How is an ammeter different from a voltmeter?

 10. What is the function of a transformer?

 11. State the transformer law.

 12. What is the function of an autotransformer?

 13. What is a diode?

 14. What is rectification?

 15. What components are necessary to produce a full-
wave rectified circuit?
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Draw a complete dual-focus cathode assembly.

◾ Discuss the necessary characteristics of filament metals and 
construction.

◾ Describe the control of thermionic emission from the  
filament.

◾ Select exposure factors and techniques that will extend  
tube life.

◾ Explain the function and design of a grid-biased  
focusing cup.

◾ Draw a complete rotating anode assembly.

◾ Discuss the characteristics of anode targets.

KEY TERMS

actual focal spot

anode

anode assembly

anode cooling charts

anode heel effect

cathode

cathode assembly

dual-focus

effective focal spot

envelope

extrafocal radiation

filament

focal point

focal spot

focal track

focus

focusing cup

fractional focal spot

grid-biased

grid-controlled

grid-pulsed

housing cooling charts

leakage radiation

line-focus principle

off-focus radiation

protective housing

radiographic tube rating charts

rotating anodes

rotor

. . . circumstances led me to the construction of experimental high vacuum 

tubes with a heated tungsten filament as cathode and a tungsten disc as 

anode. . . . The tube was then stable and controllable. . . .

W. D. Coolidge, “Experiences with the Röentgen-ray tube”

The X-Ray Tube
C H A P T E R  5
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The X-Ray Tube

The electrical production of x-rays is only possible under 
very special conditions, including a source of electrons, an 
appropriate target material, a high voltage, and a vacuum. 
The x-ray tube is the device that permits these conditions 
to exist, and it is within the tube that x-ray photons come 
into existence. The tube consists of a cathode and an 
anode enclosed within an envelope, and then encased in a 
protective housing (Figure  5-1). X-ray tubes, whose useful 
life can be significantly extended by proper care and han-
dling by professional radiographers, can cost over $10,000.

◾ Explain the line-focus principle and its effect on 
anode target design.

◾ Explain the anode heel effect and its effect on 
primary beam intensity.

◾ Explain the production of off-focus radiation.

◾ Describe the function of a rotating anode induction 
motor, stator, and rotor.

◾ Discuss the construction of the envelope and 
protective housing.

◾ Calculate safe exposures when provided with a 
tube rating chart, anode cooling curve, and housing 
cooling curve..

Stator
electromagnets

Bearing

Armature

Tungsten anode

 Envelope

Filament

Electron beam
Molybdenum

neck and base

Rotating
portion

X-ray
beam

Filament
circuit

FiguRE 5-1.  A rotating anode x-ray tube.

KEY TERMS (continued)

saturation current

space charge effect

stationary anodes

stator

target

tube rating charts

window

wiring

The CaThODe aSSeMbLy

The cathode is the negative side of the x-ray tube. The 
function of the cathode is to produce a thermionic 
cloud, conduct the high voltage to the gap between 
cathode and anode, and focus the electron stream as it 
heads for the anode. The cathode is a complex device 
and is referred to as the cathode assembly. This assem-
bly consists of the filament or filaments, focusing cup, 
and associated wiring (Figure 5-2).
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The Filament
The filament is a small coil of thin thoriated tungsten 
wire. The wire is about 0.1–0.2 mm thick, and the coil 
is 1–2 mm wide by 7–15 mm long. It is set in the cath-
ode assembly within the focusing cup (Figure  5-3). 
Tungsten is the material of choice because of its high 
melting point (3,370°C) and because it is difficult to 
vaporize (turn into a gas). Rhenium (melting point of 
3,170°C) and molybdenum (melting point of 2,620°C) 
are also desirable materials. The high melting point 
permits the filament to operate at the high tempera-
tures required of an x-ray tube. In addition, tungsten is 
not easily vaporized. Vaporization produces particles 
that deposit on other surfaces and reduce the vacuum 
within the tube. The length and width of the filament 
have a great effect on the ability of the particular x-ray 
tube to image fine details.

Most diagnostic x-ray tubes have dual filaments, 
known as a dual-focus arrangement (see Figure 5-3). The 
wiring for dual filaments does not require separate ground 
conductors. Instead a common ground is used (Figure 5-4).

As we have discussed previously, the function of the 
filament is to provide sufficient resistance to the flow of 
electrons so that the heat produced will cause thermionic 
emission to occur. (A tungsten filament will not exhibit 
significant thermionic emission below 2,200°C.) This pro-
cess causes electrons to leave the surface of the filament 
wire and form a thermionic cloud. When the high voltage 
is released at exposure, the entire cloud is available to be 
driven toward the anode target where x-ray photons will 
be produced. This provides many more times the number 
of electrons than would be available from a cold cathode.

Not all of the electrons that are thermionically emit-
ted from the filament are driven to the anode or return 
to the filament. A very small percentage of the electrons 
are permanently vaporized from the filament and they 
contribute to reducing the vacuum, thus making the tube 

FiguRE 5-3.  Dual filaments in a focusing cup.

FiguRE 5-4.  Dual-filament wiring.

Filament
circuit

High
voltage
circuit

Filament

Focusing
cup

FiguRE 5-2.  A cathode assembly.

gassy. Vaporized tungsten (from both filament and anode) 
is also gradually deposited on the inner surface of a glass 
envelope. This deposit causes old tubes to have a mirrored 
appearance and can eventually cause high-voltage arcing 
when sufficient current is attracted to a deposit during an 
exposure. Arcing of this type immediately destroys the 
tube. Evaporization deposits on the glass envelope also 
cause increased filtration of the primary beam, and this 
decreases tube efficiency. Tubes with a metal envelope 
can be grounded to significantly reduce this problem.

Another major cause of tube failure is the breaking 
of the filament itself. Filaments become increasingly thin 
as vaporization continues. When about 10 percent of 
the diameter has vaporized, a filament becomes subject 
to breaking, exactly the way a tungsten light bulb fila-
ment will burn out. However, older tubes are much more 
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CHAPTER 5 The X-Ray Tube  81

The Focusing Cup
The focusing cup is a shallow depression in the cathode 
assembly designed to house the filament (see Figure 5-2). 
It is made of nickel and its purpose is to narrow the therm-
ionic cloud as it is driven toward the anode. Because all 
electrons possess negative charges, their tendency is to 
diverge rather than to travel in straight lines. The focus-
ing cup is provided with a low negative potential, which, 
because of its geometry, focuses the electrons toward 
one another in a convergence pattern (Figure 5-6). Most 
x-ray tubes have the focusing cup at the same potential 
as the filament. It is possible to decrease the size of the 
focal spot by using a biased focusing cup. A biased focus-
ing cup maintains the cup at a more negative voltage than 
the filament. This causes the exiting electron beam to be 

sensitive to rough handling and a thin filament that is 
jarred can break prematurely. For this reason, radiogra-
phers must move tube units gently, never allowing them 
to be heavily jarred by jamming against overhead stops 
and detents.

When the x-ray machine is first turned on, a mild 
current is sent to the filament. The filament remains 
in this preheated mode until immediately prior to an 
exposure. When the switch labeled rotor is activated 
prior to an exposure, not only does the rotor begin to 
turn but also a higher current is sent to the filament to 
bring the thermionic cloud to the proper size for the 
mA selected. This increase in filament heating is what 
causes most of the vaporization of the filament. An ave-
rage diagnostic x-ray tube filament life is only about  
6–9 hours (10,000–20,000 exposures) at this heating level. 
One of the primary causes of premature tube failure is 
the radiographer’s habit of holding the rotor switch prior 
to making exposures. Every second the rotor switch 
is depressed, life is removed from the filament. Rou-
tinely delayed exposures while the filament is enduring 
maximum current can shorten tube life by 50–60 percent  
(to 5,000–12,000 exposures).

Most tube manufacturers recommend that two-step 
exposure switches be fully depressed in one motion. 
All units have electronic interlocks that will not permit 
the exposure to occur until the rotor has brought the 
anode up to the proper speed. Holding the rotor switch 
(and filament heat) can be justified in cases where the 
patient is unable to cooperate. In these instances (such 
as with pediatric patients), the rotor and filament must 
be readied to permit an instant exposure to avoid patient 
breathing and motion. Single-phase generators are usu-
ally capable of initiating exposure within 10 milliseconds 
(0.01 second), whereas high-frequency generators may 
be a quick 1 millisecond (0.001 second). Routine clinical 
examinations seldom need to be timed closer than these 
limitations.

Historical Notes. In the earliest days of radiography, 
a cold cathode with an unheated filament was used. It 
was not until the American physicist William D. Coolidge 
(1873–1975) developed the Coolidge tube for the General 
Electric Corporation in 1915 that the hot filament became 
available. Prior to the development of the Coolidge tube, 
the radiographer kept a selection of tubes of various mA 
values on a rack, usually in the darkroom (Figure  5-5). 
When a change of mA was required, the radiographer 
disconnected the tube and replaced it with a different one 
from the rack. Coolidge’s contributions to radiography 
included not only the hot filament but also the focusing 
cup, the imbedded anode target, and various anode cool-
ing devices (including the unique water-cooled tube).

FiguRE 5-5.  A selection of cold filament tubes as displayed at the 
Deutsches Röntgen-Museum, Remscheid-Lennep, Germany. 

Negative
charge

FiguRE 5-6.  The geometry of the negative charge on the cathode 
focusing cup.
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82  uNiT i Creating the Beam

focused into a narrower stream as it heads toward the 
ano de. In mammographic x-ray tubes, focusing cup bias-
ing is used when the small focal spot is selected.

As more and more electrons build up in the area of 
the filament, their negative charges begin to oppose the 
emission of additional electrons. This phenomenon is 
called the space charge effect and it limits x-ray tubes to 
maximum mA ranges of 1,000–1,200.

The saturation current is another filament phenom-
enon that affects the efficiency of the x-ray tube. As kVp 
increases, a greater percentage of the thermionically emitted 
electrons are driven toward the anode. This relationship is 
shown by a filament emission chart (Figure 5-7). The fila-
ment amperage curve flattens out when the kVp is driving 
the entire thermionic cloud toward the anode. The filament 
saturation current has been achieved when there are no fur-
ther thermionic electrons to be driven toward the anode. At 
this point, an increase in kVp will not increase the tube mA. 
Further mA increases must be achieved by increasing the 
filament amperage. Close examination of a filament emis-
sion chart demonstrates that something must be done to 
compensate for the tube mA increase when kVp is changed. 
For example, an exposure at 100 kVp will produce a signifi-
cantly greater tube mA than the same exposure at 60 kVp. 
The filament amperage must be adjusted to compensate 
for these changes, and the x-ray circuitry is programmed to 
do this automatically whenever factors are changed by the 
operator.

Grid-Biased Tubes. In some applications, such as angi-
ography or capacitor discharge generators, it is desirable 
to quickly regulate the flow of electrons producing x-ray 

photons. The addition of a positive or negative potential 
difference (approximately 2,000 volts) at the focusing 
cup causes the cup to attract or repel the thermionic 
cloud. This very cleanly removes electrons from use for 
x-ray production when the focusing cup charge is pulsed 
from negative to positive in synchrony with another 
device, and it becomes possible to regulate, pulse, and 
synchronize x-ray production very precisely. These types 
of tubes are sometimes called grid-pulsed, grid-biased, or 
grid-controlled, and are also used in pulsed fluoroscopy.

The aNODe aSSeMbLy

The anode is the positive side of the x-ray tube and 
has three functions: it serves as a target surface for 
the high-voltage electrons from the filament, thereby 
becoming the source of the x-ray photons; it conducts 
the high voltage from the cathode back into the x-ray 
generator circuitry; and it serves as the primary ther-
mal conductor. The anode target surface is where the 
high-speed electrons from the filament are suddenly 
stopped, resulting in the production of x-ray photons. 
The entire anode is a complex device referred to as the 
anode assembly. This assembly consists of the anode, 
stator, and rotor (Figure 5-8) and serves as the path for 
the high-voltage flow during exposure.

The Anode
Anodes are divided into two types: stationary anodes and 
rotating anodes (Figure 5-9). Rotating anodes, developed 
in 1936, turn during the exposure, thus presenting a 
much larger target area. Modern rotating anodes permit 
bombardment of a given area of the target for only 7–50 
microseconds. The faster the anode rotates, the better 
the heat dissipation. The use of stationary anode x-ray 
tubes has become limited to low-power functions, such 
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FiguRE 5-7.  A filament emission chart showing saturation as a 
function of filament amperage, tube voltage, and tube current. 
Source: Varian EIMAC.
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FiguRE 5-8.  The anode assembly with anode, target, rotor, bearings, 
and stator.
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as those of dental units. Nearly all units designed for 
diagnostic radiography utilize rotating anodes because of 
their greater efficiency.

The anode comprises several different metals, each 
designed to contribute the maximum to the overall function 
of the anode. Stationary anodes comprise rhenium-alloyed 
tungsten imbedded in a 45° angled end of a copper rod. 
Rotating anode disks range from 5 to 13 cm in diameter and 
comprise molybdenum. The anode’s function as the source 
of x-ray photons and as the primary thermal conducting 
device is enhanced by the use of rhenium-alloyed tungsten 
as the target focal track material (Figure 5-10). Tungsten is 
the metal of choice for the source of x-ray photons for three 
primary reasons:

 1. High atomic number

 2. High melting point

 3. Heat-conducting ability

Tungsten’s atomic number (74) enhances the produc-
tion of diagnostic-range photons. During normal use, the 

focal track reaches a temperature between 1,000°C and 
2,000°C but the temperature can go higher if the tube load 
increases. Because of tungsten’s high melting point, it can 
withstand normal operating temperatures. Tungsten also 
conducts heat very well. The rhenium provides greater 
elasticity when the focal track expands rapidly due to the 
intense heat. To assist in the dissipation of heat in heavy-
load situations, specialized anodes may have the anode 
disk backed by a thicker layer of molybdenum or graphite. 
Graphite-backed anodes can double heat-loading capabili-
ties without increasing bearing wear.

Specialized x-ray tubes for mammography utilize 
molybdenum (atomic number 42) as the primary target 
material due to its ability to emit a more uniform range of 
lower-energy photons. The lower characteristic energy 
photons permit a better soft tissue image. Molybdenum 
also has a high melting point, as discussed earlier. These 
tubes also utilize a specialized glass envelope window 
made of beryllium because the glass used in most x-ray 
tubes absorbs too much of the low-energy beam.

Normal use of a rotating anode will eventually vaporize 
sufficient target focal track material to roughen or pit the 
target area (Figure  5-11). Pitting reduces the efficiency of 
the tube; the term pitted, or pitting, is often used to describe 
an older tube’s focal track.

When first activating an x-ray unit, it is important to 
use an anode warm-up procedure. These procedures are 
specified by the tube manufacturers and are designed to 
bring the anode heat from room temperature to near the 
range of operation. The procedure also permits the heat 
from the hot anode to serve as a vacuum pump to maintain 
a strong vacuum inside the envelope. This is why x-ray 
tubes should be warmed up regularly, even when the unit 
is not being used for patients. A normal procedure might 
require an average kVp and mA station for a 1-second 
expo sure to be followed by two more 2-second exposures. 
Failure to follow the warm-up procedure can cause the 

 Target focus
(tungsten)

Anode
(copper)

Focal track target
(tungsten-rhenium

alloy)

Anode rotor
(copper)

Anode

Molybdenum

FiguRE 5-9.  A stationary and a rotating anode.

Graphite

Molybdenum

Tungsten-rhenium
alloy

FiguRE 5-10.  Rotating anode construction.
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entire anode to crack if the molybdenum absorbs the heat 
too rapidly and exceeds its expansion capability. Many 
anodes are stress relieved (Figure 5-12). A stress-relieved 
anode dissipates heat much more efficiently and does not 
require an elaborate tube warm-up procedure.

The Target Area. The portion of the anode where the 
high-voltage electron stream will impact is called by 
various names: the target, the focus, the focal point, the 
focal spot, or the focal track (although this last term has a 
more specific definition, it is the target area). This is the 
precise point at which the x-ray photons are created. The 
target is considered to be a point source of x-ray pho-
tons and it is from this point that all tube-to-object and 
image-receptor distances are measured. Some x-ray tube 

housings have a line drawn on them to indicate the exact 
level of the target within. All measuring devices have 
their zero point at this level. This is why a tape measure 
attached to the side or bottom of a tube collimator may 
begin at 12 cm. It is attached 12 cm from the target but is 
calculated to measure target-to-image-receptor distances.

Stationary anodes have a static target area. Rotating 
anodes have a dynamic target area and are designed to 
greatly increase the target area (see Figure 5-9). A rotating 
anode can increase the target area up to 300 times, depend-
ing on the diameter of the anode disk. Rotating anodes 
have much greater heat loading capacities than stationary 
anodes. High-speed anodes have higher heating capacities 
than regular-speed anodes (often 50 percent greater).

When discussing a rotating anode target area, the term 
focal track is used to represent the circular path that will 
be impacted by the electron beam. The terms target, focus, 
focal points, and focal spot refer to the area of the focal 
track that is impacted by the electron beam at one time. In 
addition, the term actual focal spot is used to describe the 
physical area of the focal track that is impacted. The term 
effective focal spot is used to describe the area of the focal 
spot that is projected out of the tube toward the object being 
radiographed (Figure 5-13).

Line-Focus Principle. The line-focus principle is used to 
reduce the effective area of the focal spot. This permits 
the best resolution of detail while permitting as large an 
actual area as possible (to  increase thermal conductivity). 
The effective focal-spot size is controlled by the size of 
the actual focal spot (which is controlled by the length 
of the filament) and the anode target angle. As the actual 
focal-spot size increases, the effective focal-spot size also 
increases (see Figure 5-13).

When the target angle is less than 45°, the effective 
focal spot is smaller than the actual focal spot (Figure 5-14). 
This is accomplished by the line-focus principle. This prin-
ciple can best be understood by holding a pencil straight up 
and then sloping it toward oneself so that the pencil is seen 
end on. The perceived dimensions of the pencil change as 
the angle changes. In the x-ray tube, changing the angle of 
the target changes the effective focal spot.

The most common diagnostic radiography target angle 
is 12°. However, tubes are available with angles ranging 
from 7° to 17°. When the angle is decreased, smaller focal 
spots can be achieved. A disadvantage of extremely small 
target angles is that the geometry of the angle can limit 
the size of the primary beam field at short source-to-image 
receptor distances (Figure  5-15). To cover a 14″ 3 17″ 
field at 40″, a minimum of a 12° target angle is required. It 
has been shown that at large heat loads, target angles can 
decrease due to warping of the anode. In these instances, 
the anode end of the primary beam field can be reduced 
enough to cut off structures near the collimated edge.  

FiguRE 5-11.  Pitting of a rotating anode focal track from 
extended use.

FiguRE 5-12.  The back of a stress-relieved anode.
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FiguRE 5-13.  Effect of actual focal-spot size on effective focal-spot size.
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FiguRE 5-14.  Use of the line-focus principle to obtain an effective focal spot smaller than the actual focal spot.
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FiguRE 5-15.  Anode target angle as a function of maximum  
primary beam field size.
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A slight angle of the tube will compensate for this effect. 
Target angles of less than 14° have been shown to produce 
some degree of cutoff as they age. Some tubes have offset 
filaments with two different focal tracks, which can be set 
at different target angles.

X-ray tube focal spots are rectangular because the 
line-focus principle applies only in the direction of the 
angle. It does not apply horizontally across the anode focal 
track because there is no angle in this direction. X-ray tube 
targets must be narrow to maintain the small effective 
focal-spot size in the horizontal direction, usually not over 
2  mm. The line-focus principle permits the actual focal 
spot’s vertical dimension to be as much as 6 mm to gain 
the maximum thermal conductivity. The effective focal 
spot’s vertical dimension is the one that is stated as the 
focal-spot size.

The National Electrical Manufacturers Association 
(NEMA) establishes standards for focal-spot size. These 
standards provide tolerance ranges for 23 focal-spot 
sizes. For example, a 1-mm focal spot is within tolerance 
if it measures up to 1.4 mm in width and 2 mm in length. 
It is important to remember that, in some instances, 
focal spots may be considerably larger than their stated 
size. Diagnostic tubes are available with focal spots of  
 0.1–3  mm. Occasionally, the term fractional focal spot is 
used to refer to a very small focal spot, one that is a frac-
tion of a millimeter in size.

In normal usage, the term focal-spot size refers to 
the effective focal-spot size. Most diagnostic x-ray tubes 
have dual-focal spots to include one for fine detail studies 
and the other for heavy tube loads. The small focal spot 
will not permit the use of higher-mA stations. If the x-ray 

unit allows the radiographer to choose the focal-spot size, 
an exposure cannot be made with a high-mA station and 
the small focal spot. Automatic systems link the focal-spot 
size selection with the appropriate mA station. Therefore, 
the radiographer should realize that the focal-spot size 
may be mandated by the mA station. When a small focal 
spot is desired, it is important to use only low-mA stations, 
even though this may require a longer exposure time.

Focal-spot size increases, or blooms, as milliamperage 
is increased. For example, the focal spot is slightly larger 
during an exposure of 80 kVp, 800 mA, and 0.1 second than 
it is during an exposure of 80 kVp, 100 mA, and 0.8 second. 
Although originally considered to be a significant factor, 
research has indicated that focal-spot blooming does not 
have a resounding effect on recorded detail.

Anode Heel Effect. The use of the line-focus principle 
causes a problem that is known as the anode heel effect 
(Figure 5-16). Because of the geometry of an angled anode 
target, the radiation intensity is greater on the cathode 
side. As electrons bombard the target, x-rays are produced 
and most are emitted at angles between 45° and 90° in the 
direction of the electron travel. These are absorbed by the 
anode itself or by the tube housing. Those photons that 
are emitted from the surface of the target are emitted in all 
 directions. The intensity of the radiation that is emitted will 
vary between the cathode end of the tube and the  anode 
end of the tube. This is because photons that are emitted 
toward the anode end are more likely to be absorbed by 
the target material itself than those that are emitted toward 
the cathode end (Figure 5-17). This can cause as many as 

Cathode

Anode heel

Central ray

% of central ray intensity
75   80   90 100 105 110 120
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FiguRE 5-16.  The anode heel effect.
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20 percent more photons at the cathode end of the tube and 
25 percent fewer photons at the anode end (Figure 5-18).  
A total variation of approximately 45 percent exists parallel 
to the anode–cathode axis. No significant variation occurs 
perpendicular to the anode–cathode axis.

The 45 percent variation is significant enough to 
cause a visible difference in exposure during radiographic 
examinations when large image receptor sizes are used at 
short distances. The anode heel effect is the reason why 
each radiographic table has a standard or natural head 
end. The tube anode is established at the head of the table 
to utilize the anode heel effect to best advantage. No signif-
icant variations will be seen in exposure from side to side.

Because the cathode end of the x-ray tube has a more 
intense beam, it should be positioned toward the denser 
(thicker) part of the body.

The Stator
The induction-motor electromagnets comprise the stator 
that turns the anode. The stator is the only part of cathode 
or anode assemblies that is located outside the vacuum of 
the envelope (see Figure 5-8). The electromagnetic effect 
that causes the rotor to turn can function through the 
envelope, permitting electrical isolation of the stator coils 
from the high voltage of the exposure. The kilovoltage 
range of the exposure would destroy the stator’s electro-
magnets. The switch labeled “rotor” that must be activated 
prior to an exposure actually sends current to the stator, 
which then causes the rotor to turn the anode. If the stator 

X

F
E

D
C

A B

FiguRE 5-17.  A–F represent photons created in the target. A exits  
at the anode end of the tube, whereas B exits at the cathode end 
of the tube. Notice the greater distance that photon A must travel 
through the target material itself as compared to photon B. Most pho-
tons are absorbed as in C. C is absorbed in anode D, which exits the 
anode but is absorbed in the housing, and E, which is heading toward 
the anode end but does not exit the anode. F exits at the cathode end 
because it has a shorter distance to travel through the anode.
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FiguRE 5-18.  Variation in intensity of x-ray emissions parallel and 
perpendicular to anode–cathode axis. (Note: From Quality Control in 
Diagnostic Imaging, by the Mayo Foundation, 1983, Rockville, MD: 
Aspen. Reprinted by permission of the Mayo Foundation for Medical 
Education and Research. All rights reserved.)

EXAMPLE: In which direction should the cathode 
be placed for an anteroposterior examination of the 
thoracic vertebral column?

Answer: Because the inferior thoracic region is 
more dense, the cathode’s more intense beam should 
be positioned inferiorly to help increase the exposure 
in that region.
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fails, the rotor will cease to turn the anode, resulting in the 
immediate melting of a spot on the target because rotating 
anode targets are not designed to absorb the heat of a high-
voltage exposure while stationary (Figure 5-19).

The Rotor
The rotor is located inside the stator and inside the enve-
lope. It comprises a hollow copper cylinder or cuff that is 
attached to the anode disk by a molybdenum shaft. The cuff 
is the true rotor that is affected by the electromagnetic field 
of the stator, causing it to turn. Common rotating anodes 
revolve at 3,200–3,600 revolutions per minute (rpm). High-
speed rotating anodes that operate at 10,000–12,000 rpm 
are also available to assist in dissipating heat.

The inside of the rotor contains silver-plated steel ball 
bearings around a shaft that is anchored to the envelope 
(see Figure  5-8). The ball bearings use silver plating as a 
high-temperature lubricant between the cuff and the anode 
shaft. Liquids tend to produce gas at high temperatures, and 
this would reduce the vacuum in the tube. When the rotor 
switch is depressed prior to an exposure, the sound that is 
heard from the tube is actually the sound of the ball bearings 
turning at high speed. A new tube rotor with fresh bearings 
should coast for about 60 seconds after a 3,000-rpm exposure 
before stopping. When the coasting time slows to less than  
20 seconds, the bearings are usually near binding.

FiguRE 5-19.  Anode melt due to rotor-bearing failure.

High-speed anodes have a particular problem that 
is caused by the tone produced by their rotating. At 
between 5,000 and 7,000 rpm, the harmonics produced 
by the rotating cuff are at a frequency capable of shat-
tering the glass envelope. Consequently, at the end of 
an exposure, direct current is run through the stator 
to quickly slow (or brake) the rotor safely through the 
dangerous harmonic range. Another problem associated 
with high-speed anodes is the gyroscopic effect pro-
duced by the centrifugal force of the rotation. This force 
is great enough that if a high-speed anode tube housing 
is quickly rotated from one position to another (e.g., 
from horizontal to vertical), the gyroscopic effect can 
cause trauma to the anode disk and bearing, causing the 
destruction of the tube. Usually the reversal of the sta-
tor prevents this problem, but constant rough handling 
of this sort can cause undue wear on the rotor bearings. 
Any rough or extremely fast movement of the housing 
is not healthy for an x-ray tube and should be avoided.

A common cause of tube failure is bad bearings 
caused by long use at high temperatures. Although 
the molybdenum shaft that attaches the anode disk is 
designed to conduct a minimal amount of heat, the ball 
bearings eventually become imperfectly round. This leads 
to a grinding noise and wobbling of the rotor. Rotor wob-
ble throws the focal track off center and tube efficiency 
drops dramatically.

Another effect of stator or rotor failure is that the 
electron stream overheats the target area of the anode 
focal track. When the temperature exceeds the melt-
ing point of tungsten, melting will occur. Superheated 
melted tungsten that drips onto the envelope will destroy 
the tube.

Any tube is dangerous to use when these events 
occur. A wobbling or melting anode disk can crack 
from the heat of exposure. A cracked anode can divert 
the electron and/or photon stream toward the envelope. 
Either instance will crack the envelope, permitting 
implosion of the vacuum, which can suck the insulating 
oil into contact with the superheated anode assembly. 
This can cause vaporization of the oil in a violent explo-
sion that can blow out the rubber expansion seals of 
the housing, permitting hot oil to blow away from the 
tube housing. Superheated oil is a severe hazard to the 
patient, and the normal response should be emergency 
removal of the patient from under the tube. In nearly 
all instances, it is quicker to pull the patient from under 
the tube than to release the locks necessary to manipu-
late the tube away from the patient. In an angiographic 
laboratory or surgical situation, the breaking of sterile 
aseptic technique would be justified. A blown tube is a 
rare event and should never occur if proper tube load-
ing, quality control, and maintenance procedures are 
followed.
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The eNVeLOPe

The entire cathode assembly and all of the anode assem-
bly except the stator are enclosed within a glass or metal 
envelope commonly called the tube (Figure 5-20). A com-
mon glass envelope is made by sculpting several different 
types of heat-resistant Pyrex glass together to form a tube 
about 10″ long, 6″ in diameter at the center, and 2″ in 
diameter at the ends. The glass is joined to the metal of 

the cathode assembly at one end and the anode assembly 
at the other.

Envelope Construction
Metal envelopes are increasingly becoming more com-
mon. They prolong tube life because they eliminate the 
problem of tungsten vaporization, as discussed earlier. 
The vast majority of high-output x-ray tubes are now made 
with metal envelopes.

The envelope is constructed around both the cath-
ode and anode assemblies and must be sealed tight to 
maintain a high vacuum. At the point where the primary 
x-ray beam exits the envelope, a window segment is 
constructed. In some tubes, this is simply a thinner sec-
tion of the envelope to allow less absorption or scatter  
of the photons. Some special application tubes have 
other types of windows. For example, a molybdenum 
target tube for mammography uses a special metallic 
beryllium window to avoid attenuating the lower-energy 
photons, as discussed earlier.

The Vacuum
The primary function of the envelope is to maintain the 
vacuum between the cathode and anode. After construc-
tion, the air is removed from the tube until a pressure of 
less than 1025 mm mercury (Hg) is achieved. This is done by 
use of a vacuum pump through a special vent, which is then 
permanently sealed. The removal of the air permits elec-
trons to flow from cathode to anode without encountering 
the gas atoms of air and greatly increases the efficiency of 
the tube’s operation.

Historical Notes. Röntgen discovered x-rays with a 
Crookes or Hittorf tube, which did not enclose a vac-
uum but instead contained known volumes of various 
gasses. Specialized tubes were quickly developed to 
meet the increasing need for x-ray production, and the 
vacuum tube was an early improvement. The x-ray pio-
neers simply placed the glass envelope within a leaded 
glass bowl. This was convenient when tubes had to 
be changed manually during the era of cold cathodes. 
Rapidly increasing awareness of the biological effects 
of ionizing radiation led to the development of metallic 
housings for x-ray tubes.

PROTeCTIVe hOuSING

Modern x-ray tubes must be mounted inside a protective 
housing (Figure 5-21). The housing controls leakage and 
scatter radiation, isolates the high voltages, and provides 
a means to cool the tube.

A

FiguRE 5-20.  A complete diagnostic x-ray tube with envelope, 
cathode assembly, anode disk, and rotor. (A) Glass envelope.  
(B) Metal envelope. 
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Control of Leakage Radiation and 
Scatter Radiation
When x-ray photons are produced at the anode, they are 
emitted isotropically (in all directions). The primary beam 
consists of photons emitted through the window. The 
remaining photons are unwanted and the tube housing 
is designed to absorb them. The protective housing com-
prises cast steel and is capable of absorbing most of the 
unwanted photons. The housing is usually lined with lead 
for additional absorption only at the cathode end because 
of the direction of the photons being emitted from the 
anode. The housing is equipped with a window to permit 
unrestricted exit for the useful photons from the enve-
lope window. Any photons that escape from the housing 
except at the port are leakage radiation. Leakage radiation 
must not exceed 100 mR/hr at 1 meter. The housing also 
serves to cushion the x-ray tube from rough handling by 
operators.

High-Voltage Isolation  
and Tube Cooling
A special dielectric oil is used to fill the space between 
the envelope and the tube housing. The dielectric prop-
erty of the oil insulates the high-voltage components from 
the tube housing, which is handled by the radiographer. 
In addition, the oil absorbs much of the heat that is pro-
duced by x-ray production. One end of the tube housing 
is sealed with an expandable gasket to permit the oil to 
expand as it is heated (see Figure 5-21). This gasket can 

be blown out by an imploded tube that has vaporized 
some of the insulating oil, thereby presenting a hazard 
to the patient. Many tube housings include a small air 
fan to remove heat from the housing itself. In tubes that 
are subjected to extremely high loads, such as computed 
tomography tubes, the oil may be routed through a recir-
culation system (heat exchanger) to further cool it. Under 
no circumstances should anyone be in contact with a 
tube housing during an exposure.

Off-Focus Radiation
An often overlooked factor that can cause serious deg-
radation of radiographic image quality is off-focus, or 
extrafocal, radiation. Off-focus radiation comprises photons 
that were not produced at the focal spot. It occurs when 
the high-voltage electrons striking the focal spot produce 
scattered electrons or photons. In some cases, these scat-
tered electrons or photons have sufficient energy remain-
ing that when they strike another object in the tube (the 
cathode assembly, vaporized metal on a glass envelope, 
off-target sites on the anode, etc.), they produce photons. 
These photons are produced away from the focal spot and 
are, therefore, considered off-focus. The tube housing will 
absorb the majority of off-focus radiation but enough will 
be produced at a proper angle that it will exit through the 
tube window, housing port, and collimator (Figure 5-22). 
These photons can cause ghosting of structures adjacent 
to the edge of the primary beam (Figure 5-23). This is not 
the result of scatter from the patient. Patient scatter is 
not capable of creating a diagnostic image of anatomical 

Steel
housing

Expandable
gasket

Lead lining
Insulating oil

Primary
beam

Lead lining

FiguRE 5-21.  A diagnostic x-ray tube housing.
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structures. Off-focus radiation may contribute as much as 
25–30 percent of the total primary beam and is a special 
problem in digital radiographic units, as it may be per-
ceived as primary beam, thus dramatically changing the 
histogram during post-processing. All off-focus radiation 
is of significantly lower energy than the primary beam 
itself. X-ray tubes are available with a grounded metal 
and ceramic envelope to absorb off-focus radiation. These 
tubes may also use two sets of bearings to increase the 

heat-loading capacity. They have received limited accep-
tance because of their cost and the fact that they will not fit 
most existing tube housings. However, they can increase 
the total tube life by up to three times.

 RaTING ChaRTS  
aND COOLING CuRVeS

Three types of rating charts are available to help 
radiographers avoid thermal damage to x-ray tubes: 
radiographic tube rating charts, anode cooling charts, 
and housing cooling charts. Radiographic rating charts, 
sometimes called tube rating charts, are the most 
valuable because they provide a guide regarding the 
maximum technical factor combinations that can be 
used without overloading the tube. All radiographic 
tube rating charts plot milliamperage, kilovoltage, 
and time (the three most important factors set by the 
radiographer). Various manufacturers plot these fac-
tors in different ways (Figure 5-24). In most instances, 
any combination of factors at or under the curve is 
safe. However, the radiographer should verify this fact 
by establishing that lower technical combinations lie 
under the curve. (If both the x- and the y-axes have 
lower values at the lower left corner of the chart, safe 
factors are under the curves.) Each filament of each 
tube has a unique radiographic tube rating chart. The 
radiographer must ascertain that the correct chart for 
the tube and filament is being used.

Vacuum

Anode Cathode

Housing

Off-focus radiation

Oil

Primary
beam

Anode Cathode

FiguRE 5-22.  The production of off-focus radiation.

FiguRE 5-23.  Off-focus radiation producing an image of the nose 
on a collimated sinus radiograph.
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FiguRE 5-24.  Example tube rating chart for 1ϕ full-wave rectification. 
Source: Varian EIMAC.
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EXAMPLE: How many heat units are generated by 
an exposure of 70 kVp, 300 mA, and 0.15 second on a 
high-frequency rectified unit?

Answer:

70 kVp 3 300 mA 3 0.15 sec 3 1.40 5 4,410 HU

EXAMPLE: Is an exposure of 80 kVp, 0.1 second, 
and 200 mA within the limits of the 1φ, 0.6-mm focal-
spot tube rating chart shown in Figure 5-24?

Answer: When the intersection of the 80-kVp and 
0.1-second lines is located on the tube rating chart, it 
is below the 200-mA line. Because the lower technical 
combinations lie below the mA lines, this is within 
limits.

Anode cooling charts permit the calculation of the 
time necessary for the anode to cool enough for additional 
exposures to be made (Figure 5-25). All cooling charts are 
calculated in terms of radiographic heat units. A heat unit 
is calculated as kVp 3 mA 3 time 3 rectification con-
stant. The heat unit (HU) constants are given in Table 5-1. 
(Radiographic heat units are based on 1 kVp 3 1 mA 5 
1 watt 3 1 sec 5 1 watt/sec 3 0.71 rms voltage 5 1 heat 
unit. Technically, 1 radiographic heat unit 5 0.78 joule.)

EXAMPLE: How many heat units are generated by 
an exposure of 80 kVp, 200 mA, and 0.2 second on a 
1φ rectified unit?

Answer:

80 kVp 3 200 mA 3 0.2 sec 3 1.00 5 3,200 HU

 TABLE  5-1.  Heat unit Rectification Constants

Rectification Constant

 1ϕ 1.00

 High frequency 1.40

350

Anode cooling curve

300

250

200

150

100

50

0

0 2 4 6 8 1210 14 16
Time in minutes

H
ea

t u
ni

ts
 ×

 1
,0

00

FiguRE 5-25.  Example anode cooling chart.

EXAMPLE: How many heat units are generated by 
two exposures of 65 kVp, 400 mA, and 0.05 second on 
a high-frequency unit?

Answer:

65 kVp 3 400 mA 3 0.05 sec 
  3 1.40 3 2 exposures  
5 3,640 HU

To use the chart, the exposure factors must first be calcu-
lated in heat units. The length of time for the anode to cool 
can then be calculated by the following steps:

 1. Find the total heat units applied on the vertical 
scale.

 2. Read from the heat units over to the cooling curve 
and then down to read the corresponding time.

 3. Calculate the time necessary for the anode to cool to 
any desired level and subtract the corresponding time 
of the initial exposure. (Or make the corresponding 
time of the initial exposure zero and calculate the time 
necessary for the anode to cool to any desired level 
from this point.)

For example, with the anode cooling chart in  Figure 5-25, 
if a series of exposures produces 200,000 HU, the cor-
responding time is 2 minutes. The anode will cool to 
150,000 HU in 2.5 minutes, so it will take 0.5 minute for 
the anode to cool from 200,000 HU to 150,000 HU. Simi-
larly, the anode will cool to 100,000 HU in 1.5 minutes, 
to 50,000 HU in 4 minutes, and to room temperature (0) 
in 13 minutes.

11067_ch05_hr_078-095.indd   92 11/19/18   9:35 AM



CHAPTER 5 The X-Ray Tube  93

radiographic tube rating and anode cooling charts must 
be consulted.

Housing cooling charts permit the calculation of 
the time necessary for the housing to cool enough for 
additional exposures to be made (Figure  5-26). As with 
anode cooling charts, they are calculated in terms of 
radiographic heat units. They are used in exactly the same 
manner as an anode cooling chart. In actual practice, the 
anode will usually reach its limits long before the housing. 
However, there are instances, as when the forced-air fan 
for the housing is not functioning, when these charts can 
be useful.

 ReCOMMeNDaTIONS  
FOR eXTeNDING Tube LIFe

There are many things that the professional radio grapher 
can do to extend the life of an x-ray tube. Warming up 
the anode according to the manufacturer’s recommenda-
tions prevents thermal shock (cracking of a cold anode). 
Cracking can occur when a nonstress-relieved anode 
is unable to expand rapidly enough to absorb a room 
temperature-to-operating heat level exposure. Holding 
the rotor switch unnecessarily should be avoided. The 
rotor switch increases the filament’s thermionic emis-
sion to exposure levels. Thermionic emission removes 
the electrons from the filament, deposits vaporized 
electrons on tube surfaces, and decreases the tube 
vacuum, all of which can cause tube failure. In addi-
tion, the rotor switch causes stress to the rotor bear-
ings, which can also decrease tube life. To avoid these 
problems, double-press switches should be completely 

EXAMPLE: Use the anode cooling curve in  
Figure 5-25 to calculate the length of time necessary 
for the anode to cool to 50,000 HU after five expo-
sures of 80 kVp, 500 mA, and 0.5 second on a 1φ unit.

Answer:

80 kVp 3 500 mA 3 0.5 sec 3 1 3 5  
5 100,000 HU

50,000 HU 5 6 minutes on cooling curve  
100,000 HU 5 3.5 minutes on cooling curve,  
so 6 min 2 3.5 min 5 2.5 min to cool from  
100,000 to 50,000 HU

A more practical application of an anode cooling curve is to 
solve a problem regarding whether a desired exposure will 
overload the anode. For example, again using Figure  5-25, 
how long would it be after a load of 250,000 HU before a 
series of exposures equal to 150,000 HU could be made? 
Because the total HU capacity of the anode is 350,000 HU, 
it must cool to 200,000 HU in order to take the additional 
150,000 HU. The question becomes “How long will it take the 
anode to cool from 250,000 to 200,000 HU?” It will take 0.75 
minute (2–1.25 min), or 45 seconds, before the new series of 
exposures can be made because 250,000 HU corresponds to 
1.25 minutes and 200,000 HU corresponds to 2 minutes.

EXAMPLE: Use the anode cooling curve in Fig-
ure  5-25 to calculate the length of time necessary 
for the anode to cool sufficiently from 350,000 HU to 
accept a series of exposures totaling 150,000 HU on 
a 1ϕ unit. 

Answer:

350,000 HU 2 150,000 HU 5 200,000 HU as level to 
which anode must cool

350,000 HU 5 0 minute

200,000 HU 5 2 minutes

It will be 2 minutes (220 min) before the  
series of exposures can be made.

After working through several of these problems for 
most tube anodes, it becomes apparent that modern 
x-ray tubes are designed to withstand most expo-
sures within the diagnostic range for average patients. 
It is when a series of exposures must be made (as 
occurs routinely in angiographic procedures) that most 

Housing cooling characteristics
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FiguRE 5-26.  Example housing cooling chart. 
Source: Varian EIMAC.
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depressed in one motion and dual switches should have 
the exposure switch depressed first, followed by the 
rotor switch. Lower-mA stations should be used when 
possible because high mA increases filament therm-
ionic emission. The lower-speed rotor should be used 
when possible because the high-speed rotor increases 
rotor bearing wear. Repeated exposures near tube load-
ing limits should not be made, as total heat units may 
approach anode or housing loading limits.  Rotating the 
tube housing rapidly from one position to another should 
be avoided because the gyroscopic effect may crack or 
otherwise damage the rotor. A tube should not be used 
when loud rotor bearings can be heard (unless it has 
been checked by a qualified service person) because a 
wobbling anode disk can cause tube failure. These rec-
ommendations are summarized in Table 5-2.

 TABLE  5-2.   Recommendations for Extending  
Tube Life

1. Warm up the anode following the manufacturer’s  
recommendations.

2. Do not hold the rotor switch unnecessarily. Double-press 
switches should be completely depressed in one motion.  
Dual switches should have the exposure switch depressed 
first, followed by the rotor switch.

3. Use lower-mA stations when possible.

4. Use a lower-speed rotor when possible.

5. Do not make repeated exposures near tube loading limits.

6. Do not rotate the tube housing rapidly from one position to 
another.

7. Do not use a tube when you can hear loud rotor bearings 
(unless it has been checked by a qualified service person).

SUMMARY

X-ray production requires a source of electrons, an appro-
priate target material, a high voltage, and a vacuum. 

The x-ray tube is the device that permits these conditions to 
exist. It consists of a cathode and an anode enclosed within 
an envelope and then encased in a protective housing.

The cathode is the negative side of the x-ray tube. The 
function of the cathode is to produce a thermionic cloud, con-
duct the high voltage to the gap between cathode and anode, 
and focus the electron stream as it heads for the anode. 
The cathode assembly consists of the filament or filaments, 
focusing cup, and associated wiring. The filament is a small 
coil of thin, thoriated tungsten wire. The focusing cup serves 
to narrow the thermionic cloud as it is driven to the anode.

The anode is the positive side of the x-ray tube. Anodes 
are divided into two types: stationary and rotating. Anodes 
are made using tungsten because of its high atomic num-
ber, high melting point, and good heat-conducting ability. 
The anode assembly consists of the anode, the stator, and 
the rotor. The portion of the anode where the high-voltage 
electron stream impacts is called the target, focus, focal 
point, focal spot, or focal track. The term actual focal spot 
is used to describe the physical area of the focal track that 
is impacted. The term effective focal spot is used to describe 

the area of the focal spot that is projected out of the tube 
toward the object being radiographed.

The line-focus principle is used to reduce the effective 
area of the focal spot. This permits the best resolution of 
detail in as large an actual area as possible. The effective 
focal-spot size is controlled by the filament size and the 
anode target angle. When the target angle is less than 45°, 
the effective focal spot is smaller than the actual focal spot.

The anode heel effect states that radiation intensity is 
greater on the cathode side than on the anode side.

An often overlooked factor that can cause serious 
degradation of radiographic image quality is off-focus or 
extrafocal radiation. Off-focus radiation comprises photons 
that were not produced at the focal spot.

Three types of heating charts are available to help 
radiographers avoid thermal damage to x-ray tubes: radio-
graphic tube rating charts, anode cooling charts, and hous-
ing cooling charts. Radiographic rating charts, sometimes 
called tube rating charts, are the most valuable because 
they provide a guide regarding the maximum technical factor 
combinations that can be used without overloading the tube. 
There are many things a radiographer can do to extend the 
life of an x-ray tube. ◾
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 REVIEW QUESTIONS

 1. What conditions must exist for x-rays to be produced?

 2. What are the basic parts of a cathode assembly?

 3. What is the purpose of the focusing cup?

 4. Explain the space charge effect.

 5. Why is tungsten the best metal for the x-ray source?

 6. Explain the line-focus principle.

 7. How does the anode heel effect affect radiation 
intensity?

 8. What is the advantage of a high-speed rotor?

 9. Why is it necessary for a vacuum to exist within the 
envelope?

 10. Define leakage radiation.

 11. How is off-focus radiation produced?

 12. What is the function of rating charts and cooling 
curves?

 13. Define a heat unit.

 14. Name five things a radiographer can do to  extend the 
life of an x-ray tube.
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Describe various diagnostic equipment, table, tube-support, and 
ancillary equipment configurations.

◾ State incoming-line current characteristics.

◾ Describe the differences between single- and three-phase power.

◾ Explain the functions of the basic components of the main and 
filament x-ray circuits.

◾ Discuss the differences between single-phase, three-phase, six- and 
twelve-pulse, and high-frequency waveforms on generator output.

KEY TERMS

automatic exposure control

automatic exposure device

C-arm tube suspension system

compression band

computed tomography units

diagnostic

exposure switch

filament circuit

fixed

floor suspension system

floor-to-ceiling suspension 
system

footboard

handgrips

head units

incoming-line current

ionization chamber

main circuit

main switch

mains

mammography units

milliampere-second timer

minimum reaction (or response) 
time

mobile systems

multiphase power

overhead suspension system

panoramic dental units

phototimer

C H A P T E R  6 X-Ray Equipment

Suspended in icy silence

I look at myself from far off

Calmly, I feel free

Even though I’m not, now

Or ever:

The metal teeth of death bite

But spit me out

One more time:

When the technologist says

Breathe

I breathe.

Patricia Goedicke, “One More Time” Copyright ©1980 by the University of  

Massachusetts Press
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◾ Describe the function of capacitor discharge and 
battery-operated mobile units.

◾ Differentiate phototimers from ionization chamber 
automatic exposure controls.

◾ Describe the placement and function of a phototimer 
and an ionization chamber automatic exposure 
control.

◾ Describe potential problems that could be caused by 
minimum reaction times..

◾ Justify the use of backup time when using automatic 
exposure controls.

TYPES OF X-RAY EQUIPMENT

A vast number of uses for x-rays have been found in medi-
cine and this has led to the development of a wide variety 
of categories and types of equipment (Figure 6-1). Medical  
x-ray units can be classified as diagnostic or therapeutic. 
Most diagnostic units are designed for specific proce-
dures, such as general radiographic procedures, cardiac 
catheterization, head procedures, and fluoroscopy. All 
of these units operate within the diagnostic x-ray range. 
This range is approximately 10−1,200 milliamperes 
(mA), 0.001–10  seconds, at a peak kilovoltage (kVp) of 
approximately 25–150.

Tables
The radiographic table is designed to support the patient 
in a position that will enhance radiographic examina-
tion. As any patient can attest, comfort is not the primary 

FiguRE 6-1.  A typical diagnostic radiographic and fluoroscope room.

KEY TERMS (continued)

shoulder supports

simulator units

single-phase power

therapeutic

tilting

timer

tomography units

urologic units

voltage ripple

purpose of the table, although some institutions permit 
foam pads for lengthy examinations.

The tabletop must be uniformly radiolucent to easily 
permit x-rays to pass through. Most tabletops use carbon 
graphite fiber to reduce absorption of photons. Although 
flat tops are most common, curved tops are also available. 
Curved (or dished) tops are usually used for fluoroscopic 
examinations. They are usually more comfortable for the 
patient and permit the body part to be placed slightly 
closer to an image receptor for a more accurate image. 
Curved tops have two serious disadvantages. It is difficult 
for the radiographer to maintain a patient accurately in 
an oblique or lateral position on a curved top, and the top 
is entirely useless as a level support surface for an image 
receptor during tabletop radiography.

The tabletop must be easily cleaned, hard to scratch, 
and without crevices where radiographic contrast media 
can accumulate. It is sometimes necessary to remove 
body fluids after an examination, and this must be pos-
sible to achieve in a quick and sanitary manner.

The table must include space for a tray to hold image 
receptors and a radiographic grid. The tray is often called a 
Bucky tray in honor of Dr. Gustav Bucky (1880–1963), the 
inventor of the radiographic grid that is installed over the 
image receptor. The grid installation usually consists of a 
mechanism that will automatically move the grid during 
exposure. Many units include automatic exposure control 
sensors in the tray. Some tables use a stationary tray with 
a movable tabletop. Others use a tray that is movable along 
rails extending the length of the table with a stationary 
tabletop. Still others use a tray and tabletop that are both 
partially movable. Some tabletops are motor driven and 
movable along their length. Others are floating tops that 
can be moved along their length and width simultaneously 
when an electromagnetic brake is released. The brake may 
be controlled by hand, knee, or foot. Floating tops save 
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98  uNiT i Creating the Beam

The overhead suspension system, sometimes called 
ceiling suspension, allows controls of longitudinal and 
transverse positioning as well as vertical distance.

Each of these complex motions is locked into place 
by a solenoid with a control placed where it can be easily 
reached by the radiographer. Also included in the control 
mechanisms are detents, or centering locks, to verify com-
mon tube positions (e.g. centered to the image receptor 
in the Bucky tray or at a routine distance from the table 
or upright Bucky unit). Unfortunately, each manufacturer 
uses a different placement and labeling for these controls. 
For this reason, it is helpful to practice manipulating the 
controls prior to using the equipment to perform radio-
graphic procedures.

The floor-to-ceiling suspension system uses a pair of 
rails, one on the ceiling and one on the floor, for longitu-
dinal positioning. Rooms with extremely high ceilings may 
use an overhead rail suspended from a wall.

A floor suspension system uses a tube-support column 
mounted on the floor. The system must be carefully counter-
balanced to avoid tipping. This is usually accomplished by 
adding a counterweight to the back of the telescoping 
tube arm and requires that both tube system and table be 
installed further from the back wall than other systems.

There are many types of mobile systems as well. The 
tube suspension systems for mobile units vary tremen-
dously but most are based on the floor suspension system.

A C-arm tube suspension system utilizes a C-shaped 
arm to support the tube and image receptor (Figure 6-2). 
The tube and image receptor are fixed to opposite ends of 
the C-arm. When the clamp or lock holding the C-arm in 

radiographers significant amounts of time and effort, espe-
cially when positioning large patients.

Tables are available in fixed and tilting models. Fixed 
tables do not permit tilting the patient’s head or feet down. 
They are designed for diagnostic radiographic work only. 
Tilting tables are sometimes described by their tilting 
capability (e.g.,  90–15 would indicate a table capable of 
tilting 90° in one direction and 15° in the other direction). 
Rooms designed to perform both diagnostic radiographic 
and fluoroscopic (R & F) examinations are equipped with 
tilting tables, although some rooms designed only for radio-
graphic examinations may also use them.

The table is usually at a height that reduces physical 
strain on the radiographer, who must stretch and bend over 
and around the table as the patient, ancillary equipment, 
image receptor, and x-ray tube are positioned. This is usu-
ally 30–40 inches or 75–100 cm from the floor. This is not 
a safe or convenient height for patients and it causes prob-
lems for ambulatory patients who are not in good physical 
condition. A primary concern for all radiographers must be 
proper assistance to these patients when they are getting 
onto and down from the table. Fixed tables are available 
in adjustable models that can be lowered while a patient is 
assisted onto the table and then raised to a working height.

Ancillary equipment for tilting tables includes a 
footboard for patients to stand on when the table is upright. 
The footboard is often used for gastrointestinal studies 
when the patient begins the examination in an erect posi-
tion and is then brought horizontal during the procedure, 
or vice versa. In these instances, it is critical to ascertain 
that the footboard is securely in place and will support 
the full weight of the patient. This is best done when the 
table is horizontal by pulling hard on the footboard. Pro-
cedures requiring tilting the patient’s head down, such as 
myelography, may require the use of shoulder supports to 
keep patients from sliding off the table. In these instances, 
handgrips give the patient an added feeling of security.

A compression band can serve three functions: restrain 
patients who are unable to cooperate, compress abdominal 
tissue for a more uniform subject density, and compress 
the renal ureters to restrict the flow of urine to the blad-
der until they are released (which allows production of an 
image with both ureters full of contrast media). A compres-
sion band should never be used as the sole restraint device.

Tube Supports
The tube-support system is designed to permit the x-ray 
tube to be manipulated to the various locations necessary 
to obtain examination procedure projections and to hold 
the tube immobile during the exposure. Tube suspension 
systems are available in numerous configurations, such as 
overhead, floor-to-ceiling, floor, mobile, and C-arm. Over-
head supports are the most flexible and the most expensive.

FiguRE 6-2.  A C-arm tube suspension system.
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position is released, it permits both tube and image recep-
tor to be rotated to a new position. C-arms (or U-arms) are 
used in head units, mobile fluoroscopy units, and ceiling-
suspended angiography and surgical units.

Upright Units
An upright image receptor holder or Bucky unit is a 
common and useful ancillary piece of equipment in any 
radiographic room (Figure 6-3). Chest radiography should 
routinely be done in an upright position and there are 
numerous other procedures that are best done upright (e.g., 
acromioclavicular joints, abdominal obstructive proce-
dures, cervical spine, etc.). Upright image receptor holders 
may or may not include a radiographic grid. Upright Bucky 
units may include the same equipment as the Bucky tray 
located in a table (movable radiographic grid, image recep-
tor tray, and automatic exposure control sensors).

Other Specialized Diagnostic 
Equipment
Other types of equipment have been developed to meet 
specialized needs. They include mammography units for 
breast studies, tomography units with tubes that move in an 

arc during exposure, panoramic dental units for combined 
tomography of facial structures,  computed tomography units 
for computerized sectional images, radiation therapy 
simulator units to verify radiation therapy treatment set 
ups prior to actual treatment, urologic units to facilitate 
urological and genital studies, and units custom built to 
nearly any specifications.

 POWER FOR X-RAY  
GENERATION

A diagnostic x-ray generator comprises numerous basic 
electrical devices. An x-ray circuit is established when 
these devices are connected in a sequence capable of 
accelerating electrons to the speed necessary to cause 
the production of x-ray photons within an x-ray tube. The 
incoming-line power may be modified in several ways to 
establish these conditions.

Incoming-Line Current
Electricity is usually supplied to buildings in the United 
States by 60-Hz alternating current with a nominal root 
mean square (rms) voltage of 200–240. These are termed 
nominal because, as users operate various resistances, 
the voltages constantly fluctuate, as illustrated by Ohm’s 
law. This power is called the incoming-line current 
(sometimes called the mains) and is supplied in the form 
of a three-phase power cycle. In the United States, each 
carries 110–120  volts. With 60-Hz alternating current, 
the three hot wires reverse their polarity 120 times per 
 second. Because the three lines are not in phase with 
one another, using incoming current from all three hot 
wires produces a potential difference that is less than 
the sum of the three single phases.

Single-Phase Power
A single-phase power permits the potential difference to 
drop to zero with every change in the direction of cur-
rent flow (Figure 6-4A) and is represented by the sym-
bol 1Φ. In a full-wave rectified circuit (direct pulsating 
current), this means the x-ray tube is experiencing no 
potential difference and is producing no x-ray photons 
120 times each second on a 60-Hz line (see Figure 6-4B). 
With the 60-Hz line, an exposure of 0.1  second with a 
single-phase full-wave rectified unit results in 12 inter-
vals of no photon production (Figure 6-5). In addition, 
the photons produced during the low-voltage periods 
are of such low energy that they may not exit the tube, 
or they do not contribute to the radiographic image 
because they are absorbed before reaching the image 

FiguRE 6-3.  An upright Bucky unit.

11067_ch06_hr_096-109.indd   99 11/19/18   9:03 AM



100  uNiT i Creating the Beam

receptor. The rms voltage of a  single-phase sinusoi-
dal wave is usually given as 70.7  percent of the peak 
voltage.

Obviously, this is not as efficient as desired. A solution is 
to combine several waveforms of current slightly out of 
step with one another to create multiphase power.
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FiguRE 6-4.  Single-phase power: (A) incoming line; (B) full-wave 
rectified.

EXAMPLE: What is the approximate rms voltage 
of a single-phase sine wave with a peak of 80 kVp?

Answer:

rms voltage 5 70.7% peak kVp

rms voltage 5 70.7% 3 80 kVp

rms voltage 5 56.6 kVp

–

+
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End of tube
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Peak kV RMS kV
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End of photons exiting tube

1st Interval of no photons
exiting tube

2nd 3rd 4th 5th 6th 7th 8th 9th 10th 11th 

A

B
TimeC

ur
re

nt
C

ur
re

nt

FiguRE 6-5.  The difference between the photons produced inside the x-ray tube during an exposure and the photons emitted from the tube 
during the same exposure. (A) X-ray production during an exposure of 0.1 second with a 1Φ full-wave rectified circuit. (B) Emission of photons from 
an x-ray tube during an exposure of 0.1 second with a 1 full-wave rectified circuit.
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distinct from each other although they are interconnected 
(Figure 6-7).

The Main X-Ray Circuit
The main x-ray circuit modifies the incoming-line power 
to produce x-rays by a sequence of devices, as shown in 
Figure 6-8. The circuit must boost the voltage to the range 
necessary to produce x-rays and to permit the radiog-
rapher to adjust the amperage, voltage, and length of 
exposure, as well as incorporate appropriate circuitry to 
increase the efficiency of x-ray production.

The main switch and circuit breakers are usually 
enclosed in an electrical power box. The exposure switch is 
simply a connection that permits current to flow through the 
circuit. The timer circuit is intended to end the exposure at 
an accurately measured, preset time. For this reason, when-
ever the exposure switch is depressed, it must be held until 
both the audible and visible indicators (usually a buzzer and 
a light) have ceased. For example, if a radiographer is accus-
tomed to making short exposures of less than 0.5 second, fail-
ure to hold the exposure switch for a 2.5-second exposure of 
a large abdomen would prematurely terminate the exposure.

The Exposure Switch
The exposure switch also activates the rotating anode of the 
x-ray tube. The anode must be turning at a sufficiently high 
speed to avoid melting of the target area by the high-kilovoltage 
exposure. To avoid the possibility of error, all x-ray units that 
utilize rotating anodes have circuitry that prevents an exposure 
until the anode is turning at the correct speed. It is usually con-
venient to combine the anode rotor and the exposure switch 
in a two-step button, although separate anode and exposure 
switches can also be used. Therefore, most exposure switches 
are depressed halfway to activate the anode rotation and then 
depressed completely to initiate the x-ray exposure. Tube man-
ufacturers recommend that these buttons be depressed com-
pletely in one motion. This helps to extend the life of the x-ray 
tube. If separate switches are used, the rotor (or prep) switch 
should be activated first, followed by the exposure switch.

Multiphase Power
Multiphase power is produced by the generator and is 
the common form in which power is supplied to users by 
power companies. Multiphase power will be illustrated by 
a description of three-phase power, which is generated as 
shown in Chapter 4 by  Figure 4-16 and is represented by 
the symbol 3Φ. As each wave peak begins to drop toward 
zero, the overall potential difference is boosted back to 
peak by the next phase wave. The result is that the sum 
of the phasing never drops to zero  (Figure  6-6A). When 
full-wave rectification is applied, the net voltage produces 
a voltage ripple. Three-phase current produces a voltage 
ripple of 3 pulses per half cycle, which is 6 pulses per Hz 
and 360 pulses per second (see Figure 6-9).

Whenever any of the phases is at zero, the other two 
phases are of equally opposite values so that the sum of 
the three currents is always zero. This fact is used in con-
necting the generator windings to combine the current.

A BASIC X-RAY CIRCUIT

The basic x-ray circuit can be divided into the main 
circuit and filament circuit. The main circuit supplies the 
x-ray tube with properly modified power. Its purpose is 
to produce x-rays. The filament circuit supplies the fila-
ment of the x-ray tube with properly modified power. Its 
purpose is to create the appropriate thermionically emit-
ted electron cloud at the filament. These two circuits are 
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FiguRE 6-6.  (A) Three-phase incoming-line current. (B) Full-wave 
rectified three-phase current.
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FiguRE 6-7.  Main and filament circuits.
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102  uNiT i Creating the Beam

The exposure switch must be attached to the control 
console in such a manner that it is impossible for the 
operator to be exposed. In addition, the equipment must 
be designed to prohibit the x-ray tube from being manipu-
lated into a position where it could expose the user. On 
mobile equipment, the switch must be on a cord with a 
minimum length of 6 feet. This is to permit the radiog-
rapher to move as far as possible from the x-ray tube 
during an exposure. All exposure switches must be of the 
“dead-man” type, in which x-ray exposure may occur only 
while the switch is depressed. Release of the switch must 
terminate the exposure. This prevents the exposure from 
continuing when the operator enters the radiation area.

The Timer Circuit
Electronic timers are capable of accurate exposures as 
short as 0.001 second with only a 1-msec delay. This level 
is set by the variation of the timer controls on the console 
unit by the radiographer.

Milliampere-Second Timers. A milliampere-second timer 
is used in some capacitor discharge units to monitor the 
product of mA and time on the secondary side of the high-
voltage step-up transformer. When the desired mAs level 
is reached, these timers interrupt the circuit to stop the 
exposure. Because the high-voltage capacitor, timer, and 

x-ray tube are operating on the same circuit, mAs value 
remains constant even when there is a slight fluctuation 
in the capacitor charging current.

Automatic Exposure Control Timers. An automatic 
exposure control (AEC) or automatic exposure device 
is also used, as described later in this chapter. The 
autotransformer, which is controlled by the kVp selec-
tors on the control console, modifies the incoming-line 
voltage in anticipation of the kilovoltage that will be pro-
duced by the step-up transformer. Some units divide the 
kVp adjustments into major and minor regions. Usually  
a major adjustment will change in units of 10 kVp, whereas 
minor adjustments will change in units of 1 or 2 kVp.

The Filament Circuit
The filament circuit modifies the incoming-line power to 
produce the thermionic emission from the filament wire of 
the x-ray tube by a sequence of devices (see Figure 6-8). The 
incoming line must be modified to about 3–5 amperes and 
5–15 volts. The filament circuit’s supply is drawn directly 
from the main circuit’s supply. Current control devices 
regulate the amperage supplied to the filament in the x-ray 
tube. This control device can be adjusted by the radiogra-
pher at the control console. It is not labeled by the actual 
amperage it controls. Instead, it is marked in increments 

Primary (low voltage) side Secondary (high voltage) side

Filament circuit

Main x-ray circuit

1

2

3

4

5

6

7

8

9

10

FiguRE 6-8.  The complete basic x-ray circuit: (1) main breaker; (2) exposure switch; (3) autotransformer; (4) timer circuit; (5) high-voltage  
step-up transformer; (6) four-diode rectification circuit; (7) filament circuit variable resistance; (8) filament step-down transformer; (9) x-ray tube; 
and (10) rotor stator.
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representative of the mA that will be available at the fila-
ment when the high-voltage supply is released at exposure. 
Filament circuits are usually adjustable to the equivalent 
of mA ratings of 50, 100, 200, 300, 400, 500, 600, 800, 1,000, 
and 1,200. Not all equipment will have all mA settings and 
some may have other unusual settings, as discussed in the 
section on timers. Most 1Φ units do not go beyond 500 mA.  
Specialized tomographic equipment generators may also 
include 10-, 15-, 20-, 25-, 30-, and 40-mA stations.

Many units include a meter at this point to provide 
an accurate reading of the amperage delivered. After regu-
lation, the current is then sent to a step-down transformer 
that modifies it to the appropriate amperage that will reach 
the filament itself. A very slight shift in the quantity of 
electrons in the thermionic cloud around the filament can 
have a dramatic effect on the quantity of x-ray photons 
produced when the kilovoltage exposure occurs. There-
fore, filament circuits also incorporate several types of 
current stabilization devices, including frequency compen-
sators, voltage stabilizers, and space charge compensators.

The main and filament circuits are combined to form 
the complete basic x-ray circuit (see  Figure  6-8). The 
radiographer adjusts the various factors from a control 
console, which must be located in a radiation-shielded 
location outside the radiographic exposure room. All of 
the radiographer-operated controls are located on the 
low-voltage side of the circuit to protect operators from 
high-voltage shock hazards. The controls that are likely to 
be located on this console are included in Table 6-1.

GENERATORS

The generator provides the power to create x-rays. Several 
designs of x-ray generators of varying complexity and cost 
exist, including single-phase, multiphase, high frequency, 
as well as capacitor discharge and battery-operated gen-
erators for mobile units.

Single-Phase Generators
Single-phase generators are present in some older equip-
ment. With full-wave rectification, they produce a voltage 
ripple of 2 pulses per hertz or 120 pulses per second. This 

produces two usable pulses per cycle (1Φ 2P waveform) 
with a ripple of 100 percent. This means the voltage in the 
tube drops to zero twice per period or cycle. These rela-
tionships are shown in Figure 6-9.

Multiphase Generators
When full-wave rectification is applied to 3Φ current, it pro-
duces a voltage ripple of 6 pulses per hertz or 360 pulses per 
second. This produces six usable pulses per cycle, which 
is known as a three-phase, six-pulse (3Φ 6P) waveform. 
Three-phase, six-pulse power produces a ripple of 13–25 per-
cent. This means the voltage in the x-ray tube never falls 
below 75–87 percent of the peak kilovoltage setting on the 
console. These relationships are shown in Figure 6-9. A full-
wave rectified, three-phase, six-pulse waveform produces 
approximately 35 percent more average photon energy than 
a full-wave rectified, single phase. Similar changes occur 
with high-frequency equipment, which can operate as high 
as 10,000–12,000 Hz. This will become an important point to 
remember when setting technical factors.

Generator power ratings are determined by the great-
est load the generator is capable of sending to the x-ray 
tube. Power is calculated as voltage times amperage. The 
unit of power is the watt, so V 3 A 5 W. This formula 
applies to 3Φ generators. Because 1Φ generators have a 
lower average photon emission energy, the formula must 
be corrected by using a constant. For a 1Φ generator, the 
power rating formula is V 3 A 3 0.7 5 W. Because x-ray 
generators operate in the kilovoltage and milliamperage 
range, their power ratings are stated in kilowatts.

 TABLE  6-1.  Common Diagnostic X-Ray Console Controls

Control      Factor       Electrical Device and Location in Circuit

kVp selection      kVp level       Autotransformer (between incoming line and exposure switch)

mA selection      Filament current       Variable resistor (in filament circuit between incoming line and  
        step-down transformer)

Time selection      Length of exposure       Timer circuit (between exposure switch and step-up transformer)

Rotor switch      Speed of rotating anode  Stator (separate circuit from stator of anode motor)

Exposure switch      Moment of exposure      Switch (between autotransformer and timer circuit)

EXAMPLE: What is the power rating for a 3Φ 
generator capable of delivering 150 kVp at 1,000 mA 
to the tube?

Answer:

V 3 A 5 W

150 kV 3 1,000 mA 5 W

150,000 V 3 1.0 A 5 150,000 W

5 150 kW
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These ratings serve as a guideline for comparing the 
capability of various generators. Generator power often 
varies as kilovoltage changes, so a high-power genera-
tor at 150 kVp may not be as powerful when the kVp is 
lowered into the middle diagnostic range.

High Frequency
High-frequency generators use AC and DC power con-
verters to change the incoming-line voltage freque ncy 
from 60 Hz to thousands of Hz. The upper limit of the 

EXAMPLE: What is the power rating for a 1Φ 
generator capable of delivering 120 kVp at 300 mA 
to the tube?

Answer:

V 3 A 3 0.7 5 W

120 kV 3 300 mA 3 0.7 5 W

120,000 V 3 0.3 A 3 0.7 5 25,200 W

5 25.2 kW

A. Relative value radiation output

100%

100

50% 10%

100

13–25% 4–10% 3–4%

Approximate rippleB. Tube kVp

100

C. Tube average mA

1 Cycle 1 Cycle 1 Cycle 1 Cycle

High
frequency

1 Cycle 1 Cycle 1 Cycle 1 Cycle

High
frequency

Approximate ripple

1 Cycle 1 Cycle 1 Cycle 1 Cycle

1Φ 2P 3Φ 6P 3Φ 12P

1Φ 2P 3Φ 6P 3Φ 12P

1Φ 2P 3Φ 6P 3Φ 12P

High
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1%

100%

FiguRE 6-9.  The relationships between (A) relative value radiation output and approximate ripple; (B) tube kVp and approximate ripple; and  
(C) tube average mA. Each relationship is shown for one cycle of 1Φ 2P, 3Φ 6P, 3Φ 12P, and high-frequency generator configurations.
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Capacitor Discharge Mobile Units
It is also possible to operate an x-ray tube with the power 
generated from the discharge of a high- voltage capacitor. 
The capacitor operates exactly as explained in Chapter 4 
but in the kilovoltage range necessary to produce x-rays. 
In these units, depression of a charge button causes the 
rectification circuit to charge a capacitor instead of the 
x-ray tube. A signal indicates readiness when the capaci-
tor charges to the appropriate level, and depression of the 
exposure switch triggers a discharge to the x-ray tube.

The disadvantage of a capacitor discharge unit is 
that the capacitor may continue to discharge after the 
usable exposure. Figure 6-11A shows the charging curve, 
the exposure period, and the discharging curve. Expo-
sure begins at the peak voltage and then decreases (see 
Figure  6-11B). This is sometimes called wavetail cut-
off. Capacitor discharge units provide an rms voltage 

high frequency generators is actually somewhere below 
1 MHz (Figure 6-10A). When a high-frequency current is 
supplied with full-wave rectified power, a 12- to 13-kHz 
waveform can be produced. An oscillator or inverter 
unit controls the pulses sent through the circuit, send-
ing them at a much higher frequency (closer together), 
as shown in Figure  6-10B. When this wave is applied 
to the x-ray tube, the peak kilovoltage is achieved in 
about 10 percent of the time necessary for 3Φ genera-
tors and with only 3–4 percent voltage ripple. Figure 6-9 
illustrates the complex conversions used in a high-fre-
quency generator to create the various waveforms prior 
to achieving the final multipulsed radiation beam. Full-
wave rectified high-frequency generator ripple ranges 
from 4 to 15 percent, depending on the total load. These 
relationships are shown in  Figure  6-9. Because of the 
higher-frequency current, transformers for these units 
are significantly smaller.

FiguRE 6-10.  High-frequency waveforms: (A and B) conversion of 1Φ 2P to 3Φ 6P to high frequency; (C and D) comparison of time interval 
necessary to reach peak kV on 3Φ 6P and high-frequency generators. 
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106  uNiT i Creating the Beam

significantly lower than the peak voltage. The ending kV 
is approximately 1 kV per mAs lower than the initial kVp. 
Therefore, the rms voltage is about 0.5 kV/mAs lower than 
the initial kVp. Because capacitors discharge more slowly 
as potential difference decreases, considerable residual kV 
may exist after the desired exposure time. This can create 
a leakage of radiation, although several devices help avoid 
the problem. Grid-biased x-ray tubes can be used to cut 
the photon emission at a set time by reversing the charge 
polarity of a wire grid in front of the filament. Additionally, 
the tube collimator can be designed to automatically close 
its lead shutters after the desired exposure, thus stopping 
radiation leakage.

Capacitor discharge units are most commonly used 
for mobile equipment. The capacitor circuit is supplied 
from batteries that are charged from line current. This 
permits the unit to be mobile without having to be plugged 
into a wall outlet. Instead, the batteries can be recharged 
periodically when the unit is parked.

Battery-Operated Mobile Units
Mobile units are also available that operate on battery-sup-
plied AC current. The batteries supply nonpulsating direct 
current to a rotary converter, which provides current 
similar to 3Φ 12P or even greater frequencies. Compared 
to capacitor discharge machines, these units have the 

obvious advantage of 3Φ exposure consistency, higher rms 
voltage, and no leakage possibility. They also have all the 
advantages of mobility, with recharging capabilities, and 
for these reasons they have become extremely popular.

When comparing the various types of generators, it 
is most important to evaluate the radiation output from 
the tube, as this is the factor that influences both patient 
exposure and image quality. Figure 6-9 assists in this pro-
cess by illustrating the various transformations that occur 
in the x-ray tube milliamperage and kilovoltage as well as 
the all-important relative values of radiation output.

 AUTOMATIC EXPOSURE CONTROLS

All AECs do exactly what their name indicates; they are 
programmed to terminate the radiographic exposure time. 
It is important to remember that AECs do not control any 
factor except time. Milliampere-seconds and kVp remain 
under the control of the radiographer.

Although antiquated, the term phototimer is often 
used to refer to all automatic exposure controls AECs. 
They are also referred to as automatic exposure devices, 
and the acronyms AEC and AED occasionally appear in 
professional literature.

All AECs function by measuring a preset quantity of 
radiation and breaking the timer circuit when a dose suf-
ficient to produce the desired exposure has been reached.

Ionization Chambers
An ionization chamber AECs (Figure  6-12) use a thin, 
parallel-plate chamber, which is positioned immediately 
above the image receptor. Because thin, parallel-plate 

FiguRE 6-11.  (A) Capacitor discharge unit waveform; (B) wavetail 
cutoff.
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FiguRE 6-12.  Ionization chamber AEC circuit.
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Imaging small body parts with an AEC may not be 
possible. If such an image is overexposed, the AEC should 
be turned off and a manual exposure should be used.

Backup Time
Nearly all units equipped with automatic exposure permit 
(and may have electronic interlocks that require) a manual 
backup time to be set. There are numerous reasons why 
an automatic exposure control may be improperly set. For 
example, if one forgets to activate the AEC in a wall unit, 
this may leave an AEC in a table unit waiting for exposure 
by a tube that is directed toward the wall (and through a 
patient). Because the wall AEC is not receiving any radia-
tion dose, the exposure would not cease until the tube over-
load protector activated. Not only is this an expensive waste 
of tube life, but the radiographer error causing excessive 
radiation dose to the patient is completely unwarranted. 
The fact that the image would be overexposed, requiring 
it to be repeated, adding to the patient’s dose again, simply 
makes matters worse. Backup times cannot exceed the 
tube limit and should be set at 150 percent of the antici-
pated manual exposure mAs. According to U.S. Public Law 
90–602, generators must terminate the exposure at 600 mAs 
for exposures above 50 kVp and 2,000 mAs for exposures 
below 50 kVp (primarily during mammography).

chambers are only about 5 mm in thickness, they do not 
cause an appreciable shadow on the image  (Figure 6-13). 
It is critical that the exact size, shape, and position of the 
ionization chamber be known to the radiographer. It is 
possible to image the location of the ionization chambers 
by using an automated AEC exposure at the lowest kVp 
possible.

Minimum Reaction Time
All AECs have a minimum reaction (or response) time, 
which is determined by the length of time necessary 
for the AEC to respond to the radiation and for the gen-
erator to terminate the exposure. This delay is caused 
primarily by the turn-off delay in the high-voltage cir-
cuits. Old phototimers had a minimum reaction time 
of 0.05  second or less. Modern ionization chambers 
with SCRs may have a minimum reaction time of less 
than 0.001 second. AECs are sometimes incapable of 
terminating exposures quickly enough, especially with 
extremely high-speed image receptors during high-
kVp chest radiography. In this instance, radiographic 
technology has outstripped itself and either a manual 
time or a slower image receptor must be used, although 
some manufacturers use an exposure-monitoring cir-
cuit to terminate low-dose-rate exposures quickly.

FiguRE 6-13.  Parallel-plate ionization chamber AEC. 
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SUMMARY

Medical x-ray units can be classified as diagnostic or 
therapeutic. Diagnostic units operate within a range of 

10–1,200 milliamperes (mA), 0.001–10 seconds, and at a 
peak kilovoltage (kVp) of approximately 25–150.

Radiographic equipment includes a wide variety of 
units with different tube stand configurations, including 
ceiling suspension, floor-to-ceiling, floor mounted, and  
C-arms. Nearly all x-ray equipment operates from an incom-
ing line of 210–220 volts.

The basic x-ray circuit can be divided into the main 
and filament circuits. The main circuit supplies the x-ray 
tube with properly modified power, and the filament cir-
cuit supplies the filament of the x-ray tube with properly 
modified power. The basic circuit includes the exposure 

switch, timer, high-voltage step-up transformer, and recti-
fier circuit.

Although waveforms differ depending on incoming line 
and rectification, differences occur in both voltage ripple and 
the interval between initiation of the exposure and the peak 
kilovoltage.

Generator power ratings are determined by the greatest 
load the generator is capable of sending to the x-ray tube. 
Power is expressed in watts and varies by incoming-line cur-
rent and rectification.

Although often called phototimers, automatic exposure 
controls (AECs) today are almost always ionization cham-
bers. When using an AEC, problems may be avoided by con-
sidering the minimum reaction time and the backup time. ◾

This lateral skull radiograph was 
obtained on a patient in the 

emergency room. What could this 
rocket-shaped object be?

Answers to the case studies can 
be found in Appendix B.

The Case of the Unidentified 
Flying Object in the Skull
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 REVIEW QUESTIONS

 1. Name three types of diagnostic radiographic tube-
support systems.

 2. What are the two types of incoming-line current?

 3. How many pulses are there per Hz for 1Φ and 3Φ 
power?

 4. What device in the x-ray circuit controls kVp, mA, 
time, and rectification?

 5. What is the difference between an ionization cham-
ber and a phototimer?

 6. What factor determines the minimum reaction time?

 7. Why is backup time necessary when using an auto-
matic exposure control?
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Explain why the art of automatic exposure control is the art of 
positioning.

◾ Accurately identify configuration size, shape, and position for various 
brands of ionization chambers.

◾ Describe how to modify image receptor exposure when using an 
automatic exposure control.

◾ Describe various common problems with subject density and subject 
contrast when using AECs.

◾ Explain the effect of collimation on AEC image quality.

◾ Provide solutions to problems with minimum response time and 
backup time.

◾ Explain how to modify the suggested technical factors on an 
anatomically programmed control unit.

◾ Discuss the advisability of the creative use of AECs.

KEY TERMS

backup time

minimum response time The art of using AECs is the art of positioning.

—Richard Carlton

Automatic Exposure 
Controls

C H A P T E R  7
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Experienced radiographers become extremely adept, 
often to the point of being artistic, in carefully positioning 
exactly the right amount of tissue over the chambers.

Ionization chamber AECs are usually used in a 
three-chamber configuration. The most common rela-
tionship of the three chambers is with the center cham-
ber at the center of the image receptor with right and 
left chambers slightly higher. This configuration places 
the center chamber below the duodenum and transverse 
colon for most abdominal examinations, thus eliminat-
ing problems with gastric and bowel gas being placed 
over the chamber. This configuration also places the 
right and left chambers away from the mediastinum and 
completely within the lobes of the lungs during chest 
radiography. As long as the exact chamber locations are 
known, this configuration will not affect phototiming 
ability during other examinations.

Determining Configurations
Determining the location of the AEC chambers can be a 
difficult task. Some manufacturers provide plastic inserts 
for collimators that project an image of the chamber 
location, size, and shape with the positioning light beam 
(Figure 7-2). These inserts are accurate for only the speci-
fied SID (usually printed in a corner of the insert). When 
projection inserts are not provided, the radiographer must 
be capable of determining the location, size, and shape. 
This can be accomplished by producing an image without 
a body part as the subject, exposed at very low kVp for 
maximum contrast (see Figure 7-1).

Controlling Configurations
AEC consoles permit various combinations of the ion-
ization chambers to be activated in order to control the 
exposure. Most units permit any single cell or all three 
cells to be activated. Some units permit other combina-
tions to be utilized, for example, right and left chambers 
together or all three at once. These options provide the 
radiographer with seven different combinations of the 
three chambers. In these situations, often termed aver­
aging, the signals from the cells are sent to a special 
operational amplifier, which sums the voltages received 
from each cell and divides by the number of cells that 
have been activated. When the appropriate voltage for 
a diagnostic-quality exposure is reached, the exposure 
is terminated by the operational amplifier. When more 
than one cell is activated, the cell receiving the most 
radiation will contribute the greatest electrical signal 
and, therefore, have the most influence on overall expo-
sure. For example, if three cells are activated and an 
abdomen is positioned so that barium is over one cell 
and normal tissue over the other two cells, the resultant 

HISTORICAL NOTES

The operation of ionization chamber automatic exposure 
controls (AECs) is discussed in Chapter 6, X-Ray Equip-
ment. It is important to remember that although the term 
phototiming may be used in clinical practice, the generic 
terms automatic exposure control (AEC) and automatic 
exposure device (AED) refer to both antique phototiming 
devices and the ionization chambers currently in use. The 
term phototiming actually refers to the use of ionization 
chambers. Ionization chambers serve to measure the 
exposure to the receptor. In nearly all instances, the prin-
ciples are applicable to phototimers as well as ionization 
chambers.

AECs have been popular since their introduction 
by Russell H. Morgan in 1942. He designed the first pho-
totimer for use with mass chest screening photofluoro-
graphic units.

The ionization chamber is designed for a single 
purpose, best illustrated by the proper term for the 
device—automatic exposure control. The single func-
tion of an AEC is to eliminate the need for the radiog-
rapher to set an exposure time. The radiographer loses 
control over time, and as a result mAs, when using an 
AEC. All other factors are preprogrammed by the ana-
tomically programmed radiography system, but these 
systems can be overridden and the mA and kVp can be 
set manually when the radiographer determines adjust-
ments to the technical factors may improve the image. 
This is especially true when kVp needs to be adjusted 
to increase or decrease the quantity of scatter radiation 
produced.

Radiographers can fall into the habit of depending 
on AECs to produce diagnostic images in situations for 
which they were never designed. When using an AEC, it 
is critical that the location of the ionization chamber be 
determined, and the precise positioning of tissue over that 
location be achieved. These factors can be remembered 
by thinking of the use of AECs as another of the radio-
graphic arts based on professional expertise and a sound 
technical understanding.

IONIZATION CHAMBERS

The most critical element in using AECs is the exact posi-
tion of the ionization chambers because positions differ 
for various brands and models of equipment (Figure 7-1). 
Automatic exposure devices provide diagnostic-quality 
exposures only for structures positioned directly above 
the ionization chambers. Therefore, the most important 
fact to remember when using automatic exposure devices 
is that the art of using AECs is the art of positioning. 
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112  UNIT I Creating the Beam

use a major and a minor control. Major controls operate 
large exposure changes, whereas minor controls oper-
ate fine adjustment.

The density controls should not be used to compen-
sate for patient part thickness or kVp changes. The 
AEC system is designed to calculate this compensation 
automatically. Proper use of the density controls is 
accomplished when the configuration of the ionization 
chamber cells cannot be adapted to the necessary 
positioning; for example, when an image is produced that 
is slightly overexposed for the lung fields and a decrease 
in exposure is desired even though the patient and 
ionization chambers are properly positioned.

Exposure Technique Charts
Automatic exposure controls require the use of exposure 
technique charts that specify the technical parameters to 
be used. The only difference from non-AEC charts is that 
cell locations are given but time settings are eliminated, as 
the AEC fulfills that function automatically.

image will be slightly overexposed because the opera-
tional amplifier was dividing the incoming voltage by 
all three cells but only two cells were contributing to 
the signal. If the cell under the barium was the only 
one activated, the image would be greatly overexposed, 
probably to the backup time limit, because insufficient 
radiation was received to terminate the exposure. Cell 
selection is, therefore, determined by the radiographer 
based on knowledge of anatomy and positioning.

Density Controls
All AEC systems permit the adjustment of the amount 
of radiation necessary to send the exposure termination 
signal. These controls regulate the image receptor expo-
sure but often have different labels, depending on the 
manufacturer. Typical AEC density control labels are 
23, 22, 21, 0, 1, 2, 3, or ¼, ½, N, 1¼, 1½. Most labels use 
the center control as the normal density (0 and N in the 
two examples) and permit both increases and decreases. 
Some units use a single density control, whereas others 

A

B

C

FIGURE 7-1. Automatic exposure control ionization chamber con-
figurations. (A) An image of a configuration with square ionization 
chambers. The middle cell is centered to the image receptor, whereas 
the outside cells are placed high. (B) An image of a configuration 
with both square and circular chambers (outlined in pencil). The 
middle cell is square and centered to the image receptor, whereas the 
outside cells are round and high. (C) Actual square ionization cham-
ber configuration. The middle cell is centered to the image receptor, 
whereas the outside cells are high. Note the wire leads to each 
ionization chamber. (By permission of Mayo Foundation for Medical 
Education and Research. All rights reserved.)

52 kVp 4 mAs 72" SID
16:1 grid 200 RS 3.12 mR

40 kVp 5.1 mAs 40" SID
10:1 grid 200 RS 9.66 mR
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POSITIONING SKILLS

The AEC will produce a diagnostic exposure for whatever 
tissue is placed directly over the chamber. When the radiog-
rapher possesses good positioning skills, the vast majority 
of AEC exposures will produce diagnostic-quality results. 
Poor positioning skills result in an increased repeat rate 
when using AECs. There are numerous instances when 
variables in tissue density and contrast may complicate the 
precise location of the tissue of interest over the ionization 
chamber. Knowledge of when these instances are likely to 
occur and the experience to adequately compensate for 
them are important. When not enough of the structure of 
interest is positioned over the activated ionization chamber, 
the AEC cell will attempt to produce a diagnostic-quality 
exposure for whatever is over it (Figures 7-3 and 7-4).

The skilled radiographer detects the majority of these 
conditions through careful observation of the patient and 
consideration of the patient’s history. A proper clinical 
history can reduce the number of repeated images and 
produce excellent images.

Subject Density  
and Contrast Problems
AEC problems with subject density and contrast occur 
whenever an unexpected subject density is present or 
when an expected subject density is lacking. For example, 

FIGURE 7-2. Projection of AEC locations from collimator position-
ing light.

fluid in the lungs causes increased subject density and 
contrast, for which the AEC would remain on longer, mak-
ing an aerated lung overexposed for diagnosis. A case of 
emphysema would produce the opposite result.

FIGURE 7-3. Improper positioning over AEC cell. Although this lateral 
cervical spine is underexposed, note that the region at the center of the 
image receptor, where the AEC cell was activated, is a nearly perfect 
exposure. 
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FIGURE 7-4. Improper AEC cell selection. Although this PA chest is 
overexposed, note that the region at the center of the image recep-
tor, where the AEC cell was activated, is a proper exposure for the 
thoracic spine. 
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114  UNIT I Creating the Beam

exposure. In these instances, mA should be decreased to 
permit longer AEC time.

The backup time establishes the maximum exposure 
time for the system in order to prevent overexposure. It 
should be set at 150  percent of the anticipated manual 
exposure time, although U.S. public law requires that 
generators automatically terminate AEC exposures at 
600 mAs or 60 kilowatt seconds (kWs) (kVp 3 mA 3 time) 
above 50  kVp, and 2,000  mAs below 50  kVp. When the 
backup time is too short, it will terminate the exposure 
before the AEC signal, thus producing an underexposed 
image. In these instances, the backup time should be 
increased to a level where the AEC is terminating the 
exposure at the proper time.

Anatomically Programmed 
Radiography
Anatomically programmed radiography (APR) units com-
bine an AEC system with an exposure system that is 
computerized to correspond to anatomical procedures. 
The control console permits the choice of an anatomical 
region (e.g., the chest) and the projection (e.g., PA). This 
choice results in the computer entering the suggested aver-
age technique (e.g., 120  kVp, 600  mA, with the right and 

Collimation
Collimation of the primary beam is another important 
consideration when using AECs. Attempts to tightly col-
limate should be avoided near ionization chamber locations. 
If the primary beam is collimated from an activated chamber, 
the chamber operates as if the tissue is extremely dense. The 
resulting long exposure will create an overexposed image.

The use of wider collimation can also create prob-
lems because the full primary beam will produce scatter 
radiation that may undercut the patient (Figure 7-5). This 
undercutting scatter will cause the AEC to terminate 
the exposure while some areas of the image are still 
underexposed.

Timing Problems
The minimum response time and the proper use of a 
backup time are important considerations when using 
AECs. The minimum response time is the length of time 
necessary for the AEC to respond to the ionization and 
send a signal to terminate the exposure. Modern AECs 
have a minimum response time in the region of 0.001 sec-
ond. However, the use of extremely high-speed systems 
for smaller part sizes can cause problems when AECs need 
less than 0.001  second to produce a diagnostic-quality 

FIGURE 7-5. Undercutting scatter. (A) The uncollimated primary beam produces scatter that undercuts the patient and causes the AEC 
to prematurely terminate the exposure. (B) An image that is overexposed in the upper right quadrant due to undercutting. (Reprinted with 
permission from the American Society of Radiologic Technologists from “Automatic Exposure Control: A Primer,” Radiologic Technology, 59(5), 
1988, p. 425; radiograph courtesy of Seymour Sterling.)
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In these instances, creative techniques must be used. For 
example, if a cell is covered by an appropriate percent-
age of tissue, it may react with an appropriate exposure. 
These techniques require much experience and should 
not be attempted by inexperienced radiographers.

 REVIEW QUESTIONS

 1. What is the principal function of the automatic expo-
sure control?

 2. What are the typical number and configuration of the 
ionization chambers?

 3. What is the purpose of an operational amplifier?

 4. When should the density controls be used?

 5. How can changes in subject density result in AEC 
problems?

 6. How can collimation affect AEC image quality?

 7. Define minimum response time.

left ionization chambers activated). The radiographer may 
override the suggested technique when patient condition, 
pathology, or other factors make it desirable to do so.

Creative Positioning
The experienced radiographer often becomes extremely 
adept at positioning exactly the right amount of tissue over 
the chambers. Experienced radiographers should remem-
ber that a manual technique will always provide a precisely 
repeatable exposure, whereas an AEC exposure leaves 
the radiographer guessing. More important, digital radiog-
raphy systems rely on consistent use of the programmed 
parameters for image processing. Attempting to subvert 
this process only leads to additional difficulties, poor-quality 
images, and overexposure of patients.

Care must be taken when AEC cells are not com-
pletely covered by tissue. The most common compensa-
tion in this circumstance is to deactivate the uncovered 
cell. However, if no cell is covered by normal tissue 
for the area of interest, deactivation is not the answer.  

SUMMARY

The ionization chamber is designed for a single purpose, 
best illustrated by the proper term for the device—

automatic exposure control. The single function of an AEC 
is to eliminate the need for the radiographer to set an 
exposure time. The radiographer loses control over time, and 
as a result mAs, when using an AEC. All other factors are 
prepro grammed by the anatomically programmed radiogra-
phy system.

When using an AEC, it is critical that the location of the 
ionization chamber be determined and that the precise posi-
tioning of tissue over that location be achieved. AEC locations 
differ for various brands and models of equipment. Automatic 
exposure devices provide a diagnostic-quality exposure only 
for structures positioned directly above the ionization cham-
bers. AECs are usually used in a three-chamber configuration. 
The most common relationship of the three chambers is with 
the center chamber at the center of the image receptor with 
right and left chambers slightly higher.

AEC consoles permit various combinations of the 
ionization chambers to be activated in order to control the 

exposure. When more than one cell is used, the signals 
from the cells are sent to a special operational amplifier 
that sums the voltages received from each cell, divides by 
the number of cells that have been activated, and then 
terminates the exposure.

All AEC systems permit the adjustment of the amount 
of radiation necessary to send the exposure termination 
signal. These controls regulate the image receptor expo-
sure but often have different labels, depending on the 
manufacturer. Typical AEC density control labels are 23, 
22, 21, 0, 1, 2, 3, or ¼, ½, N, 1¼, 1½. Some units use 
a single density control, whereas others use a major and a 
minor control.

Problems can result with the use of AEC devices when 
variations occur in subject density or contrast. Collimation 
must also be used consistently to ensure proper results. The 
AEC’s minimum response time can also cause exposure prob-
lems when very fast systems are used. Backup times should 
be set at 150  percent of the expected manual technique 
time. ◾
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KEY TERMS

bremsstrahlung interactions

characteristic cascade

characteristic interactions

characteristic peak

incident electrons

target interactions

OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ State the percentage of electron energy that is converted to x-ray 
photon energy in the x-ray tube.

◾ Describe a bremsstrahlung target interaction.

◾ Describe a characteristic target interaction.

◾ Identify factors affecting characteristic K-shell photon production.

◾ Explain the shape of the x-ray photon emission spectrum curve.

I did not think, I investigated.

Professor Wilhelm Röntgen to Sir James Mackenzie-Davidson during his only 

recorded interview, when asked what he thought when he discovered x-rays

C H A P T E R  8 X-Ray Production
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CONDITIONS

X-ray photons are produced when the high-speed elec-
trons from the cathode strike an anode target. The fact 
that they are human-made is the primary difference 
between x-rays and gamma rays (which are products of 
nuclear radioactive decay). An understanding of how 
x-ray photons are created from the atoms of the target 
material permits the radio grapher to assert full control 
over the production of the primary beam.

The electrons that form the thermionic cloud around 
the filament arrive at the anode target (~2 cm distant) trav-
eling at nearly half the speed of light. A true understanding 
of the force contained in a kilovoltage-level exposure can 
be obtained by realizing that these electrons were accel-
erated from zero to half the speed of light in about 2 cm. 
These incoming electrons are called incident electrons and 
are represented in drawings by a solid arrow. In contrast, 
photons are represented by a wave arrow.

When incident electrons strike the target, they trans-
fer their tremendous kinetic energy to the atoms of the tar-
get material and this interaction produces x-ray photons. 
The greater the mass or speed of the incident electrons, 
the greater the quality (energy) and quantity (number) of 
photons produced. This process occurs through two very 
different target interactions.

TARGET INTERACTIONS

All target interactions occur within 0.25–0.5 mm of the sur-
face of the target. After giving up their energy to the target 
atoms, the electrons slow down enough to be conducted 
through the anode and the remainder of the high-voltage 
circuit. However, the incident electrons often experience 
1,000 or more interactions before reaching this state.

Heat Production
The target interactions that produce the x-ray photons 
consist of less than 1 percent of the total kinetic energy 
of the incident electrons. Over 99.8 percent of the kinetic 
energy of the incident electrons is converted to heat. This 
is the reason why so much technical research has gone 
into the development of the thermal aspects of x-ray 
tubes. In spite of the cost and performance capabilities 
of modern x-ray tubes, they are tremendously inefficient 
because they waste over 99 percent of the energy they 
use. This is true only in the range of diagnostic x-rays. 
As the kinetic energy of the incident electrons increases, 
so does the efficiency of photon production. By the time 
the therapeutic MeV range is reached, the majority of the 
energy is producing photons of heat.

Because they have such high kinetic energy, incident 
electrons seldom transfer enough energy to the outer 
shells of target atoms to cause ionization. Instead, they 
transfer enough energy to excite the outer-shell electrons 
to the point where they will emit infrared radiation as 
heat. These electrons then return to their normal state—
where they will be re-excited again and again, each time 
emitting infrared radiation as heat.

There are two types of target  interactions that can 
produce diagnostic-range x-ray photons: brems strah lung 
interactions and character istic interactions. The interaction 
that will occur depends on the electron kinetic energy 
and the binding energy of the electron shells of the atom. 
Tungsten and rhenium are used as target materials in an 
effort to provide appropriate-atomic-number atoms and 
a maximum number of similar electron-shell binding 
energies.

Bremsstrahlung Interactions
Bremsstrahlung interactions are named by the German 
word for braking or slowing. The abbreviation brems 
is also used. Brems interactions may occur only when 
the incident electron interacts with the force field of the 
nucleus. The incident electron must have enough energy 
to pass through the orbital shells and approach the nucleus 
of the atom. Because atomic nuclei have a positive charge 
and the incident electron has a negative charge, there is 
a mutual attraction between them. When the incident 
electron gets close to the nucleus, the powerful nuclear 
force field is much too great for the electron to penetrate. 
Instead, the force field causes the incident electron to 
slow down (or  brake) and then it diverts the electron’s 
course. As a result, the electron loses energy and changes 
direction. The energy that is lost during the braking (or 
bremsstrahlung) is emitted as an x-ray photon. These 
emissions are called bremsstrahlung photons and their 
energy is exactly the difference between the entering and 
exiting kinetic energy of the electron (Figure  8-1). The 
amount of kinetic energy lost by the incident electron 
in a brems interaction is determined by the distance 
the electron is from the nucleus. At larger distances, 
very little kinetic energy is lost, resulting in low-energy 
brems radiation. At closer distances, more energy is lost, 
resulting in higher-energy brems radiation. The incident 
electron can also have a direct impact with the nucleus, 
resulting in the loss of all of the electron’s kinetic energy. 
Because of the relatively small size of the nucleus, the 
chance of a direct impact is very low.

These energies are individually unpredictable and 
can range from the total value of the incident electron 
(which could be as high as the peak kilovoltage) to such 
a minimal amount of energy that it is nearly immeasur-
able. Statistically, it is possible to predict the energies 
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quite accurately by a study of the x-ray emission spec-
trum, as will be discussed later in this chapter. Only 
when the incident electron loses all of its excess kinetic 
energy would the electron drift away to join the current 
flow. A single incident electron can cause numerous 
brems interactions in many different atoms before losing 
enough energy to become included in the current flow.

Characteristic Interactions
Characteristic interactions may occur only when the 
incident electron interacts with an inner-shell electron 
(Figure  8-2). The incident electron must have enough 
energy to knock an inner-shell electron from orbit, thereby 
ionizing the atom. The incident electron will usually con-
tinue but in a slightly different direction. More important 
is the fact that the electron hole that has been created 
in the inner shell makes the atom unstable. An electron 
from another shell will immediately drop into the hole. 
This dropping of an electron from an outer, higher-energy 
state into an inner, lower-energy state results in the energy 

difference between the two shells being emitted as an 
x-ray photon. These emissions are called characteristic 
photons because their energy is exactly the difference 
between the binding energy of the outer and inner shells 
between which the electron dropped. After an outer-shell 
electron has dropped to fill the hole, another electron will 
drop to fill the hole it left and so on until only the outer-
most shell is missing an electron. This process is called a 
characteristic cascade and it can produce numerous x-ray 
photons for each electron that leaves the atom.

The first electron that was knocked from position in 
an inner orbital shell often has sufficient energy that it, 
too, may cause further interactions before it loses enough 
energy to become part of the current flow. Of course, 
this will also contribute to the total number of photons 
created.

Unlike brems photons, characteristic photon ener-
gies are so predictable that the science of x-ray spec-
troscopy uses measurements of these photon energies to 
determine what types of atoms make up the sun, stars, 
and other celestial bodies.
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FIgURE 8-1.  The bremsstrahlung interaction in a tungsten atom.
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A tungsten atom, with its high atomic number of 74, 
has sufficient electron shells to produce relatively high-
energy characteristic photons. Tungsten has a total of 
74 electrons, with 2 electrons in the K-shell, 8 in L, 18 in 
M, 32 in N, 12 in O, and 2 in the P-shell (see Figure 2-6). 
The binding energies of the electrons in these shells are 
69.5 keV for the K-shell electrons, 12.1 keV for L-shell 
electrons, 2.8 keV for M, 0.6 keV for N, and 0.08 keV for 
the O-shell electrons. The electron that drops into the hole 
may be from any shell further away from the nucleus. Of 

course, the further out the dropping electron’s original 
position, the greater the energy imparted to the charac-
teristic photon.

Characteristic photons can be created from incident 
electron ionization of any shell and hole filling from any 
shell. For example, K-shell ionizations can result in char-
acteristic photons from electron drops between shells L 
and K, M and K, N and K, and so on. Characteristic pho-
tons can also result from L-shell ionizations with elec-
tron drops between shells M and L, N and L, and so on.  

FIgURE 8-2.  The characteristic interaction in a tungsten atom. Only the K-shell characteristic photon has sufficient energy to be a part of the 
useful beam.
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A wide variety of characteristic photon energy levels are 
thus produced (Table 8-1). The filling of a hole from an 
adjacent shell results in a lesser-energy photon than non-
adjacent shell transitions. For example, a K-shell vacancy 
filled by an L-shell electron will result in a weaker charac-
teristic photon than the same vacancy filled by an M-shell 
electron. That is the result of the lower binding energy 
for the M-shell electrons. In addition, within each shell 
there are discrete energy states for individual electrons. 
As a result, slightly different energies can result from an 
L to K transition depending on the specific energy state 
of the electron involved in the transition. Note that only 
electron drops into the K-shell will produce characteris-
tic photons within the diagnostic x-ray range. Character-
istic photons from the other shells (L, M, N, etc.) have 
energies that are too low to be significant in diagnostic 
radiology.

A single incident electron can cause a variety of 
interactions in many different atoms before losing enough 

energy to become included in the current flow (Figure 8-3). 
Remember, most of these interactions will result in the 
production of heat.

EMISSION SPECTRUM

Within the diagnostic x-ray range, most photons are pro-
duced by bremsstrahlung target interactions. Character-
istic photons will not comprise any of the useful beam 
until the kVp is above 70 because removal of a K-shell 
electron from tungsten requires 69.5 keV. Between 80 
and 100 kVp, about 80–90 percent of the primary beam 
is produced by brems interactions and 10–20 percent by 
characteristic interactions.

As mentioned previously, the K-shell emissions are 
the only ones within the diagnostic x-ray range, although 
the L-shell emissions form a similar group and the M- to 
P-shell emissions form a third group. Both brems and 
characteristic emissions combine to form the complete 
primary beam spectrum (Figure 8-4). The L-shell charac-
teristic emissions are included within the total spectrum, 
but when filtration is added to the tube these photons 
do not have sufficient energy and are absorbed by the 
filter. The K-shell emissions form a characteristic peak 
at their effective energy range of 69 keV. This charac-
teristic peak is worthy of special note as it can cause 
strange results for the radiographer who is operating 
the x-ray tube slightly above the K-shell peak and needs 
a slight decrease in radiation output. A slight decrease 
that sets the tube potential directly on the 69-keV K-shell 
peak would greatly increase the tube output instead of 
decrease it, as anticipated. Modern x-ray equipment is 
capable of somewhat overcoming these fluctuations by 
programmed switching and the use of tungsten alloys 
(such as molybdenum) in the target to smooth out char-
acteristic peaking. However, characteristic peaks are a 

 TABLE  8-1.   Characteristic Photon Emissions 
from X-Ray Target Materials

Tungsten

 K-Shell Characteristic L-Shell Characteristic
 Photons Photons

L to K 59.0 keV

M to K 67.2 keV M to L  9.6 keV

N to K 69.1 keV N to L  11.0 keV

Effective energy 69.5 keV Effective energy 12.1 keV

 Molybdenum

K-Shell Characteristic Photons
L to K 17 keV

M to K 20 keV

Effective energy 18 keV

Anode focal spot

1

2

3

4

5

6

Electrons in tube

FIgURE 8-3.  Sample paths of interactions for 
incident electrons striking the tube target.
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point of consideration, not only in the target material but 
also in the construction of x-ray tabletops, grids, image 
receptors, and any other object through which the pri-
mary beam must pass. The kilovoltage peak of the expo-
sure is the maximum possible energy for any photon that 
exits the x-ray tube.

EXAMPLE: At what maximum kV was the exposure 
made that produced the graph in Figure 8-4?

Answer:

As the maximum brems photons were at 80 keV, the 
kVp was set at that level.

the amplitude of the emission graph (Figure 8-5). Note 
that each point on the higher curve represents exactly 
twice the number of photons on the lower curve. When 
kVp, which controls the quality (energy) of electrons 
striking the target, is changed, the result is a change 
in the number of higher-energy photons as well as in 
the amplitude of the emission graph (Figure 8-6). Note 
that there are more higher-energy photons on the higher 
curve, as well as an increase in the number of photons 
(seen in the increased amplitude). There was no increase 
in the total number of electrons striking the target. The 
increase in amplitude represents more emitted photons 
due to the higher energy of each incident electron strik-
ing the target.

FIgURE 8-4.  The x-ray emission spectrum with a 
tungsten target. This graph is the result of an exposure 
made with 2.8-mm Al/Eq filtration at constant potential, 
producing 17.8 mP/mAs at 30 in. (75 cm). The effective 
photon energy was 31 keV. (Courtesy of Raymond P. Rossi, 
University of Colorado Health Science Center.)                     
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What is interesting about Figure  8-4 is that it clearly 
demonstrates an often overlooked fact about radiographic 
exposures. The average primary beam photon has a keV 
energy of only about 30–40 percent of the kVp.

The emission spectrum for a mammographic 
molybdenum target is quite different from that of a 
tungsten target. The K-shell characteristic peak is about 
18 keV and the average photon energy range is between 20 
and 40 keV, which is perfect for soft tissue visualization.

It is very useful to examine the effect on the primary 
beam emission spectrum of various factors under the 
control of the radiographer. When mA, time, or mAs 
is changed, all of which control the quantity (number) 
of electrons striking the target, the result is a change in 

FIgURE 8-5.  The effect of mA changes on the x-ray emission 
spectrum.

X-ray photon energy (keV)

# 
of

 x
-r

ay
 p

ho
to

ns

0 10 20

400 mA

200 mA

30 40 50 60 70 80

11067_ch08_hr_117-124.indd   122 9/14/18   8:50 AM



CHAPTER 8 X-Ray Production  123

FIgURE 8-6.  The effect of kVp on the x-ray emission spectrum.
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The x-ray emission spectrum is affected by the 
quantity and composition of the materials through which 
it must pass to exit the x-ray tube and  housing. This is 
the filtration, which is the subject of Chapter 11. As the 
x-ray beam passes through the filtering materials, some 
of the lower-energy photons are absorbed. This decreases 
the intensity of the beam but at the same time increases 
the average photon energy. Increased filtration decreases 
image receptor exposure, and vice versa.

x-ray photon energy (keV)

1f = single phase,  hf = high frequency.
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FIgURE 8-7.  The effect of generator phase on the x-ray emission 
spectrum.

The generator phasing also has an effect on the 
emission spectrum. As the efficiency of x-ray production 
increases, the emission spectrum changes (Figure  8-7). 
As generator phasing efficiency increases, the x-ray beam 
increases in intensity, and there is also an increase in the 
average photon energy. Decreased phasing efficiency 
decreases both intensity and average photon energy.

SUMMARY

X-ray photons are produced when the high-speed elec-
trons from the cathode strike an anode target. When 

incident electrons strike the target, they convert their tremen-
dous kinetic energy to the atoms of the target material and 
this interaction produces x-ray photons. The greater the mass 
or speed of the incident electrons, the greater the quality 
(energy) and quantity (number) of photons produced.

The two target interactions that produce x-ray photons 
are bremsstrahlung (brems) and characteristic interactions. 
Less than 1 percent of the total kinetic energy of the incident 
electrons produces these interactions. Over 99 percent of the 
kinetic energy of the incident electrons is converted to heat.

Brems interactions occur when the incident electron 
interacts with the force field of the nucleus. This force field 
causes the incident electron to slow down (or brake), and 
then it diverts the electron’s course. As a result, the electron 
loses energy and changes direction. The energy that is lost 
during the braking is emitted as a bremsstrahlung photon, 
and the photon energy is exactly the difference between the 
entering and exiting kinetic energy of the electron.

Characteristic interactions occur when the incident 
electron interacts with an inner-shell electron. The incident 

electron knocks out an inner-shell electron and continues 
in a slightly different direction. An electron hole is cre-
ated in the inner shell, making the atom unstable. An 
electron from another shell will immediately drop into the 
hole, which results in the emission of an x-ray photon. 
This emission is called a characteristic photon because 
the energy is exactly the difference between the binding 
energy of the outer and inner shells between which the 
electron dropped.

Within the diagnostic x-ray range, most photons are 
produced by bremsstrahlung target interactions. An x-ray 
emission spectrum graph illustrates the  relationship between 
the two target interactions within the primary beam. The 
average primary beam photon has a keV energy of only 
about 30–40 percent of the kVp.

When mA, time, or mAs is changed, all of which control 
the quantity (number) of electrons striking the target, the 
result is a change in the amplitude of the emission spectrum 
graph. When kVp is changed, which controls the qual-
ity (energy) of electrons striking the target, the result is a 
change in the number of higher-energy photons, as well as 
in the amplitude of the emission spectrum graph. ◾
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 REVIEW QUESTIONS

 1. What is the approximate percentage of electron en-
ergy that is converted to x-ray photon energy in the 
x-ray tube?

 2. The majority of the electron energy in the x-ray tube 
is converted to what form of energy?

 3. Describe a bremsstrahlung target interaction.

 4. Describe a characteristic target interaction.

 5. What is a characteristic cascade?

 6. What is the average keV of the primary beam as com-
pared to the kilovoltage peak?

 7. What effect does increasing mAs and kVp have on 
the total x-ray emission spectrum?
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A critical skill of the radiographer is the ability to 

protect both patients and other personnel from exces-

sive exposure to ionizing radiation. This includes the 

radiographer as well. A thorough knowledge of basic 

radiation physics, personnel monitoring procedures, 

and advanced procedures for reducing exposure are 

expected of all radiographers.

Prior to beginning to function in a clinical setting, 

the radiographer must learn the basics of radiation 

protection concepts and equipment. The critical 

skill is the ability to apply this information to the 

radiation protection procedures for patients and 

personnel.

The chapters on filtration and the prime factors 

explain how to shape and mold the beam to minimize 

radiation exposure while obtaining maximum diagnos-

tic information. X-ray interactions open the door to 

exactly what occurs to the biological systems that are 

being imaged as well as laying groundwork for future 

understanding of problems in image production.

Finally, advanced procedures for minimizing 

patient exposure and beam restriction are covered 

to provide the practicing radiographer with real clinical 

skills that will achieve the theory presented in this unit.

Protecting  
Patients and  

Personnel

Unit II

  9 Radiation Protection Concepts  

and Equipment  /  126

 10 Radiation Protection Procedures for Patients 

and Personnel  /  139

 11 Filtration  /  151

 12 The Prime Factors  /  158

 13 X-Ray Interactions  /  169

 14 Minimizing Patient Exposure  /  181

 15 Beam Restriction  /  194
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Describe the nature of ionizing radiation.

◾ Identify the types of biological effects of ionizing radiation.

◾ Identify the principal sources of ionizing radiation.

◾ Define the quantities and units used for measurement of radiation.

◾ Describe devices used to detect and measure radiation, including field 
survey instruments and personnel monitoring devices.

One aspect of the wide use of the x-rays perturbed Röntgen greatly. From 

laboratories in the United States, England, Germany, and France came 

more and more reports of a peculiar skin reaction similar to a sunburn in 

persons working with the rays, some of these reactions being particularly 

serious. . . . It distressed Röntgen to believe that these effects were due to 

x-rays . . .

Otto Glasser from the biography Dr. W. C. Röntgen

KEY TERMS

activity

air kerma

alpha particle

becquerel (Bq)

beta particle

Compton scattering

curie (Ci)

dosimeter

effective dose

electromagnetic radiation

field survey instrument

film badge dosimeter

genetic

gray (Gy)

integral dose

kerma

optically stimulated 
luminescence (OSL) dosimeter

particulate radiation

personnel monitoring device

photoelectric absorption

pocket dosimeter

quality factor

rad

rem

roentgen (R)

sievert (Sv)

somatic

Système Internationale d’Unites 
(SI units)

thermoluminescent dosimeter 
(TLD)

Radiation Protection 
Concepts and Equipment

C H A P T E R  9
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electrons exist in shells around the nucleus. Beta particles 
are negatively charged and very light. As a result, they 
travel farther in  matter than alpha particles. Beta particles 
are  capable of traveling approximately 10–100 cm in air.

Electromagnetic radiation includes x-rays and 
gamma rays, which produce ionization in matter by other 
types of interactions. X-ray and gamma rays are essen-
tially the same with the exception of their origin. Gamma 
rays are emitted by the nuclei of radioactive materials, 
whereas x-rays are human-made in an x-ray tube. For elec-
tromagnetic radiation in the medically useful x-ray energy 
range (,200 keV), the transfer of energy from the photon 
to matter, resulting in ionization, occurs by processes 
known as photoelectric absorption and Compton scattering.

During such interactions with matter, photon energy 
is transferred by a two-step process. First, the incident 
photon interacts with an atom, causing an electron to 
be set in motion, which results in kinetic energy being 
released in the material. Second, the absorption of the 
released kinetic energy from the electron occurs via 
excitation and ionization. The excitations and ionizations 
that occur along the tracks of the charged particles set 
in motion give rise to biological damage in tissue. The 
biological damage may be a result of a direct interac-
tion between the charged particle set in motion by the 
photons, in which cellular macromolecules are directly 
excited or ionized, or may be a result of an indirect inter-
action, in which the absorption of radiation occurs in a 
water molecule, producing highly reactive species such as 
free radicals, which diffuse from the site of origin and sub-
sequently cause biological damage. For x-rays and gamma 
rays, approximately two-thirds of the biological effects on 
tissue are the result of indirect actions.

Biological Effects  
of Ionizing Radiation
Exposure to ionizing radiation affects various organs and 
tissues in the body, and may result in a finite probability for 
radiation-induced disease in persons exposed to the radia-
tion, and in their descendants. Health effects are known to 
be influenced by radiation characteristics and biological 
factors and include cancer induction, genetically deter-
mined ill health, nonspecific life shortening, developmen-
tal abnormalities, and degenerative diseases. The effects 
from the exposure to ionizing radiation may be classified 
as either somatic or genetic.

Somatic effects may become evident in the irradiated 
individual. Such effects are not usually to be expected 
in individuals exposed in the course of their work in 
the medical environment. To demonstrate a radiation 
response in humans within a few days to weeks, the dose 

THE BASICS OF RADIATION 
PROTECTION PRINCIPLES 
AND PRACTICE

In medical applications, exposure to ionizing radiation 
carries with it both a benefit and a risk. The benefit of 
information from an x-ray examination regarding the clini-
cal management of the patient examination is weighed 
against the small, but nonetheless finite, risk when a phy-
sician requests the examination. The diagnostic benefit of 
a radiologic procedure often far outweighs the risk result-
ing from the associated x-ray exposure. The information 
about the clinical condition of a patient received by the 
physician from a radiologic examination is an essential 
part of the practice of modern medicine.

It is the responsibility of the radiographer to ensure 
that each patient receives the minimal dose of radiation 
that will produce a diagnostic image consistent with the 
requirements of the examination. Radiographers must 
also ensure that all individuals are properly protected 
from unnecessary radiation exposure.

The Nature of Ionizing Radiation
Ionizing radiation is capable of creating positively and 
negatively charged particles when it interacts with matter. 
It arises from both natural and human-made sources and 
has the ability, as a consequence of its interactions with 
matter, to affect the various organs and tissues within the 
body. The energy possessed by ionizing radiation is capa-
ble of displacing atomic electron bonds and breaking the 
electron bonds that hold the molecules of matter together, 
resulting in chemical changes that can lead to metabolic 
changes in the body with resulting harmful effects.

Ionizing radiation is grouped as either particulate 
radiation or electromagnetic radiation. Particulate radia-
tions include high-energy electrons, neutrons, and pro-
tons that produce ionization in matter by direct atomic 
collisions. Two principal types of particulate radiation 
are associated with radioactive decay, alpha particle and 
beta particle. An alpha particle contains two protons and 
two neutrons and, as a result, is equivalent to a helium 
nucleus. Alpha particles are emitted from the nuclei of 
very heavy elements as they undergo radioactive decay. 
Compared to other types of particulate radiation,  alpha 
particles have great mass and a positive charge. The 
energy of an alpha particle is transferred over a very short 
range in matter. In air, alpha particles can travel about 
5 cm. As a result, alpha particles from external sources are 
essentially harmless. Beta particles are identical to elec-
trons, with the exception of their origin. Beta particles are 
emitted from the nuclei of radioactive  material, whereas 
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sources include those of natural origin, either undisturbed 
by human activities, or that have somehow been affected 
by human activities and human-made sources. The NCRP 
regularly collects data to assess the ionizing radiation expo-
sure to the U.S. population. NCRP Report No. 160, Ioniz-
ing Radiation Exposure of the Population of the United 
States (2009), replaced the data presented in the previous 
NCRP Report No. 93, Ionizing Radiation Exposure of the 
Population of the United States (1987). The data presented 
in NCRP Report No. 93 detailed radiation exposure in the 
early 1980s and NCRP Report No. 160 details radiation 
exposure from 2006. The report categorizes radiation expo-
sure into the following five major areas:

 1. exposure from ubiquitous background radiation, 
including radon in the home;

 2. exposure to patients from medical procedures;

 3. exposure from consumer products or activities 
involving radiation sources;

 4. exposure from industrial, security, medical, and edu-
cational and research radiation sources; and

 5. exposure to workers resulting from their occupations.

Ubiquitous background radiation includes external expo-
sure from space, such as solar particles and cosmic radia-
tion, external exposure from terrestrial radiation from 
naturally occurring radioactive sources in the ground, 
radionuclides naturally present in the body, and inhaled 
radionuclides of natural origin, such as radon, the com-
mon name for the radionuclide 222Rn, and thoron, the 
common name for the radionuclide 220Rn. Human expo-
sure to these natural sources varies depending on local-
ity and other circumstances. When human exposure 
to natural sources increases as a result of a human’s  
actions, deliberate or otherwise, the natural sources are 
enhanced.

Human-made sources of radiation result from vari-
ous human-made materials and devices, and include such 
sources as x-rays and radiopharmaceuticals used for 
medical procedures; consumer products and activities, 
such as building materials, commercial air travel, ciga-
rette smoking, and combustion of fossil fuels; industrial, 
security, medical, and educational and research activities; 
and occupational exposures.

Exposure from medical procedures to the U.S. popu-
lation in Report No. 160 separates out five different 
sources to further detail the extent of the exposures. These 
five categories are computed tomography, conventional 
radiography and fluoroscopy, interventional fluoroscopy, 
nuclear medicine, and external-beam radiotherapy.

Figure  9-1 shows the distribution of the collective 
effective dose (S ) (person-Sv) and the effective dose per 
individual in the U.S. population (E

US
)(mSv) as reported 

in the 2006 data. The collective effective dose (S ) is the 

must be quite high. Among the somatic effects of radia-
tion are skin erythema, cataracts, and radiation-induced 
malignancies.

Genetic effects do not produce any significantly observ-
able effect in the exposed individual, but may appear in 
the descendants of the exposed individual. They may not 
manifest in the children of the exposed individual, but may 
lie dormant for several generations and, eventually, may be 
eliminated completely from the genetic pool. Such effects 
result from alterations in the reproductive cells that can lead 
to defects in the offspring. Detectable radiation-induced 
mutations can result if the individual’s reproductive cells 
have been exposed to an appreciable amount of radiation. 
It is unlikely that any worker in the medical environment 
would be exposed to ionizing radiation at a level high enough 
to cause the transmission of appreciable genetic effects.

Among the many factors that will influence the 
effect of exposure to ionizing radiation are the total dose 
received, the rate at which the dose was received, the 
age at exposure, the type of radiation, the sensitivity of 
the irradiated cells, and the portion of the body that was 
irradiated.

When x-rays were initially investigated, scientists 
were unaware of any harmful effects of their use and a 
number of the early radiation workers suffered injuries that 
are easily prevented today. Injuries from exposure were 
reported in Europe within the first year of investigation of 
x-radiation. In 1904, the first radiation fatality, a radiation-
induced cancer, was reported in the United States. Over 
the next decade, blood disorders such as leukemia and 
anemia, cancerous skin lesions, and cancer deaths were 
reported among radiation workers and linked to x-ray 
exposure. As  a result of the high rate of documented 
radiation-related injuries, the British X-Ray and Radium 
Protection Committee was formed in 1921 to study ways 
to reduce radiation exposure to patients and medical 
personnel. The International Commission on Radiological 
Protection was established in 1928, and in 1929, the 
Advisory Committee on X-Ray and Radium Protection 
evolved into the National Council on Radiation Protection 
and Measurements (NCRP) in the United States.

The goal of radiation protection is to limit human 
exposure to ionizing radiation to a degree that is reason-
able and acceptable in relation to the benefit gained from 
the activities that involve the exposure, thereby reducing 
the likelihood of occurrence of somatic and genetic effects.

Sources and Magnitude  
of Ionizing Radiation Exposure
Everyone is exposed to sources of ionizing radiation. 
Some individuals will be exposed to a wide variety of such 
sources, whereas others will be exposed to only a few. The 
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QUANTITIES AND UNITS 
RELEVANT TO RADIATION
PROTECTION

Various quantities, units, and radiation dosimetry concepts 
have been developed and defined to quantify the amount 
of radiation received by individuals. Historically, the quan-
tities and units associated with radiation dosimetry have 
included the roentgen (R), used for specifying exposure; 
the rad (radiation absorbed dose), used for specifying 
energy absorbed; and the rem (radiation equivalent in 
man), used for specifying biologically equivalent dose.

Other radiation quantities of importance are the  
kerma, used to describe the kinetic energy released per unit 
mass; the air kerma, used to describe the kinetic energy 
released per unit mass of air; integral dose, used to describe 
the total radiation energy imparted to matter; effective dose, 
used to measure the radiation and organ-system-specific 
damage in man; and activity, used to measure the amount 
of a radioactive material as it undergoes decay.

In 1948, the International Committee for Weights and 
Measures was charged with developing an international 
system of units based on the metric system. The committee 
developed the Système Internationale d’Unites, or SI units. 
In recent years, the international system of units has been 
adopted for radiation protection, and within this system 
of units, the older units are no longer applicable. Although 
the National Council on Radiation Protection and Measure-
ment (NCRP) adopted the SI units for use with ionizing 
radiation in 1985, traditional units are still very much in use. 
The following discussion will serve to review the conven-
tional and more familiar units, and SI units. Table 9-2 pro-
vides conversions between conventional units and SI units.

Exposure
The roentgen (R) represents a unit of exposure in air 
and was defined as the quantity of x-rays or gamma rays 
required to produce a given amount of ionization (charge) 
in a unit mass of air. One roentgen creates 2.08 3 109 ion 
pairs per cubic centimeter of air to produce a total ion 
charge of 2.58 3 1024 coulomb (C) per kilogram (kg). 
The roentgen is limited to the measurement of exposure 
in air only and is not applicable to photons of energy 
above 3  Mev or to particulate radiations. The roentgen 
has no direct equivalent or special unit in the SI system of 
units and is no longer used. Exposure may be expressed 
directly in C/kg, or its equivalent Ckg21.

Absorbed Dose
The rad was developed as a unit of absorbed energy 
or dose and is applicable to any material. The rad was 

product of the mean effective dose for a population and 
the number of persons in the population. The population 
of the United States in 2006 was 300 million.

Table  9-1 details the comparison of the exposures 
collected in 2006 to the exposures collected in the early 
1980s. The total effective dose per individual has signifi-
cantly increased from the early 1980s to 2006 as the result 
of the increased use of ionizing radiation for medical proce-
dures. In the early 1980s, the total E

US
 was 3.6 mSv, and the 

2006 data shows a total E
US

 of 6.2 mSv. This increase can be 
attributed almost exclusively to the change in medical pro-
cedure exposures, which rose from 0.53 mSv in the early 
1980s to 3.00 mSv in 2006. This reflects a percentage change 
from 15 percent of the total in the early 1980s to 48 percent 
of the total in 2006. Although the increased use of ionizing 
radiation for medical procedures has had tremendous ben-
efits to the population and has resulted in saved lives, there 
is an increased awareness for searching for ways to reduce 
this dose, particularly in computed tomography.

FIGURE 9-1.  Comparison of collective effective dose (S) and effec-
tive dose per individual in the U.S. population (Eus as reported in 
NRCP (1987a) and in this report (annual values for percent are 
rounded to the nearest 1%) (NRCP Report No. 160).
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100 rads; therefore, 1 rad equals 10 mGy. This unit is not 
restricted to air and can be measured in other absorbing 
materials.

Kerma/Air Kerma
The rad is also a unit of kerma, an acronym for kinetic 
energy released in matter. As radiation passes through 
matter, it interacts and the energy carried by the pho-
tons is transformed to kinetic energy of charged par-
ticles, such as the electrons in the photoelectric and 
Compton interactions. The energy imparted directly to 
the electrons, per unit mass, is the kerma. Some of the 
kerma may be radiated away as bremsstrahlung, if any 
of these electrons interact with the nuclei of the atoms 
in the matter. In these instances, kerma and absorbed 
dose would not be identical. At diagnostic energies, 
however, practically no brems is produced in the tissues 
and, as a result, kerma will equal dose. The SI unit for 
the kerma is the gray.

Air kerma is the kinetic energy released per unit mass 
of air. X-ray tube outputs and inputs to image receptors 

defined as 100 ergs of energy absorbed in 1  gram of 
absorbing material. In the SI system of units, the rad 
has been replaced by the gray (Gy), which is defined 
as 1  joule (J) of energy absorbed in each kilogram 
(kg) of absorbing material. One gray is equivalent to 

 TABLE  9-1.  Comparison of Collective Effective Dose(S) and Effective Dose per Individual in the U.S. Population 
(EUS as Reported in NCRP (1987a)) and in This Report (Annual Values for Percent Are Rounded to 
the Nearest 1%)

Exposure  
Category

This Report [for 2006] NCRP (1987a)a [for the early 1980s]

 
S  

(person-Sv)

 
EUS  

(mSv)

Percent of  
Total  

S or EUS

 
S  

(person-Sv)a

 
EUS 

(mSv)a

Percent of  
Total  

S or EUS

Ubiquitous background
Radon and thoronb

Other

933,000
684,000
249,000

3.11
2.28
0.83

50
37
13

690,000
460,000
230,000

3.0
2.0
1.0

83
55
28

Medical
CT (2006)
Conventional radiography  
and fluoroscopy (2006)
All diagnostic (1980)
Nuclear medicine
Interventional fluoroscopy (2006)

899,000
440,000
100,000

 
 

231,000
129,000

3.00
1.47
0.33
 
 
0.77
0.43

48
24
 5
 
 

12
 7

123,000

91,000c,d

32,000d

0.53

0.39
0.14

15

11
 4

Consumer 39,000 0.13  2 12,000–29,000 0.05–0.13 ,2

Industrial, security, medical,  
educational, and research

1,000 0.003     0.05 200e 0.001 0.03

Occupational 1,400 0.005f     0.08 2,000 0.009r 0.3

Total 1,870,000g 6.2g 835,000 3.6

aThe quantities used in NCRP (1987a) were expressed in Hg.
bRadon plus thoron for 2006; radon only for the early 1980s.
cIncluded 3,700 person-Sv from CT and 4,200 person-Sv from interventional fluoroscopy [listed as “other” in NCRP (1987a)].
dValues differ slightly from those reported in NCRP (1989a) and Table 4.19.
eConsisted of the nuclear fuel cycle and miscellaneous environmental sources.
fThe values of EExp are 1.1 mSv for 2006 and 2.3 mSv for the early 1980s.
gRounded values. 
NCRP Report No. 160, courtesy NCRP.

 TABLE  9-2.  Conversions between Conventional  
and SI Units

 Conventional    Conversion   
 Unit    Factor       SI Unit 
 (Column A)    (Column B)     (Column C)

roentgen    2.58 3 1024   coulomb/kilogram

rad    0.01      gray

rem    0.01      sievert

curie    3.7 3 1010      becquerel

Column A amount multiplied by Column B equals  
Column C amount.

Column C amount divided by Column B equals  
Column A amount.
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equivalent dose and dose  equivalent, in NCRP Report  
No. 116, Limitations of Exposure to Ionizing Radiation, 
the term effective dose (E) replaces the previously used 
term, effective dose equivalent (H

E
), in defining dose limits.

Because exposure received from ionizing radiation is 
rarely uniform over the whole body, the concept of effec-
tive dose is used to compare the detriment from irradia-
tion of a limited portion of the body with the detriment 
from irradiation of the entire body, and employs weighting 
factors for the relative risks associated with irradiation of 
various body tissues. The effective dose is defined as the 
sum over specified tissues of the products of the equiva-
lent dose in a tissue (T) and the weighting factor for that 
tissue.

Activity
Activity (A) describes the quantity of radioactive mate-
rial. It is expressed as the number of radioactive atoms 
that undergo decay per unit time. The unit of activity 
has traditionally been the curie (Ci). The curie is defined 
as 3.7 3 1010 disintegrations per second (dps). One 
curie is a very large amount of radioactive material. In a 
typical nuclear  medicine procedure, activities from 0.1 to 
30  millicuries (mCi) are used. The SI unit for activity is the 
becquerel (Bq). The becquerel is defined as 1 dps.

Further information regarding the international sys-
tem of units and its application in radiation protection 
and measurements may be found in NCRP Report No. 82, 
SI Units in Radiation Protection and Measurements.  
A comparison between SI units and conventional ones is 
displayed in Table 9-3.

DETECTION AND
mEASUREmENT OF 
IONIZING RADIATION

Numerous different dose-measuring  devices, known as 
dosimeters, are employed for  detection and measure-
ment of radiation exposure from x-rays. A dosimeter 
may be classified as either a field survey instrument or a 
personnel monitoring device.

Field Survey Instruments
Numerous portable field survey instruments are available 
for use in radiation detection and measurement. They 
include the Geiger-Mueller (GM) survey instruments, scin-
tillation detection devices, and ionization chamber instru-
ments. Regardless of the type, field survey instruments 
should be calibrated at least annually.

are sometimes described in air kerma. An air kerma of 
1 cGy (1 rad) corresponds to an exposure of about 1 R.

Integral Dose
The integral dose describes the total amount of energy 
imparted to matter. It is a product of the dose and the 
mass over which the energy is imparted. For example, 
when a patient has a CT scan of the abdomen, the dose 
per section (irradiated volume) might be 1 rad (10 mGy). 
Regardless of the number of scan sections, the dose to the 
irradiated volume would be defined as 1 rad (10 mGy). If 
the patient has 20 scan sections, the integral dose would 
be approximately 20 rad (200 mGy).

Equivalent Dose
Different types of radiation, such as alpha and beta parti-
cles, and neutrons, produce different degrees of biological 
damage, as compared to gamma or x-radiation. To account 
for the fact that the same absorbed dose of radiation may 
result in different biological responses for different types 
of radiation, a unit known as the rem (radiation equivalent 
in man) was developed. The rem is the conventional unit 
for equivalent dose (H

T
). In NCRP Report No. 116, Limita-

tions of Exposure to  Ionizing  Radiation (which replaces 
NCRP Report No. 91), the term equivalent dose replaces 
the previously used term, dose equivalent (H), in defining 
dose limits. These two terms are conceptually different. 
Dose equivalent (H) is based on the absorbed dose at a 
“point” in tissue and equivalent dose (H

T
) is based on the 

average absorbed dose in the tissue or organ.
TEquivalent dose (H

T
,R) is the product of the average 

absorbed dose (D
T
,R) in a tissue (T) due to radiation (R) 

and a radiation weighting factor (W
R
), previously known 

as the quality factor (Q), which is particular to specific 
types of radiation, and accounts for the biological effec-
tiveness of the specific radiation. The radiation weighting 
factor for gamma or x-radiation equals 1. This means that 
1 rad equals 1  rem for gamma or x-radiation. For alpha 
particles, however, the radiation weighting factor is 20. 
This means that 1 rad equals 20  rem for alpha particle 
absorption. In the SI system of units, the rem has been 
replaced by the sievert (Sv), which is defined as the prod-
uct of the absorbed dose in gray and the radiation weight-
ing factor. One sievert is equal to 100  rem, and 1  rem is 
equal to 10 mSv.

Effective Dose
Effective dose (E) is the sum of the weighted equivalent 
doses for all irradiated tissues and organs. It takes into 
account the fact that not all  tissues are equally sensi-
tive to the effects of ionizing  radiation. As was seen with 
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on the electrode is proportional to the radiation exposure 
that occurred in the air volume of the chamber. This rela-
tionship can be displayed on a digital readout in R or C/Kg 
units. Ionization dosimeters can be designed to measure 
specific ranges of radiation intensity.

Personnel Monitoring Devices
Individuals who are regularly exposed to ionizing radi-
ation should be supplied with personnel monitoring 
devices that will provide an estimate of the exposure they 
received. Personnel monitoring is recommended when-
ever a possibility exists that an individual will receive 
more than 1/10 of the recommended dose limit as a result 
of his or her occupational activities. A personnel moni-
toring device measures the quantity of exposure it has 
received. It is not a radiation protection device.

When only one personnel monitoring device is issued, 
it should be worn on the anterior surface of the body, 
between the chest and waist level. When a lead apron is 
worn and only one personnel monitoring device is issued, 

Geiger-Mueller Survey Instruments. Geiger-Mueller sur-
vey instruments or counters are primarily used to detect 
the presence of radiation rather than provide exact 
measurements. A GM counter is a gas-filled detector. It 
consists of a volume of gas between two electrodes. Ion-
izing radiation produces ion pairs in the gas that can be 
collected and measured. GM counters are very efficient at 
detecting charged particles, such as beta particles, but are 
relatively inefficient at detecting x- and gamma radiations. 
GM counters are most commonly used in nuclear medi-
cine as radioactive contamination survey instruments.

Scintillation Detection Devices. Scintillation detectors 
combine the use of a scintillator with a device that can 
convert light to an electric signal. Scintillators are materi-
als that emit visible or ultraviolet light when exposed to 
ionizing radiation. In a scintillation detector, this light is 
converted to an electric signal and is measured. The most 
common applications for scintillation detectors are in 
gamma cameras in nuclear medicine.

Ionization Chamber Instruments. Ionization chamber 
instruments are commonly employed for the measure-
ment of the primary and secondary radiation beam for 
purposes of evaluation of equipment performance, envi-
ronmental exposure assessment of scatter and leakage 
radiation, and for measurement of patient exposure. An 
ionization chamber works on the principle that when 
radiation interacts with air electrons, positive ions are 
produced, giving rise to an electrical charge that can be 
measured.

A typical ionization chamber dosimeter consists of 
a chamber with a known volume of air and an electrode 
(Figure 9-2). A small voltage is applied between the elec-
trode and the wall of the chamber, so the electrode is 
positive and the chamber wall is negative. As x-ray pho-
tons pass through the chamber, they ionize the air. The 
free electrons from these ionizations are attracted to the 
positive electrode, where they can be measured with an 
electrometer. The intensity of the signal that is produced 

 TABLE  9-3. Comparison between SI and Conventional Units

Quantity

Symbol  
for 

Quantity

Expression  
in  

SI Units

Expression  
in Symbols 
for SI Units

Special 
Name for  
SI Units

Symbol  
Using 

Special  
Name

Conventional 
Unit

Symbol for  
Conventional  

Unit

Value of  
Conventional  

Unit in SI Units

Activity A 1 per second  s21  becquerel  Bq curie Ci   3.7 3 1010 Bq

Absorbed  
Dose

D joule per 
kilogram

 J/kg  gray  Gy rad rad   0.01 Gy 

Dose  
Equivalent

H joule per  
kilogram

 J/kg  sievert  Sv rem rem   0.01 Sv

Exposure X coulomb per  
kilogram

 C/kg roentgen R   2.58 3 1024 C/kg

Gas-filled

chamber

Anode (+)

Cathode (–)
Power

Electrometer

FIGURE 9-2.  An ionization chamber dosimeter. The chamber 
encloses a known volume of air, inside of which a chargeable elec-
trode is positioned to attract electrons freed by the ionization of the 
gas by the radiation. The difference in the electrode’s charge before 
and after exposure is measured by an electrometer and displayed in 
radiation units.
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it is recommended that it be worn outside the apron at 
the collar level. Because of the considerable controversy 
regarding the proper location of the dosimeter when a lead 
apron is worn, the local radiation safety officer should be 
contacted for specific guidance. It is important that all per-
sons wear their dosimeters at the same locations.

An additional dosimeter, usually designated as a 
whole-body dosimeter, may be worn in addition to the col-
lar dosimeter when the potential for significant exposure 
to the thyroid or eyes exists. This dosimeter is usually 
positioned near the waist, under the lead apron, and may 
be used in conjunction with the collar dosimeter to deter-
mine the effective dose. The whole-body dosimeter and 
collar dosimeter must never be interchanged.

The most common types of personnel monitoring  
devices are the optically stimulated luminescence (OSL)  
dosime ter, film badge dosimeter, thermoluminescent  
dosimeter (TLD), and pocket dosimeter.

Optically Stimulated Luminescence (OSL)  Dosimeter.
The most common type of  radiation monitoring device is 
the optically stimulated  luminescence (OSL) dosimeter.  
The OSL dosimeter measures radiation that passes through 
a thin strip of aluminum oxide (Al

2
O

3
). A laser light is 

used to stimulate the aluminum oxide, which becomes 
 luminescent in proportion to the amount of radiation expo-
sure it has received.

The OSL dosimeter has distinct advantages over both 
the film badge and the TLD. It can report doses along a 
wide range, from as low as 1  mrem, with a precision of 
61 mrem. In addition, it can undergo complete reanalysis 
to confirm the radiation exposure received with no loss of 
information. It also has excellent long-term and environ-
mental (temperature and humidity) stability.

Laudauer, Inc. offers the Luxel® OSL Dosimeter 
with a variety of color-coding options for both depart-
ment/series and exchange frequencies. The Luxel® 
dosimeter is a self-contained packet that contains an 
aluminum oxide strip, located between three filters and 
an open window (Figure 9-3). The open window and the 
copper and tin filters are used to determine the energy 
levels of the exposure to the dosimeter. The imaging 
filter is used to determine whether the exposure was a 
static or dynamic exposure. A static image indicates that 
the dosimeter was not moving at the time of exposure. 
This may imply that the dosimeter was not worn during 
the time of exposure and an accidental exposure may 
have occurred. A dynamic exposure image will have a 
blurred appearance and indicates that the dosimeter 
was being worn during the time of exposure and the 
dose is valid.

Film Badge Dosimeter. Film badge dosimeters are usu-
ally issued on a monthly basis, and consist of two pieces 

of film having different sensitivities to x-rays and con-
tained within a light, tight envelope. This film packet is 
placed within a holder, which contains a number of dif-
ferent filter elements held in a fixed position with respect 
to the film. Printed on the front of the film packet is the 
name of the individual, the beginning date for which the 
film badge is issued, and other coded information.

When the badge is exposed to ionizing radiation, 
the film emulsion darkens in proportion to the degree of 
radiation exposure received. The resultant optical density 
can be measured with a densitometer and calibrated to 
the degree of radiation exposure received.

The filters in the film badge holder provide a means 
of determining the energy of the incident radiation. 
Because the absorption of radiation by a specific thick-
ness of given material will depend on the energy of the 
radiation, the measurement of the relative film densities 
under the different filters provides a means of estimating 
the energy of the exposing x-ray beam. Typically copper, 
cadmium, and aluminum are used as filtering metals.

FIGURE 9-3B.  The Luxel filter pack.

FIGURE 9-3A.  The Luxel dosimeter.
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as whole-body badges or collar badges. Because of their 
small size, TLDs are commonly used for monitoring expo-
sure to the extremities in the form of ring badges.

Pocket Dosimeter. Although technically known as 
direct reading conductive fiber electroscopes, there 
are now electronic personal dosimeters available. Both 
types of devices look like large pens or flash drives. 
These devices provide immediate personal dosimetry, 
which is useful especially in interventional radiology 
laboratories, where waiting several months for read-
ings is not reasonable.  Figure 9-4 shows the older direct 
reading conductive fiber electroscope type. When irra-
diated, ionization of the air in a small chamber occurs, 
which partially neutralizes a previously positively 
charged electrode (quartz fiber on a wire frame), caus-
ing a hairline fiber to move on an exposure scale. The 
amount of ionization and the movement of the fiber are 
proportional to the radiation exposure to the chamber. 
Older devices required a charging unit and the pocket 

Film badges are capable of measuring exposures 
over the range of approximately 10  mrem (0.1  mSv) to 
2,000 rem (20 Sv), and are most commonly used to mea-
sure the total body exposure of the individual. Readings of 
less than 10 mrem (0.1 mSv) are generally not detectable 
and may be reported as minimal (M).

Thermoluminescent Dosimeter (TLD). Personnel moni-
toring devices using thermoluminescent dosimeters con-
tain small chips of a thermoluminescent material, usually 
lithium fluoride (LiF). When exposed to radiation, a por-
tion of the absorbed energy is stored in the crystal struc-
ture of the LiF chips in metastable states. This absorbed 
energy will remain in these states for long periods of 
time. If the LiF chips are heated, the absorbed energy is 
released as visible light. The heating and measurement of 
the LiF chips are carried out in a device called a reader, 
and the amount of measured light is proportional to the 
absorbed radiation dose. TLDs provide approximately the 
same measurement range as film badges, and can be used 
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FIGURE 9-4.  Cross section of a pocket ion chamber (dosimeter). 
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reviewing their exposure readings on the reports posted 
in the facility on a routine basis. Should any aspect of 
the reported exposure be unclear or cause concern, the 
individual should seek the counsel of the facility radiation 
safety officer.

Dosimetry Reporting
After each wear date period, the dosimeters are returned 
to the company’s laboratory for analysis. Wear date 
periods can range from weekly to biweekly to monthly 
to bimonthly to quarterly. A  report is generated for 
the facility and includes a wide variety of information 
(Figure 9-5). For the Luxel® OSL dosimeters, Landauer, 
Inc. provides participant identification information, 
the type of dosimeter used, the radiation quality that 
exposed the dosimeter (e.g., x or gamma photons, 
beta, neutrons), and the radiation exposures that were 
received. The radiation exposure is expressed as the 
dose equivalent in millirem for the wear period, a 
quarterly accumulated dose equivalent, a year-to-date 
dose equivalent, and a lifetime dose equivalent for each 
participant. In addition, for each column, exposures 
are provided for deep dose, lens of the eye dose, and 
shallow dose equivalents. The deep-dose equivalent 
applies to the external whole-body exposure at a tis-
sue depth of 1  cm, the eye dose equivalent applies to 
the external lens of the eye at a tissue depth of 0.3 cm, 
and the shallow-dose equivalent applies to the external 
exposure of the skin at a tissue depth of 0.007 cm. Par-
ticipants should check their dosimetry report for each 
wear period.

dosimeter had to be returned to this unit for a reading. 
The newer electronic personal dosimeters utilize a simi-
lar system of ionization of air in a small chamber, but the 
readout occurs digitally, and can be read from a display 
on the side of the dosimeter.

Care of Personnel Monitoring Devices. The proper care 
and handling of personnel monitoring devices is essential 
to obtaining accurate results. The personnel monitoring 
device must be worn only by the individual to whom it is 
assigned, must be worn in the proper location for the pre-
scribed time period, and must be turned in for processing 
when due.

The OSL dosimeter has distinct advantages because 
it can report a wide range of doses, from as low as 1 mrem 
with precision, and it has excellent long-term environmen-
tal stability.

Both film badge dosimeters and TLD dosimeters may 
be adversely affected by heat, humidity, mechanical pres-
sure, inadvertent exposure to light, and prolonged delay 
between exposure and processing. Exposure from the 
rear or from oblique angles may also result in inaccurate 
results.

Generally, groups of personnel dosimeters are pro-
vided with a control that must be stored in an unexposed 
area at the facility, and returned with the group for pro-
cessing. This control provides an unexposed level against 
which the personnel dosimeters are evaluated.

Personnel monitoring devices should not be worn 
during medical or dental exams, and should never be 
intentionally exposed to the primary radiation beam. Indi-
viduals should be aware of the exposure they receive by 
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SUMMARY

Exposure to ionizing radiation carries with it both a benefit 
and a risk. With few exceptions, the diagnostic benefit of 

a radiologic procedure far outweighs the minimal risk result-
ing from the x-ray exposure. The information received by the 
physician from a radiologic examination about the clinical 
condition of the patient is an essential part of the practice of 
modern medicine.

Ionizing radiation is any form of radiation that pos-
sesses energy capable of displacing atomic electron bonds 
and breaking the electron bonds that hold the molecules of 
matter together. The potential biological damage from the 
ionization process is the reason for the need to understand 
proper radiation protection practices. Ionizing radiation 
comes from two major sources: natural background radiation 
and human-made radiation.

The biological effects of radiation exposure are either 
somatic, occurring in the individual exposed, or genetic, 
occurring in the descendants of the individual exposed. It is 

the responsibility of the radiographer to ensure each patient 
receives the minimal dose of radiation necessary to produce 
a diagnostic image. Radiographers must also be properly 
shielded from unnecessary radiation exposure.

Radiation quantities and units that are important in radia-
tion protection are exposure, absorbed dose, and equivalent 
dose. The SI units that correspond to these quantities are the 
coulomb per kilogram (C/kg), the gray (Gy), and the sievert (Sv). 
The corresponding traditional units are the roentgen (R), the rad, 
and the rem. Other radiation quantities of importance are the 
kerma, the air kerma, integral dose, effective dose, and activity.

Various devices are available to detect and measure 
exposure to ionizing radiation. Portable field survey instru-
ments include the Geiger-Mueller (GM) survey instruments, 
scintillation detection devices, and ionization chamber instru-
ments. Personnel monitoring devices include the optically 
stimulated luminescence dosimeter, film badge dosimeter, 
thermoluminescent dosimeters, and pocket dosimeters. ◾

 REVIEW QUESTIONS

 1. Explain the differences between alpha and beta 
particles.

 2. Differentiate between somatic and genetic effects.

 3. What are the primary sources of ionizing  radiation? 
Give examples of each.

 4. What are the three basic quantities of radiation mea-
surement and their associated conventional and SI 
units?

 5. What is the kerma?

 6. Describe the function of a GM survey instrument.

 7. List three types of personnel monitoring devices.

 8. Explain the function of the filters in a dosimeter.
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Differentiate between the various advisory groups and regulatory 
agencies involved in developing radiation protection standards.

◾ Explain the concept of dose limits related to the use  
of radiation.

◾ Describe the ALARA concept.

◾ Explain the basic principles of reducing exposure  
to radiation.

◾ Describe techniques used to minimize radiation exposure  
to patients and personnel.

◾ Discuss the precautions that should be taken to minimize potential 
fetal exposures.

Röntgen almost from the beginning had conducted all his experiments in 

his big zinc box. . . . Then he had added a lead plate to the zinc between 

the tube and himself, and in doing so he had unknowingly protected 

himself completely. With an accurate appreciation of the import of these 

unexplained effects, Röntgen foresaw the suffering consequent to the 

careless handling of the rays.

Otto Glasser from the biography Dr. W. C. Röntgen

KEY TERMS

ALARA

deterministic effects

dose limits

occasionally exposed workers

occupationally exposed workers

primary barrier

protective device

radiation workers

secondary barrier

stochastic effects

structural protective barrier

Radiation Protection 
Procedures for Patients 

and Personnel

C H A P T E R  10
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advisory group that makes recommendations for radiation 
protection. Both sources are used when setting radiation 
protection policies and procedures. The NRC regulations 
are available on the Internet at www.nrc.gov, and the 
NCRP reports are available at www.ncrp.com.

 LIMITING EXPOSURE  
TO IONIZING RADIATION

It is important to set limits for the protection of the radiation 
worker and the general public because of the known bio-
logical effects of exposure to ionizing radiation. The primary 
purposes for establishing dose limits are to limit the risks of 
stochastic effects and to prevent deterministic effects (also 
known as nonstochastic effects). Stochastic effects are 
those for which no threshold dose of radiation exists, such 
as cancer and genetic effects. They are random in nature. 
Regardless of dose, some will experience an  effect. As dose 
goes up, the chance of experiencing an effect also goes up. 
Deterministic effects, such as cataracts, skin erythema, and 
sterility, are those for which a threshold dose is assumed. As 
dose increases, the severity of the effect increases. Although 
the dose has to be high to demonstrate the effect, once that 
dose is reached, the probability of demonstrating the effect 
is very high.

For radiation protection purposes, individuals may 
be divided into two groups. First are those classified as 
radiation workers, who incur, as an occupational risk, a 
certain likelihood of exposure to ionizing radiation in the 
course of their normal duties. The second group includes 
members of the general public.

Radiation workers may be further classified as 
occupationally exposed workers and occasionally exposed 
workers. Occupationally exposed work ers are individuals 
who have a significant potential for exposure to radiation 
in the course of their employment. Occasionally exposed 
workers are individuals whose duties may occasionally 
bring them into areas where radiation exposure may 
occur. Both occupationally exposed workers and occa-
sionally exposed workers should receive instruction and 
training regarding hazards of radiation exposure and 
radiation protection practices.

Dose Limits
Radiation exposure limits pertinent to the protection of 
radiation workers are known as dose limits and are speci-
fied for both whole-body exposure and for exposure to cer-
tain tissues and organs. Several terms have been used to 
describe dose limits, including maximum permissible dose, 
dose equivalent limits, and equivalent dose limits. Prior to 
1987, the term maximum permissible dose (MPD) was 

 ADVISORY GROUPS  
AND REGULATORY AGENCIES

A number of different organizations and agencies are 
involved in the development of standards for radiation 
protection and the establishment of regulations for the 
protection against the hazards that can result from the use 
of ionizing radiation.

The advisory groups that have shared in the establish-
ment of radiation protection standards include: the Inter-
national Commission on Radiological Protection (ICRP), 
the National Council on Radiation Protection and Measure-
ments (NCRP), the National Academy of Sciences Advisory 
Committee on the Biological Effects of Ionizing Radiation 
(NAS-BEIR), and the United Nations Scientific Committee 
on the Effects of Atomic Radiation (UNSCEAR).

The ICRP was formed in 1928 and has an interna-
tional membership. It provides a variety of perspectives 
on radiologic health issues. In 1929, the ICRP established 
the National Committee on Radiation Protection and 
Measurements, which was later chartered by Congress in 
1964 as the National Council on Radiation Protection and 
Measurements (NCRP). The NCRP is a nonprofit organiza-
tion that is charged with collecting, analyzing, developing, 
and disseminating information in the public interest, and 
recommendations about radiation protection and radiation 
measurements, quantities, and units. It works cooperatively 
with the ICRP and other agencies to accomplish its mission.

The NAS-BEIR and UNSCEAR are two additional 
advisory groups that study and report on the risks from 
exposure to ionizing radiation.

In addition to the advisory groups, there are a num-
ber of regulatory agencies responsible for protecting the 
public and occupationally exposed individuals from the 
effects of ionizing radiation. Regulatory agencies carry 
the force of law and can inspect facilities, issue fines, 
and revoke radiation use authorizations. Two such agen-
cies are the U.S. Nuclear Regulatory Commission (NRC) 
and the U.S. Food and Drug Administration (FDA). The 
NRC has been given the regulatory authority for spe-
cial nuclear materials and by-products. In a number of 
instances, the NRC has entered into agreements with the 
states to oversee and enforce the regulations. In these 
agreement states, it becomes the state’s responsibility to 
enforce NRC regulations. The FDA regulates radiophar-
maceuticals, as well as the performance and radiation 
safety requirements of commercial x-ray equipment.

The two primary sources of radiation protection 
standards in the United States are the NRC, which is a U.S. 
federal agency charged with licensing facilities and con-
trolling the use of radioactive materials, and the NCRP, an 
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Irradiation at the upper level of the dose limits is not to 
be considered as desirable and, in every case, efforts to 
reduce exposures to the lowest possible level should be 
taken.

Individuals not classified as radiation workers 
are considered members of the general public. For 
purposes of protection of these individuals, the level of 
recommended dose limits, exclusive of any exposure 
received as the result of a medical procedure, has been 
established as one-tenth of the effective dose limit for 
radiation workers—that is, 0.5  rem (5  mSv) per year 
for infrequent exposure, and one-fiftieth of the effec-
tive dose limit for radiation workers, which is 0.1  rem 
(1  mSv) per year for continuous exposure. Individuals 
in education and training have the same effective dose 
limit (for continuous or frequent exposure) as the gen-
eral public, that is, 0.1 rem (1 mSv).

used to describe dose limits; this is no longer acceptable 
terminology because no dose is considered permissible.

Dose equivalent limits and cumulative effective 
dose equiv alent replaced MPD, and this philosophy was 
described in NCRP Report No. 91, Recommendations 
on Limits for Exposure to Ionizing Radiation. In 
1993, NCRP Report No. 116, Limitation of Exposure to 
Ionizing Radiation, replaced NCRP Report No. 91. This 
report follows the same basic framework to dose limits 
as the previous report, but incorporated some changes as 
provided in ICRP Publica tion 60. Of particular note is the 
change in terminology, from effective dose equivalent 
limits (Report No. 91) to effective dose limits (Report 
No. 116), and dose equivalent limits for tissues and organs 
(Report No. 91) to equivalent dose limits for tissues and 
organs (Report No. 116). Equivalent dose (H

T
) replaces 

the previously used term, dose equivalent (H), in defining 
dose limits. These two terms are conceptually different. 
Dose equivalent (H) is based on the absorbed dose at a 
point in tissue and equivalent dose (H

T
) is based on the 

average absorbed dose in the tissue or organ.
Currently recommended values for occupational 

and public dose limits are given in Table 10-1, and reflect 
the recommendations of the NCRP as put forth in Report  
No. 116. The effective dose limit for whole-body exposure 
of a radiation worker is 5 rem (50 mSv) per year.

The cumulative effective dose (E) limit is age in rem, 
which is determined in SI units by the formula:

 E 5 10 mSv  N

where: E 5 effective dose limit

  N 5 age in years

EXAMPLE: What is the dose limit for a 19-year-old 
radiation worker?

Answer:

E 5 10 mSv  N

E 5 10 mSv  19

E 5 190 mSv (19 rem)

EXAMPLE: What is the dose limit for a 35-year-old 
radiation worker?

Answer:

E 5 10 mSv  N

E 5 10 mSv  35

E 5 350 mSv (35 rem)

 TABLE  10-1.  Effective Dose Limit  
Recommendations 

Occupational Exposures

Effective dose limits

Annual 50 mSv (5 rem)

Cumulative 10 mSv  age (1 rem  age)

Dose equivalent annual limits for tissues and organs

Lens of eye 150 mSv (15 rem)

Skin, hands, and  
feet 500 mSv (50 rem)

Public Exposures (Annual)

Effective dose limit

Continuous or 
frequent exposure 1 mSv (0.1 rem)

Infrequent exposure 5 mSv (0.5 rem)

Equivalent dose limits for tissues and organs

Lens of eye 15 mSv (1.5 rem)

Skin, hands, and  
feet 50 mSv (5 rem)

Embryo/Fetus Exposures (Monthly)

Equivalent dose limit 0.5 mSv (0.05 rem)

Education and Training Exposures (Annual)

Effective dose limit 1 mSv (0.1 rem)

Dose equivalent limit for tissues and organs

Lens of eye 15 mSv (1.5 rem)

Skin, hands, and  
feet 50 mSv (5 rem)

Adapted from NCRP Report No. 116, Limitations of Exposure to Ionizing 
Radiation, Table 19.1.
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Nuclear Regulatory  
Commission (NRC)
The NRC regulations for radiation protection are known 
by their Code of Federal Regulations (CFR) No. 10CFR20. 
Unlike the NCRP, which is an advisory body, the NRC is 
a U.S. federal government agency and its regulations are 
law in the United States. NRC licensees are required to 
implement these standards. The standards for occupa-
tional dose limits for adults are shown in Table 10-2.

The most critical of the NRC regulations is the whole-
body exposure regulation that limits exposure to 500 mSv 
(50 rem)/year to any organ or 50 mSv (5 rem)/year whole 
body. Moreover, worthy of note are the regulations for 
exposure to the extremities, lens of the eye, and preg-
nancy (which is discussed in detail later in this chapter).

Maintaining Exposure as Low as 
Reasonably Achievable (ALARA)
A basic philosophical principle of radiation protection con-
cerning the use of ionizing radiation emphasizes the need 
to maintain exposure to ionizing radiation at a level As Low 
As Reasonably Achievable (ALARA), with economic and 
societal factors being taken into consideration. This prem-
ise has been accepted by advisory and regulatory agencies 
and requires that radiologic personnel take on the respon-
sibility of minimizing the exposure to their patients and 
any other individuals involved in a radiologic procedure. 
Implementation of the ALARA principle is achieved by 
application of the basic principles of radiation protection 
and a thoughtful approach to all work involving exposure 
to ionizing radiation.

PROTECTION OF PERSONNEL

When radiological procedures are performed, there is 
a possibility that individuals other than the patient will 
receive some radiation exposure. Although the patient 
should be the only person exposed to the primary 

 TABLE  10-2.  Occupational Dose Limits for Adults—NRC Regulation IOCFR20

Whole-body definition Head, trunk, gonads, arms above elbow, legs above knee

Extremities definition Arms, elbows, and below; legs, knees, and below

Whole-body exposure limits Most limiting of: 500 mSv (50 rem)/yr to any organ or 50 mSv (5 rem)/yr whole body

Lens of the eye 150 mSv (15 rem)/yr

Skin of the whole body 500 mSv (50 rem)/yr

Extremities 500 mSv (50 rem)/yr applied to each extremity

Embryo/fetus/pregnancy 5 mSv/term (0.5 rem or 500 mrem)

beam, others involved in the procedure may be exposed 
to radiation scattered from the primary beam or to leak-
age radiation from the x-ray tube. This occurs particularly 
during fluoroscopy, mobile examinations, interventional 
special procedures, and cardiac catheterization. For most 
radiographic exposures, personnel should be behind 
protective barriers. Radiologic personnel should not be 
involved in holding patients who are unable to cooperate 
during an x-ray exposure. Immobilization devices should 
be used or, if absolutely necessary, assistance should be 
requested from the patient’s family or friends.

Figure  10-1A and B represent diagrams of two 
iso-exposure curves that illustrate the percentage of 
scattered radiation that personnel are exposed to dur-
ing a single exposure of 20  mAs to a chest phantom. 
The curves represent the percentage of the exposure 
to the skin at various distances from the patient using 
two different kilovoltages (60 kVp and 80 kVp) and two 
different field sizes (20   20 cm and 28   32 cm). The 
effect of kVp is illustrated in Figure 10-1A for the trans-
verse plane. The  effect of beam restriction (collimation) 
is shown in  Figure 10-1B for the coronal plane. In both 
instances, an obvious reduction in exposure to scattered 
radiation occurs as the distance away from a patient 
increases. In addition, the amount of scatter around a 
patient is affected to a greater extent by changes in col-
limation rather than changes in kVp.

Principles of Personnel  
Exposure Reduction
Reduction of an individual’s exposure to ionizing radia-
tion may be accomplished by application of three basic 
principles: (1) reduce the amount of time spent in the 
vicinity of the radiation source while it is operating; 
(2) increase the distance between the radiation source 
and the individual to be protected; and (3) interpose a 
shielding material, which will attenuate the radiation 
from the source. These three basic principles are some-
times referred to as the three cardinal rules of radiation 
protection.
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FIGURE 10-1.  The iso-exposure curves represent the percentage of the exposure to the skin at various distances from the patient using two dif-
ferent kilovoltages (60 kVp and 80 kVp) and two different field sizes (20  20 cm and 28  32 cm). The effect of kVp is illustrated in (A) for the 
transverse plane. The effect of beam restriction (collimation) is shown in (B) for the coronal plane. (Reprinted with permission from P. Cartwright 
(1992), Distribution and relative intensity of scattered radiation. Radiography Today, 58(664), 12–13.)
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Protective Barriers
During the design of fixed x-ray imaging facilities, it  is 
necessary to ensure that the layout of the equipment 
and shielding of the room are such that the expo-
sure to personnel and members of the public within 
adjacent areas is within the recommended equivalent 
dose limits. This is accomplished through the use of a 
structural protective barrier made of materials having 
effective x-ray attenuating properties, and of thicknesses 
sufficient to reduce exposures to the desired levels. Com-
monly used materials include lead sheet, concrete, lead 
glass, steel, and leaded acrylic.

Protective barriers are classified as either a primary  
barrier or a secondary barrier. Primary barriers can be 
struck by the primary or useful beam exiting the x-ray 
tube. Secondary barriers can only be struck by scat-
tered and leakage radiation. The primary beam cannot 
be directed at secondary barriers. Secondary barriers are 
always thinner than primary barriers.

The design of structural shielding for x-ray imag-
ing facilities is treated in detail in NCRP Report No. 49, 
Structural Shielding Design and Evaluation for Medi-
cal Use of X-Rays and Gamma Rays of Energies Up to 
10 MeV. Barrier requirements are dependent on the type 
of equipment, its layout within the room, the occupancy 
of adjacent areas, and other factors. Such shielding should 
always be designed by a qualified diagnostic radiological 
physicist.

Protective Devices
When it is not possible for personnel to remain behind a 
protective barrier, it is the radiographer’s responsibility to 
ensure that a protective device is worn by all personnel, 
including physicians, nurses, aides, and so forth. These 
situations arise frequently during fluoroscopy and some 
mobile procedures. The most common protective devices 
are lead aprons and lead gloves. Special devices include 
leaded glasses and thyroid shields.

During fluoroscopy and mobile radiography, person-
nel should always wear a protective apron. Lead gloves 
should also be worn if the hands will be in close proxim-
ity to the primary beam. Protective aprons and gloves are 
usually made of lead- impregnated vinyl within the range of 
0.25–1 mm of lead equivalency. The greater the lead equiva-
lence, the greater the protective ability and the weight of 
the item. Aprons vary in weight from a few pounds to over 
20  pounds, depending on design and lead content. For 
example, a lead apron that wraps completely around the 
body, extending from shoulders to knees with a 1-mm lead 
equivalent, will possess a significant weight. This weight 
can be a serious consideration if personnel are expected 
to wear the apron for long periods of time. The protective 

Time. X-ray imaging equipment produces radiation only 
during the actual exposure used to form the image dur-
ing a procedure. The time of exposure on a per-image 
basis is very short (typically much less than 1  second) 
during radiographic procedures. During fluoroscopic 
procedures, which are used when dynamic information 
is required, the x-ray source may be on (usually intermit-
tently) for several minutes to as long as an hour or more. 
To minimize exposure to radiation, individuals should 
reduce the amount of time they spend in the vicinity of an 
operable radiation source. The simplest way to do this is 
to ascertain whether their presence is needed during the 
procedure. Whenever possible, individuals should remain 
behind protective barriers.

Distance. Increasing the distance between the individual 
and the source of radiation is an effective method to 
reduce exposure to radiation. As distance from the source 
of radiation is increased, the radiation level will decrease 
significantly. Maximizing the distance from an operable 
source of radiation is a particularly effective method of 
exposure reduction during mobile radiographic and fluo-
roscopic procedures.

The amount of exposure reduction can be calculated 
using the inverse square law, which describes the relation-
ship between distance and radiation intensity. The inverse 
square law states that the intensity of radiation at a given 
distance from a point source is inversely proportional to 
the square of the distance. For example, if the distance 
between the individual and the source of radiation is 
doubled, the exposure to the individual will be reduced 
by a factor of 4 (22); if the distance between the individual 
and the source of radiation is tripled, the exposure to 
the individual will be reduced by a factor of 9 (32). The 
relationship between distance and radiation exposure is 
explained in further detail in Chapter 12.

Shielding. Shielding is used when neither time nor 
distance is effective in achieving the desired degree 
of reduction in exposure. By interposing any material 
between the source of radiation and the point at which 
it is desired to reduce the exposure, a certain reduction 
in exposure will be achieved. The degree of exposure 
reduction will depend on the physical characteristics of 
the material (atomic number, density, and thickness). 
For fixed x-ray imaging facilities, the most common 
materials are lead and concrete. Such facilities are 
designed in accordance with specific recommendations 
(NCRP Report No. 49), depending on the configuration 
of the equipment, its intended use, and the surrounding 
area. Additional devices, such as mobile shields, lead-
equivalent aprons, and lead-equivalent gloves should be 
used when it is not possible to take advantage of fixed 
structural barriers.
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anatomical motion. Proper technical factor selection is the 
responsibility of the radiographer. This decision must take 
into account the information needed to make a proper diag-
nosis. It is important to remember that increasing kVp alone 
does not decrease patient dose but instead will increase 
patient dose. To reduce patient dose, the increase in kVp 
must be accompanied by a reduction in mAs to maintain an 
acceptable exposure.

Distance also has an impact on patient dose. Expo-
sure decreases as distance increases. For this reason, 
routine procedures traditionally done at 40 are now rec-
ommended to be done at 44–48.

Filtration
Filters are placed at the x-ray port to selectively absorb 
low-energy photons that would be absorbed by the patient 
and not contribute to the image. These low-energy pho-
tons would be absorbed by the patient, resulting in an 
increase in the patient dose. Specialized filtration is also 
available. It allows for additional exposure reduction by 
the selective removal of photons from the beam.

Aluminum is the most common filtering material 
used and filtration is expressed in terms of the thickness 
of aluminum equivalency (Al/Eq). The NCRP recommends 
a minimum total filtration of 2.5 mm Al/Eq for x-ray equip-
ment operating above 70 kVp. A renewed interest in copper 
filtration has initiated new research that is showing patient 
exposure decreases between 25 and 44 percent.  When fil-
tration is increased, technical factors need to be increased 
to compensate for the reduction in exposure associated 
with the filtration. Despite the need to increase techni-
cal factors to maintain exposure, the overall dose to the 
patient decreases with the use of filtration.

Grids
Radiographic grids are placed between the patient and the 
image receptor to preferentially absorb scatter radiation. 
Because grids absorb primary as well as scatter radiation, 
technical factors must be increased to produce an image 
of acceptable exposure. This increase in technical factors 
results in an increase in patient dose, but image quality is 
significantly improved. The lowest possible grid ratio con-
sistent with effective scatter removal should be utilized to 
keep patient dose as low as reasonably achievable.

Gonadal Shielding
Shielding the gonads (ovaries or testes) is especially 
important to minimize the possibility of any genetic effect 
on the future children of an exposed individual. Special 
attention should be paid to shielding the gonads of chil-
dren and adults of childbearing age.

aprons must possess a minimum of 0.5-mm lead equivalent 
if the peak energy of the x-ray beam is 100 kVp. Most depart-
ments use aprons with 0.5-mm lead equivalent to provide 
personnel with a balance between protection and weight. 
Lead gloves usually possess 0.25 mm of lead equivalency.

PROTECTION OF THE PATIENT

Proper radiation protection of the patient is achieved 
through both medical and technical decisions. Medical 
decisions lie with the patient and are based on the profes-
sional judgment of physicians and other practitioners of 
the healing arts in consultation with the patient.

Technical decisions include a number of  factors that 
affect the amount of radiation a patient receives during a 
diagnostic x-ray examination. Many of these factors are 
under the direct control of the radiographer. It is a radiog-
rapher’s responsibility to understand these factors and to 
minimize patient exposure while producing a satisfactory 
diagnostic image.

Although it is desirable to minimize the exposure to a 
patient undergoing a radiologic procedure, it must be kept 
in mind that the goal of any radiologic imaging procedure 
is to provide information about the medical condition of 
the patient to aid in clinical management. Overzealous 
attempts to reduce patient exposure may significantly 
compromise the information to be obtained from the 
examination. Keeping these concepts in mind, the follow-
ing principles should be applied to minimize exposure to 
the patient.

Beam Limitation
The size of the x-ray beam should always be restricted to 
the area of clinical interest and should never exceed the size 
of the image receptor. Proper collimation not only reduces 
patient dose but also improves the overall quality of the 
radiographic image because less scatter radiation is created 
with smaller field sizes. Ideally, evidence of proper collima-
tion, as demonstrated by an unexposed border on all sides 
of the radiographic image, should be present.

Technique Selection
Technique factors for a given examination should be selected 
to minimize dosage to the patient. High-kVp/low-mAs tech-
niques are preferred to decrease patient dose. However, the 
selected kVp should be chosen so that the required contrast 
in the radiographic image is not compromised as a result of 
a more penetrating x-ray beam or because of an increase in 
the amount of scatter radiation reaching the image receptor, 
which can impair image quality. Tube current and exposure 
time should be chosen to minimize the degrading effects of 
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FIGURE 10-2.  Gonadal shields: (A) flat shield, (B) shadow shield.

A B

Proper collimation is important when decreasing 
gonadal dose, but special gonadal shields should be used 
any time the gonads are within 4–5  cm of the primary 
beam. The three basic types of gonadal shields are flat 
contact shields, shaped contact shields, and shadow 
shields (Figure 10-2).

Flat contact shields are usually made of various sizes 
of lead-impregnated vinyl and are placed between the 
patient’s gonads and the source of radiation. During fluo-
roscopy, the shield usually needs to be placed underneath 
the patient because that is where the source of radiation 
is most often located. Flat contact shields may need to be 
secured in place to ensure correct placement for a variety 
of patient positions.

Shaped contact shields are cup-shaped and designed 
to enclose the male gonads. These shields provide maxi-
mum protection in a number of patient positions.

Shadow shields are mounted to the tube and are 
placed in the x-ray beam near the collimator. The collima-
tor’s light field must be precise for accurate shield place-
ment. The device is adjusted to cast a shadow over the 
patient’s gonads.

Image Receptors
The response (speed) of the image receptor should be as 
high as possible, consistent with the required information 
of the radiologic procedure. Both digital image and film-
screen image receptor systems reduce patient dose by 
reducing the quantity of x-ray photons needed to create 
an image. Digital systems convert x-ray photons either 
directly to electronic image signals or to light, whereas 
intensifying screens convert x-ray photons to light pho-
tons, which expose film within a cassette. The response or 
speed of the image receptor is influenced by the sensitiv-
ity of the materials that make up the receptor.

With digital systems, it becomes the responsibility 
of the department to establish exposure ranges based on 

the image quality desired for a particular examination. 
A wide range of patient exposures can produce accept-
able images, and it is the technologist’s responsibility to 
keep the patient dose for a given exam as low as pos-
sible without compromising image quality. Gross over- or 
underexposure errors are not as obvious to the eye but do 
significantly affect image quality and require repeating the 
procedure. All digital radiography systems have a method 
for evaluating the image receptor exposure, although this 
varies from vendor to vendor.

Projection
The projection used for a particular exam will have an 
impact on patient dose to specific body tissues. For exam-
ple, the lens of the eye receives a greater dose during antero-
posterior (AP) projections of the cranium than it does if the 
posteroanterior (PA) projection is used. Or, a contrast-filled 
bladder will serve as a gonadal shield for females if the 
exposure is made with the patient in the AP projection, but 
will not shield the ovaries in the PA projection.

Repeat Images
Any time an image must be repeated, patient dose 
increases as a direct result of the exposure from the poor 
image. Radiographers must possess a complete under-
standing of the entire radiographic process to minimize 
repeat exposures. Images generally need to be repeated 
for such reasons as improper exposure factor selection, 
poor positioning (tube/part/image receptor alignment), 
poor patient instruction, or improper post processing. 
Images should only be repeated when the quality com-
promises the diagnostic information of the procedure.  
It is important for the radiographer to communicate effec-
tively with the patient and provide the patient with clear 
instructions during the procedure to minimize the possi-
bility of needing to repeat the exposure.
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Pregnant Radiation Worker 
Exposure Standards
There are two sets of standards that are applied to pregnant 
radiation workers. These standards include students under 
the definition of those who are occupationally exposed to 
ionizing radiation because students in radiologic sciences 
programs are classified as students by occupation, and the 
exposure occurs during duties in their occupation.

The two standards complement one another. The 
NRC is a U.S. federal agency charged with licensing facili-
ties and controlling the use of radioactive materials. The 
NCRP is an advisory group that makes recommendations 
for radiation protection.

NRC regulations state that the dose equivalent to 
the embryo/fetus during the entire pregnancy, due to the 
occupational exposure of a declared pregnant woman, 
cannot exceed 5 mSv (0.5 rem or 500 mrem). The NCRP 
recommends that fetal exposure be restricted to an 
equivalent dose limit of 0.5 mSv (0.05 rem or 50 mrem) 
per month. These two limits are complementary as a nor-
mal human gestation spans a 10-month period. Therefore, 
0.5 mSv (0.05 rem) for 10 months equals 5 mSv (0.5 rem) 
for the entire gestational period. The specific citations 
(which are often referred to in pregnancy policies and 
state regulations) are NRC regulation 10CFR20.1208 and 
NCRP Reports No. 54, No. 116, and No. 128, with the pri-
mary recommendation issued in Report No. 116.

Declaring Pregnancy. Pregnant radiation workers are 
referred to in U.S. federal regulations as “declared preg-
nant” because a woman has the right to choose whether 
or not to declare her pregnancy (this was established in a 
U.S. Supreme Court decision in the case of United Auto 
Workers vs. Johnson Controls). The government currently 
interprets this as including the right to revoke her declara-
tion at any time. In addition, a female worker can legally 
declare pregnancy without documented medical proof 
and there is no limit on how frequently or for how long a 
duration a person can declare she is pregnant.

Although the idea of declaring and undeclaring a preg-
nancy may sound bizarre, it is legitimate in the light of legal 
decisions that give women the right to choose for their 
embryo/fetus. This concept requires women to make a 
decision as to what radiation regulations will be applied to 
a pregnancy. Therefore, the NRC requires a voluntary dec-
laration of pregnancy to be in writing, dated, and include 
the estimated month of conception. In addition, NRC 
regulation 10CFR19.12 requires that instructions to women 
assigned to radiation exposure areas must include explana-
tion of the right to declare or not declare pregnancy status 
as well as requiring that all information in NRC Regulatory 
Guide 8.13 be discussed. This mandatory guide has details 
about the risk of radiation exposure in order to permit 
women to make an informed decision about declaring a 
pregnancy. The guide is downloadable at www.nrc.gov.

Patient Exposure Estimates
Estimates of the exposure received by patients undergoing 
radiographic procedures should be available. These esti-
mates should be developed for the average patient based on 
standard technique charts and measured exposure charac-
teristics of the radiological imaging equipment. Chapter 14 
provides information on calculating the patient exposure 
for a given procedure and describes ways in which the 
radiographer can minimize the exposure to the patient.

Equipment
All radiologic imaging equipment should be surveyed 
periodically by a diagnostic radiologic physicist to assess 
its radiation safety characteristics. Such surveys should 
normally be conducted in conjunction with scheduled pre-
ventive maintenance and performance surveys and should 
be performed at least annually. The results of such surveys 
should be documented. Any deficiencies should be cor-
rected prior to returning the equipment to clinical service.

 RADIATION EXPOSURE  
AND PREGNANCY

A situation deserving special consideration is the pos-
sibility of radiation exposure during the early weeks of 
pregnancy, generally before the woman is aware of her 
condition. The dose to the fetus is of concern, particularly 
in the early stages of development when certain tissues 
and organs are especially sensitive to radiation. Studies 
summarized in the report BEIR V, suggest the fetus may be 
particularly radiosensitive during the period of  8–15 weeks 
postconception. As a result, care must be taken to reduce 
radiation exposure to any pregnant individual, including 
pregnant (or potentially pregnant) patients and pregnant 
personnel. It is currently recommended by the NCRP 
that the monthly equivalent dose limit (excluding medical 
exposure) for the embryo not exceed 0.05 rem (50 mrem, 
0.5 mSv), once the pregnancy becomes known.

NCRP Report No. 54, Medical Exposure of Pregnant 
and Potentially Pregnant Women, discusses the risks 
associated with fetal exposure: This risk is considered to 
be negligible at 5 rad or less when compared to other risks 
of pregnancy, and the risk of malformations is significantly 
increased above control levels only at doses above 15 
rad. Therefore, the exposure of the fetus to radiation aris-
ing from diagnostic procedures would very rarely be the 
cause, by itself, for terminating a pregnancy. According to 
NCRP Report No. 54, if there are reasons, other than the 
possible radiation effects, to consider a therapeutic abor-
tion, such reasons should be discussed with the patient by 
the attending physician, so that it is clear that the radiation 
exposure is not being used as an excuse for terminating 
the pregnancy.
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decisions cannot be made without the information we 
have supplied here.

The Pregnant Patient
To minimize the possible exposure to an embryo in the 
earliest days of a pregnancy, a guideline known as the 
10-day rule was recommended by a number of advisory 
agencies. This guideline stated that elective abdominal 
x-ray examinations of fertile women should be postponed 
until the 10-day period following the onset of menstrua-
tion, as it would be improbable that a woman would 
be pregnant during these 10  days. Based on the current 
understanding of radiobiology, this rule is now considered 
obsolete, primarily because the egg for the next cycle 
reaches maximum sensitivity during the 10-day period. 
The application of this guideline within the radiology 
department has always proven difficult.

It is now the general belief that postponement of 
abdominal x-ray examinations is not necessary when 
the physician requesting the examination has considered 
the entire clinical state of the patient, including the pos-
sibility of pregnancy. The potential pregnancy status of 
all female patients of childbearing age should always 
be determined; in the event of known pregnancy, steps 
should be taken to minimize exposure to the fetus. One 
way to ensure against irradiating a woman in the early 
stages of pregnancy is to institute elective scheduling for 
nonemergency procedures. In many departments, female 
patients of childbearing ages are asked to provide the 
date of their last menstrual period (LMP). If there is a 
concern about a possible pregnancy, the patient’s exam 
may be rescheduled. If a radiologic exam on a pregnant 
patient is deemed necessary, a diagnostic radiological 
physicist should perform calculations to estimate the 
actual fetal dose.

ALARA and Pregnancies
It has become common practice to assign declared 
pregnant women to areas where exposure is likely to 
be lower. This approach is now being discouraged in 
compliance with ALARA concepts of keeping all occu-
pational exposure as low as reasonably achievable. The 
rationale is that any displacement of normal duties places 
additional radiation exposure burden on fellow workers, 
both male and female, which they may find unaccept-
able. Therefore, reassigning declared pregnant women 
to lower-exposure areas causes increased risk to others.

In addition, because some women are not aware of 
pregnancy until after the most sensitive first trimester has 
passed, it is very possible that another as-yet-undeclared 
pregnant woman could be assigned additional time in a 
high-exposure area, thus increasing risk to her embryo/
fetus at the worst possible time.

Some authors are recommending that if institu-
tions choose to reassign declared pregnant women 
in opposition to recommended ALARA guidelines, all 
workers (or students) must clearly understand the ram-
ifications of such a policy. To avoid legal complications, 
it is recommended that all occupationally exposed per-
sons in the institution agree to the policy in writing, and 
that this documentation includes specific statements 
indicating agreement to be placed in higher-exposure 
areas from time to time, as necessary to accommodate 
those women who have declared pregnancy.

The authors of this book recognize the controversial 
nature of these recommendations and acknowledge that 
administrative ethical beliefs about abortion are often 
linked to pregnancy policies in institutions. However, 
we believe that radiologic sciences professionals should 
have a part in the determination of these policies as it is 
their bodies and future children that are at risk. Informed 

SUMMARY

It is important to set limits for the protection of the radia-
tion worker and the general public because of the known 

biological effects of exposure to ionizing radiation. Occupa-
tional radiation exposure limits pertinent to the protection of 
radiation workers are known as dose equivalent limits and 
are specified for both total body exposure and for exposure 
to certain tissues and organs.

To minimize dose to personnel, the basic principles 
of time, distance, and shielding should be applied. There 
are two types of fixed x-ray installation protective barriers. 

Primary protective barriers are designed to protect against 
the direct exposure to the primary x-ray beam. Secondary 
protective barriers are designed to protect against exposure 
from scatter and leakage radiation. When it is not possible 
for personnel to remain behind a protective barrier, protec-
tive devices, such as lead aprons and lead gloves, should 
be worn.

To minimize patient dose while creating a diagnostic 
image, the radiographer must understand the factors that 
have a significant relationship to patient dose, such as beam 
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 REVIEW QUESTIONS

 1. What are the roles and responsibilities of the various 
advisory groups?

 2. What is the annual effective dose limit for whole-body 
exposure of a radiation worker?

 3. What is the  cumulative effective dose limit for a 
28-year-old radiation worker (in rem and mSv)?

 4. Explain the ALARA concept.

 5. What are the three basic principles used for minimiz-
ing an individual’s exposure to ionizing radiation?

 6. What is the difference between a primary and sec-
ondary protective barrier?

 7. How can a radiographer minimize radiation expo-
sure to the patient?

 8. What is the equivalent dose limit for the embryo/
fetus per month?

 9. According to NRC regulations, how does a woman 
declare herself pregnant?
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SUMMARY (continued)

limitation, technique selection, filtration, grids, gonadal 
shielding, image receptors, and repeat images.

Care must be taken to reduce radiation exposure to 
any pregnant individual, including pregnant (or potentially 
pregnant) patients and pregnant personnel. It is currently 

recommended by the NCRP that the equivalent dose limit 
(excluding medical exposure) for the embryo-fetus not 
exceed 0.05 rem (0.5 mSv) in any month, once the preg-
nancy becomes known. ◾ 
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KEY TERMS

added filtration

compensating filter

compound filter

filter

half-value layer (HVL)

inherent filtration

K-edge filter

Thoraeus filter

total filtration

trough filter

wedge filter

OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Define filtration, inherent filtration, added filtration, compound 
filtration, compensating filtration, and total filtration.

◾ Explain the concept of half-value layer equivalency measurements of 
filtration.

◾ Appraise various types of filters for specific clinical situations.

◾ Describe the effect of filtration on the entire x-ray beam.

the bones gleam out of the dark. like the ghost of a fern in stone here are 

spine and ribs.

Celia Gilbert, “X-Ray”

Filtration
C H A P T E R  11
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TYPES OF FILTRATION

Filtration occurs at various points between the x-ray tube 
and the image receptor. It is either inherent in the design of 
the tube or added between the tube and the image receptor.

Inherent Filtration
Filtration that is a result of the composition of the tube and 
housing is often called inherent filtration because it is a part 
of these structures. The thickness of the glass envelope of 

FILTRATION

Filtration is the process of eliminating undesirable 
low-energy x-ray photons by the insertion of absorbing 
materials into the primary beam. When inserted properly, 
filtration permits the radiographer to shape the photon 
emission spectrum into a more useful beam. Filtration 
is sometimes called hardening the beam because it 
removes the low-energy (soft) photons (Figure 11-1). The 
primary reason for filtration is the elimination of photons 
that would cause increased radiation dose to the patient 
but would not enhance the radiographic image.

At 20  keV, about 45  percent of the incident pho-
tons will penetrate 1  cm of soft tissue but only about 
0.0006 percent will penetrate 15 cm. At 50 keV, 3.5 per-
cent of the incident photons (a significant percentage) 
will penetrate 15 cm. Significant soft tissue penetration 
occurs between 30 and 40  keV. Although they con-
tribute to the patient dose, low-energy photons have 
insufficient energy to exit the patient and make any 
contribution to the image. Therefore, their elimination 
is desirable.

MEASUREMENT

Any material designed to selectively absorb photons 
from the x-ray beam is called a filter. In diagnostic radi-
ology, filtration is typically added between the source 
and the patient. Aluminum is the most common filter 
material used, although other materials, such as glass, 
oil, copper, and tin, are used as or become filters in 
various instances. Aluminum is considered the standard 
filtering material and all filtration can be expressed 
in terms of the thickness of aluminum equivalency  
(Al/Eq). For example, the attachments, mirror, and plas-
tic of a collimator might be the equivalent of 0.5 mm of 
aluminum (Figure  11-2). This would be expressed as 
0.5 mm Al/Eq.

Filtration is also expressed in terms of half-value 
layer. The half-value layer (HVL) is that amount of absorb-
ing material that will reduce the intensity of the primary 
beam to one-half its original value. It is an indirect measure 
of the total filtration in the path of the x-ray beam. Half-
value layers are usually expressed in terms of aluminum 
filtration equivalency; for example, HVL 5 2.0 mm Al/Eq.  
The federal government specifies the minimum HVLs for 
all diagnostic x-ray tubes. Table 11-1 outlines this require-
ment as specified in Title 21 of the Code of Federal Regu-
lations (21 CFR 1020.30). If the HVL is at the appropriate 
level, the total filtration in the x-ray tube is adequate to 
protect the patient from unnecessary radiation.

Unfiltered

Filtered

Photon energy (keV)

P
ho

to
n 

in
te

ns
ity

50 10025 750

FIGURE 11-1.  Effect of filtration on the x-ray beam.

FIGURE 11-2.  Total filtration of the x-ray beam.
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of high-energy photons. Aluminum, with an atomic number 
of 13, functions very well as a low-energy absorber.

The collimator device also adds filtration to the 
beam and is considered to be added filtration. Collimators 
average 1 mm Al/Eq, most of which comes from the silver 
on the mirror situated in the beam. The mirror is designed 
to reflect the collimator light to simulate the primary 
beam field size for positioning purposes. This addition to 
the inherent filtration is why mammographic units often 
do not use collimators. The filtering effect would cause 
absorption of the low-energy photons that are desirable 
for soft tissue imaging.

Compound Filtration
A compound filter uses two or more materials that comple-
ment one another in their absorbing abilities. Most com-
pound filters are constructed so that each layer absorbs the 
characteristic photons created by the previous layer. For this 
reason, a compound filter is also referred to as a K-edge filter. 
Compound filters place the highest-atomic-number material 
closest to the tube and the lowest-atomic-number material 
closest to the patient. The final layer is usually aluminum, 
which has an atomic number of 13.

Although aluminum is the most common filtering 
material, copper, with an atomic number of 29, functions 
well for slightly higher energies. When a copper filter is 
used, it must be backed by an aluminum filter to absorb 
the 8-keV K-shell characteristic radiation produced by the 
copper. Copper filters should be at least 0.25 mm thick and 
backed with a minimum of 1 mm of aluminum.

There has recently been renewed interest in cop-
per filters for digital diagnostic imaging, especially with 
pediatric patients. Although original  research related 
to copper filters dates back to 1959, this renewed inter-
est is due to digital imaging allowing higher kVps to be 
utilized. Current research is indicating a decrease in 
entrance surface dose (ESD) between 25 and 44 percent.

A good example of a compound filter is the Thoraeus filter 
used in radiation therapy. This filter combines tin, copper, 
and aluminum, in that order. Tin has the highest atomic 
number (50) and is placed first in the beam. Next, a copper 
filter is added to absorb the 29.3-keV characteristic photons 
created by the tin. Finally, aluminum is added to the copper 
to absorb copper’s characteristic photons, which would only 
contribute to increasing patient dose. The 1.5-keV K-shell 
characteristic radiation produced by the aluminum filter is 
absorbed in the air between the filter and the patient.

Compensation Filtration
A compensating filter is usually designed to solve a prob-
lem involving unequal subject densities. The goal is to add 
an absorber to compensate for unequal absorption within 

the tube, the dielectric oil that surrounds the tube, and the 
glass window of the housing all contribute to the inherent 
filtration. A typical x-ray tube might have a total inherent 
filtration of 0.5–1 mm Al/Eq. Most of the inherent filtration 
comes from the window of the glass envelope.

Because of this, mammographic tubes with special 
molybdenum targets that are designed to produce lower-
energy photons for soft tissue imaging often have special 
beryllium (atomic number 4) windows in the glass enve-
lope to eliminate the majority of the inherent filtration. 
Beryllium windows can reduce the inherent filtration to 
0.1 mm Al/Eq (see Chapter 38).

As tubes age they become gassy, the anode begins 
to pit, and the glass envelope may gain a mild coating of 
vaporized metal. All of these factors will cause an increase 
in the inherent filtration, thus reducing the tube efficiency. 
This is the reason why HVL testing of tubes is a recom-
mended quality control procedure for evaluation of tube 
efficiency and age.

Added Filtration
Any filtration that occurs outside the tube and housing and 
before the image receptor is considered added filtration. Fil-
tration materials are selected to absorb as many low-energy 
photons as possible while transmitting a maximum number 

 TABLE    11-1.  Minimum Half-Value Layer (HVL) 
Requirements for X-Ray Systems  
in United States (Title 21 of 21  
CFR 1020.30)

X-Ray Tube Voltage (Kilovolt Peak)

 Designed      Measured     Minimum HVL
 operating       operating      (mm of
 range     potential       aluminum)

Below 51      30 0.3

  40 0.4

  50 0.5

51 to 70  51 1.2

  60 1.3

  70 1.5

Above 70  71 2.1

  80 2.3

  90 2.5

 100 2.7

 110 3.0

 120 3.2

 130 3.5

 140 3.8

 150 4.1
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Wedge filter Trough filter

FIGURE 11-3.  Compensating filters.

that are especially useful. For example, studies have been 
done using rare earths to increase photon emissions at 
the energies needed by iodine contrast agents. Difficulties 
in making these filtration techniques practical have kept 
them from becoming popular. However, very good results 
have been obtained for mammography by using a 0.05-mm 
molybdenum filter and operating the tube at a constant 
35 kVp.

Total Filtration
The total filtration is equal to the sum of inherent and 
added filtration and does not include any compound 
or compensating filters that may be added later. The 
thickness of the added filtration varies depending on 
the anticipated uses of the equipment. The percent-
age of photons attenuated decreases as photon energy 
increases, even when filtration is increased (Table 11-2). 
Note that aluminum filters of 1–3 mm absorb significant 
percentages of photons below the diagnostic range 
while permitting the vast majority to pass. The National 
Council on Radiation Protection and Measurements 
(NCRP) recommends minimum total filtration levels for 
diagnostic radiography, as shown in Table  11-3. These 
filtration levels are commonly used in the United States 
and correspond to International Council on Radiation 
Protection (ICRP) recommendations. The importance 
of the reduction in patient dose, as shown in Table 11-4, 
must not be overlooked.

the subject, thus making the overall absorption of the 
primary beam more equal. This helps in producing a more 
uniform image receptor exposure. Compensating filters 
can be made of aluminum, leaded plastic trademarked 
under the name ClearPb™, or plastic. Even an ordinary 
saline solution bag can be a useful compensating filter.

The two most popular compensating filters are the 
wedge filter and the trough filter (sometimes called a double 
wedge). The thicker portions of the filter are matched to 
the less-dense patient body parts (Figure  11-3). A wedge 
filter can be useful for procedures on the thoracic spine, the 
feet ( Figure  11-4), and the lower extremities, particularly 
during venography and femoral angiography. A trough filter 
is useful to even the density differences between the medi-
astinum and the lungs on a chest radiograph.

It is also possible to custom design filters by several 
methods. Aluminum, ClearPb™, or plastic pieces may be 
attached by magnets or rods underneath the collimator 
to permit movement into or out of the primary beam. 
The advantage of the ClearPb™ is its ability to use the 
collimator light to project the filter position onto the 
patient’s body. Some plastic filters, such as the boomer-
ang filter, are designed to be placed under the patient. 
Radiologists may object to the use of compensating 
filters on the justifiable grounds that they cast artifacts 
onto the radiographic image.

Explorations have been made into the use of various 
heavy elements, including some of the rare earths, to utilize 
K-shell characteristic production to enhance energy ranges 

11067_ch11_hr_151-157.indd   154 8/11/18   12:51 PM



CHAPTER 11 Filtration  155

EFFECT ON OUTPUT

Not only does filtration reduce the patient exposure dose 
by eliminating low-energy photons from the primary x-ray 
beam, but it also removes a portion of the useful beam. 
This will have an effect on image receptor exposure. To 

FIGURE 11-4.  (A) AP foot without a compensation filter. (B) AP foot with a compensating filter.

A B

 TABLE   11-2.  Percent Attenuation  
of Monochromatic Radiation  
by Various Thicknesses  
of Aluminum Filtration

 Photon Energy

 (keV) Photons Attentuated (%)

  1 mm  2 mm  3 mm  10 mm
  10  100   100    100   100

  20    58    82    92    100

  30    24    42    56     93

  40    12    23    32     73

  50     8    16    22     57

  60     6    12    18     48

  80     5    10    14     39

 100     4     8    12     35

 TABLE   11-3.  Recommended Minimum Total 
Filtration Levels

Operating kVp  Total Filtration

Below 50 kVp  0.5-mm aluminum

50 to 70 kVp  1.5-mm aluminum

Above 70 kVp  2.5-mm aluminum

Adapted by permission from Table 3-1, National Council on Radiation Protection 
and Measurement, 1989, NCRP Report No. 102, Medical X-Ray, Electron Beam and 
Gamma-Ray Protection for Energies Up to 50 MeV (Equipment Design, Performance and 
Use). Bethesda, MD: NCRP.
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although the exposure needs to be increased to maintain 
exposure, there is a greater decrease in overall exposure 
to the patient.

Beyond 3.0-mm/Al filtration, a point of diminishing 
returns is reached. The reduction in entrance skin expo-
sure (ESE) does not warrant the tube loading increase.

compensate for the loss of exposure when filtration is 
increased, technical factors must be increased to main-
tain the same image receptor exposure.

Note that in Table 11-4 the decrease in patient dose 
compares very favorably with the increase necessary 
to maintain image receptor exposure. In other words, 

 TABLE   11-4.  Comparison of Patient Exposure with Filtration

 Aluminum Filtration       Entrance Skin       Decrease in       Increase in Exposure Required to

 in mm       Exposure in mR      Exposure Dose        Maintain Same Exposure

60 kVp, 18 cm PELVIS

None 2,380

0.5 1,850 22% 14%

1.0 1,270 47% 17%

3.0 465 80% 52%

85 kVp, 18 cm PELVIS

None 1,225

0.5 860 30% 0%

1.0 684 44% 12%

3.0 287 77% 34%

Source: E. Dale Trout, J. P. Kelley, & G. A. Cathey, 1952, “The Use of Filters to Control Radiation Exposure to the Patient in Diagnostic Roentgenology,” American Journal of 
Roentgenology, 67, 942.

SUMMARY

Filtration is the process of eliminating undesirable x-ray pho-
tons by the insertion of absorbing mate rials into the primary 

beam. Any material designed to selectively absorb photons 
from the x-ray beam is called a filter. Aluminum is the most 
common filter material used. It is considered the standard 
filter material and all filtering in diagnostic radiography can be 
expressed in terms of the thickness of aluminum equivalency  
(Al/Eq). The half-value layer (HVL) is that amount of absorbing 
material that will reduce the intensity of the primary beam to 
one-half its original value.

Filtration occurs at various points between the x-ray 
tube and the image receptor. It is either inherent in the 
design of the x-ray tube or added between the tube 
and the image receptor. Filtration that is the result of 
the composition of the tube and housing is often called 

inherent filtration because it is a part of these structures. 
Any filtration that occurs outside the tube and housing 
and before the image receptor is considered added filtra-
tion. The collimator device adds approximately 1 Al/Eq to 
the beam.

The compound filter uses two or more materials that 
complement one another in their absorbing ability. A com-
pensating filter is usually designed to solve a problem involv-
ing unequal subject density. Two common compensating 
filters are the wedge and the trough. Total filtration is equal 
to the sum of inherent and added filtration.

Not only does filtration reduce the patient exposure 
by eliminating low-energy photons, but it also removes a 
portion of the useful beam and can therefore affect image 
receptor exposure. ◾
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 REVIEW QUESTIONS

 1. What is filtration?

 2. What is the standard filter material used in diagnostic 
radiography?

 3. Define half-value layer.

 4. What is inherent filtration?

 5. When more than one filtering material is used, as in 
a compound filter, how are the materials arranged in 
relationship to the x-ray source?

 6. What are the two most common compensating 
filters?

 7. What is total filtration?

 8. How does filtration affect patient dose and beam 
intensity?
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Explain the relationships between milliamperage (mA), exposure time, 
mAs, and x-ray emission.

◾ Calculate mAs when given mA and exposure time, mA when given 
mAs and exposure time, and exposure time when given mAs and mA.

◾ Explain the relationship between kVp and x-ray emission.

◾ State the 15 percent rule.

◾ Calculate the new kVp value needed to maintain image receptor 
exposure when changes are made in mAs, using the 15 percent rule.

◾ Explain the relationship between distance and x-ray emission.

◾ State the inverse square law.

◾ Calculate x-ray emission (mR) when distance is changed.

◾ Calculate the mAs needed to maintain image receptor exposure 
when changes are made in distance, using the exposure 
maintenance formula.

X-ray technic, like x-ray equipment, has passed through an evolutionary 

stage from the beginning, in 1896, to the present time, and the end is not 

yet in sight.

E. C. Jerman, 1926

KEY TERMS

15 percent rule

direct square law 

exposure index (EI)

exposure maintenance formula

milliamperage (mA)

milliamperage-second (mAs)

penetrability

prime factors

x-ray quality

x-ray quantity

The Prime Factors
C H A P T E R  12
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to an electric charge of 1 coulomb flowing through a conduc-
tor per second. The coulomb is equal to 6.3 × 1018 electron 
charges. Therefore, an ampere equals a flow of 6.3 × 1018 
electrons per second and a milliampere would equal 6.3 × 
1015 electrons per second. As mA increases, so does the num-
ber of electrons that are able to cross the tube to reach the 
x-ray target. Milliamperage is directly  proportional to tube 
current. As the mA doubles, so does the number of electrons 
able to cross the tube. The number of electrons reaching 
the target is also controlled by the length of time the tube 
is energized. Remember that mA is the number of electrons 
per second. This means that changes in the length of time of 
exposure will affect the total number of electrons flowing 
from cathode to anode. X-ray exposure time is measured in 
seconds. Generally, exposure times are less than 1 second 
and these values may be expressed in decimals, fractions, or 
milliseconds (ms). Like mA, exposure time is directly pro-
portional to the number of electrons crossing the tube and 
is, therefore, directly proportional to the number of x-rays 
created. This is the x-ray quantity.

The number of x-rays that will be created at the target 
is a product of the number of electrons crossing the tube 
(tube current) and how long the electrons are allowed to 
cross (exposure time). The milliamperage-second (mAs) 
is the unit used to describe the product of tube current 
and exposure time. This simple relationship is described 
by the equation mA ×  s = mAs. Milliamperage-second 
(mAs) is the primary controller of x-ray quantity. X-ray 
quantity is directly proportional to mAs. This means that 
as mAs doubles, x-ray exposure (measured in roentgens) 
doubles; as mAs triples, x-ray exposure triples, and 
so forth.

If an x-ray control panel is set at 100  mA and 0.05 
(1/20 or 50 ms) second, the mAs would be 100 × 0.05 or 
5 mAs. If either the mA or the exposure time is doubled, 
the mAs will double, that is, 200 mA at 0.05 second equals 
10 mAs, as does 100 mA at 0.1 (1/10 or 100 ms) second. 
This means that numerous possible settings on the x-ray 
control can all yield the same x-ray exposure. For exam-
ple, 10 mAs can be set using any of the following technical 
factors:

  50 mA × 0.2 (1/5 or 200 ms) second = 10 mAs
100 mA × 0.1 (1/10 or 100 ms) second = 10 mAs
200 mA × 0.05 (1/20 or 50 ms) second = 10 mAs

Obviously, numerous other possibilities exist as well. 
Because mA and exposure time can be manipulated to 
achieve the same mAs, it is best to think in terms of mAs 
when establishing technical factors. It is important, for 
technical factor conversions, that the technologist be able 
to manipulate the mA and time to arrive at the proper mAs 
for a particular examination.

THE PRIME FACTORS

The emission of x-ray photons from an x-ray tube is con-
trolled by a number of factors. Those factors related to 
tube design and construction have been covered in previ-
ous chapters and include tube housing, target material, 
filtration, and voltage waveform. Three principal factors 
that affect x-ray emission are under the direct control of 
the radio grapher. These are called the prime factors. They 
are milliamperage-second (mAs), kilovoltage (kVp), and 
distance (d).

The x-ray beam can be described in terms of both 
its quantity and its quality. X-ray quantity is a measure of 
the number of x-ray photons in the useful beam. It is also 
called x-ray output, intensity, or exposure. Recall that 
the unit of measurement of x-ray quantity is the roentgen 
(R). The factors that directly affect x-ray quantity are 
milliamperage-second (mAs), kilovoltage (kVp), distance 
(d), and filtration. X-ray quality is a measurement of 
the penetrating ability of the x-ray beam. Penetrability 
describes the distance an x-ray beam travels in matter. 
High-energy x-ray photons travel farther in matter than 
low-energy photons and are, therefore, more penetrat-
ing. Highly penetrating x-rays are termed hard x-rays 
and low-penetrating x-rays are called soft x-rays. X-ray 
quality is numerically represented by the half-value layer 
(HVL). The half-value layer of an x-ray beam is that thick-
ness of absorbing material needed to reduce the x-ray 
intensity (quantity) to half its original value. The fac-
tors that directly affect x-ray quality are kilovoltage and 
filtration.

The factors that control the quantity and/or qual-
ity of x-ray emission are the prime factors and filtration 
(Table  12-1). Filtration is not something the radiographer 
controls from exposure to exposure.

MILLIAMPERAGE-SECOND

The milliamperage (mA) is a measurement of x-ray tube 
current—the number of electrons crossing the tube from 
cathode to anode per second. Recall that an ampere is equal 

TABLE  12-1. Factors Affecting X-Ray Emission

Quantitative Factors Qualitative Factors

Milliamperage-second Kilovoltage

Kilovoltage Filtration

Distance

Filtration
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Image Receptor (IR) Exposure 
Relationship to mAs
In a digital imaging environment, the digital image recep-
tor (IR) records the image that is then displayed on a 
monitor for viewing. Although the term density might be 
used to describe the level of brightness on the monitor 
(how light or dark the image is), the relationship of this 
brightness level does not correspond to the IR exposure. 
Brightness on the monitor is controlled separately and is 
the better term to use when describing how light or dark 
an image on a monitor appears. The key relationship is 
simply the IR exposure and the term density is better used 
when discussing the amount of silver deposited in a hard-
copy film image, which is seldom used anymore.

Radiographic density is the degree of blackening of 
an x-ray film. It is created by deposits of black metallic 
silver within the emulsion of an x-ray film that has been 
exposed to light or x-ray and then processed. On the 

resulting radiographic image, the densities are the direct 
result of an x-ray exposure to the film and intensifying 
screens. In a film-screen imaging environment, density 
was the term that was routinely used to express the 
impact of IR exposure to the film.

With a digital imaging system, exposure to the IR 
must be assessed by reviewing a numeric exposure value, 
known as the exposure index (IE). These values vary from 
vendor to vendor (e.g., S number, exposure index), and it 
is critical to understand and assess these values for every 
image. There is a definite relationship between these 
exposure value numbers and the IR exposure. If these 
numbers are outside of the acceptable range provided 
by the vendor, then the image has been underexposed or 
overexposed and must be repeated. Digital systems do not 
automatically correct for a radiographer’s error in select-
ing an appropriate mAs. Recall that as mAs is increased, 
x-ray exposure will also increase proportionally. Regard-
less of the type of image receptor being used, insufficient 
mAs will result in an underexposed image and  excessive 
mAs will cause an overexposed image.

When using a film-screen system, if the exposure to 
a film is increased, the density to that film will increase 
until the point where the film reaches its maximum 
density (D

max
). Because density is primarily determined 

by the amount of exposure a film receives, and because 
exposure is directly proportional to mAs, mAs is used 
as the primary controller of radiographic film density 
and image receptor exposure. As mAs increases, x-ray 
exposure increases proportionally, and radiographic 
density also increases. The direct proportional relation-
ship between mAs and exposure is used to calculate 
mAs changes necessary to maintain consistent film 
density/IR exposure when one or more technical factors 
are altered.

Radiographic film density should remain unchanged 
as long as the total exposure to the film remains unchanged. 
If the mAs used to create one image is the same as the mAs 
used to create a second image of the same structure, then 
both images should have the same film density. As long 
as mAs is constant, any combination of mA and exposure 
time values will create the same density/IR exposure. 
The radiographs in Figure 12-1A and 12-1B illustrate this 
point. Remember, accurate results will depend on using 
equipment that is properly calibrated. Equipment testing 
is an important part of a quality control program for the 
radiology department.

Milliamperage-second (mAs) is the primary con-
trolling factor that will affect the x-ray quantity and the 
resultant IR exposure. The appropriate mAs must be 
selected to achieve an acceptable radiographic image. 
While automatically programmed systems typically rec-
ommend a mAs, the radiographer is in control of the 

EXAMPLES: Given the following mA and exposure 
time values, calculate the mAs.

200 mA × 0.083 second = ____ mAs
100 mA × 2/5 second = ____ mAs
300 mA × 200 ms = _____ mAs

Answers:

200 mA × 0.083 second = 16.6 mAs
100 mA × 2/5 second = 40 mAs
300 mA × 200 ms = 60 mAs

EXAMPLES: Given the following mAs and mA 
values, calculate the exposure time.

75 mAs = 100 mA × ______ second
15 mAs = 300 mA × ______ second

Answers:

75 mAs = 100 mA × 0.75  (3/4 or 750 ms) second
15 mAs = 300 mA × 0.05  (1/20 or 50 ms) second

EXAMPLES: Given the following mAs and expo-
sure time values, calculate the mA.

60 mAs = 0.3  (3/10 or 300 ms) second × _____ mA
75 mAs = 0.15  (3/20 or 150 ms) second × ______ mA

Answers:

60 mAs = 0.3  (3/10 or 300 ms) second × 200 mA
75 mAs = 0.15  (3/20 or 150 ms) second × 500 mA
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60 kVp
No grid

3.2 mAs
400 RS

40” SID
5.10 mR

60 kVp
No grid

3.2 mAs
400 RS

40” SID
5.04 mR

60 kVp
No grid

6.4 mAs
400 RS

40” SID
10.20 mR

A

C

B

FIGURE 12-1.  These three radiographs demonstrate the effect 
of mAs on image receptor exposure. These images were exposed 
using radiographic film so the changes are visible. With digital 
systems, these images would typically all be displayed the same. 
EI values need to be checked to assess proper exposure. Although 
the mA and time may vary, if the mAs remains unchanged, then IR 
exposure will be the same. A and B have the same mAs although 
A was exposed at 80 mA and 0.04 sec, whereas B was exposed at 
160 mA and 0.02 sec. When the mAs is doubled, the exposure to 
the image receptor doubles (C). (Radiographs courtesy of Arlene Adler and 
Richard R. Carlton.)60 kVp

No grid
6.4 mAs
400 RS

40” SID
10.20 mR
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maintain exposure to the image receptor when kVp is 
changed. This is intended to maintain IR exposure. The 
15  percent rule states that an increase in kVp by 
15  percent will cause a doubling in exposure, the 
same effect as doubling the mA or doubling expo-
sure time. The reverse is also true. If kVp is decreased 
by 15   percent, exposure will be reduced by one-half. If 
maintaining the exposure is desired, decreasing the kVp 
by 15  percent should be accompanied by a doubling of 
the mAs (see Figure  12-2B and 12-2C), and increasing 
kVp should be accompanied by cutting the mAs in half. 
Because both the amount and penetrability of x-ray 
photons increase with increases in kVp, the effect of 
changes in kVp will vary from low kVp to high kVp. In 
other words, a smaller change in kVp will have a greater 
impact on x-ray emission in the lower-kVp ranges than in 
the higher-kVp ranges. For example, 15 percent of 40 kVp 
is 6, whereas 15  percent of 80  kVp is 12. Exposure will 
nearly double when kVp is changed from 40 to 46 kVp. At 
80 kVp, an increase in 12 kVp is needed to approximately 
double the exposure.

mAs selection. The equipment often exerts automatic 
control when the radiographer is using an automatic 
exposure control system or a computerized exposure 
system.

KILOVOLTAGE

Kilovoltage (kVp) controls both the quantity and quality 
of the x-ray beam. Increasing the kilovoltage on an 
x-ray control panel will cause an increase in the speed 
and energy of the electrons applied across the x-ray 
tube. The space charge compensator corrects for the 
increase in speed of the electrons to maintain a constant 
number of electrons/second. The increased energy of the 
electrons results in the production of x-ray photons with 
greater energy. As x-ray photon energy increases, the 
penetrating ability of the photon increases. Kilovoltage 
affects the quantity of the x-ray beam because more 
interactions occur at the target as kVp increases, and it 
affects the quality of the x-ray beam because each elec-
tron has more energy, resulting in a beam with greater 
penetrability.

The quantity (intensity) of x-ray photons increases 
very quickly with increases in kVp. X-ray quantity is 
approximately directly proportional to the square of 
the ratio of the change in kVp. This means that as kVp is 
doubled, the amount of x-ray photons increases approxi-
mately four times. Although this can be mathematically 
expressed, this formula would have no practical applica-
tion because it does not take into account the fact that 
changes in kVp have a significant effect on the penetra-
bility of the beam and the quantity of scatter radiation 
produced.

IR Exposure Relationship to kVp
Both the quantity and quality of the x-ray beam will vary 
significantly with changes in the kilovoltage applied 
across the x-ray tube. As a result, kVp has a tremendous 
impact on IR exposure ( Figure  12-2A and 12-2B). In 
addition, because changes in kilovoltage create changes 
in beam penetrability, kVp is the primary controller of 
the differences in densities/IR exposures. This is known 
as contrast. An increase in kVp causes an increase in 
penetrability, which will result in an image with less 
contrast. For the present discussion, the effect of kVp 
on IR exposure will be detailed. Contrast is discussed 
in Chapter 27.

Research was done to determine a practical formula 
to take into account kVp’s effect on both x-ray quantity 
and quality. This resulted in the 15 percent rule. The intent 
of this rule was to provide a guide for radiographers to 

EXAMPLE: A radiograph of the pelvis is produced 
using 25 mAs at 70 kVp. What kVp would be needed 
to double the exposure?

Answer:

15 percent of 70 kVp = 10.5 kVp
 70 + 10.5 = 80.5 or 81 kVp

EXAMPLE: An acceptable radiograph of the knee is 
produced using 10 mAs at 60 kVp. If the kVp is increased 
by 15 percent to 69 kVp, what mAs would be needed to 
maintain the exposure?

Answer:

Half of 10 mAs or 5 mAs

Because kVp is expressed as a whole number, 
answers should be rounded to the nearest whole number.

Although kVp has a tremendous impact on expo-
sure to the image receptor, kVp adjustments should not 
be used to control IR exposure. The selection of a kVp 
range for specific radiographic procedures is determined 
by the desired contrast for the image. This is discussed 
in Unit V.
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70 kVp
No grid

1.0 mAs
400 RS

40” SID
4.10 mR

60 kVp
No grid

2.0 mAs
400 RS

40” SID
4.42 mR

A

60 kVp
No grid

1.0 mAs
400 RS

40” SID
2.34 mR

B

FIGURE 12-2.  These three radiographs demonstrate the effect of 
decreasing kVp on IR exposure. These images were exposed using 
radiographic film, so the changes are visible. With digital systems, 
these images would typically all be displayed the same. EI values 
need to be checked to assess proper exposure. A and B show the 
effect of increasing kVp on IR exposure. In C, IR exposure is main-
tained by applying the 15  percent rule.

C

60 kVp
No grid

2.0 mAs
400 RS

40” SID
4.42 mR
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The inverse square law can be used to calculate 
changes in intensity that occur as a result of changes in 
distance. The mathematical expression of the law is:

I

I

D

D
1

2

2
2

1
2

�

where:  I
1
 = original intensity (mR)

    I
2
 = new intensity (mR)

   D
1
 = original distance

   D
2
 = new distance

The formula can also be expressed as:

           I
1
D

1
2 5 I

2
D

2
2

In order to calculate any of the four factors, three of 
the four must be known. The equation can then be rear-
ranged to place the unknown factor alone on one side of 
the equal sign.

DISTANCE

The intensity of x-rays varies greatly with changes in dis-
tance. Just as the intensity of light from a light bulb will 
decrease the further one moves from the source, so will 
x-ray photons spread out from their source at the x-ray 
tube target. As a result, the x-ray intensity will decrease as 
the distance from the tube is increased. The measurement 
of the x-ray intensity is obtained using a dosimeter. X-ray 
intensity (exposure) is measured in roentgens (R) or, more 
commonly in diagnostic radiology, in milliroentgens (mR).

From the point of origin of the x-ray beam at the tube 
target, the beam begins to diverge. The x-ray photons are 
most concentrated at the target and from there they spread 
out in all directions. Those photons that exit the tube port 
constitute the primary, useful beam. As the useful beam 
spreads and widens, x-ray intensity or quantity begins to 
diminish. The actual number of photons created remains 
unchanged but the distribution of the photons varies with 
the distance. The farther from their source, the lower will 
be the quantity of photons within a given area.

The relationship of x-ray quantity to distance is 
described in the inverse square law. The inverse square law 
states that the intensity of radiation at a given distance from 
the point source is inversely proportional to the square of 
the distance. The inverse square law requires an under-
standing of some basic rules of geometry. In Figure 12-3, 
the diverging lines represent the x-ray beam diverging from 
a collimated source. At a distance of 36  inches (D

1
), the 

x-ray beam covers a square area (abcd). Each side has a 
given dimension (x) so the area of square abcd would equal 
x times x, or x2. If the distance is increased to 72  inches 
(D

2
), the sides of the second square (ABCD) are now twice 

as long, or 2x. The area of square ABCD would be 2x times 
2x, or 4x2. A doubling of the distance has increased the 
area of the square by four times.

X-ray photons falling in square abcd are spread out 
over an area four times as large by the time it reaches 
square ABCD. The number of photons remains the same, 
but they are now spread over an area four times larger. 
A dosimeter in square abcd would measure four times 
more than a dosimeter in square ABCD. For example, if a 
dosimeter in square abcd measures 100 mR, a dosimeter 
in square ABCD would measure 25 mR, or four times less.

Thus, the intensity or quantity of photons decreases 
with increased distance for a given area, which is an 
inverse relationship. More specifically, the relationship 
is inversely proportional to the square of the distance 
change. If the distance increases by a factor of three, 
the intensity, in mR, would decrease by a factor of 32, or 
nine times.

Point
source

D1 D2

a
b

c

d

A

B

C

D 2x

FIGURE 12-3.  The inverse square law states that the intensity of 
radiation at a given distance from a point source is inversely propor-
tional to the square of the distance. The lower surface area (ABCD) 
is twice as far from the source of radiation and is four times (22) the 
surface area of the upper surface area (abcd).

EXAMPLE: An x-ray exposure of 240 mR is recorded 
at a distance of 20 inches. If the same technical factors 
are used, what will the exposure be if the distance is 
increased to 40 inches?

(continues)
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A direct relationship is necessary to compensate for the 
changes in intensity and IR exposure.

Because mAs is the primary controller of x-ray 
intensity and IR exposure, mAs can be adjusted to 
compensate for changes in distance. For example, an 
acceptable chest image results from an exposure taken 
using four mAs at 100 kVp at a 72-inch distance. A second 
image must be taken supine at a 36-inch distance. If the 
same technical factors are used, the inverse square law 
tells us that when the distance is decreased by a factor 
of 2, the intensity (exposure) will increase by a factor of 
4. The second image will be overexposed if the techni-
cal factors are not adjusted. The mAs can be adjusted 
to compensate for the distance change. The exposure 
maintenance formula can be used to determine the 
compensation necessary for any change in distance (see 
Figure 12-4B and 12-4C). It is a direct square law because 
mAs should increase proportionally to the square of 
the change when distance increases, and mAs should 
decrease proportionally to the square of the change 
when distance is decreased. In the previous example, if 
the distance decreases by a factor of two (72  inches to 
36 inches), the mAs should be reduced by a factor of 22, 
or 4. The new mAs would be 1/4 the original, or one mAs. 
Four mAs at 72  inches will produce the same exposure 
as 1 mAs at 36 inches, provided all other factors remain 
the same.
The exposure maintenance formula is:

mAs

mAs

D

D
1

2

1
2

2
2

�

where: mAs
1
 5 original mAs

   mAs
2
 5 new mAs

        D
1
 5 original distance

        D
2
 5 new distance

The same formula can be expressed as:

mAs
mAs D

D2
1 2

2

1
2

�
�

These formulas have very direct applications to radi-
ography because they provide the radiographer with a 
means for adjusting mAs to maintain IR exposure when 
changes are made in distance for a given radiographic 
procedure. Remember that there is no relationship 
between distance and mAs; changes in distance do not 
cause changes in mAs. The radiographer must adjust the 
mAs to compensate for distance changes.

The inverse square law should be used when calculat-
ing the relationships between distance and x-ray inten-
sity (mR).

IR Exposure Relationship  
to Distance
Because distance has an effect on x-ray intensity,  
it will in turn affect IR exposure. As the distance increases, 
intensity decreases, which causes a decrease in IR expo-
sure (Figure  12-4A and 12-4B). The reverse is also true. 
As the distance decreases, intensity and IR exposure 
increases.

A practical application of the inverse square law 
is found in a formula that is used to compensate for the 
IR exposure changes that occur when distance is changed. 
The formula is sometimes known as the exposure 
maintenance formula and is based on the principle of the 
inverse square law. This formula is a direct square law. 

EXAMPLE: An x-ray exposure of 400 mR is recorded 
at a distance of 72 inches. If the same technical factors 
are used, what will the exposure be if the distance is 
decreased to 40 inches?

Answer:

400 40
72

400 72
40

400 5 184
1 600

1

2

2

2

2

2

2

2

2

I

I

I

I

�

�
�

�
�

�

,
,

,2296 mR

400 40
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400 72
40
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1 600

1

2

2

2

2

2
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2
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I
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,
,

,2296 mR

Answer:

240 40
20

240 20
40

240 400
1 600

60

2

2

2

2

2

2

2

2

I

I

I

I mR
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�
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�
�

�
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240 40
20

240 20
40

240 400
1 600

60

2

2

2

2

2

2

2

2

I

I

I

I mR

�

�
�

�
�

�

,

(continued )
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60 kVp
No grid

2 mAs
400 RS

36” SID
5.64 mR

60 kVp
No grid

2.0 mAs
400 RS

72” SID
1.21 mR

60 kVp
No grid

8 mAs
400 RS

72” SID
6.02 mR

A

C

B

FIGURE 12-4.  These three radiographs demonstrate the effect of 
distance on IR exposure. These images were exposed using radio-
graphic films, so the changes are visible. With digital systems, these 
images would typically all be displayed the same. EI values need to 
be checked to assess proper exposure. A and B show the effect of 
increasing distance on film density. In C, the exposure is maintained 
by applying the exposure maintenance direct square law. (Radiographs 
courtesy of Arlene Adler and Richard R. Carlton.)60 kVp

No grid
8 mAs
400 RS

72” SID
6.02 mR
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change the mAs, kVp, and distance and have no effect on 
the brightness or contrast on the display monitor. This 
topic is covered in more detail in Unit IV that discusses 
image analysis. In digital image receptor systems, bright-
ness and contrast are controlled primarily through post-
processing parameters.

Despite the ability to control brightness and contrast 
through post-processing parameters, it is still critical to 
provide the digital image receptor with an appropriate 
exposure for a given procedure. Digital image receptors 
can respond to a wide range of exposures, from as low as 
0.01 mR up to 100 mR. Extremely low and extremely high 
exposures do not produce acceptable image quality. Most 
acceptable images can be produced using approximately 
1-mR exposure to the receptor. Manufacturers often 
establish exposure indicator systems based on this fact.

Setting the appropriate mAs, kVp, and distance is the 
responsibility of the radiographer. These prime factors 
control the exposure to the image receptor. The radiogra-
pher should select the kVp based on the desired contrast, 
and adjust mAs to provide the appropriate total exposure 
to the receptor. Appropriate kVp selection is just as impor-
tant with digital systems because the selected kVp will 
control subject contrast (signal differences to the digital 
detector). Distance is generally set based on the desired 
beam geometry. It can be used to adjust exposure but this 
is not generally done. Once a distance is selected based 
on a given procedure (e.g., chest radiography done at 
72 inches and rib radiography done at 40 inches distance), 
mAs can be appropriately adjusted to maintain an accept-
able exposure to the image receptor.

Changes in distance will create changes in the x-ray 
intensity and the image receptor exposure. The exposure 
maintenance formula can be used to compensate for the 
effect that changes in distance will have on the image recep-
tor exposure of the radiographic image. The radiographs of 
Figure 12-4A and 12-4C demonstrate the application of the 
direct square law for exposure maintenance.

IMAGE QUALITY FACTORS

With digital image detector systems, the traditional rela-
tionship that existed with film-screen imaging between 
the image quality properties of density and contrast to 
mAs, kVp, and distance does not exist. It is possible to 

EXAMPLE: An acceptable radiograph of the abdo-
men is taken using 25  mAs at 80  kVp at a distance 
of 40  inches. A second radiograph is requested to 
be taken at 56  inches. What mAs should be used to 
produce an acceptable radiograph if the distance is 
increased to 56 inches?

Answer:

mAs

mAs

mAs mAs

2

2

2

2

2

25 56
40

25 3 136
1 600

49

�
�

�
�

�

,
,

SUMMARY

Prime factors are under the direct control of the radiographer 
and have a significant impact on x-ray photon emission 

from the tube. The prime factors are milliamperage-second 
(mAs), kilovoltage (kVp), and distance (d). X-ray emission can 
be described in terms of both its quantity (amount) and quality 
(penetrability). X-ray quantity is affected by mAs, distance, kVp, 
and filtration. X-ray quality is affected by kVp and filtration.

Milliamperage-second (mAs) is directly proportional to 
the number of x-ray photons created in the tube. Kilovoltage 
affects both quantity and quality, and its relationship to x-ray 
emission is not as easily described. Kilovoltage is approximately 
proportional to the square of the ratio of the change in kVp. 
Therefore, if kVp is doubled, the x-ray quantity would increase 

by a factor of four. This does not, however, take into account 
the increased penetrability of the beam with increasing kVp. As 
a result, IR exposure is more significantly affected. To maintain 
exposure with changes in kVp, the 15  percent rule can be 
applied. The 15 percent rule states that an increase in kVp by 
15 percent will cause an approximate doubling of the expo-
sure. To maintain IR exposure, if kVp is increased by 15 per-
cent, the mAs must be reduced to one-half its original value. 
The distance from the actual focal spot to the image receptor 
is the third prime factor. The quantity of x-ray photons is in-
versely proportional to the square of the distance. As distance 
increases, exposure will decrease in an inverse proportion to 
the square of the change in the distance. ◾
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 REVIEW QUESTIONS

 1. What are the three prime factors that affect x-ray 
emission?

 2. What is the unit of measurement for x-ray quantity?

 3. Define an ampere.

 4. What is the relationship between mAs and IR 
exposure?

 5. What effect does increased kVp have on the speed 
and energy of the electrons in the x-ray tube?

 6. What is the relationship between kVp and IR 
exposure?

 7. State the inverse square law.

 8. What is the relationship between distance and IR 
exposure?
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What is this lumpy object’s name?

Answers to the case studies can 
be found in Appendix B. 

(Courtesy of Dr. Marion Frank.)

The Case of Lumpy
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Perhaps no single field of investigation has contributed more to our 

knowledge of atomic structure than has the study of x-rays.

Arthur H. Compton, preface to the first edition  

of X-Rays and Electrons

OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Define attenuation.

◾ Explain the interactions between x-rays and matter in the following:

 photoelectric absorption

 coherent scattering

 Compton scattering

 pair production

 photodisintegration

◾ Describe the relationship between x-ray interactions and technical 
factor selections.

KEY TERMS

annihilation reaction

attenuation

backscatter radiation

characteristic cascade

characteristic photon

coherent scatter

Compton effect

Compton (or recoil) electron

Compton scattered photon

Compton scattering

negatron

pair production

photodisintegration

photoelectric absorption

photoelectron

positron

radiation fog

scattering

secondary radiation

X-Ray Interactions
C H A P T E R  13

11067_ch13_hr_169-180.indd   169 7/27/18   2:38 PM



170  UNIT II Protecting Patients and Personnel

of the atom is a positively charged nucleus containing 
protons and neutrons. The negatively charged electrons 
are in orbital paths around the nucleus. The energy 
required to remove an electron from a shell is termed the 
binding energy of the shell. The K-shell electrons possess 
the highest binding energy for a given atom and binding 
energies decrease progressively for successive shells. Not 
only is the binding energy characteristic of a given shell, 
it is also specific to a given atom. K-shell electrons are 
more tightly bound to the nucleus in high-atomic-number 
elements. For example, the binding energy for the K-shell 
of tungsten (Z = 74) is approximately 70 keV, whereas the 
binding energy for the K-shell of calcium (Z = 20) is only 
about 4  keV. The average atom in the soft tissue of the 
body has an approximate K-shell binding energy of only 
0.5 keV. Therefore, the higher the atomic number of an 
element, the more energy will be required to remove a 
K-shell electron from the atom.

Because electrons that are farther from the nucleus 
are not bound as tightly, they require less energy to remove 
them from their orbit. Therefore, they possess a greater total 
energy. Electrons that are closer to the nucleus are bound 
more tightly and require more energy to remove them from 

 X-RAY INTERACTION WITH  
MATTER

When an x-ray beam passes through matter, it undergoes 
a process called attenuation. Attenuation is the reduction 
in the number of x-ray photons in the beam, and subse-
quent loss of energy, as the beam passes through matter 
(Figure 13-1).

Attenuation is the result of x-ray photons interacting 
with matter and losing energy through these interactions. 
Although some photons will pass through matter and 
not interact, an x-ray photon can interact with the whole 
atom, an orbital electron, or directly with the nucleus. 
This will depend on the energy of the photon. Low-energy 
photons are most likely to interact with the whole 
atom, intermediate-energy photons generally interact with 
orbital electrons, and very-high-energy photons, such as 
those used for radiation therapy, are capable of interact-
ing with the nucleus. In the diagnostic x-ray range, the 
interactions are most commonly with orbital electrons.

To fully understand x-ray interactions with matter, it 
is important to recall the structure of the atom. The center 

1 cm
2 cm

Surface

Incident x-rays

3 cm
4 cm
5 cm
6 cm
7 cm
8 cm
9 cm

10 cm

FIGURE 13-1.  An x-ray beam undergoes attenuation as it passes through matter.
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ionized atom, because of the missing inner-shell electron, 
and an ejected electron, called a photoelectron. The photo-
electron travels with kinetic energy, which is equal to the 
difference between the incident photon and the binding 

their position. If a free (unbound) electron is assumed to 
possess a total energy (ability to do work) of zero, then a 
bound electron would have a total energy of zero minus the 
binding energy. The farther an electron is from the nucleus, 
the higher the total energy of the electron will be. This 
means that K-shell electrons possess less (more negative) 
total energy than outer-shell electrons. As a result, when an 
outer-shell electron moves into an inner shell, it will release 
energy equal to the difference between the binding energies 
of the two shells.

Electrons in the K-shell have the lowest energy total 
with the highest binding energy, and with each successive 
shell, total electron energies increase and binding ener-
gies decrease. These concepts are particularly important 
to the understanding of x-ray interactions with matter.

There are five basic interactions between x-rays and 
matter:

 1. Photoelectric absorption

 2. Coherent scattering

 3. Compton scattering

 4. Pair production

 5. Photodisintegration

With each of these interactions, the x-ray photons either 
interact and change direction, a process called scattering, 
or are absorbed by the atom. When a photon is absorbed, 
all of the energy of the photon is transferred to the matter 
and the photon no longer exists. If a photon interacts and 
scatters, the photon still exists but usually possesses less 
energy than before the interaction. Partial energy from 
the photon is transferred to the matter during the interac-
tion and the lower-energy photon then continues along its 
new path until again it either interacts and scatters or is 
absorbed. One photon may scatter several times before it 
is finally absorbed completely by the matter. The likeli-
hood of one interaction occurring over another varies, 
depending on the incident photon’s energy and the atomic 
number of the matter. Certain interactions, pair produc-
tion and photodisintegration, for example, occur only at 
very high photon energy ranges, while coherent scatter is 
most predominant in very low photon energy ranges.

PHOTOELECTRIC ABSORPTION

The photoelectric absorption results when an x-ray photon 
interacts with an inner-shell electron. This interaction is 
most likely to occur when the incident x-ray photon pos-
sesses a slightly greater energy than the binding energy of 
the electrons in the inner (K or L) shells. The incident pho-
ton ejects the electron from its inner shell and is totally 
absorbed in the interaction (Figure 13-2). The result is an 
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FIGURE 13-2.  The photoelectric absorption interaction.
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energy of the inner-shell electron. This is mathematically 
expressed in the equation:

 E
i
 = E

b
 + E

ke

where: E
i
 = energy of the incident photon

 E
b
 = binding energy of the electron

 E
ke

 = kinetic energy of the photoelectron

The incident photon needs an energy that is slightly 
greater than the binding energy of the electron for the inter-
action to occur. Because most of the atoms of the body are 
elements with a very low atomic number, the binding ener-
gies of the K-shell electrons are very low. For example, the 
K-shell binding energy for carbon is approximately 0.28 keV 
and oxygen is 0.53 keV. The K-shell binding energies of ele-
ments that are important in diagnostic radiology are listed 
in Table  13-1. Most photoelectric interactions in the body 
result in the majority of the incident photon energy being 
given to the kinetic energy of the photoelectron. The pho-
toelectron is matter, not just energy, and, therefore, will not 
travel far. It is usually absorbed within 1–2 mm in soft tissue. 
Despite the localized absorption, this is still a significant 
way in which x-ray energy can create biological changes.

The ionized atom is in an unstable state with an 
inner-shell electron missing. The vacancy is instantly 
filled by an electron from the L-shell or, less commonly, 
from an M-shell or free electron. In the vast majority of 
cases, the electron transfers from an outer shell to an 
inner shell and, as it does, it releases energy in the form 
of a characteristic photon, known as secondary radiation. 
This secondary radiation is produced in the same man-
ner as characteristic radiation is produced at the x-ray 
target—electron transfer from one shell to another. 
When it is created at the x-ray target, it is consid-
ered primary radiation. When characteristic radiation 

is produced in irradiated matter outside of the x-ray 
target, it is termed secondary radiation. Remember that 
outer-shell electrons possess a higher energy level than 
inner-shell electrons. Therefore, when an outer-shell 
electron moves into an inner shell, it has excess energy 
to release. This electron transfer process continues from 
shell to shell until the atom returns to a normal state and 
is no longer a positive ion. This process of each shell 
filling lower shells with a corresponding emission of 
photons is called a characteristic cascade. The energy 
of each photon of a characteristic cascade will be char-
acteristic of the difference in energy in the two shells 
between which it dropped.

Because of the predominance of low-atomic-number 
elements comprising the human body, the secondary radia-
tion produced is of extremely low energy, and is, therefore, 
often absorbed in the body. Secondary radiation energies 
are significantly higher for elements such as iodine and 
barium, which are commonly used as contrast agents in 
radiology.

There are three basic rules that govern the possibility 
of a photoelectric interaction:

 1. The incident x-ray photon energy must be greater 
than the binding energy of the inner-shell electron. 
A 30-keV x-ray photon will not be able to remove the 
K-shell electron from an atom of iodine, which has a 
binding energy of 33.2  keV, or barium, which has a 
binding energy of 37.4 keV.

 2. A photoelectric interaction is more likely to occur 
when the x-ray photon energy and the electron bind-
ing energy are nearer to one another. Of course, the 
x-ray photon energy must always be greater, but a 
40-keV photon is more likely to interact by way of the 
photoelectric effect with an atom of iodine (K-shell 
E

b
 5 33.2 keV) or barium (K-shell E

b
 5 37.4 keV) than 

would a 100-keV x-ray photon. As photon energy 
increases, the chance of a photoelectric interaction 
decreases dramatically. The actual relationship is 
expressed as an inverse proportion to approximately 
the third power of the photon energy (photoelec-
tric effect 5 1/[energy]3). A significant change is, 
therefore, seen in the percentage of photoelectric 
interactions that will occur when using low-kVp 
techniques versus high-kVp techniques. Table  13-2 
demonstrates that at 50 kVp, the percent of photon 
interactions that undergo photoelectric absorption 
is 50.45 percent, with scatter interactions occurring 
at 49.55  percent. As the kVp increases, the percent 
of photon interactions by photoelectric absorption 
decreases. At 130  kVp, photoelectric absorption 
accounts for only 24.78  percent of the interactions 
with matter. These concepts become very important 
to the radiographer when establishing appropriate 
technical factors for specific body tissues.

 TABLE  13-1.  K-Shell Binding Energies of 
Radiologically Significant Elements

   Atomic K-Shell Binding
 Atom Number Energies (keV)

Hydrogen 1 0.016

Carbon 6 0.284

Oxygen 8 0.53

Aluminum 13 1.56

Calcium 20 4.04

Molybdenum 42 20.0

Iodine 53 33.2

Barium 56 37.4

Tungsten 74 69.5

Lead 82 88.0
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two types of coherent scattering: Thomson scattering and 
Rayleigh scattering. Thomson scattering involves a single 
electron in the interaction, whereas Rayleigh scattering 
involves all of the electrons of the atom in the interaction. 
Both types have the same basic interaction results.

When a very-low-energy photon, below approxi-
mately 10 keV, interacts with the electron(s) in an atom, it 
may cause the electron(s) to vibrate at the same frequency 
as the incident photon. The vibrating or excited atom 
immediately releases this excess energy by producing a 
secondary photon that has the same energy and wave-
length as the incident photon but that travels in a direction 
different from the initial photon (Figure 13-3). The result 
is a scattered photon that possesses the same energy, 
frequency, and wavelength as the initial photon but that 
is traveling in a different direction. Because there is no 
energy transferred in the interaction, the atom is not ion-
ized in the process.

Coherent scattering occurs in a very low x-ray energy 
range, which is generally outside the usual range for diag-
nostic imaging. A very small amount of the scatter radia-
tion reaching the receptor is produced by this process 
and, as a result, this interaction has little significance to 
diagnostic imaging.

COMPTON SCATTERING

Compton scattering occurs when an incident x-ray pho-
ton interacts with a loosely bound outer-shell electron, 
removes the electron from its shell, and then proceeds in 
a different direction as a scattered photon (Figure  13-4). 
This interaction was described by the American Nobel 

 3. A photoelectric interaction is more likely to occur 
with an electron that is more tightly bound in its 
orbit. Binding energies of the electrons are greater 
in high-atomic-number elements than in low-atomic-
number elements. In addition, inner-shell electrons 
have higher binding energies than outer-shell electrons 
in a given atom. With low-atomic-number elements, 
most interactions will occur with the K-shell electron. 
Because high-atomic-number elements bind their 
electrons more tightly, interactions will occur with the 
K-, L-, and M-shells. In fact, the incident x-ray photon 
often does not possess sufficient energy to remove a 
K-shell electron. For example, the K-shell binding energy 
for lead is 88 keV. X-ray photons below this level are 
incapable of removing the K-shell electrons but can be 
absorbed through photoelectric interactions with L- or 
M-shell electrons. The probability of a photoelectric 
interaction increases dramatically as the atomic 
number increases. The relationship is approximately 
proportional to the third power of the atomic number 
(photoelectric effect 5 [atomic number]3). Because 
bone has an effective atomic number that is higher 
than that of soft tissue, photoelectric interactions are 
more likely to occur in bone than in soft tissue. It is for 
this reason that radiography is so spectacularly useful 
in demonstrating the bones of the body.

COHERENT SCATTERING

The coherent scatter is an interaction that occurs between 
very-low-energy x-ray photons and matter. It is also called 
classical scatter or unmodified scatter. There are actually 

 TABLE  13-2.  Percentage of Photon Interactions, Attenuation, and Transmission Characteristics in Soft Tissue 
Based on Effective Photon Energies

 kVp 50 70 80 90 110 130

HVL (mm Al) 1.59 2.11 2.35 2.60 3.12 3.67

Mean Photon Energy (keV) 31.3 40.0 41.1 44.2 49.7 54.5

Effective Photon Energy (keV) 27.0 30.0 31.0 33.0 35.0 38.0

% of Photon Interactions by
—Scattering (with coherent) 49.55% 62.70% 63.95% 66.70% 69.77% 75.22%
—Photoelectric 50.45% 37.30% 36.05% 33.30% 30.23% 24.78%

% Attenuation
  5-cm Tissue 91.45% 84.28% 83.45% 81.67% 79.70% 76.34%
 10-cm Tissue 99.27% 97.53% 97.26% 96.64% 95.88% 94.40%
 15-cm Tissue 99.94% 99.61% 99.55% 99.38% 99.16% 98.67%
 20-cm Tissue 99.99% 99.94% 99.93% 99.89% 99.83% 99.69%

% Transmission
  5-cm Tissue 8.55% 15.72% 16.55% 18.33% 20.30% 23.66%
 10-cm Tissue 0.73% 2.47% 2.74% 3.36% 4.12% 5.60%
 15-cm Tissue 0.06% 0.39% 0.45% 0.62% 0.84% 1.33%
 20-cm Tissue 0.01% 0.06% 0.07% 0.11% 0.17% 0.31%

Courtesy of Raymond P. Rossi, University of Colorado Health Science Center.
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The energy transfer in the Compton effect is math-
ematically expressed in the equation:

 E
i
 5 E

s
 1 E

b
 1 E

ke

where: E
i
 5 energy of the incident photon

 E
s
 5  energy of the Compton scattered photon

 E
b
 5  electron binding energy of the Compton 

electron
 E

ke
 5  kinetic energy given to the Compton 

electron

The incident photon energy is divided between the 
ejected electron and the scattered photon. The scattered 
photon retains most of the energy because little energy 
is needed to eject an outer-shell electron, due to its low 
binding energy. The scattered photon will continue to 
interact with atoms until it is eventually absorbed pho-
toelectrically. The recoil electron is available as a free 
electron to fill a shell hole created by another ionizing 
interaction.

The amount of energy retained by the scattered 
photon is dependent on the initial energy of the photon 
and its angle of deflection from the recoil electron. The 
higher the initial energy of the photon, the greater the 
energy of the scattered photon. Scattered photons can be 
deflected at any angle from the recoil electron, just as a 
cue ball is deflected after it strikes a second ball in a game 
of billiards. At a deflection of 0°, no energy is transferred 
because the photon is proceeding in its original direction. 
As the angle of deflection increases to 180°, more energy 
is imparted to the recoil electron and less energy remains 
with the scattered photon (Figure 13-5).

laureate physicist Arthur H. Compton (1892–1962) in 1922 
and is known as the Compton effect. Part of the energy 
of the incident photon is used to remove the outer-shell 
electron and impart kinetic energy to it. The dislodged 
electron is called a Compton (or recoil) electron. The pho-
ton that exits the atom in a different direction is called a 
Compton scattered photon. It possesses less energy than the 
incident photon and, therefore, has a lower frequency and 
longer wavelength.
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FIGURE 13-3.  The coherent scatter interaction.
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for wearing protective devices, such as lead aprons and 
gloves, and for providing protective shielding for the 
x-ray room. Scatter also adds unwanted exposure to the 
radiographic image. These unwanted exposures, caused 
predominantly by scattered photons and less commonly 
by secondary photons, are called radiation fog. Because 
scatter is coming from all directions, the scattered 
photons that strike the image receptor place an expo-
sure on the receptor that is unrelated to the patient’s 
anatomy. Radiographic grids are devices designed to 
remove unwanted scatter and improve radiographic 
image quality.

PAIR PRODUCTION

In a pair production interaction, the energy of the x-ray pho-
ton is converted to matter in the form of two electrons. For 
this interaction to occur, a very-high-energy photon with 

When a scattered photon is deflected back toward 
the source, it is traveling in the direction opposite to the 
incident photon. These photons are called backscatter  
radiation. Most photons will scatter in a more forward direc-
tion, especially when incident photon energy increases.

In Figure  13-5, the innermost ring represents the 
highest energy level and the scattered photons are all 
deflected in a forward direction. The third inner ring 
represents a typical x-ray exposure with an average effec-
tive photon energy of 50  keV.  Although small numbers 
of photons are undergoing backscatter, the majority of 
the scatter is projected in a forward direction toward 
the image receptor. For this reason, scatter has a serious 
impact on image quality.

Scattered Compton photons possess an energy high 
enough to create a radiation hazard and to impair image 
quality. Scatter radiation emitted from the patient is the 
primary cause of occupational radiation exposure to 
the radiographer and is, therefore, the primary reason 

Angle of 
scattering
(degrees)

Incident 

Photon

A = coherent scatter
B = 0.05 MeV (50 KeV) Compton
C = 0.5 MeV (500 KeV) Compton
D = 2.0 MeV (2000 KeV) Compton
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FIGURE 13-5.  The distribution of photons in Compton scatter, along with various angles of deflection.
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photon strikes the nucleus and all of its energy is absorbed 
by the nucleus, thereby exciting it. The excited nucleus 
responds by emitting a nuclear fragment (Figure  13-7). 
Because of the high-energy level needed to cause this 
interaction, it is not relevant to diagnostic imaging.

 EFFECT ON TECHNICAL  
FACTOR SELECTION

Of the five interactions between x-ray and matter, only 
two interactions have a significant impact on an x-ray 
image. These two interactions, photoelectric absorption 
and Compton scattering, must be considered by the radiog-
rapher when technical factors are selected.

It is important to remember that in the diagnostic 
x-ray range the majority of the x-ray beam is attenuated 
and only a small percentage of photons exit to create the 
image. Refer to Table 13-2. For a 10-cm tissue exposed at 
50 kVp, 99.27 percent of the beam will be attenuated and 
0.73  percent of the beam will be transmitted to interact 
with the image receptor. At 130  kVp, the same 10-cm 
tissue will attenuate only 94.40 percent of the beam and 
5.60 percent of the beam will be transmitted. Obviously, 
it would be necessary to reduce the overall number of 
photons (mAs) when the kVp is increased, if the radiog-
rapher wants to maintain the same exit dose to the image 
receptor.

an energy of at least 1.02 MeV is required. This is because 
the energy equivalent of the mass of one electron at rest 
is equal to 0.51 MeV. During this interaction, a high-energy 
incident photon comes close to the strong nuclear field and 
loses all its energy in the interaction. This energy is used 
to create a pair of electrons, one with a negative charge, a 
negatron, and the other with a positive charge, a positron 
(Figure  13-6). Be ca use a negative electron is common in 
nature, it is quickly absorbed by other nearby atoms. A posi-
tron, because of its unique configuration, with some of the 
characteristics of a proton, is extremely volatile. It comes to 
rest and combines with a negative electron nearly instanta-
neously. When these two particles combine, they disappear 
and give rise to two photons moving in opposite directions 
and each possessing energies of 0.51 MeV. This process is 
called the annihilation reaction because matter is being con-
verted back to energy. Pair production requires a minimum 
incident photon energy of 1.02 MeV but doesn’t become a 
significant interaction until approximately 10  MeV. There-
fore, it does not occur in the diagnostic x-ray imaging range.

PHOTODISINTEGRATION

The photodisintegration is an interaction between an 
extremely high-energy photon, above approximately 
10 MeV, and the nucleus. In this interaction, the high-energy 
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and the soft tissues are responsible for creating the visible 
radiographic image.

Figure  13-8 shows the percent attenuation by pho-
toelectric absorption on the scale on the left, and the 
percent attenuation by Compton scatter on the scale on 
the right. In the diagnostic x-ray range, for bone and soft 
tissue, photoelectric absorption predominates at lower 
energies and then Compton scatter begins to predomi-
nate. For high-atomic-number materials, such as sodium 
iodine (NaI), barium, and lead, photoelectric absorption is 
the predominant if not exclusive interaction. For this rea-
son, as stated, iodine and barium serve as useful contrast 
agents and lead serves as a useful material for radiation 
protection.

When just comparing body tissues, in soft tissue 
(water), interactions are about 50/50 photoelectric absorp-
tion versus Compton at approximately 26  keV. In bone, 
interactions are about 50/50 photoelectric absorption 
versus Compton at approximately 45 keV (Figure 13-9).

When the photoelectric effect is more prevalent, 
the resulting radiographic image will possess high con-
trast. High-contrast images have great differences in IR 
exposure levels with fewer gray shades in between. This 
high contrast is the result of the complete absorption of 
the incident photons without the creation of undesirable 
scatter to fog the image. High-contrast images can be 
created by selecting low-kVp/high-mAs technical factors 
and through the introduction of contrast agents. In both 
of these instances, the photoelectric effect will be more 
predominant. Remember that as the percentage of photo-
electric interactions increases, so does the absorption of 

As kVp increases, the total number of photons that are 
transmitted without interaction increases. This means that 
the probability of photoelectric and Compton interactions 
decreases with increasing kVp. A shift does occur, however, 
in the percentages of photoelectric versus Compton interac-
tions with increased kVp. The percentage of photoelectric 
interactions decreases with increased kVp and the percent-
age of Compton interactions increases with increased kVp. 
As a result, as kVp increases, there is an increased percent-
age of scatter and a decreased percentage of absorption 
of the attenuated beam. For example, in Table 13-2, for a 
5-cm tissue exposed at 50 kVp, 91.45 percent of the beam is 
attenuated and 8.55 percent is transmitted. At 130 kVp, the 
same 5-cm tissue will attenuate only 76.34  percent of the 
beam and 23.66 percent will be transmitted. At 50 kVp, of 
the 91.45 percent that was attenuated, 50.45 percent of the 
interactions were photoelectric absorption and 49.55  per-
cent were scatter. At 130 kVp, the overall percent of attenu-
ation decreases (76.34 percent), but most of the interactions 
are now scatter interactions (75.22 percent) instead of pho-
toelectric absorption (24.78 percent).

In the human body, Compton scattering is the pre-
dominant interaction through most of the diagnostic x-ray 
range. Photoelectric interactions predominate in two cir-
cumstances: (1) In the lower-energy ranges (25–45 keV) 
produced by 40–70 kVp, and (2) when high-atomic-num-
ber elements are introduced, such as the contrast agents 
iodine and barium. Iodine and barium serve as useful 
contrast agents because they absorb a greater percentage 
of the photons through photoelectric interactions. These 
differences in absorption between the contrast agents 

e– 

e– 

e– 

e– 

e– 

e– 
e– 

e– 

e– 

e– 
e– 

e– 

e– 

e– 

e– 
e– 

e– 

Incident 

photon

Nuclear 
fragment

λ

e– 

FIGURE 13-7.  The photodisintegration interaction.
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Low-contrast images have very small differences between 
IR exposure levels, with more gray shades in between. 
Low-contrast images can be created by using high-
kVp/low-mAs techniques because Compton interactions 
predominate as kVp increases. Scatter from Compton 
interactions is a significant cause of the lower-contrast 
images. However, low-contrast, high-kVp/low-mAs tech-
niques tend to reduce patient dose.

radiation by the patient. This increases the likelihood of 
biological effects. Therefore, high-contrast, low-kVp/high-
mAs techniques tend to result in higher patient doses. It 
is important to note that with digital imaging systems, 
histogram and look-up table (LUT) will affect the final 
image contrast that is displayed.

When Compton interactions prevail, the result-
ing radiographic image will possess lower contrast. 
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FIGURE 13-9.  The relative percentages of photoelectric absorption and Compton scatter in water and bone.
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SUMMARY

As an x-ray beam passes through matter, it undergoes 
attenuation, which is the reduction in the number of 

x-ray photons in the beam as it passes through a given thick-
ness of matter. Attenuation is the result of x-rays interacting 
with matter by way of one of five types of interactions.

The five basic interactions between x-ray and matter 
are photoelectric absorption, coherent scattering, Compton 
scattering, pair production, and photodisintegration. Only 
two interactions are significant within the diagnostic range 
of x-rays. These are photoelectric absorption and Compton 
scattering. Photoelectric absorption results when an x-ray 
photon interacts with an inner-shell electron. The incident 
photon is completely absorbed by the ejection of the elec-
tron, which then possesses kinetic energy and is called 
a photoelectron. The atom is ionized in the process and 
extremely unstable. The void in the inner shell is filled by 
the transfer of an electron from an outer shell. As the elec-
tron moves into the inner shell, it releases a photon, which 
is characteristic for a given atom. Characteristic photons 

created in irradiated material by way of the photoelectric 
effect are called secondary radiation.

Compton scattering is an interaction between an x-ray 
photon and an outer-shell electron. The incident photon 
ejects the outer-shell electron (Compton or recoil electron). 
The incident photon loses energy and as a result changes 
direction or scatters. The scattered photons have sufficient 
energy to interact again and again. Scatter radiation is the 
reason for wearing radiation protection devices and for 
shielding x-ray rooms. Scatter also adds unwanted expo-
sures to the receptor, which impairs image quality.

Image contrast is affected by the most predominant 
x-ray interaction. High-contrast images will result when 
the photoelectric effect is prevalent, and low-contrast 
images will result when Compton scatter is more common. 
In addition, patient dose is increased when photoelectric 
interactions prevail. As kVp increases, more photons are 
transmitted without interaction, and patient dose decreases 
as a result. ◾

 REVIEW QUESTIONS

 1. Define attenuation.

 2. Describe the photoelectric absorption interaction.

 3. Describe the coherent scatter interaction.

 4. Describe the Compton scatter interaction.

 5. What is backscatter?

 6. What are the two interactions that have a significant 
impact on the radiographic image?

 7. What type of radiographic contrast will result if the 
prevalent interaction is photoelectric absorption?

 8. What type of radiographic contrast will result if the 
prevalent interaction is Compton scatter?

 9. How do changes in technical factor selections impact 
x-ray interactions?
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Explain the relationship of entrance skin exposure to other 
measurement points.

◾ Calculate mR/mAs from a calibration exposure total.

◾ Calculate total entrance skin exposure when given subject part 
thickness, SID, kVp, mAs, and an mR/mAs chart.

◾ Describe typical entrance skin exposures for common radiographic 
procedures.

◾ Discuss methods of reducing patient dose through effective 
communication.

◾ Describe various methods of reducing patient dose through effective 
positioning.

◾ Explain the interrelationship of the prime factors.

◾ Evaluate various exposure factors for the most effective methods of 
reducing patient dose under various clinical conditions.

◾ Describe an effective method of minimizing patient dose by considering 
radiation risk factors.

◾ Describe an effective method of maximizing patient diagnostic 
information by emphasizing radiation benefit factors.

◾ Analyze various approaches to discussing radiation risk versus benefit 
with patients, physicians, and radiologists.

I became acquainted very early with the destructive effect of roentgen rays 

upon living tissue. In fact, it was only a few months after the announcement 

of Röntgen’s discovery that I required medical care for a roentgen burn 

covering most of the back of one hand.

W. D. Coolidge, “Experiences with the Roentgen-ray tube”

KEY TERMS

approximate entrance skin

exposure

entrance skin exposure

Minimizing Patient 
Exposure 

C H A P T E R  14
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Location

Minimum SOD

SID 

Exiting collimator

Entrance to skin

Entrance to organ
of interest

Exit skin

Exit table

Exit grid

Exit IR

247 mR

21.4 mR

9.5 mR

6.6 mR

1.9 mR

0.7 mR

22-cm Abdomen

14˝ x 17˝ Primary beam field

80 kVp, 40 mAs, 40˝ SID

8:1, 80 LPI grid

1,727 mR

Exposure

SOD of
area
of interest

FIGURE 14-1.  Exposures at various locations in the imaging process.

CHOOSING EXPOSURE FACTORS

A predominant concern of radiographers is how to reduce 
the radiation dose to the patient. This concern is reflected 
in every decision made, especially when choosing expo-
sure factors. The conscientious radiographer can reduce 
the patient dose by at least 50  percent, and sometimes 
more, in most examinations, by choosing appropriate 
exposure factors.

Although exposure and dose are often used inter-
changeably, exposure (roentgen) refers to radiation 
intensity in air, whereas dose (rad) is a measure of the 
radiation absorbed as a result of a radiation exposure. 
Dose is used to identify the irradiation of patients. Expo-
sure (R) is used to calculate entrance skin exposure 
(ESE) in irradiated patients. Patient dose is usually esti-
mated by conducting phantom experiments.

One of the most important characteristics of the 
professional is the ability to decide when it is appro-
priate to tip the radiation benefit versus risk issue in 
favor of the risk, by reducing the patient dose while 
compromising the diagnostic quality of the image, and 
when to tip the issue in favor of the benefit by increas-
ing the patient dose, while maintaining the diagnostic 
quality of the image. There are circumstances that dic-
tate when each choice should be made, and this chapter 

attempts to lay the foundation necessary to make these 
decisions.

 ESTIMATING APPROXIMATE 
ENTRANCE SKIN EXPOSURE

Figure  14-1 illustrates a typical radiographic examination 
with the exposure indicated at various points. It is obvious 
that the maximum exposure received by the patient is not 
at the area of interest but at the skin entrance to the body. 
This is known as the entrance skin exposure and is calcu-
lated at the minimum SOD. Note that the minimum SOD 
is not equal to the SOD of the area of interest and that the 
entrance skin receives a greater exposure. Although radio-
biologists and physicists often discuss organ doses and 
gonadal doses, the entrance skin exposure is the most com-
mon expression to approximate patient exposure because 
it is safer to assume a maximum effect when attempting to 
minimize exposure to ionizing radiation.

Diagnostic Radiography  
mR/mAs Charts
Exposure to patients can be estimated by recording mR/
mAs when the x-ray unit is calibrated. This is calculated 
by recording a reading for any average exposure and then 
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dividing the reading in mR by the total mAs used. The 
expression mR/mAs represents the formula itself. The 
mR/mAs measurements are usually recorded for an SID 
of 40 (100 cm). To estimate the entrance skin exposure, 
the inverse square law must be applied to determine the 
exposure for the source-to-entrance skin distance.

The mR/mAs readings vary according to the kVp 
used, with higher kVp producing greater mR/mAs. Con-
sequently, mR/mAs readings should be recorded for each 
kVp range within the normal expectations of the unit. A 
typical mR/mAs chart is shown in Table 14-1.

A quick estimate of entrance skin exposure can be 
made from this chart, as shown in the following example.

 TABLE  14-1. A Typical mR/mAs Chart

SID 5 40 (100 cm)

kVp mR/mAs

50 0.9

60 1.7

70 2.5

80 3.5

90 4.5

100 5.6

110 6.9

120 7.9

EXAMPLE: What is the approximate entrance skin 
exposure for a 20-cm AP abdomen produced at 80 kVp 
and 20 mAs on the unit for the chart in Table 14-1?

Answer: Table  14-1 indicates that 80  kVp 5 
3.5  mR/mAs. The exposure required 20  mAs, so the 
exposure at 100 cm 5 3.5 mR/mAs 3 20 mAs and the 
exposure at 100 cm 5 70.0 mR.

SID 5 SOD 1 OID

100 cm 5 SOD 1 20 cm

SOD 5 100 cm 2 20 cm

SOD 5 80 cm

mR

mR
SOD
SID

2

2
1

2

�

70

2

  (

(

mR
mR

80 cm)

100 cm)

2

2
�

70

2

2

2

 mR
mR

6,400 cm
10,000 cm

�

mR2 3 6,400 cm2 5 70 mR 3 10,000 cm2

mR
mR 10,000 cm

6,400 cm2

2

2

70
�

� 

mR2

700 000
6 400

�
,

,
mR2 5 109.4 mR

EXAMPLE: What is the total approximate entrance 
skin exposure for an intravenous pyelogram of a 
24-cm abdomen if an AP preliminary scout; 5-min AP; 
10-min AP, RPO, and LPO; 15-min PA; and 30-min AP 
radiographs of the abdomen were produced at 70 kVp 
and 15 mAs on the unit for the chart in Table 14-1?

Answer: Table  14-1 indicates that 70  kVp 5 
2.5 mR/mAs. Each exposure required 15 mAs, so the 
approximate entrance skin exposure 5 2.5  mR/mAs 
3 15 mAs and the approximate entrance skin expo-
sure 5 37.5 mR per exposure; 37.5 per exposure 3  
7 exposures 5 262.5 mR 5 0.2625 R.

SID 5 SOD 1 OID

100 cm 5 SOD 1 24 cm

SOD 5 100 cm – 24 cm

SOD 5 76 cm

mR

mR
SOD
SID

2

2
1

2

�

262 5

2

.   (

(

mR
mR

76 cm)

100 cm)

2

2
�

262 5

2

2

2

.  mR
mR

5,776 cm
10,000 cm

�

mR2 3 5,776 cm2 5 262.5 mR 3 10,000 cm2

mR
mR 10,000 cm
5,776 cm2

2

2

262 5
�

�.  

mR2

2 625 000
5 776

�
, ,

,
mR2 5 454.5 mR

Fluoroscopic R/min Charts
Approximate entrance skin exposure for fluoroscopic 
equipment is measured in R/min. Estimation of approxi-
mate entrance skin exposure is calculated in the same 
manner.
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 TYPICAL ENTRANCE SKIN 
EXPOSURE

Numerous studies have been done regarding the exposure 
delivered to patients during diagnostic radiographic exami-
nations. Diagnostic radiography is by far the greatest source 
of ionizing  radiation exposure for the public. It is estimated 
that 15 percent of the radiation exposure received by the 
general public is a result of diagnostic radiographic exami-
nations. Table  14-2 shows the average patient exposure 
guides for entrance skin exposure as published by the Con-
ference of Radiation Control Program Directors. Within an 
acceptance range of ±20 percent, this guide is considered 
to be the standard for current practice in the United States.

Radiography of the lumbar spine, pelvis, and hip has 
the highest ESEs. These examinations deserve special 
attention from radiographers because careful consider-
ation of the need for the examination, positioning, patient 
instructions, technical factors, and shielding can result in 
significant reduction in the total dose to the patient.

Flouroscopic systems in the United States are 
under a limit set by the Food and Drug Administration 
(FDA) for entrance exposure (kerma in the SI system) 
at 10 centigrays per minute (10  cGy/min), which is 
11.5  R/min. High-level control mode fluoroscopy is 
limited to an entrance exposure (kerma) of 20 cGy/min, 
which is 23 R/min.

 REDUCING PATIENT DOSE WITH 
COMMUNICATION

Radiographers often overlook the importance of gain-
ing the trust and confidence of the patient. This is 
accomplished by a professional approach that includes 
technical competence, empathy for the patient, and 
effective communication and questioning skills. When 
the patient has confidence in the radiographer, there 
is a higher probability that detailed instructions will be 
followed, which helps to reduce motion and degradation 
of positioning.

 REDUCING PATIENT DOSE WITH 
POSITIONING

An effective method of reducing patient dose is through 
accurate and effective positioning. Avoidance of repeated 
exposures far outweighs all other methods. However, 
once positioning skills have been developed to a degree 
of competence, several positioning details may further 
reduce the total dose.

EXAMPLE:  What is the approximate  entrance 
skin exposure for a fluoroscopic examination of the ab-
domen performed for 5.5 min at 110 kVp at 1.7 R/min?

Answer:  The exposure required 5.5 min, so the 
approximate entrance skin exposure 5 1.7 R/min 3 
5.5 min and the approximate entrance skin exposure 
5 9.35 R 5 9,350 mR.

EXAMPLE: What is the total approximate entrance 
skin exposure for a fluoroscopic examination of an 18-cm 
abdomen performed for 7  min and 45  sec at 110  kVp 
at 1.7  R/min and then followed by an AP at 10  mAs, 
left lateral at 25  mAs, and LPO projection at 20  mAs 
of the stomach at 120 kVp on the unit for the chart in 
Table 14-1?

Answer: The exposure required 7.75 min, so the 
approximate entrance skin exposure 5 1.7 R/min 3 
7.75 min and the approximate entrance skin exposure 
5 13.175  R 5 13,175  mR. The total mAs for the 
three projections 5 10 mAs 1 25 mAs 1 20 mAs 5 
55 mAs. Table 14-1 indicates that 120 kVp 5 7.9 mR/
mAs, so the approximate entrance skin exposure 5 
7.9 mR/mAs 3 55 mAs and the approximate entrance 
skin exposure 5 434.5 mR; 13,175 fluoro mR 1 434.5 
diagnostic mR 5 13,609.5 mR 5 13.61 R.

SID 5 SOD 1 OID

100 cm 5 SOD 1 18 cm

SOD 5 100 cm – 18 cm

SOD 5 82 cm

mR

mR
SOD
SID

2

2
1

2

�

13 609 5

2

, .   (
(

mR
mR

82 cm)
100 cm)

2

2�

13 609 5

2

2

2

, .  mR
mR

6,724 cm
10,000 cm

�

mR2 3 6,724 cm2 5 13,609.5 mR 3 10,000 cm2

mR
mR 10,000 cm

6,724 cm2

2

2

13 609 5
�

�, .  

mR2

136 095 000
6 724

�
, ,
,

mR2 5 20,240 5 20.24 R

11067_ch14_hr_181-193.indd   184 7/25/18   5:54 PM



CHAPTER 14 Minimizing Patient Exposure   185

tissue density through compression both contribute to a 
reduction of patient dose.

 REDUCING PATIENT DOSE  
WITH TECHNICAL FACTORS

The radiographer can significantly reduce the approxi-
mate entrance skin exposure to the patient by judicious 
selection of technique exposure factors. Studies have 
shown that over 50  percent of repeated exposures 
are the result of improper technical factor selection. 
Table 14-3 illustrates the effect each of the major techni-
cal factors has on patient dose. In most instances, when 
a technical factor is varied, other factors will be modi-
fied to maintain image receptor exposure. Therefore, 
the important information is not the direct result of the 
technical factor change, but the result of compensation 
to maintain image receptor exposure or other compo-
nents of image quality.

Radiographic Projection
Some organs are especially sensitive to the effects of 
radiation, for example, the thyroid, the female breast, the 
kidneys, and the lens of the eye. Increased recorded detail 
and decreased distortion result when the area of interest 
is placed as close to the image receptor as possible. In 
most instances, a significant reduction in the total dose is 
achieved because this positioning also places the organ as 
far from the entrance exposure as possible. For example, 
a PA chest reduces the dose to the breast, an AP abdomen 
reduces the dose to the kidneys, and a PA skull reduces 
the dose to the lens of the eye. Deviation from these pro-
jections should occur only when unusual circumstances 
dictate an alternate projection.

Immobilization
Proper immobilization is a necessary part of achieving 
satisfactory recorded detail and diminishing the need for 
repeat exposures. Elimination of motion and decreased 

 TABLE  14-2.  Medical ESE Values for Selected Radiographic Exams

  Patient Thickness  SID Median ESE 3rd Quartile ESE 
Projection (cm) Grid (cm) (mR) (mR)

Chest (PA) 23 No 183   9  13
  23 Yes 183  13  18

Pediatric chest (PA) 15-month-old/ No    4   5
  11-kg infant Yes    8  10

Pediatric chest (AP) 15-month-old/ No    5   9
  11-kg infant Yes    8  14

Abdomen (AP) 23 Yes 102 271 396

Lumbar spine (AP) 23 Yes 102 342 477

Full spine (AP) 23 Yes 183 260 (200 Speed)
    145 (400 Speed)

Cervical spine (AP) 13 Yes 102 135 (200 Speed)
    95 (400 Speed)

Skull (Lat) 15 Yes 102 145 (200 Speed)
     70 (400 Speed)

NOTES:

•	 Patient	thickness	corresponds	to	the	dimensions	of	the	average	adult	patient	as	clinically	validated	by	the	NEXT	program.
•	 All	measurements	were	made	in	air,	without	backscatter.
•	 The	ESE	values	may	be	converted	to	entrance	air	kerma	(mGy)	by	multiplying	by	0.00876 mGy/mR.
•	 Chest	data	source:	1994	NEXT	Chest	Radiography	Survey.
•	 Pediatric	chest	data	source:	1998	NEXT	Pediatric	Chest	Survey	(preliminary	data).
•	 Abdomen	and	lumbar	spine	data	source:	1995	NEXT	Abdomen	and	Lumbosacral	Spine	Survey	(hospital	data	only).
•	 Full	spine,	cervical	spine,	and	skull	projections	are	based	on	data	for	manual	mode	techniques	only	collected	by	the	H-7	Committee	prior	to	the	1992	edition	of	this	

manual.	ESEs	are	not	necessarily	inversely	proportional	to	imaging	system	speed.
•	 For	the	full	spine	projection,	if	the	facility	used	a	wedge	filter,	the	exposure	was	measured	in	the	center	of	the	x-ray	field	with	the	filter	in	the	beam.

(Reprinted	with	permission	from	Patient Exposure and Dose Guide–2003.	Conference	of	Radiation	Control	Program	Directors,	Inc.,	Frankfort,	KY:	CRCPD	Publication	
E-03-2,	2003.)

Source:	Patient	Experience	and	Dose	Guide	-	2003.	Conference	of	Radiation	Control	Program	Directors,	Inc.,	Frankfort,	KY:	CRCPD	Publication	E-03_2,	2003.
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 TABLE  14-3. Effects of Radiographic Exposure Variables on Patient Dose

Effect of Patient Dose When:
Variable Is Increased but Image Receptor 
Exposure Is Maintained by CompensatingVariable Is Increased 

without CompensationVariable with kVp Only with mAs Only

Kilovoltage 1 NA 2

Milliamperage 1 1 0

Time 1 1 0

Distance

  SID 2 2 0

  SOD 2 2 0

  OID 1 1 1

Focal spot size 0 NA NA

Filtration 2 2 1

Field size 1 varies varies

Gonadal shielding 2 NA NA

Subject part density 1 1 1

Grid ratio 0 1 1

Intensifying screens 0 2 2

Film speed 0 2 2

Film processing

  Developer time 0 2 2

  Developer temperature 0 2 2

  Developer replenishment 0 2 2

Interrelationship of the Prime 
Factors
The radiation intensity from a diagnostic x-ray unit will 
vary in a direct relationship with mAs, directly with the 
square of kVp, and inversely with the square of the dis-
tance. This total relationship is often expressed as:

( )( )mAs kVp
d2

2

At the image receptor, the kVp is more likely to be 
kVp3 or kVp4. Although this formula includes only the 
three primary factors, it is useful to understand that they 
are interrelated and can all be used to influence the total 
dose.

Kilovoltage Range
When kVp is increased without compensating for 
other factors, patient dose is increased. Therefore, a 
decrease in kVp is desired when attempting to reduce 

patient dose. However, when an increase in kVp is 
compensated for by a decrease in mAs to maintain 
image receptor exposure, a significant reduction in 
patient dose is achieved. Selection of the highest pos-
sible kilovoltage consistent with image quality is 
the best method of using exposure factors to reduce 
patient dose. With fixed kilovoltage systems, care 
must be taken to achieve an optimal kVp that is within 
acceptance limits. Because fixed kVp technique sys-
tems tend to utilize higher optimal kVp levels, they 
usually reduce patient entrance skin exposures. A 
comparison of approximate ESE levels with the two 
systems is illustrated in Table 14-4.

Remember that generator phase also has an effect 
on kilovoltage output. Although an increase in the num-
ber of pulses from the generator would seem to increase 
the patient dose because of the increased average 
photon energy, there is actually a substantial decrease 
in patient ESE (from 40 to 60  percent) because of the 
decrease in the percentage of lower-energy photons 
from the x-ray tube. The lower-energy photons tend to 
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Distance
Distance cannot be discussed alone because SID, 
SOD, and OID have differing relationships to patient 
ESE. When SID or SOD is increased, patient ESE 
decreases. One study found a 10  percent decrease 
in patient ESE between an SOD of 40 and 50  inches. 
When kVp is used to compensate for image recep-
tor exposure, the ESE will decrease but the use of 
mAs for compensation will usually increase the total 
ESE. In most instances, when OID decreases, SOD 
increases, and this will reduce patient ESE. This 
holds true regardless of whether kVp or mAs is used 
to compensate for the air-gap technique and exposure 
changes. Because patient ESE decreases when SID 
increases, it is now recommended that 44–48-inch 
distances become standard.

Focal Spot Size
Focal spot size has no appreciable effect on patient dose.

Filtration
An increase in filtration will reduce the ESE, even when 
kVp is compensated to maintain image receptor expo-
sure. However, when mAs is used to compensate for lost 
image receptor exposure, the result is often an increase 
in the total ESE. This applies only to the small filtration 
increases used in diagnostic radiography, usually not 

be absorbed in the body instead of being transmitted 
to the image receptor, thus contributing to patient ESE 
without adding any information to the image receptor. 
This is clearly shown in Figure 14-2.

Milliamperage and Time
When mAs is decreased, patient dose is also 
decreased. When an increase in mAs is compensated 
by a decrease in kVp, patient dose will increase. An 
inverse relationship exists between mAs and kVp in 
maintaining image receptor exposure. To decrease 
patient dose, mAs should be maintained at the lowest 
possible level because there is a direct relationship 
between mAs and exposure. Digital imaging systems 
tend to lower average patient ESE as compared to 
older film-screen based systems. 
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FIGURE 14-2.  The	effect	of	kVp	on	entrance	skin	exposure.	This	graph	clearly	illustrates	that	increased	kVp	causes	photon	energy	to	be	carried	
through	the	object.	

  TABLE  14-4.  Comparison of Approximate  
Entrance Skin Exposures with Fixed 
and Variable kVp Technique Systems

 Variable—56 kVp, 5 mAs 5 12.8 mR 
 Fixed—65 kVp, 2.5 mAs 5 9.5 mR

 Variable—68 kVp, 40 mAs 5 175.1 mR 
     Fixed—80 kVp, 20 mAs 5 135.4 mR

Variable—102 kVp, 20 mAs 5 222.0 mR 
   Fixed—120 kVp, 10 mAs 5 156.3 mR

These	examples	would	produce	equivalent	receptor	exposures.
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more than 0.5-mm Al/Eq. Any significant increase in 
filtration (1.0 mm Al/Eq or more) would have an overall 
ESE reduction effect.

Field Size
When the primary-beam field size decreases, the patient 
dose also decreases. An increased field size will increase 
the total dose even when mAs or kVp is adjusted to com-
pensate for image receptor exposure changes because a 
greater tissue area is irradiated. An increase in the primary 
technical factors is necessary to compensate for lost scat-
ter radiation exposure when the field size is decreased. 
Although this appears to increase dose, the elimination of 
a greater percentage of tissue from the beam is a greater 
protective method than the increased factors. Modern 
x-ray tube collimators utilize two sets of shutters or leaves 
to eliminate most of the off-focus radiation.

Gonad Shielding
Gonad shielding is extremely effective in reducing dose 
to the gonads. There are three major types of gonad 
shields: flat contact, shadow contact, and shaped con-
tact. Flat contact shields are positioned over the gonads 
at the skin surface. Shadow shields are positioned in 
the primary beam immediately below the collimator. 
Shaped contact shields are worn by the patient to sur-
round the gonads. Gonadal shielding is one of the fine 
arts of radiography. The radiographer who is competent 
in the specifics of gonadal anatomy can easily satisfy 
the concerns of the radiologist or supervisor who has 
experienced suboptimal shielding that caused repeated 
exposure to the patient. Properly placed gonadal shields 
significantly reduce patient dose, whereas improp-
erly placed gonadal shields can increase patient dose 
through repeated projections. Consequently, consistent 
gonadal shielding becomes a measure of the competency 
of the radiographer.

Gonadal shields should be used routinely for all 
patients with reproduction capabilities. The only excep-
tion to this rule should be projections that require infor-
mation in the gonadal region. It is critical to locate the 
exact location of the ovaries or testicles prior to using 
gonadal shields. Most projections of the pelvic region do 
not permit the use of gonadal shields. This includes IVU, 
abdominal, colon, and bony pelvic projections. Hip projec-
tions do permit careful gonadal shielding.

Subject Part Density
A decrease in subject part density will decrease scatter pro-
duction and reduce the patient dose. When compensation 

for lost scatter is made by increasing mAs or kVp, a reduc-
tion in total dose holds true.

Grids
Using grids results in an increase in patient dose as 
opposed to non-grid procedures, in order to main-
tain image receptor exposure. When the grid ratio is 
decreased, and exposure is maintained by decreases 
in mAs or kVp, a significant dose reduction can be 
achieved. The use of a grid of unnecessarily high ratio 
causes routine increases in patient dose, as mAs or kVp 
is increased to maintain exposure.

Film-Screen Image Receptor 
Systems

Film. Using higher-speed film results in a decrease in 
patient dose as opposed to slower-speed film. Film lati-
tude becomes wider as speed and contrast decrease. 
Conse  quently, a narrow latitude film is desirable when 
attempting to reduce patient dose. This approach requires 
radiographers to be extremely accurate in selecting techni-
cal factors.

Film Processing. Developer time, temperature, and 
replenishment cannot be effectively increased to reduce 
patient dose. Film processing is a system that must be 
maintained at an optimal level to ensure satisfactory 
image quality. 

Digital Image Receptor  
Systems
With digital image receptor systems, it is still critical to 
provide the digital image receptor with an appropriate 
exposure for a given procedure. Digital image receptors 
can respond to a wide range of exposures, from as low 
as 0.01 mR up to 100 mR. Extremely low and extremely 
high exposures do not produce acceptable image qual-
ity. Most acceptable images can be produced using 
approximately 1-mR exposure to the receptor. Setting 
the appropriate technical factors is the responsibil-
ity of the radiographer. These prime technical factors 
control the exposure to the image receptor. The radiog-
rapher should select the kVp based on the desired con-
trast and adjust mAs to provide the appropriate total 
exposure to the receptor. Because of the wide exposure 
latitude allowed with digital systems, radiographers 
should be especially careful not to use higher exposure 
doses than necessary, even though these exposures 
may produce an acceptable image through the post pro-
cessing parameters.

11067_ch14_hr_181-193.indd   188 7/25/18   5:54 PM



CHAPTER 14 Minimizing Patient Exposure   189

For examinations that are of questionable need, the 
radiographer is within professional rights to inform the 
patient of his or her right to refuse an examination. Under 
no circumstances should this be perceived by the radiog-
rapher as cause to inform the patient that an examination 
is not needed or to give a personal opinion regarding 
medical treatment or diagnosis. The radiographer must 
have an introductory background in medical law in order 
to make judgments of this type. For example, minors, 
persons who have had their civil rights suspended (such 
as persons in the custody of law enforcement officers), 
mentally incompetent persons, and some other categories 
of patients do not have the right to refuse examinations.

The selection of patients for x-ray examinations has 
been the focus of considerable study, particularly when 
the chest, lumbar spine, and skull are involved. Patients 
can be divided into asymptomatic and symptomatic 
groups when determining which should be exposed to 
radiation. Asymptomatic patients should be examined 
only when there is significant cause, after considering 
the incidence and severity of the condition, the detection 
reliability of the examination, and the usefulness of the 
examination in treatment. The most common examples 
of asymptomatic patients are those undergoing screen-
ing procedures. Although mass chest and lumbar spine 
screening are now discouraged, mammography screening 
is encouraged for women of certain age groups. Symptom-
atic patients are more likely to require x-ray examination 
but should fit two major criteria: the examination must 
be capable of providing the desired information, and the 
information, even if negative, is expected to contribute 
to the management of the patient. The radiographer has 
a responsibility to contribute to these criteria whenever 
possible, primarily through history-taking. When circum-
stances that appear to routinely violate these principles 
are encountered, the radiographer should consider with-
drawing from participation in the examinations.

Maximizing Diagnostic  
Information by Emphasizing 
Benefit
While advocating a reduction of patient dose, the radiog-
rapher must simultaneously impress on the patient the 
physician’s primary concern of maximizing diagnostic 
information. This includes establishing credibility with 
the patient by demonstrating competence in answering 
questions, taking a medical history, manipulating the 
x-ray equipment, exhibiting a professional demeanor, and 
myriad other details. Established credibility permits the 
radiographer to convince the patient to follow breathing 
instructions, endure an additional uncomfortable projec-
tion, or permit a repeated exposure.

 DISCUSSING RADIATION RISK VERSUS 
BENEFIT WITH PATIENTS

The radiographer is often in the position of discussing 
radiation risk versus benefit with patients. To the attend-
ing physician, and sometimes even to the radiologist, 
the radiographer must represent the patient’s interest in 
reducing dose. At the same time, the radiographer must 
represent, to the patient, the physician’s interest in maxi-
mizing diagnostic information. 

Minimizing Patient Dose  
by Emphasizing Risk
The patient’s interest in reducing the total dose must 
be represented even when the patient does not express 
such an interest. Some patients even express an opposite 
interest, as often occurs with minor complaints, such as 
lung congestion or a sprained ankle, when the patient 
arrives in the physician’s office, a clinic, or an emergency 
department with a request for an x-ray examination. When 
patients assume this attitude, the physician may prescribe 
an x-ray examination as a placebo. Most medical ethicists 
consider the prescription of a procedure for the purpose of 
deceiving the patient, or a procedure known to be without 
specific efficacy, to be unethical. This includes unneces-
sary radiographic examinations, which are known to be 
potentially detrimental.

In such a situation, the radiographer should perceive 
an obligation to act in such a way as to eliminate the 
request for the examination or at least to reduce the num-
ber of exposures. Through demonstration of professional 
competence, the radio grapher can obtain the stature nec-
essary to permit consultation regarding modification or 
elimination of examination requests.

Part of gaining this type of respect is the ability to 
make well-considered judgments on when to advocate 
reductions in patient dose and when to advocate addi-
tional examinations. These judgments require all the 
radiographer’s knowledge of anatomy, physics, radiation 
biology, positioning, pathology, imaging equipment, and, 
especially, clinical experience. For example, a radiog-
rapher should advocate an additional projection of the 
abdomen when an erect radiograph for an abdominal 
obstruction series fails to demonstrate the top of both 
hemidiaphragms. Conversely, the radiographer is acting 
professionally when advocating the elimination of sepa-
rate wrist projections when both hand and wrist examina-
tions have been requested, but there is visible trauma only 
to the hand, the patient has no complaint of wrist pain, 
and the clinical history does not indicate a high probabil-
ity of referred stress to the wrist joint.
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When a patient requests information about the exact 
dose for a particular examination, the radiographer has an 
obligation to attempt to provide that information. However, 
it is important that the patient have a basic understanding 
that only an approximate entrance skin exposure can be 
provided. The radiographer should inform the patient that 
the entrance skin exposure is the maximum exposure and 
that the actual dose to the area of interest would be signifi-
cantly less.

The Center for Devices and Radiological Health 
of the United States Food and Drug Administration 
has advocated the use of radiation record cards for 
patients. Proposals have been made for credit-card-style 

The benefit of radiographic procedures has been an 
unquestionable aspect of medicine since Röntgen’s dis-
covery in 1895. Although this is generally accepted by the 
public, some patients have a heightened anxiety about 
exposure, and there are periodic increases in publicity 
that cause concern over medical radiation exposures. 
These issues must be addressed by the radiographer as 
the primary professional contact with the patient. The 
radiographer has a responsibility to advocate medically 
necessary examinations and to assure the patient that 
the benefit outweighs the risk.

The primary duty of the radiographer on this issue 
is to provide the patient with sufficient information to 
permit the patient to make an informed decision regard-
ing the examination. This can be a very sensitive topic 
and must be approached in a thorough and professional 
manner. One of the best accepted methods of providing 
this information to the patient is through comparison of 
relative radiation risks. Table 14-5 illustrates comparative 
risks of chest x-ray examinations to other radiation risks 
that are common public knowledge. Another effective 
method of illustrating relative radiation risk is through a 
catalog of risks, such as the extract shown in Table 14-6.

*Due	to	differential	tissue	distributions	and	sensitivities,	such	estimates	are	
intended	to	be	rough	comparisons	(50–100	chest	examinations	will	have	different	
biologic	effects	from	that	resulting	from	100–200	mrads	of	natural	background).
†1	PA	chest	examination	=	5	millirad	average	tissue	dose	in	thorax,	which	
corresponds	to	a	whole-body	equivalent	dose	of	2	millirads.
‡Dependent	on	examination	types	and	techniques.
¶Does	not	properly	account	for	doses	received	in	those	tissues	in	which	the	radio-
nuclide	concentrates.

Source:	Joseph	P.	Whalen	&	Stephen	Balter,	1984,	Radiation	Risks	in	Medical	
Imaging,	Chicago:	Yearbook	Medical	Publishers,	Inc.

 TABLE  14-5.  Gross Comparison of Relative  
Radiation Levels*

Scaled Relative Dose†

Natural background 50–100 chest examinations/
year

Diagnostic radiology 0.1–500 chest examinations/
study‡

Nuclear imaging 50–1,000 chest examina-
tions/study¶

Start of acute  
radiation syndrome

30,000 chest examinations 
in one day

Lethal dose (LD5030) 300,000 chest examinations 
in one day

Radiation therapy (small  
volumes of tissue)

100,000–1,000,000 chest 
examinations in a few weeks

Ultrasound This scale does not apply

NMR This scale does not apply

Source:	Bernard	L.	Cohen	&	I-Sing	Lee,	1979,	“A	Catalog	of	Risks,”	Health	Physics	
36,	707–722.

 TABLE  14-6.  Estimated Loss of Life Expectancy  
due to Various Causes

Lifestyle Estimated Loss in Days

Being unmarried—male 3,500

Cigarette smoking—male 2,250

Being unmarried—female 1,600

Cigarette smoking—female 800

Dangerous job 300

Motor vehicle accidents 207

Alcohol (U.S. average) 130

Accidents at home 95

Average job 74

Radiation job 40

Accidents to pedestrians 37

Safest job 30

Natural radiation 8

Medical x-rays 6

Individual Action Estimated Loss in Minutes

Buying a small car 7,000

Coast-to-coast drive 1,000

Coast-to-coast flight 100

Smoking a cigarette 10

Calorie-rich dessert 50

Non-diet soft drink 15

Diet soft drink 0.15

Crossing a street 0.4

Extra driving 0.4/mile

Not fastening seat belt 0.1/mile

1 mrem of radiation 1.5
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The patient has the right to refuse radiographic 
examination. The radiographer is bound by professional 
duty to respect this right and to advocate it to physi-
cians, including radiologists, if necessary. As long as the 
patient has the right to refuse treatment, proceeding with 
an examination under protest from the patient may place 
the radiographer at risk of malpractice action (usually as 
assault and battery).

cards with magnetic record tapes for running totals of 
approximate entrance skin exposures. There are cur-
rently x-ray units available with printout capability so 
this information can be given to patients upon request. 
As the public becomes more informed about the poten-
tial risks of medical radiation exposure, additional 
developments in this arena can be expected.

SUMMARY

A predominant	concern	of	radiographers	is	how	to	reduce	the	 radiation	 dose	 to	 the	 patient.	 This	 concern	 is	
reflected	 in	 every	 decision	 that	 is	 made,	 especially	 when	
choosing	 technique	 exposure	 factors.	 The	 conscientious	
radiographer	can	reduce	the	patient	entrance	skin	exposure	
by	 at	 least	 50  percent	 in	 most	 examinations	 by	 choosing	
appropriate	exposure	factors.

The	maximum	dose	received	by	the	patient	is	not	at	the	
area	of	interest	but	at	the	skin	entrance	to	the	body.	This	is	
known	 as	 the	 entrance	 skin	 exposure	 and	 is	 calculated	 at	
the	minimum	 SOD.	 Exposure	 to	 patients	 can	 be	 estimated	
by	 recording	 mR/mAs	 when	 the	 x-ray	 unit	 is	 calibrated.	
This	 is	 calculated	 by	 recording	 a	 reading	 for	 any	 average	
exposure	and	 then	dividing	 the	 reading	 in	mR	by	 the	 total	
mAs	 used.	 The	 expression	mR/mAs	 represents	 the	 formula	
itself.	 The	mR/mAs	measurements	 are	 usually	 recorded	 for	
an	SID	of	40	(100 cm).	To	estimate	the	entrance	skin	expo-
sure,	 the	 inverse	square	 law	must	be	applied	 to	determine	

the	 exposure	 for	 the	 source-to-entrance	 skin	 distance.	 For	
fluoroscopy,	 the	 estimated	 exposure	 is	 calculated	 in	 R/min	
instead	of	mR/mAs.

Radiographers	 can	 reduce	 the	 dose	 to	 the	 patient	
through	their	communication	skills,	their	positioning	skills,	
and	through	proper	selection	of	technical	exposure	factors.	
Technical	factors	 include	the	kVp,	mA,	exposure	time,	dis-
tance,	 filtration,	 field	 size,	 gonadal	 shielding,	 subject	 part	
density,	 grids,	 and	 film-screen	 and	 digital	 image	 detector	
systems.

The	 radiographer	 is	often	 in	 the	position	of	discussing	
radiation	risk	versus	benefit	with	patients.	To	the	attending	
physician,	and	sometimes	even	to	the	radiologist,	the	radiog-
rapher	must	represent	the	patient’s	interest	in	reducing	the	
dose.	At	the	same	time,	the	radiographer	must	represent	to	
the	patient	the	physician’s	interest	in	maximizing	diagnostic	
	information.	◾
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 REVIEW QUESTIONS

 1. What is the relationship between entrance skin 
exposure and other measurement points?

 2. What is the mR/mAs for a calibration exposure of 
80 kVp at 40 mAs that produces a total exposure of 
86 mR?

 3. What is the total exposure for a patient measuring 
26 cm when the SID is 40 for an exposure of 70 kVp 
and 35 mAs and the mR/mAs at 70 kVp is 2.6 at 40 ?

 4. How can patient dose be reduced through effective 
communication?

 5. How can patient dose be reduced through effective 
positioning?

 6. What changes should be made in kVp, mA, time, and 
distance if each is the only factor changed to reduce 
patient dose?

 7. What are the variables, other than the prime factors, 
that can be used to reduce patient dose?

 8. What risk factors could be mentioned to answer a 
patient’s inquiry about the dose for an examination?

 9. What diagnostic benefits could be mentioned to 
answer a patient’s inquiry about the need for an 
examination?

 10. Describe an approach to discussing radiation 
risk versus benefit with patients, physicians, and 
radiologists.
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Beam Restriction
C H A P T E R  15

OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Identify the factors that affect the amount of scatter radiation 
produced.

◾ Discuss the primary methods used by radiographers to control the 
amount of scatter radiation reaching the image receptor.

◾ Explain the purpose and construction of beam-restricting devices.

◾ Compare the advantages and disadvantages of the various 
beam-restricting devices.

◾ Describe the effect of beam restriction on image quality and patient 
dose.

KEY TERMS

collimator

penumbra

positive beam limitation 
(PBL) device
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Tell the world to wait  

till we set the record straight  

x-ray vision  

baby, I can see thru you

Moon Martin, Pete Sinfield, and Terry Taylor, “X-Ray Vision,”  

from Mystery Ticket
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CHAPTER 15 Beam Restriction  195

CONTROLLING SCATTER

Scatter radiation is produced during a Compton interaction. 
In this interaction, a primary photon interacts with an outer-
shell electron and changes direction, thereby becoming a 
scattered photon. Scattered photons are not a part of the 
useful beam, and will impair image quality by placing expo-
sures on the image receptor that are unrelated to patient 
anatomy. In order to provide the best possible image, the 
radiographer must try to minimize the amount of scatter 
radiation reaching the image receptor. This can be best 
accomplished by restricting the x-ray beam and by using a 
grid. Proper beam restriction will keep the total amount of 
tissue irradiation to a minimum and has great importance 
in both improving image quality and reducing patient dose.

As the beam is restricted, fewer primary photons are 
emitted from the tube and collimator, and fewer scattered 
photons are created. In addition, the decrease in the num-
ber of primary photons results in a decrease in the dose to 
the patient. The only way to improve image quality once 
scattered photons have been created is to try to decrease 
the numbers that are allowed to interact with the image 
receptor. Grids are devices that are placed between the 
patient and the image receptor to absorb scatter radiation.

The principal factors that affect the amount of scat-
ter produced are (1) kilovoltage and (2) the irradiated 
material. In order to control the amount of scatter pro-
duced, it is important to understand how kilovoltage and 
the irradiated material affect scatter production.

Kilovoltage
Kilovoltage affects the penetrability of the beam. As kVp 
increases, fewer photons undergo interaction with matter 
and more pass through the patient to interact with the 
image receptor. For the photons that undergo an interac-
tion, photoelectric absorption and Compton interactions 
are predominant in the diagnostic x-ray range. Although 
the total number of photons that undergo interaction 
decreases with increased kVp, a shift is seen in the per-
centage of photoelectric versus Compton interactions 
as kVp increases. As the kilovoltage increases, the per-
centage of x-rays that undergo a Compton interaction 
increases and the percentage of photons that undergo 
photoelectric absorption decreases. Because Compton 
interactions create scatter, as kilovoltage increases, the 
percentage of primary photons that will undergo scat-
tering also increases. At the same time, the percentage 
of primary photons that are absorbed photoelectrically 
decreases, resulting in a reduction in patient dose.

If kilovoltage is increased with no other change 
in the technical factors selected for a given exposure, 
the end result will be an increase in the transmission of 

photons and therefore an increase in the exit dose from 
the patient. More radiation will reach the image receptor. 
This increase in kilovoltage will also result in an increase 
in the percent and amount of scatter radiation produced. 
Table  13-2 illustrates this point. At 50  kVp with a 10-cm 
tissue, for every 1,000  photons, 990  photons (approxi-
mately 99  percent) will be attenuated and 10  photons 
(approximately 1 percent) will be transmitted. Of the 990 
attenuated photons, approximately one-half interact by 
photoelectric absorption and one-half by Compton scatter 
(495 interactions each). At 130 kVp with a 10-cm tissue, for 
every 1,000 photons, 940 photons (approximately 94 per-
cent) will be attenuated and 60  photons (approximately 
6 percent) will be transmitted. Of the 940 attenuated pho-
tons, approximately 25 percent (235 photons) interact by 
photoelectric absorption and 75 percent (705 photons) by 
Compton scatter.

In radiography, the kilovoltage level is selected based 
predominantly on the size of the part being examined. 
When kilovoltage is increased without any other changes 
in technical factors, more scatter will result. If, however, 
the increase in kilovoltage is accompanied by a reduction in 
mAs to maintain the same exit dose, the overall result will 
be a decrease in the amount of scatter produced. Overall 
less photons are needed to create an acceptable image.

An x-ray image is created when some photons pass 
through the patient unaffected and others are absorbed 
photoelectrically. This difference is the basis for varying 
levels of image receptor exposure. When more photons 
pass through unaffected, the result is greater image 
receptor exposure. When more photons are absorbed 
photoelectrically, the result is less image receptor expo-
sure. Scattered photons from Compton interactions are 
of no use in demonstrating the structures of interest. 
They merely add unwanted exposure to the image recep-
tor that does not correspond to any particular structure. 
Much of the overall image receptor exposure is created 
by scattered photons. Image quality is improved when the 
amount of scatter reaching the image receptor is reduced.

Irradiated Material
The amount of scatter created during an interaction is 
affected by the volume and atomic number of the material 
being irradiated. The volume of irradiated material is con-
trolled by field size and patient thickness (Figure 15-1).

As the volume of irradiated tissue increases, the 
amount of scatter increases. Volume increases as the field 
size increases or as the patient thickness increases. Larger 
field sizes, such as with 140 3 170 (35 3 43 cm) image recep-
tors, allow for more photons to interact with tissue, thereby 
creating more scatter. Larger body parts have more tissue 
to interact with the photons, resulting in greater scatter pro-
duction. In order to decrease scatter, the smallest possible 
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196  UNIT II Protecting Patients and Personnel

chance of striking an electron, creating an absorption 
interaction. Therefore, the higher the atomic number of a 
material is, the greater will be the number of photoelectric 
absorption interactions, and the less scatter. Bone absorbs 
more radiation and scatters less than soft tissue. For 
this same reason, high-atomic-number materials, such as 
iodine, barium, and lead, absorb more radiation through the 
photoelectric interaction than low-atomic-number materi-
als do. These photoelectric absorption interactions create 
the high contrast seen when contrast media are used.

Of the factors affecting the amount of scatter pro-
duced, the kilovoltage and the field size are under the 
direct control of the radiographer. Kilovoltage levels must 
be selected based on the area being radiographed, and the 
smallest possible field size should always be used. Beam 
restriction is therefore important to image quality. Remem-
ber, however, that when the beam is restricted, less scatter 
radiation will reach the image receptor and, as a result, 
technical factors may need to be increased to compensate 
for the reduction in the overall image receptor exposure. 
For example, the technical factors used for an AP pro-
jection of the abdomen using a 140 3 170 (35 3 43  cm) 
image receptor would be insufficient to produce a good 
image of the same patient’s bladder imaged on an 80 3 100  
(18 3 24 cm) receptor. Technical factors would typically 
need to be increased 25–50 percent to compensate for this 
type of reduction in the field size.

BEAM RESTRICTORS

The foremost method of restricting the primary beam field 
size is the use of a device known as a collimator. Aperture 
diaphragms and cones/cylinders are also devices that 
historically were used to restrict the beam, but are not in 
common use today.

Collimator
The collimator is the most commonly employed beam 
restrictor in radiography. A collimator permits an infinite 
number of field sizes (Figure 15-2). It also has the advan-
tage of providing a light source for the radiographer as an 
aid in properly placing the tube and central ray.

A collimator consists of sets of lead shutters at right 
angles to one another that move in opposing pairs. Each 
set moves symmetrically from the center of the field. 
These lead shutters can be adjusted to correspond to an 
infinite number of square or rectangular field sizes.

The shutters serve to regulate the field size and, in addi-
tion, have two other purposes. The bottom shutters reduce 
penumbra along the periphery of the beam because of their 
greater distance from the focal spot. The penumbra is a geo-
metric unsharpness around the periphery of the image, also 

field size should be used. It is for this reason that beam 
restriction is an important part of scatter reduction and, of 
course, of patient protection. Patient thickness cannot be 
significantly altered by the radiographer, but certain tech-
niques, such as the use of compression bands, can be useful 
in slightly reducing patient thickness.

The atomic number of the irradiated material also 
has an impact on the amount of scatter produced because 
higher-atomic-number materials have a greater number of 
electrons within each atom and photons have a greater 

FIGURE 15-1.  The amount of scatter increases with increased field 
size and patient thickness.
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CHAPTER 15 Beam Restriction  197

by mounting a mirror in the path of the x-ray beam at a 
45° angle. A light source is then placed opposite the mir-
ror and the light is projected through the collimator. The 
light source and the x-ray source must be equidistant from 
one another to ensure that the light field and the x-ray 
field are the same size. Improper positioning of the mirror 
or the light can result in improper alignment of the light 
field to the exposure field. Collimator accuracy should be 
checked on a regular basis as a part of the department’s 
quality control program.

Most collimators are equipped with an accessory 
known as a positive beam limitation (PBL) device. PBL 
automatically collimates the beam to the size of the image 
receptor. When an image receptor is placed in the Bucky 
tray and secured in position, sensing devices determine 
the size and placement of the image receptor. The sens-
ing devices activate an electric motor that drives the 
collimator lead shutters into proper position. When oper-
ating properly, automatic collimators should leave a small 
unexposed border on all four sides of the exposed image. 
However, it is possible to override the PBL devices so that 

known as edge unsharpness. It is the result of x-ray photons 
being created in all areas of the focal spot rather than at just 
a single point. Primary photons diverge from the tube at 
varying angles and intersect with the structures of interest 
at varying angles when creating the image. Reducing penum-
bra will improve the sharpness of the recorded image edge. 
This concept is described in further depth in Chapter 28. The 
upper shutters of the collimator help in reducing the amount 
of off-focus (stem) radiation reaching the image receptor by 
absorbing this radiation before it exits the tube. Recall that 
off-focus radiation originates within the x-ray tube but not 
at the focal spot. Off-focus radiation can result in images, 
similar to shadows of the patient, beyond the exposed field 
of radiation (see Figure  6-23). These shadows are often 
believed to be caused by scatter radiation. However, scatter 
will never create an image of a specific anatomical structure.

The collimator offers the radiographer a light field 
that outlines the exposure field and provides a crosshair 
to identify the center of the beam. Some units also provide 
an outline of the size and location of the automatic expo-
sure control (AEC) chambers. The light field is provided 

FIGURE 15-2.  Schematic drawing of an x-ray tube and collimator.
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198  UNIT II Protecting Patients and Personnel

the patient’s back (Figure 15-3). A lead blocker may also 
be helpful when placed on the radiographic table above 
the level of the shoulder during positioning for AP projec-
tions of the shoulder joint. Lead blockers are most helpful 
when examining large patients, because the amount of 
scatter increases with increases in the size of the patient. 
Early digital imaging systems would often have problems 
processing images created with lead blockers. Most digi-
tal systems now can avoid these problems. However, it is 
wise to check the vendor’s information for recommen-
dations prior to attempting to use a lead blocker with a 
digital image receptor.

A lead mask is usually cut to correspond to the par-
ticular field size desired and is then secured to the end 
of the collimator. Lead masks in the shape of a keyhole 
were sometimes used during cerebral angiography to help 
improve image quality by reducing scatter.

the field size can be controlled by the radiographer. This 
allows the radiographer to collimate to a field that is less 
than the image receptor size. The field size should never 
be greater than the size of the image receptor. When using 
a flat panel detector, it is important to remember to col-
limate to only the area of interest.

The use of a collimator results in some filtration 
of the x-ray beam because the primary beam is passing 
through the mirror in the collimator. The added filtration 
is usually equivalent to approximately 1 mm of aluminum. 
Because collimators result in increased filtration of the 
x-ray beam, their use during low-kVp radiography (such 
as mammography) is restricted.

Proper collimation is the responsibility of the radiog-
rapher. Under no circumstances should the exposure 
field exceed the size of the image receptor. Automatic 
collimation helps to ensure that the exposure field does 
not exceed the size of the image receptor, but the radiog-
rapher should always limit the field to the part being 
examined. By so doing, image quality can be improved and 
patient dose can be minimized.

Aperture Diaphragm  
and Cones/Cylinders
The aperture diaphragm is a flat sheet of metal, usually 
lead, with an opening cut in the center and attached to the 
x-ray tube port. This is the simplest of all beam-restricting 
devices and different diaphragms are needed to accom-
modate different receptor sizes and different distances. 
Cones and cylinders are essentially circular aperture dia-
phragms with metal extensions. A cone has an extension 
that flares or diverges, with the upper diameter smaller 
than the bottom flared end, and a cylinder does not flare. 
Although rarely used, cones remain the most effective 
means of scatter control. Aperture diaphragms and cones/
cylinders have the principal disadvantage of a fixed field 
size and are rarely used today.

ANCILLARY DEVICES

Beam restrictors may be made for a very specific purpose. 
Ancillary devices are generally designed with a special 
need in mind. Examples include lead blockers and lead 
masks. These devices are tailored for a specific use during 
a given procedure. They are designed to restrict the beam 
to a specific shape for a particular examination.

A lead blocker is simply a sheet of lead-impregnated 
rubber that can be cut to any size or shape. Placement of 
a lead blocker on the radiographic table during radiogra-
phy of the lower spine in the lateral position will help to 
absorb the scatter that is produced in the soft tissue of 

FIGURE 15-3.  The use of a lead blocker for radiography of the 
lower spine (A), and cutaway view of absorption of  scatter (B).
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CHAPTER 15 Beam Restriction  199

SUMMARY

In order to provide the best possible image, the radiographer 
must try to control the amount of scatter radiation reaching 

the image receptor. The principal factors that affect the amount 
of scatter produced are (1) kilovoltage and (2) the irradiated 
material. As kilovoltage increases, the percentage of primary 
photons that will undergo scattering also increases. As the 
volume of irradiated tissue increases, the amount of scatter 
produced is increased. Volume will increase as the field size 
increases or as the patient thickness increases. The atomic 
number of the irradiated material also has an impact on the 
amount of scatter produced. Higher-atomic-number materials 
have a greater number of electrons within each atom. Photons 
have a greater chance of being absorbed by these materials.

The collimator is the most commonly employed beam 
restrictor in radiography because it permits an infinite number 
of field sizes using only one device. It also has the advantage 
of providing a light source for the radiographer as an aid in 
properly placing the tube.

Proper collimation is the responsibility of the radiog-
rapher. Under no circumstances should the exposure field 
ever exceed the size of the image receptor. In addition, the 
radiographer should always limit the field to the part being 
examined. By so doing, image quality will be improved and 
patient dose minimized. ◾ 

 REVIEW QUESTIONS

 1. Why does beam restriction reduce scatter radiation 
production?

 2. What are the two principal factors that affect the 
amount of scatter produced?

 3. How does the atomic number of a material affect the 
amount of scatter produced?

 4. How does a collimator restrict the primary beam 
field size?

 5. What is PBL?

 6. How does beam restriction affect patient dose?
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Creating the image that appears on the radiograph 

occupies the majority of the radiographer’s time and 

requires a great deal of skill. The ability of the radiolo-

gist to make a diagnosis depends on the radiographer’s 

ability to create a diagnostic-quality image. This ability 

is predicated on a thorough knowledge of the scientific 

basis by which the image is produced, as well as clinical 

experiences.

This unit introduces the important aspects of vision 

and perception. Understanding how the information 

from the radiographic image will be transmitted to the 

brain of the viewer is critical to understanding exactly 

how to manipulate the image to maximize the diagnos-

tic information it conveys. Producing quality images 

requires knowledge of the concept of the patient as 

a beam emitter, the proper use of the grid, and a 

basic understanding of older film-screen imaging and 

processing. Current technology using digital image 

receptors is detailed in the next unit, and together with 

this unit, an essential understanding of these factors is 

important  to the professional radiographer in order to 

create a diagnostic image.

Creating  
the Image

Unit III

 16 Vision and Perception  /  202

 17 The Patient as a Beam Emitter  /  213

 18 The Grid  /  226

 19 FIlm-Screen Imaging and Processing   /  242
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She is so tall, so slender, and her bones—

Those frail phosphates, those carbonates of lime—

Are well produced by cathode rays sublime,

By oscillations, amperes and by ohms.

Her dorsal vertebrae are not concealed

By epidermis, but are well revealed.

Around her ribs, those beauteous twenty-four,

Her flesh a halo makes, misty in line,

Her noseless, eyeless face looks into mine,

And I but whisper, “Sweetheart, je t’adore.”

Her white and gleaming teeth at me do laugh.

Ah! Lovely, cruel, sweet (radio)graph!

Lawrence K. Russell, Life, 1896

OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Draw a cross-sectional image of a human eye with appropriate 
anatomical structures identified.

◾ Explain the physiological function of the eye during photopic and 
scotopic vision.

◾ Discuss the inefficiency of the medical imaging process.

◾ Describe the boundary effect, Mach effect, eye motion, veil glare, and 
the effect of viewing distance on visual perceptions.

◾ State why pattern recognition is the domain of the radiologist.

Vision and Perception

KEY TERMS

cone cells

contrast perception

edge enhancement

Mach effect

rod cells

threshold detection

visual acuity

C H A P T E R  16
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CHAPTER 16 Vision and Perception  203

attempting to interpret  radiographic images. Through 
this understanding the radiographer can work toward 
producing images with patterns that provide maximum 
assistance to the radiologist in the diagnostic process.

Visual Anatomy
Because radiography depends entirely on images, it is 
helpful to be introduced to the complexities of visual per-
ception. The mechanics of image perception are mostly 
unknown. It is little understood exactly how the eye per-
ceives images and transmits them to the brain. Even less 
is known about how the brain neurologically processes 
the information.

The human eye is anatomically designed to gather 
light, focus it, convert it to nervous impulses, and transmit 
it to the brain for processing. The aqueous humor, cornea, 
iris, and lens gather and focus the light (Figure  16-2). 
The specialized cells of the retina, especially the fovea 
centralis (or macula lutea), convert the image to nervous 
impulses, and the optic nerve transmits the impulses to 
the brain for processing. With corneal malfunction, such 
as myopia and hyperopia, the most common problems 
requiring corrective lenses, a distinct loss of detail is per-
ceived because the incoming light is not properly focused 
on the retina. This is easily perceived, and well-established 
means are available for correction. Image conversion and 
processing problems are not as easily perceived and these 
deserve some elementary study.

Visual Physiology
It is often uncertain whether conversion and processing 
problems are caused by the light-sensitive cells located in 
the retina or by mental misperceptions due to neurological 
processing. Sufficient research has been done at least to 
outline some of the factors that may cause misperceptions. 
Understanding that these factors exist and how they can 
prejudice perception can assist greatly in reducing visual 
problems.

An excellent example of misperception is the ten-
dency to stare at an object that is difficult to see. Although 
this may be a good method of mental concentration, it 
does nothing to improve the visual quality of the image. 
In fact, it does the opposite. The length of time the human 
visual system can integrate (acquire information) is only 
0.2 second. If the image does not provide enough informa-
tion to be converted and processed in that time, the visual 
system will reset itself and reacquire information for the 
next 0.2 second. Therefore, when insufficient information 
is provided to the radiologist due to improper illumina-
tion, or distracting reflected light, only an improvement 
in the quality and quantity of light photons available will 

IMAGE PERCEPTION

At one time or another we have all been fooled by 
visual misperceptions. A common example is shown in 
Figure 16-1. Misperceptions of any type can be danger-
ous in clinical radiography. An important method of 
overcoming misperception is the elimination of precon-
ceived ideas about an image. A mental erasing of these 
opinions is necessary to permit high-quality viewing of 
radiographic images. This is a skill that is cultivated by 
radiologists until it becomes part of their routine diag-
nostic procedure. Radiographers observe the diagnostic 
reporting of images by radiologists with amazement 
at first, but with increasing confidence as experience 
adds knowledge about the potential pathological mean-
ing of various radiologic signs. Radiographers should 
strive toward developing an understanding of the 
perceptual problems that  radiologists  encounter when 

FIGURE 16-1.  “The Lady and the Chalice” can be seen either as a 
pair of black faces in silhouette or as a white vase. This picture was 
devised by E. Rubin in 1915 and remains popular as a method of 
demonstrating perceptual differences.

OBJECTIVES (continued)

◾ Discuss the concept of controlling the radiographic 
image in space.

◾ Apply the concept of three-dimensional thinking to 
clinical practice.

◾ Identify numerous creative uses of radiography in 
medicine, technology, and art.
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204  UNIT III Creating the Image

of light). The cones are most sensitive to yellow light. Color 
blindness is a condition that occurs when there is a lack of 
cones sensitive to a particular color or colors.

Because most of the cones are located at the fovea 
centralis in high concentration, daylight  vision is sharply 
focused. Therefore, visual acuity is improved in daylight. 
The sparse concentration of cones in the retina outside the 
fovea centralis accounts for poor peripheral vision in day-
light. Cones are also able to detect changes in brightness 
far better than rod cells. This permits much greater rec-
ognition of grayscale differences, or contrast, and results 
in what is called greater contrast perception (Figure 16-3).

Scotopic Vision
Scotopic (night) vision is controlled by the rods. Rod 
cells are sensitive to low light levels (they may respond 
to as few as 15 photons) but cannot function in bright 
light. Rod cells cannot distinguish wavelength, although 
they are more sensitive to green light. As a result, humans 
are unable to perceive colors in extremely low-light 
situations. Rod cells function by photosensitization of 
rhodopsin, also known as visual purple, because it is most 
sensitive to blue-green wavelengths. When exposed to 
vast quantities of light photons, rhodopsin is oversensi-
tized and becomes bleached out. The rod cells then regen-
erate rhodopsin at the rate of 50 percent every 7 minutes. 
This is the reason a bright light causes temporary blind-
ness in both humans and animals. Because there are no 
rods in the fovea centralis, dim-light vision is entirely 

improve the visual image. The image does much to resolve 
the integration time problem. Because the monitor can 
integrate information for a considerable length of time 
and then hold that information, it permits the human brain 
to integrate much more visual information than if the 
image were viewed as it was acquired from the patient.

Rod and Cone Cells
Human image conversion occurs in the rod cells and 
cone cells located in the retina. Both of these types of 
cells contain photosensitive pigments that will respond to 
light by sending an electrical potential to specialized nerve 
cells. These bipolar cells emit neurological impulses when 
excited by light photons. The two types of cells are so dif-
ferent in their receiving and sending abilities that neuro-
physiologists tend to consider them as two separate visual 
systems. The cells are only about 1 μm in diameter and 
are concentrated to 100,000 per mm2. There are approxi-
mately 7,000,000  cones, which are located only at the 
fovea centralis. There are approximately 120,000,000 rods 
covering the remainder of the retina.

Photopic Vision
Photopic (daylight) vision is controlled by the cones. Cone 
cells require relatively bright light to function (a minimum 
of approximately 100 light photons). Cone cells contain one 
of three different light-sensitive pigments, each of which is 
sensitive to a different range of photon wavelength (color 

FIGURE 16-2.  The human eye.
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Boundary Effect. A boundary effect occurs  because the 
visual system has difficulty perceiving contrast differences 
that are distant from one another. When a distinct bound-
ary between various attenuation areas can be achieved 
(this is actually contrast), adjacent differences as small as 
2 percent can be perceived under high illumination (such 
as a radiographic view box). When the boundary is indis-
tinct, a difference of up to 20  percent may be required. 
Less intense light levels also affect this perception ability.

There is a rule of thumb in radiography that image 
receptor exposure changes should be at least 25–33 per-
cent to be visible. This is because two radiographs of 
differing grayscales are seen quite distant from one 
another. If a change of this magnitude formed an adjacent 
boundary, it would be strikingly apparent. Surrounding 
attenuation areas have an effect on the perception of 
nearby structures. This results in confusion when judging 
absolute and relative levels of image receptor exposure 
and contrast from one image to another.

Another aspect of the boundary effect concerns the 
length of the boundary line. A subtle exposure difference 
along the length of a long boundary may be perceived, 
but when it is shortened the boundary may no longer be 
perceived. As yet there is no explanation for this phe-
nomenon but radiologists can best observe extremely 
subtle exposure differences when they form a long 
boundary. They may fail to see diagnostic information 
when exposure differences are widely separated or form 
short boundaries. In these instances, it is important for 
the radiographer to attempt to provide better perception 
through higher contrast.

peripheral and, therefore, difficult to bring into sharp 
focus. In addition, rods are not as concentrated because 
they are spread over a much greater area than cones. For 
these reasons, radiologists realize that dim objects are 
best viewed peripherally. Rods function better when the 
image information is changing. Slow scanning with an old 
fluoroscopic unit, night binoculars, or when walking in a 
dark room will increase visual acuity.

Inefficiency of the Medical 
Imaging Process
Few radiographers realize exactly how inefficient the 
entire imaging process is. An early fluoroscopic image 
study showed that although the x-ray tube was emit-
ting 5,000,000 photons per second per mm2 amplified 
over 5,000  times by the fluoroscopic intensification 
screen, only 65 photons contributed to the final impulses 
received by the brain. This is a conversion efficiency 
of 0.00005  percent (1 out of 2,000,000  photons) from 
the fluoroscopic screen and 0.001  percent (1 out of 
100,000 photons) from the tube output.

Threshold Detection
The threshold detection is a visual phenomenon involving 
the perception of extremely small or faint details. This is 
more than an issue of the resolution, or fineness of the 
details, in the image. It also involves minimizing back-
ground exposure and other artifacts, known as visual noise.
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FIGURE 16-3.  Human visual ability.
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Figure 16-5 many of the lighter steps appear to be lighter 
just before the edge of the next darker step. This perceptual 
illusion is the Mach effect. Although this makes it easier to 
perceive the edges, radiologists are concerned about the 
possibility of a small detail being lost because its exposure 
is overwritten by edge enhancement. Figures 16-5 and 16-6 
have the same light-to-dark grayscale. Note that the lack of 
a distinct boundary line causes a difference in perception 
of the range of visible exposures.

Eye Motion. Contrast perception is dramatically in-
creased when the eye uses a scanning motion, as when 
reading a book. Because the photosensitive cells in the 
eye can integrate a limited amount of information, eye 
movement maintains a constantly changing neurological 
signal, thus avoiding saturation of the optical nerves.

Veil Glare. Veil glare occurs when the intensely bright 
light floods the eye  directly. This occurs in unexposed 
areas of the image and between images. The bright light 
scatters inside the eye and reduces contrast perception, 
much as Compton scatter does within the patient.

Viewing Distance. Data concerning threshold  detection 
indicate that results change when the viewing distance 
is changed. This occurs because of the changes in 
intensity due to the inverse square law and because the 
physiological processing of the image changes when the 
angle of the incident light photons changes. In addition, 
the fovea centralis creates a blind spot at a viewing 
distance of about 9 inches. Therefore, radiologists often 
vary their viewing distances when addressing areas of 
perceptual difficulty.

Pattern Recognition
Pattern recognition involves perceiving combinations of 
details that can be defined and classified toward a diagnosis. 
This is the area radiologists often study the hardest. Just as 
it is difficult to identify a picture of a familiar face when it 
is shown upside down, so is it important that radiologists be 
presented with images in a routine manner. For  example, 
radiographs are universally viewed as if the viewer were fac-
ing the patient (the patient’s left is on the viewer’s right, etc.).

Pattern recognition involves comparing mental images 
of patterns—anatomical, physiological, pathological, and 
histological—to arrive at a diagnostic opinion. Because of 
the complexities between the visual system and the mental 
capability to store and recall image patterns from memory, 
and because of the lack of scientific knowledge about how 
the brain processes information, pattern recognition is a 
weak area of research and no data can be provided to help 
the radiographer assist the radiologist. Pattern recognition 
is the true domain of the radiologist who has the requisite 
medical knowledge to be competent in this area.

Mach Effect. Part of the boundary effect may be explained 
by a phenomenon called the Mach effect. The retina con-
tains neural connections that inhibit impulses under certain 
conditions. One of these conditions is extremely bright 
light; another is a dramatic change in impulse intensity. The 
Mach effect occurs when the eye perceives a boundary. 
Each time there is a change in exposure, there is a change 
in the intensity of the impulses sent to the brain. When the 
beginning of the new intensity level is inhibited by the neu-
ral connectors, the impulses to the brain are transmitted as 
shown in the graph in Figure  16-4B. For exposure differ-
ences as shown in the step wedge in Figure 16-4A, the end 
result is a response as shown in Figure 16-4C. This creates 
an effect known as edge enhancement. Edge enhancement 
compresses the entire grayscale while making the bound-
ary appear more distinct than it really is. For example, in 
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FIGURE 16-4.  The Mach effect: (A) actual attenuation differences;  
(B) comparison of actual attenuation changes to optical nerve 
response; and (C) optical nerve response from A.
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an incredible amount of beauty in the radiographs that 
are produced every day. Just as the barium-coated finger 
(Figure 16-7) is easily perceived in three dimensions, so 
are most radiographs viewed in this manner by radiog-
raphers. The magnification of structures some distance 
from the receptor places them further away in perspec-
tive; finely detailed structures seem to move closer, and 
each image assumes a three-dimensionality usually not 
noticed by the novice.

Radiographic positioning requires a solid knowledge 
of the shape and location of skeletal and soft tissue struc-
tures and an in-depth understanding of their anatomical 
relationship to one another.

 CONTROLLING THE IMAGE  
IN SPACE

One of the challenges to the radiographer is to place the 
patient so that the area to be imaged is in a position that 
will enhance the quality of the image. It is helpful to visu-
alize the object of radiographic interest (kidney, scapula, 
sinus, etc.) as floating in space within the body of the 
patient. The skill of the radiographer lies in manipulating 
the  object to the correct position in relationship to the 
x-ray beam and image receptor. This is the art of control-
ling the image in space.

Thinking Three-Dimensionally
The radiographer must be capable of controlling the 
image in space in an artistic manner. This is one of the 
critical elements of professionalism. It is important to 
view images from a perspective of thinking three-dimen-
sionally. This concept is extremely valuable in forming 
perceptual ability. The experienced radiographer can see 

FIGURE 16-5.  Optical step wedges. Note the prominent Mach effect through the lighter attenuation areas of the upper step wedges.

FIGURE 16-6.  A continuous grayscale produced with a continuous 
sloping aluminum step wedge.

FIGURE 16-7.  A three-dimensional effect. Reprinted by permission 
of the publisher from Squire’s Fundamentals of Radiology, Fifth Edition, 
edited by Robert A. Novelline, p. 12, Cambridge, MA: Harvard University 
Press. (Copyright © 1975, 1982, 1988, 1997 by the President and Fellows of 
Harvard College.)
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Artistic Radiography
William Conklin, a South Carolina radiographer artist, 
achieved national acclaim for his radiography/photog-
raphy of sea shells (Figure  16-8). Conklin’s work has 
appeared in National Geographic and is in the perma-
nent collection of the Smithsonian Institution. Radiogra-
phy has often been used to produce a unique perspective 
of flowers, fruit, and other plants, as well as of shells 
and fish.

Nondestructive Testing
The entire industrial radiography field, known as nonde-
structive testing (NDT) radiography, is unknown to many 
medical radiographers. The intent of NDT radiography is 
to assist in the examination and assessment of materials 
such as castings, welds, and others through noninvasive 
techniques.

Biological Research
Radiography has proven an invaluable tool in biologi-
cal research, not only in medical studies but also in 
monitoring animal functions. For example, the study of 
birds and bats in flight is greatly enhanced by high-speed 
radiography.

Veterinary Radiography
Veterinary medicine and dentistry also use radiography 
to accomplish many diagnoses. Figure 16-9, a canary with 
an egg, is an example of veterinary radiography. This type 
of radiography is also used in zoos. Radiographers have 

The human body is a three-dimensional object, but 
radiographic images possess only two dimensions—length 
and width. Consequently, conventional radiographic 
images are missing a critical diagnostic element—the 
dimension of depth. This can only be compensated for by 
never settling for a single radiographic view of any struc-
ture. At least two images, as close to 90° angles to one 
another as possible, are required to view all three dimen-
sions. Although computed tomography is capable of creat-
ing three-dimensional images, these take time, need special 
processing procedures, and are expensive to create.

The dimensional views required for all radiographic 
examinations are anterior-posterior, medial-lateral, and 
superior-inferior. All radiographic images will demon-
strate two, but never all three, of these perspectives. 
For example, a posteroanterior (PA) chest radiograph 
demonstrates the medial-lateral dimension and the supe-
rior-inferior dimension, but not the anterior-posterior 
dimension. The dimension that describes the entrance 
and exit of the central ray, which is used to describe the 
projection, is the dimension not visualized. In situations 
where superimposition makes PA and lateral projections 
useless, two oblique positions at 90° angles from one 
another can be used to achieve the same effect.

An important skill that must be developed by the 
radiographer is the ability to mentally visualize the chang-
ing and moving of overlying anatomical structures from 
any angle in order to provide an image free of superim-
position. Artistic techniques should be understood, such 
as making exposures while the patient is breathing, thus 
using patient motion to blur superimposing structures 
from the image (i.e., to blur ribs from the lateral projec-
tion of the thoracic vertebral column).

 RADIOGRAPHY AS AN ART FORM

Radiography is an art form. In the century since its discov-
ery, it has been used to investigate an incredible variety 
of animals and objects. Examples of radiography as a 
technical and purely creative art form abound. Numerous 
radiographers have not only taken pride in the quality of 
their clinical abilities but also extended their technical 
skills into artistic expressions of creativity.

Radiographers can become technically artistic; inno-
vative adaptations of routine procedures should be con-
sidered technical artistry. For example, it is technically 
artistic to reverse angles to produce a diagnostic-quality 
modified image of a fractured clavicle on a trauma patient 
who cannot be moved due to thoracic injuries, or to lower 
the tube and support an image receptor under a wheelchair 
patient’s foot so that it is unnecessary to move a weak 
patient with a full leg cast onto a radiographic table.

FIGURE 16-8.  “Scotch Bonnet,” by William A. Conklin, RT FASRT. 
(With permission of William A. Conklin, Inner Dimension, 1571 Marshall Avenue, 
Orangeburg, SC 29115.)
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been published. Among these publications are reports 
of radiographic discoveries of jewelry, diseases, mur-
ders, dietary habits, and the remains of a baboon that 
had been assumed to be a royal child (Figure 16-11) at 
the National Museum in Cairo; Peruvian mummies with 
ceramic pots in the chest; computed  tomography images 
of the royal mummies in Egypt that reveal pathologies 
previously unsuspected; and many other aspects of 
imaging of ancient artifacts.

been called on to examine all types of animals, from live 
venomous snakes to passive house pets to million-dollar 
race horses.

Forensic Radiography
Forensic medicine uses radiography in a wide variety 
of ways. Grenz rays (5–30-kVp x-rays) are used, as are 
diagnostic x-rays. Grenz rays are emitted by specially 
designed tubes with minimal inherent filtration. They are 
useful for demonstrating objects as diverse as the ink on 
money when counterfeiting is suspected, the contents of 
envelopes and packages, fingerprints, and art forgery.

Art Restoration
Grenz ray radiography has also proven useful during res-
toration of paintings and other art objects. Radiography 
can detect images under existing paint, frame, and canvas 
construction and different types of paint and brush styles 
(Figures 16-10A and 16-10B).

Archaeological Radiography
Radiography has become a useful archaeological tool, 
especially in the examination of fragile mummified 
remains. Numerous reports of such investigations have 

FIGURE 16-9.  Canary with an egg.

FIGURE 16-10B. “Intemperance” by Hieronymus Bosch. (Reprinted 
with permission from Yale University Art Gallery, The Rabinowitz Collection.)
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FIGURE 16-10A. A Grenz ray radiograph of a section of 
“Intemperance” by Hieronymus Bosch. 
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The shadow advances
every time Antonio moves—
when a nurse positions his body,
when he takes a sip of ice,
when he shakes with a cough,
moist and diminished.
I see in that delicate shadow
a cloud of gas
at the galaxy’s center,
a cloud of cold stunned nuclei
beginning to spin,
spinning and shooting
a hundred thousand
embryos of stars.
I listen to Antonio’s chest
where stars crackle from the past
and hear the boom
of blue giants newly caught.
I hear the snap
of white dwarves coughing, shooting.
The second time Antonio
kisses my hand
I feel his dusky lips
reach out from everywhere in space.
I look at the place
his body was
and see inside Antonio, the stars.

(Reprinted with permission from Midwest Poetry Review, 
© Jack Coulehan 1988)

Poetry
Radiographic images themselves inspire many of us. The 
physician poet Jack Coulehan was inspired by a chest 
radiograph to compose this poem:

The Old Man with Stars Inside Him

I look at the X-ray,
a shadow of pneumonia
deep in this old man’s chest,
and watch Antonio shake
with a cough that traveled here
from the beginning of life.
As he pulls my hand to his lips
and kisses my hand,
Antonio tells me, for a man
whose death is gnawing at his spine,
pneumonia is a welcome friend
who reaches in between his ribs
without a sound and puff!
a cloud begins to squeeze
so delicately
the great white image of his heart.

FIGURE 16-11.  A female hamadryas baboon mummy found buried with MAkare, a member of an ancient Egyptian priesthood family, who was 
pregnant at the time of her death. (Reprinted with permission from “X-Raying the Pharaohs,” by James E. Harris and Kent R. Weeks.)
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SUMMARY

Understanding visual perception is an important aspect of 
clinical radiography. This understanding helps overcome 

misperceptions about an image.
The human eye is designed to gather light, focus it, 

convert it to nerve impulses, and transmit it to the brain for 
processing. Image conversion occurs in the rod and cone cells, 
which contain photosensitive pigments that will respond to 
light. Photopic (daylight) vision is controlled by the cones, and 
scotopic (night) vision is controlled by the rods.

Threshold detection is a visual phenomenon involving the 
perception of extremely small or faint details. The boundary 
effect occurs because the visual system has difficulty perceiv-
ing contrast differences that are distant from one another. 
When attenuation areas are adjacent, small differences can be 
perceived. Part of the boundary effect can be explained by the 
Mach effect. When the eye perceives a boundary, a change 
occurs in the intensity of the impulses sent to the brain. This 
change in intensity creates an effect known as edge enhance-
ment, which makes the boundary appear distinct. Contrast 

perception is dramatically increased by eye motion or scan-
ning the image. Veil glare occurs when bright lights, such as 
a view box, flood the eye. Viewing distance has an effect on 
threshold detection.

Pattern recognition involves perceiving combinations of 
details that can be defined and classified toward a diagnosis. 
It helps the radiologist compare mental images of patterns 
with medical knowledge.

Radiographers need to think three-dimensionally. Radio-
graphic images possess two dimensions and, as a result, at 
least two images as close to 90° angles to one another as pos-
sible are required to view all three dimensions. It is considered 
technical artistry when radiographers use innovation to adapt 
a routine procedure.

Radiography is an art form that has been used to 
investigate a wide array of animals and objects. It is used in 
nondestructive testing, biological research and veterinary and 
forensic radiography, art restoration, and archeological radi-
ography, and has even been the subject of poetry. ◾

For some unexplained reason, this 
patient’s lower hips and pelvis 

disappeared. Why?

Answers to the case studies can 
be found in Appendix B.

The Case of the  
Missing Lower Pelvis
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 REVIEW QUESTIONS

 1. What is the anatomical function of the human eye?

 2. What is the difference between photopic and scoto-
pic vision?

 3. Explain the boundary effect.

 4. What is the Mach effect?

 5. How is pattern recognition used by the radiologist in 
making a diagnosis?

 6. Why is it important for the radiographer to produce 
two images as close to 90° angles to one another as 
possible?

 7. Name three examples of the use of radiography as an 
art form.
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You don’t look different, but you have changed. I’m looking through you, 

you’re not the same.

John Lennon and Paul McCartney “I’m Looking Through You,” from Rubber Soul 

(Provided by Rockmine, the Internet’s largest  

rock music resource  www.rockmine.com)

The Patient as a Beam 
Emitter

C H A P T E R  17

KEY TERMS

abscess 

acromegaly 

active osteomyelitis 

additive condition 

aerophagia 

anorexia nervosa 

aortic aneurysm 

ascites 

aseptic necrosis 

atelectasis 

atrophy 

bowel obstruction 

bronchiectasis 

calcified stones 

carcinoma 

cardiomegaly 

chronic osteomyelitis 

cirrhosis 

congestive heart failure 

degenerative arthritis 

destructive condition 

edema 

emaciation 

emphysema 

empyema 

fibrosarcoma 

gout 

hemothorax 

hydrocephalus 

hydrothorax 

hyperparathyroidism 

OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Explain the process of attenuation.

◾ Describe the basic composition of the human body.

◾ Describe the effect of the human body on the attenuation of the x-ray 
beam.

◾ Explain the relationship of the subject (patient) to the image receptor 
exposure, contrast, spatial resolution, and distortion of the recorded 
image.

◾ Explain the effect that a pathological condition can have on radiation 
absorption. 

◾ Describe the effect of pathology on the radiographic image. 

◾ Differentiate between pathological conditions that result in increased 
attenuation versus those that result in decreased attenuation of the 
x-ray beam. 

◾ Identify pathological conditions that result in an increased attenuation 
of the x-ray beam. 

◾ Identify pathological conditions that result in a decreased attenuation 
of the x-ray beam.
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ATTENUATION

Attenuation is the reduction in the total number of x-ray 
photons remaining in the beam after passing through a 
given thickness of material (see Figure 13-1). It is the result 
of x-rays interacting with matter and being absorbed or 
scattered. The amount of attenuation is determined by the 
amount and type of irradiated material. X-rays are attenuated 
exponentially. This means that they are reduced by a certain 
percentage for each given thickness of material they pass 
through. Theoretically, then, the number of x-rays passing 
through an absorber will never reach zero. This is because 
each succeeding thickness of material reduces the number 
of photons by only a fraction of the previous amount.

As an x-ray beam passes through a patient, the beam is 
attenuated. The thicker the body part being radiographed, 
the greater the attenuation will be. In order to provide a 
sufficient number of x-ray photons for interaction with 

the image receptor, the original quantity and quality of the 
photons must be increased with increased body part thick-
ness. The incident beam is significantly altered as it passes 
through the patient. The beam emitted from the patient 
contains the radiologically significant information needed 
by the radiologist to make a diagnosis.

In the diagnostic x-ray range, attenuation is the result 
of either photoelectric absorption or Compton scattering. 
Photoelectric absorption provides radiologically signifi-
cant information, whereas Compton scatter contributes 
no useful information. Scatter is the primary contributor 
to personnel exposure when in the radiographic or fluo-
roscopic room.

Attenuation is also affected by the type of absorber. 
Higher-atomic-number materials (such as lead and 
barium) attenuate a greater percentage of the beam than 
low-atomic- number materials (such as hydrogen, carbon, 
and oxygen). This is due to the presence of a greater num-
ber of electrons with which photons may interact. Bone 
produces less image receptor exposure because it attenu-
ates the x-ray beam more than soft tissue. This is pre-
dominantly because of the presence of calcium in bone, 
which has a higher atomic number than the majority of 
the elements found in the human body. The effective 
atomic numbers of the important materials comprising 
the human body are listed in Table 17-1.

The density of the absorbing material also has an 
impact on attenuation. Density is the quantity of matter per 
unit of volume measured in kilograms per cubic meter. It  
describes how tightly the atoms of a given substance 
are packed together. For example, the molecules in 
most solids are more tightly packed than the same mol-
ecules when they are in their liquid state. Bone tissue 
is a denser substance than lung tissue. Table 17-1 lists 
the densities of the important materials comprising the 
human body. Because density and atomic number affect 
attenuation, it is important to understand the basic 
composition of the human body, particularly in terms 
of the average atomic number and density of the major 
substances.

KEY TERMS (continued)

multiple myeloma 

osteitis deformans 

osteoblastic metastases 

osteochondroma 

osteolytic metastases 

osteomalacia

osteoporosis 

Paget’s disease 

pathology 

pleural effusions 

pneumoconiosis 

pneumonectomy 

pneumonia 

pneumonitis 

pneumothorax 

pulmonary edema 

sclerosis 

subject contrast

subject density

subject detail

subject distortion

tuberculosis

tumor

 TABLE  17-1.  Basic Substances Comprising the 
Human Body

Substance
Effective Atomic 

Number
Density  
(kg/m3)

Air  7.78       1.29

Fat  6.46  916

Water  7.51 1,000

Muscle  7.64 1,040

Bone 12.31 1,650
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Air
Air has an effective atomic number of 7.78, which is 
greater than either fat or muscle. Despite the slightly 
higher effective atomic number, air has a significantly 
lower tissue density. As a result, air will absorb fewer 
photons as they pass through it. Because air absorbs 
fewer photons than other body substances, more photons 
reach the image receptor, thus producing a greater image 
receptor exposure. Air is naturally present in the lungs, 
the sinuses, and, in small amounts, in the gastrointestinal 
tract. On a typical image of the abdomen, air can usually 
be seen in the stomach and colon.

Fat
Fat is similar to muscle in that they are both among the 
soft tissue structures in the body. The soft tissue struc-
tures have effective atomic numbers and tissue densities 
that are very similar to those of water. For this reason, 
water is sometimes used to simulate soft tissue for experi-
mental purposes. Fat has an effective atomic number that 
is slightly less than muscle’s. In addition, fat has less tissue 
density than muscle. Muscle cells are more closely packed 
than fat cells. The amount of fatty tissue varies consider-
ably between patients. Although this is also true of muscle 

 THE HUMAN BODY AS AN 
ATTENUATOR

The patient is the greatest variable the radiographer faces 
when performing a radiographic procedure. The human 
body comprises a variety of organic and inorganic sub-
stances. At the atomic level, the body consists primarily 
of hydrogen, carbon, nitrogen, and oxygen. These ele-
ments have atomic numbers of 1, 6, 7, and 8, respectively. 
Calcium, found in concentrated amounts in bones and 
teeth, has an atomic number of 20.

The composition of the human body determines its 
radiographic appearance (Figure  17-1). Although human 
anatomy and physiology are quite complex, when study-
ing the absorption characteristics of the body, four major 
substances account for most of the variations in x-ray 
absorption: air, fat, muscle, and bone (Figure 17-2).

FIGURE 17-2.  A radiograph of the abdomen demonstrating (1) air 
in the stomach and colon; (2) fat around the kidneys; (3) muscle to 
the right and left of the spine (psoas muscle); and (4) ribs, spine,  
and pelvis.
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FIGURE 17-1.  An antique full-body radiograph. 
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216  UNIT III Creating the Image

Subject Contrast
Radiographic contrast is the difference in adjacent exposure 
levels of a recorded image. The differences in image  recep-
tor exposure are the result of differences in the absorption 
of the x-ray beam as it passes through the patient. Subject 
contrast is the  degree of differential absorption result-
ing from the differing absorption characteristics of the 
tissues in the body. Subject contrast is dependent on the 
specific characteristics of an individual patient’s tissues.

When there is little difference in the absorption char-
acteristic of the given body tissues within a part being 
examined, as in mammography, subject contrast will be 
low. When there is a greater difference in the absorption 
characteristics of the body tissues within a part being 
examined, as in the chest with the lungs, heart, and spine, 
subject contrast is high.

Subject Detail
One of the primary factors that affects the sharpness or 
detail of an image is the distance between the structure 
of interest and the image receptor. Because anatomi-
cal structures are located at varying distances from the 
image receptor, the spatial resolution of the structures 
is dependent on their position within the body, and also 
on the body’s placement in relationship to the receptor. 
The overall size and placement of the patient have a 
great impact on the overall spatial resolution. With larger 
patients,  there is a greater distance between the anatomi-
cal structures and the image receptor. This results in less 
sharpness of the structure of interest. Conversely, greater 
sharpness will result when the anatomical part is closer 
to the image receptor, as is the case with thinner patients. 
Specific positions have been established to place the 
anatomical structures of interest in as close proximity to 
the image receptor as possible. For example, chest radi-
ography is typically performed in the PA projection, and 
in the left lateral position to place the heart closer to the 
image receptor.

Subject Distortion
Distortion is the misrepresentation of the size or shape of 
the structure of interest. Because of the way in which certain 
structures lie within the body, unless the patient is posi-
tioned specifically to demonstrate a particular structure, 
it may not be accurately represented on the image receptor. 
For example, to properly demonstrate the apophyseal joints 
of the lumbar spine, the patient should be in the oblique 
position. In the AP projection of the lumbar spine, these 
joints will be distorted. Distortion, in the form of magnifica-
tion, also occurs because various anatomical structures sit 
at varying levels.

tissue, the variations are generally less pronounced and 
therefore have less effect on the overall attenuation of the 
beam. On a radiograph of the abdomen, the kidneys can 
often be outlined because of the perirenal fat capsule that 
surrounds them.

Muscle
Like fat, muscle is a soft tissue. Muscle, however, has 
a slightly higher effective atomic number and a greater 
tissue density than fat. As a result, muscle is a greater 
attenuator of the beam. On an image of the abdomen, it is 
often easy to distinguish the psoas muscle on each side of 
the spine because of the increased absorption of radiation 
by these muscles.

Bone
The skeletal anatomy is easily seen radiographically because 
of the calcium content of bone. Calcium has a higher atomic 
number than most of the elements found in the human body. 
As a result, bone has the highest effective atomic number of 
the four basic substances. It also has the greatest tissue den-
sity and, as a result, absorbs radiation at a greater rate than 
any of the soft tissues or air-filled structures. This absorp-
tion means that fewer photons will reach the image receptor 
and less image receptor exposure will be produced. On an 
image of the abdomen, the lower ribs, spine, and pelvis are 
all very easily distinguished because of the increased x-ray 
absorption that occurs in bone.

 THE PATIENT’S RELATIONSHIP  
TO IMAGE QUALITY

The patient has an impact on all properties affect-
ing radiographic quality: image receptor exposure, 
contrast, spatial resolution, and distortion. These are 
described in detail in Chapters 26–29. The relationships 
between these factors and the patient (subject) are 
termed subject density, subject contrast, subject detail, 
and subject distortion.

Subject Density
The various tissues in the human body are responsible 
for the differing exposures to the image receptor. Sub-
ject density refers to the impact the subject (patient) has 
on the resultant radiographic image receptor exposure. 
Image receptor exposure will be altered by changes in the 
amount and/or type of tissue being irradiated. In other 
words, thicker and denser body parts absorb more radia-
tion, thus producing less image receptor exposure, and 
vice versa.
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will affect the degree of radiation absorption for that specific 
body tissue. Two common pathologies of the chest demon-
strate the differences in radiation absorption (Figures 17-3A 
and 17-3B). In Figure  17-3A, the patient has pneumonia, 
which causes air-filled lung tissue to fill with fluid. Fluid 
will absorb more radiation than air. In Figure  17-3B, the 
patient has emphysema. With emphysema, normal lung tis-
sue is destroyed and the air sacs become enlarged. A greater 
amount of air is then present in the lungs, which results in 
less attenuation of radiation.

Radiographers must have an understanding of pathol-
ogy in order to properly select the technical factors for a 
procedure. Properly reading the x-ray requisition, taking 
an adequate patient history, and close observation of the 
patient are the essential responsibilities of the radiogra-
pher. Fulfilling these responsibilities reduces the need to 
repeat an image, due to the patient’s condition. For exam-
ple, it may be necessary to adjust the technical factors if 
a chest x-ray is requested for a patient with emphysema. 
By taking a good history, the radiographer can determine 
how long the patient has had the condition and what signs 
and symptoms the patient has exhibited. By observing 
signs, such as shortness of breath or prolonged exhala-
tion, the radiographer can assess the extent of the disease. 
Of course, disease conditions are not always known prior 
to performing the examination. This is one of the primary 
reasons that a repeat exposure may be necessary, even 
though there was no error in judgment on the part of the 

 PATHOLOGY AND RADIATION 
ABSORPTION

As radiation passes through the patient, it undergoes 
attenuation or absorption of the x-ray photons. The 
patient is the greatest variable the radiographer faces 
when trying to select adequate exposure factors for a spe-
cific procedure. Attenuation will vary, depending on the 
thickness and the composition of the patient’s tissues. As 
an added dilemma, the radiographer must also realize that 
pathological conditions can affect the overall thickness 
and composition of the patient’s tissues. The radiographer 
must first be aware of the variations between normal body 
tissues and then be concerned about possible additional 
variations as a result of a specific disease process.

The study of pathology is the medical science that is 
concerned with all aspects of disease, including the struc-
tural and functional changes caused by a disease process. 
Disease will often bring about changes in body tissues that 
can be viewed radiographically and interpreted by the radi-
ologist. If this were not true, radiography would be of no 
use in diagnosing disease. These changes may be structural 
and/or functional in nature and they may or may not have an 
impact on the degree of radiation absorbed by the patient. 
Certain diseases can increase or decrease tissue thickness or 
alter tissue composition (change the effective atomic num-
ber or density of the tissue). When this occurs, the disease 

FIGURE 17-3.  (A) The patient has bilateral pneumonia, resulting in an increase in radiation absorption. (B) The patient has severe emphysema, 
resulting in a decrease in radiation absorption. (Radiographs courtesy of Arlene Adler and Richard R. Carlton.)

A B
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218  UNIT III Creating the Image

is swelling or edema at the site. The ankle becomes 
enlarged because there is an increase in blood and 
serous fluid around the ankle joint. The body tissue 
increases in thickness, but, in this example, the opacity 
of the tissue is generally the same. Blood and serous 
fluid have approximately the same opacity as the soft tis-
sue around the ankle. What is occurring at the molecular 
and atomic level is an increase primarily in the num-
ber of water molecules (hydrogen and oxygen atoms), 
which comprise most of blood and serous fluid. If there 
are more water molecules present around the ankle, a 
greater number of x-ray photons will interact with that 
tissue, resulting in increased radiation absorption and 
decreased exposure to the image receptor. Technical 
factors must be increased to compensate for an increase 
in the thickness of the part. Proper measurement of the 
body part and the use of technique charts will ensure 
that the correct technical factors are selected.

The extent to which a body part is affected by dis-
ease will determine if technical factors must be adjusted. 
For example, no change in technical factors is necessary 
to visualize a small, localized tumor in the lung or a 
small kidney stone. If, however, the tumor is large and 
diffuse, or the kidney stone causes severe hydronephro-
sis, adjustments in the technical factors may be required 
to adequately visualize the pathology (Figures  17-4A 
and 17-4B). It is important to remember that the degree 

radiographer. As an individual gains clinical experience, 
his or her assessment skills improve and he or she is able 
to make better judgments concerning the presence and 
extent of disease.

If a disease causes the affected body tissue to 
increase in thickness, effective atomic number, and/
or tissue density, there will be a greater attenuation 
of the x-ray beam. As more photons are absorbed 
by the body tissues, fewer will be available to reach 
the image receptor to create an adequate exposure. 
These diseases are harder to penetrate and are called 
additive conditions because they require increasing 
technical factors to achieve the proper image recep-
tor exposure. There is an inverse relationship between 
additive conditions and image receptor exposure. 
This means that when additive conditions are present, 
image receptor exposure will decrease, as the extent of 
the disease increases.

If a disease causes the affected body tissue to 
decrease in thickness, effective atomic number, and/or 
tissue density, there will be less attenuation of the x-ray 
beam. As more photons are able to pass through the body 
tissues, more will be available to reach the image recep-
tor. These diseases are easier to penetrate and are called 
destructive conditions. They require decreasing the expo-
sure to achieve the proper image receptor exposure. There 
is a direct relationship between destructive conditions and 
image receptor exposure. This means that when destruc-
tive conditions are present, the image receptor exposure 
will increase, as the extent of the disease increases.

A disease influences radiation absorption when it 
alters the overall number or types of atoms comprising 
the affected tissue. For example, if a person sprains 
an ankle, one of the body’s responses to the injury 

FIGURE 17-4.  (A) When a tumor is smaller and more localized, there is less need for technical factor adjustments. (B) Tumors that are larger and 
more diffuse throughout both lungs require greater technical factor adjustments. (Radiographs courtesy of Arlene Adler and Richard R. Carlton.) 

A B
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kilovoltage to adequately penetrate the thicker, more 
opaque body parts. Remember that an increase of 
15 percent in kVp will approximately double the expo-
sure to the image receptor. An increase of 5–15 percent 
in kilovoltage will compensate for most additive patho-
logical conditions. Automatic exposure control (AEC) 
systems will compensate for most pathological changes 
by adjusting the exposure  automatically. However, the 
compensation will be the result of increased mAs rather 
than increased kVp.

Some of the common conditions that cause an 
increase in attenuation and may therefore require an 
increase in technical factors are outlined. A summary of 
the conditions is provided in Table 17-2.

or extent of the pathology is critical in determining the 
technical factor adjustments. If the technical factors 
must be adjusted, the change must be enough to make a 
noticeable difference in image receptor exposure. With 
digital systems, it is important to assure that the image 
remains within the acceptable exposure index range by 
appropriately adjusting the technical factors for a given 
pathology. A wider range of patient exposures can be 
displayed as acceptable images, and it is the radiogra-
pher’s responsibility to keep the patient dose for a given 
exam as low as possible without compromising image 
quality.

Many diseases do not affect the thickness or opacity 
of body tissues, but can be diagnosed by way of radi-
ography simply because of the structural or functional 
changes that they produce. These diseases generally do 
not require an adjustment in the selected technical fac-
tors. Examples include ulcers, diverticula, and simple 
fractures (provided there is minimal swelling). There are 
many diseases that do not affect the thickness or alter 
the composition of the body tissues, and therefore, cause 
no radiographically evident structural or functional 
changes. These conditions generally do not require radi-
ography; they are usually diagnosed through laboratory 
testing. Diseases such as diabetes mellitus, anemia, and 
meningitis are examples.

 INCREASED ATTENUATION 
(ADDITIVE) CONDITIONS

Many disease processes will result in an increase in 
thickness, effective atomic number, and/or density of the 
body tissue. Recall that the body tissues vary in thick-
ness (the femur is thicker than the humerus) and in 
composition (bone has a higher effective atomic number 
and greater tissue density than muscle). These diseases 
absorb more radiation and require the radiographer to 
increase technical factors to compensate for the changes 
in the body tissues. The extent of the disease also plays 
an important role in technical factor adjustment. The 
technical factor adjustments will vary, depending on the 
degree to which the body tissues are affected. Because of 
this, each patient will be different and must be examined 
individually.

No magic formula exists to adjust technical fac-
tors to compensate for a pathological problem. The 
radiographer must carefully review the requisition, 
obtain a patient history, and then examine the patient. 
By following these steps, the radiographer can make a 
judgment concerning the necessary technical adjust-
ment to be made. Experience is particularly valuable in 
determining the proper changes to be made. As a gen-
eral rule, additive  conditions will require an increase in 

 TABLE  17-2. Summary of Pathology Problems

Increased Attenuation 
Conditions

Decreased Attenuation  
Conditions

Multiple Sites Multiple Sites

Abscess
Edema
Tumors

Anorexia Nervosa
Atrophy
Emaciation

The Chest The Chest

Atelectasis
Bronchiectasis
Cardiomegaly
Congestive Heart
 Failure
Empyema
Pleural Effusions
Pneumoconiosis
Pneumonia
Pneumonectomy
Pulmonary Edema
Tuberculosis (advanced/ 
 miliary)

Emphysema
Pneumothorax
 
 
 
 
 
 
 
 
 
  

The Abdomen The Abdomen

Aortic Aneurysm
Ascites
Cirrhosis
Calcified Stones

Aerophagia
Bowel Obstruction
 
 

The Extremities  
and Skull

The Extremities  
and Skull

Acromegaly
Chronic Osteomyelitis
Hydrocephalus
Osteoblastic  
Metastases
Osteochondroma
Paget’s Disease
Sclerosis
 
 
 

Active Osteomyelitis
Aseptic Necrosis
Carcinoma
Degenerative Arthritis
Fibrosarcoma
Gout
Hyperparathyroidism
Multiple Myeloma
Osteolytic Metastases
Osteomalacia
Osteoporosis

11067_ch17_hr_213-225.indd   219 8/11/18   12:55 PM



220  UNIT III Creating the Image

Pneumonectomy—the removal of a lung will cause 
the affected side to demonstrate an increase in IR expo-
sure because normal air-filled lung tissue is removed.

Pneumonia (pneumonitis)—inflammation of the 
lung tissues causes fluid to fill in the alveolar spaces. 
Fluid has much greater tissue density than the air nor-
mally present.

Pulmonary edema—when fluid fills the interstitial 
lung tissues and the alveoli, tissue density increases. 
This is a typical complication of congestive heart 
failure.

Tuberculosis (advanced and miliary)—an infection 
by a mycobacteria causes the inflammatory response, 
which results in an increase in fluid in the lungs. If the 
mycobacteria were inhaled, it generally begins as a local-
ized lesion (usually upper lobes), which can spread to a 
more advanced stage. If the infection reaches the lungs 
by the bloodstream, it has a more diffuse spread (miliary 
TB). Increased tissue density results in both advanced 
and miliary TB (Figure 17-5).

Conditions of the Abdomen
Abdominal conditions usually cause the abdomen to 
distend. It may be necessary to increase technical fac-
tors for a procedure when an x-ray requisition indicates 

Conditions Affecting  
Multiple Systems
Certain diseases can occur in a wide variety of body sys-
tems and, as a result, they may be present at various sites. 
Whenever an x-ray requisition indicates the presence of 
any of the following conditions, it may be necessary to 
increase technical factors for the procedure.

Abscess—an encapsulated infection increases tissue 
thickness and may alter composition, particularly in 
the lungs.

Edema—swelling causes an increase in tissue thick-
ness and may alter composition, if it occurs in the 
lungs.

Tumor—an abnormal new growth in tissue results in 
an increase in tissue thickness and may alter composi-
tion, particularly in the lungs or bones, or when calci-
fication results.

Conditions of the Chest
The chest is a common site for pathological conditions, 
and chest radiography is a common diagnostic procedure. 
It may be necessary to increase technical factors for a 
procedure whenever an x-ray requisition indicates the 
presence of any of the following conditions.

Atelectasis—a collapse of the lung results in airless-
ness of all or part of the lung tissue. This causes lung 
tissue density to increase.

Bronchiectasis—the chronic dilatation of the bronchi 
can result in peribronchial thickening and small areas 
of atelectasis. This causes an increase in lung tissue 
density.

Cardiomegaly—an enlargement of the heart causes 
an increase in thickness of the part.

Congestive heart failure—when the heart is in 
failure, the cardiac output is diminished. This results 
in backward failure, or increased venous congestion 
in the lungs. Lung tissue density is increased and the 
heart is enlarged as well.

Empyema—pus in the thoracic cavity causes an 
increase in tissue density.

Pleural effusions (Hemothorax, Hydrothorax)—
when the pleural cavity fills with either blood or serous 
fluid, it displaces normal lung tissue. This results in an 
increased tissue density within the thoracic cavity.

Pneumoconiosis—the inhalation of dust particles 
can cause fibrotic (scarring) changes. When healthy 
lung tissue becomes fibrotic, the density of the tissue 
increases.

FIGURE 17-5.  This patient has miliary tuberculosis with broncho-
pneumonia. These are both additive conditions, resulting in increased 
radiation absorption.
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CHAPTER 17 The Patient as a Beam Emitter  221

 DECREASED ATTENUATION 
(DESTRUCTIVE) CONDITIONS

Various disease processes can result in a decrease in 
thickness, effective atomic number, and/or density of the 
body tissue. These conditions cause the absorption of 
less radiation and require the radiographer to decrease 
technical factors to compensate for the changes in the 
body tissues. Recall also that the extent of the disease 
plays an important role in technical factor adjustment. As 
a general rule, compensations for destructive conditions 
can be made by decreasing the mAs. Remember that a 
decrease of 50 percent in mAs will reduce the exposure to 
the image receptor by half. A decrease of 25–50 percent in 
mAs will compensate for most of these pathological condi-
tions. AEC systems will compensate for most pathological 
changes by adjusting the  exposure automatically.

Some of the common conditions that cause a 
decrease in attenuation, and may therefore require a 
decrease in technical factors, are outlined. A summary of 
the conditions is provided in Table 17-2.

Conditions Affecting Multiple Sites
Certain diseases can occur in a wide variety of body sys-
tems and, as a result, they may be present in various sites. 
Whenever an x-ray requisition indicates the presence of 
any of the following conditions, it may be necessary to 
decrease technical factors for the procedure.

the presence of any of the following conditions. Most 
technical factor changes, however, will be the natural 
result of the noted increase in abdominal size when 
measuring patient thickness.

Aortic aneurysm—a large dilatation of the aorta will 
result in increased thickness of the affected part.

Ascites—fluid accumulation within the peritoneal cav-
ity causes an increase in tissue thickness. The free fluid 
has a unique “ground glass” appearance radiographically.

Calcified stones—stones are most commonly found 
throughout the abdomen in such organs as the gall-
bladder and the kidney.  Calcium may be deposited, 
which causes an increase  in  the  effective atomic 
number of the tissue.

Cirrhosis—fibrotic changes in the liver cause the 
liver to enlarge and ascites can result. The result is 
an increase in the thickness of the liver and the entire 
abdomen.

Conditions of the Extremities  
and Skull
Conditions that result in new bone growth are termed 
osteoblastic. These conditions generally require an 
increase in technical factors. It may be necessary to 
increase technical factors for a procedure whenever an 
x-ray requisition indicates the presence of any of the 
following conditions.

Acromegaly—an overgrowth of the hands, feet, face, 
and jaw as a result of hypersecretion of growth hor-
mones in the adult will result in an increase in bone 
mass.

Chronic osteomyelitis—a chronic bone infection 
results in new bone growth at the infected site.

Hydrocephalus—a dilatation of the fluid-filled cere-
bral ventricles causes an enlargement of the head, 
resulting in an increased thickness.

Osteoblastic metastases—the spread of cancer to 
bone can result in uncontrolled new bone growth.

Osteochondroma—a tumor arising in the bone and 
cartilage will result in an increased thickness of the 
bone.

Paget’s disease (osteitis deformans)—an increase 
occurs in bone cell activity, which leads to new 
bone growth. The result is increased bone thickness, 
with the pelvis, spine, and skull most often affected 
(Figure 17-6).

Sclerosis—an increase in hardening as a result of a 
chronic inflammation in bone. This increases the den-
sity of the bone tissue.

FIGURE 17-6.  Paget’s disease is an additive condition, resulting in 
increased radiation absorption.
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222  UNIT III Creating the Image

increased) or air. Distention of the abdomen from air will 
require a decrease in technical factors. Whenever an x-ray 
requisition indicates the presence of the following condi-
tions, it may be necessary to decrease technical factors for 
the procedure because of the presence of air.

Aerophagia—a psychological disorder resulting in 
abnormal swallowing of air. The stomach becomes 
dilated from the air and overall tissue density decreases.

Bowel obstruction—an obstruction in the bowel 
results in the abnormal accumulation of air and fluid. If 
a large amount of air is trapped in the bowel, the over-
all density of the tissues is decreased (Figure 17-8).

Conditions of the Extremities  
and Skull
Conditions that result in the destruction of bone tissue are 
termed osteolytic. These conditions result in a loss of bone 
mass or calcium within the bone. They alter the composi-
tion of the bone by decreasing the effective atomic number 
and/or the tissue density. The result is areas of radiolu-
cency, which are easier to penetrate than normal bone. 
Approximately 50  percent of the bone substance must 
be lost before changes can be seen radiographically. As a 
result, these conditions must generally be extensive before 
technical factor changes are necessary.

Anorexia nervosa—a psychological eating disorder 
that results in an extreme weight loss. Overall body 
thickness is reduced.

Atrophy—a wasting away of body tissue with  
diminished cell proliferation, resulting in reduced thick-
ness of a specific part or the entire body.

Emaciation—a generalized wasting away of body tis-
sue, resulting in reduced thickness of the body.

Conditions of the Chest
The chest is a common site for pathological conditions 
and chest radiography is a common diagnostic procedure. 
It may be necessary to decrease technical factors for a 
procedure when an x-ray requisition indicates the pres-
ence of the following conditions.

Emphysema—the overdistention of the lung tissues 
by air will result in a decrease in lung tissue density.

Pneumothorax—free air in the pleural cavity dis-
places normal lung tissue and results in decreased 
density within the thoracic cavity (Figure 17-7).

Conditions of the Abdomen
Abdominal conditions usually cause the abdomen to dis-
tend. This distention may be the result of the accumula-
tion of fluid (in which case technical factors need to be 

FIGURE 17-7.  A large, right-sided pneumothorax is a destructive 
condition, resulting in decreased radiation absorption.
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FIGURE 17-8.  An obstruction of the large bowel is a destructive 
condition, resulting in decreased radiation absorption.
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CHAPTER 17 The Patient as a Beam Emitter  223

Active osteomyelitis—with a bone infection, there 
is initially a loss of bone tissue (containing calcium), 
resulting in a decrease in the thickness and composi-
tion of the part.

Aseptic necrosis—death of bone tissue results in a 
decrease in composition and thickness of the part.

Carcinoma—malignancies in bone can cause an 
osteolytic process, resulting in decreased thickness 
and composition of the part.

Degenerative arthritis—inflammation of the joints 
results in a destruction of adjoining bone tissue, which 
decreases the composition of the part.

Fibrosarcoma—this malignant tumor of the metaphy-
sis of bone causes an osteolytic lesion with a “moth-
eaten” appearance. The result is reduced bone 
composition.

Gout—during the chronic stages of this metabolic dis-
ease, areas of bone destruction result in punched-out 
lesions that reduce the bone composition.

Hyperparathyroidism—oversecretion of the parathy-
roid hormone causes calcium to leave bone and enter 
the bloodstream. The bone becomes demineralized and 
composition is decreased.

Multiple myeloma—this malignant tumor arises from 
plasma cells of bone marrow and causes punched-out 
osteolytic areas on the bone. Often many sites are 
affected and reduced bone tissue composition results.

Osteolytic metastases—when some malignancies 
spread to bone they produce destruction of the bone, 
resulting in reduced composition.

Osteomalacia—a defect in bone mineralization 
results in decreased composition of the affected bone.

Osteoporosis—a defect in bone production due to 
the failure of osteoblasts to lay down bone matrix 
results in decreased composition of the affected bone 
(Figure 17-9).

FIGURE 17-9.  This patient has a severe bone deformity from 
a fracture that resulted in chronic osteomyelitis and diffuse 
osteoporosis. The chronic osteomyelitis is an additive condition 
(seen around the fracture site) and the  osteoporosis is a destructive 
condition, resulting in a decrease in radiation absorption throughout 
the remaining bone. 
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SUMMARY

Attenuation is the reduction in the total number of x-ray 
photons remaining in the beam after passing through 

a given thickness of material. It is the result of x-rays inter-
acting with matter and being absorbed or scattered. The 
amount of attenuation will be determined by the amount 
and type of irradiated material.

The patient is the greatest variable that the radiogra-
pher faces when performing a radiographic procedure. The 
composition of the human body determines its radiographic 
appearance. When studying the absorption characteristics 

of the body, four major substances account for most of the 
variations in x-ray absorption: air, fat, muscle, and bone.

The patient has an impact on all of the properties that 
affect radiographic quality: image receptor exposure, con-
trast, spatial resolution, and distortion. The relationships 
between these factors and the patient (subject) are termed 
subject density, subject contrast, subject detail, and subject 
distortion. 

The presence of a pathological condition can greatly 
affect the degree of radiation absorption. Radiographers 
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SUMMARY (continued)

must have an understanding of  pathology in order to prop-
erly select the technical factors for a procedure. Properly 
reading the x-ray requisition and taking an adequate patient 
history are essential responsibilities of the radiographer. 
Fulfilling these responsibilities reduces the need to repeat an 
image, due to the patient’s condition.

If a disease causes the affected body tissue to increase 
in thickness, effective atomic number, and/or tissue density, 
that disease will result in a greater attenuation of the x-ray 
beam. As more photons are absorbed by the body tissues, 
fewer will be available to reach the image receptor to create 
adequate exposure. These diseases are harder to penetrate 

and are called additive conditions, because they require 
adding to the exposure to achieve the proper image receptor 
exposure.

If a disease causes the affected body tissue to decrease 
in thickness, effective atomic number, and/or tissue density, 
that disease will result in less attenuation of the x-ray beam. 
As more photons are able to pass through the body tissues, 
more will be available to reach the image receptor to create 
the required exposure. These diseases are easier to penetrate 
and are called destructive conditions. They require decreas-
ing the technical factors to achieve the proper image recep-
tor exposure. ◾

This animal was brought to the 
radiographic laboratory, dead on 
arrival. What type of animal is it 

and what was the cause of death?

Answers to the case studies 
can be found in Appendix B. 
(Radiograph courtesy of Ron 

Cramer, Mary Rutan Hospital, 
Bellefontaine, Ohio.)

The Case of the  
Injured Animal
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 REVIEW QUESTIONS

 1. How does atomic number affect attenuation?

 2. How does tissue density affect attenuation?

 3. What elements comprise the majority of those found 
in the human body?

 4. What are the differences between air, fat, muscle, and 
bone with respect to their attenuation and the resul-
tant image?

 5. How does the patient affect each of the factors of 
image quality?

 6. Why do some pathological conditions affect the atten-
uation of the x-ray beam?

 7. Why is it important that radiographers have an under-
standing of pathological conditions?

 8. What is the relationship between additive condi-
tions and attenuation and destructive conditions and 
attenuation?

 9. Why should the radiographer take a good  clinical his-
tory and closely observe the patient?

 10. Describe how the following additive conditions may 
affect the radiographic image:

a. edema

b. congestive heart failure

c. pneumonia

d. ascites

e. Paget’s disease

 11. Describe how the following destructive conditions 
may affect the radiographic image:

a. atrophy

b. emphysema

c. pneumothorax

d. degenerative arthritis

e. osteoporosis
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KEY TERMS

criss-cross grid

cross-hatched grid

focused grid

grid

grid cutoff

grid frequency

grid ratio

grid replacement software

linear grid

parallel grid
OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Describe the purpose of the grid.

◾ Explain the construction of a grid, including grid materials, grid ratio, 
grid frequency, and lead content.

◾ Describe the various grid patterns.

◾ Differentiate between parallel and focused grids.

◾ Differentiate between the uses of a stationary and a moving grid.

◾ Explain the process of grid selection for specific radiographic 
procedures.

◾ Explain the relationship of grid selection to patient dose and image 
receptor exposure.

◾ Calculate changes in technical factors to compensate for changes in 
grid selection.

◾ Describe methods for evaluating the performance of a grid.

◾ Discuss common errors that are made when using a grid and the 
effects of these errors on the radiographic image.

◾ Describe other scatter reduction methods.

◾ Explain the use of grid replacement software.

We . . . hope that roentgenologists . . . may become convinced of the 

serious role played by object-secondary rays, to the end that it will soon be 

practicable for every roentgenologist to rid himself of their nuisance in his 

every-day work.

Hollis E. Potter, “The Bucky Diaphragm Principle Applied  

to Roentgenography”
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PURPOSE OF THE GRID

A grid is a device used to improve the contrast of the 
radiographic image. It does this by absorbing scatter 
radiation before it can reach the image receptor. When an 
x-ray beam passes through the body, one of three things 
will occur with the primary photons that originated at the 
target. They will (1) pass through the body unaffected, (2) 
be absorbed by the body, or (3) interact and change direc-
tion (Figure 18-1).

The photons that pass through the body unaffected 
will interact with the image receptor to create the image. 
These are the photons responsible for creating the con-
trast (differences in the image receptor exposures) on 
the image. These differences exist because some photons 
pass through the body while others are absorbed. Absorp-
tion of photons occurs as the result of photoelectric inter-
action. This interaction results in the complete absorption 
of the primary photon and the production of a secondary 
photon. The secondary radiation created by this interac-
tion is, with few exceptions, very weak and is quickly 
absorbed in the surrounding tissues.

Primary radiation that interacts and, as a result of 
this interaction, changes direction is known as scatter 
radiation. The interaction that produces scatter radiation 
is known as a Compton interaction. These interactions can 
result in photons that are strong enough to be emitted by 

the patient and interact with the image receptor.  Because 
these photons have changed direction, they are no longer 
able to record exposures on the image  receptor that relate 
to the patient’s anatomy. The exposures that they add to 
the image receptor are of no  diagnostic value. Scattered 
photons contribute to the overall image receptor expo-
sure. An important point to remember is that the percent-
age of Compton interactions increases with increased 
kVp. In extreme cases, particularly at high kVp exposures, 
these scattered photons can reduce image contrast.

Because the patient is the source of the scatter that is 
degrading the image, it is logical to assume that the patient 
will also control the quantity of scatter produced. Scatter 
increases with increases in the volume of the tissue irradi-
ated and decreases with increased atomic number of the 
tissue. The volume of tissue that is irradiated is controlled 
by the thickness of the patient and the exposure field size. 
Although the thickness of the patient is predetermined 
(but can sometimes be reduced by compression), the field 
size can be kept to a minimum by collimation. The atomic 
number of the tissue will also affect the quantity of scatter. 
The greater the atomic number of the tissue, the less will 
be the quantity of scatter created. For example, less scat-
ter is produced in bone than in soft tissue, because bone 
absorbs more photons photoelectrically. This is the result 
of changes in the number and types of atoms that are pres-
ent for interaction. In summary, the amount of scatter 
radiation increases with (1) increases in patient thick-
ness, (2) larger field sizes, and (3) decreases in atomic 
number of the tissue. (This is discussed in further detail in 
Chapter 15.)

Because a grid is designed to absorb the unwanted scat-
ter radiation, it is necessary to use a grid with thicker, larger 
body parts and with procedures that require higher-kVp 
techniques. As a general rule, a grid is employed when:

 1. body part thickness exceeds 10 cm

 2. kVp is above 60

A grid is a thin, flat, rectangular device made by 
placing a series of radiopaque lead strips side by side 
and separating the strips by an interspace material that 
is radiolucent. The lead strips are of very thin foil and 
the interspace material is thicker and usually made of 
aluminum. These strips are then encased in a plastic or 
aluminum cover to protect them from damage.

The very first grid was made in 1913 by the American 
radiologist Gustav Bucky (1880–1963). Dr. Bucky’s first 
grid consisted of wide strips of lead spaced 2 cm apart and 
running in two directions, along the length of the image 
and across the image (Figure  18-2). This crude design 
created an image of the grid that was superimposed on 
the patient’s image. Despite having to view the anatomy 
through this checkerboard pattern, the original grid did 
remove scatter and improve contrast.

FIGURE 18-1.  When x-rays interact with the patient, they  
will (1) pass through unaffected; (2) be absorbed; or  
(3) interact and change direction (scatter). 

Image receptor

1 2 3

11067_ch18_hr_226-241.indd   227 8/25/18   2:42 PM



228  UNIT III Creating the Image

In 1920 Hollis Potter (1880–1963), a Chicago radiolo-
gist, improved Dr. Bucky’s grid design. Dr. Potter realigned 
the lead strips so they would run in only one direction, 
made the lead strips thinner and therefore less obvious on 

the image, and then designed a device (now known as the 
Potter-Bucky diaphragm) that allowed the grid to move 
during the exposure. By moving the grid, the lead strips 
became blurred and were no longer visible on the image. 
All these improvements resulted in a practical grid device, 
which significantly improved contrast without impairing 
the view of the patient’s anatomy.

GRID CONSTRUCTION

Various grids are available today (Table 18-1). The choice 
of the proper grid for a particular clinical procedure 
requires an understanding of a grid’s function. Grid con-
struction involves the selection of materials, grid ratio, 
and grid frequency.

Grid Materials
A grid is a series of radiopaque strips that alternate with 
radiolucent interspace strips. These strips are bonded 
firmly together and then sliced into flat sheets. The radi-
opaque strips are needed to absorb the scatter radiation 
and must therefore be made of a dense material with 

FIGURE 18-2.  Dr. Bucky’s original grid.
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Ratio

 
Linear

Focused/ 
Parallel

Interspacer 
Material

Lines Inch/ 
cm

Weight  
(g/cm2)

Thickness  
(mm)

 
Use

Positioning 
Latitude

17:1 L F/P AL 178/70 0.97 3.1 Chest Very narrow

12:1 L F/P AL 200/80 0.67 1.6 General Narrow

12:1 L F/P AL 178/70 0.72 1.6 General Narrow

10:1 L F/P AL 200/80 0.58 1.4 General Moderate

10:1 L F/P AL 178/70 0.61 1.4 General Moderate

8:1 L F/P AL 200/80 0.48 1.2 Mobile Wide

8:1 L F/P AL 178/70 0.51 1.2 Mobile Wide

6:1 L F/P AL 200/80 0.39 1.0 Mobile Very wide

6:1 L F/P AL 178/70 0.41 1.0 Mobile Very wide

Grids for Analog (Film) and Reciprocating Buckys

15:1 L F/P AL 103/40 1.30 3.4 Chest Very narrow

12:1 L F/P AL 103/40 1.06 2.8 General Narrow

12:1 L F/P AL 85/34 1.26 3.4 General Narrow

10:1 L F/P AL 103/40 0.90 2.4 General Moderate

10:1 L F/P AL 85/34 1.07 2.9 General Moderate

8:1 L F/P AL 103/40 0.74 2.0 Mobile Wide

8:1 L F/P AL 85/34 0.88 2.4 Mobile Wide

6:1 L F/P AL 103/40 0.58 1.6 Mobile Very wide

6:1 L F/P AL 85/34 0.68 1.9 Mobile Very wide

Grids For Mammography Use

5:1 L F Fiber 31 lines cm Reciprocating mammo Bucky

Courtesy of Leo Reina, Reina Imaging, Inc., Crystal Lake, IL.

TABLE   18-1. Grids for Use in Digital Imaging
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CHAPTER 18 The Grid  229

would result in a decrease in grid ratio. An inverse rela-
tionship exists between the distance between the lead 
strips and grid ratio when the height of the grid strips 
remains the same.

Higher grid ratios allow less scatter radiation to 
pass through their interspace material to reach the 
image receptor. Figure 18-4 demonstrates the effect of 
grid ratio on the maximum angle possible for a scat-
tered photon to pass through the grid. The higher the 

Interspace Grid lead strip

h
D

Grid ratio = h
D

FIGURE 18-3.  Grid ratio is the height of the lead strips divided by the 
width of the interspace.

a high atomic number. Lead is the material of choice 
because it is relatively inexpensive and is easy to shape 
into very thin foil.

The interspace material must be radiolucent. In other 
words, it allows radiation to pass easily through it. Several 
organic and inorganic materials have been tried, but only 
two are commercially available—aluminum and plastic 
fiber. Ideally, this material should not absorb any radiation. 
However, in reality, it does absorb a small amount. Alumi-
num is more commonly used than plastic fiber because it 
is easier to use in manufacturing and is more  durable. Also, 
because it has a higher atomic number than fiber, it can 
provide additional absorption of low-energy scatter. With 
its higher atomic number, aluminum also increases the 
 absorption of primary photons. This can be a disadvantage, 
especially with low-kVp techniques where this absorption 
would be greater. Fiber interspace grids are preferred when 
using low-kVp techniques where their application can con-
tribute to lower patient dose, such as in mammography.

Grid Ratio
Grid ratio has a major influence on the ability of the grid to 
improve contrast. It is defined as the ratio of the height of the 
lead strips to the distance between the strips (Figure 18-3). 
This is expressed in the formula:

Grid ratio
h
D

�

where:   h 5 lead strip height
 D 5 interspace width

8:1 Grid

16:1 Grid 

Maximum
angle

Maximum
angle

FIGURE 18-4.  Grid ratio affects the amount of scatter absorbed 
by determining the maximum angle of a scattered ray that can get 
through the grid. The smaller the angle, the less scatter reaches the 
image receptor.

EXAMPLE: If the lead strips are 3 mm high and are 
separated by an interspace of 0.25  mm, what is the 
grid ratio?

Answer:

grid ratio �
3 0
0 25

.
.

grid ratio 5 12:1

If the height of the grid is a constant, decreasing the dis-
tance between the lead strips would result in an increase 
in the grid ratio. Conversely, if the height of the grid is a 
constant, increasing the distance between the lead strips 
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GRID PATTERNS

Grid strips can be made to run in one or two directions. 
Grids with lead strips running in only one direction are 
called linear grids. Grids may also be made by placing two 
linear grids on top of one  another so the grid lines are run-
ning at right angles. These grids are termed criss-cross or 
cross-hatched (Figure 18-6). Dr. Bucky’s original grid was 
made using this pattern.

Linear grids are more commonly used in clinical prac-
tice because they can be used when performing procedures 
that require tube angulation. Linear grids allow the radiog-
rapher to angle the tube only along the direction that the 
lines are running. For most grids, this is along the long axis. 
In a grid located in a typical x-ray table, the grid strips run 
along the long axis of the table, which allows for angling 
the tube toward the head or feet of the patient. Angula-
tion across the long axis (toward the patient’s right or left 
side) would result in the primary beam being directed into 
the lead strips. If the primary beam is angled into the lead, 
the lead will absorb an undesirable amount of primary 
radiation, resulting in a problem known as grid cutoff. When 
criss-cross grids are used, no tube tilt is permitted, as any 
angulation would result in grid cutoff  because lead strips are 
running in both directions. As a result, criss-cross grids have 
limited applications in radiography.

Grids are also sometimes classified according to the 
direction the grid lines run within the grid. Most grid lines 
run in the direction of the long axis of the grid, but it is pos-
sible to obtain short-axis grids, which have grid lines run-
ning across the short axis of the grid. Short-axis grids are 
useful for mobile chest procedures to decrease the change 
of grid cutoff when the image receptor is placed crosswise.

GRID TYPES

Grids are manufactured with either a parallel or a focused 
design. Parallel grids are made with the lead and inter-
space strips running parallel to one another. This means 

1 inch

10:1 Grid
10 Line/inch

10:1 Grid
8 Line/inch

A

B

FIGURE 18-5.  Grid frequency is the number of grid lines per inch 
or centimeter. Grids A and B have the same grid ratio, but A has a 
higher grid frequency than B. 

grid ratio, the straighter the scattered photon has to 
be in order to pass through the interspace material. 
Scattered photons, therefore, have to be more closely 
aligned to the direction of the primary photons in order 
to reach the image receptor. This means that higher 
grid ratios are more effective at removing scatter. For 
the same reason, higher-ratio grids require greater 
accuracy in their positioning and are more prone to 
grid errors.

Grids are sometimes rated according to their weight 
instead of ratio. This is usually expressed in terms of 
grams per square centimeter (g/cm2) or occasionally in the 
United States as grams per square inch (g/in2).

Grid Frequency
Grid frequency is defined as the number of grid lines per 
inch or centimeter. Grids are made with a range in fre-
quency from 60 to 200 lines/inch (25–80 lines/cm). Most 
commonly used grids have a frequency of 85–103 lines/
inch (33–41  lines/cm). In general, grids with higher 
grid frequencies have thinner lead strips (Figure 18-5). 
Very- high- frequency grids of  approximately 178–200 
lines/inch (70–80  lines/cm) are recommended for 
 stationary grids used with  digital image receptor sys-
tems to minimize the  possibility of seeing the grid lines 
on the image.

By combining information about grid ratio and fre-
quency, one can determine the total quantity of lead in 
the grid. It is the grid’s lead content that is most important 
in determining the grid’s efficiency at cleaning up scat-
ter. Lead content is measured in mass per unit area, or 
grams per square centimeter. In general, the lead content 
is greater in a grid that has a higher grid ratio and lower 
grid frequency. As the lead content of a grid increases, 
the ability of the grid to remove scatter and improve 
contrast increases.

FIGURE 18-6.  A linear versus a criss-cross grid pattern.

Linear
grid pattern

Criss-cross
grid pattern
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GRID USES

A grid is used either in a stationary position or mounted 
in a Potter-Bucky diaphragm to move it during exposure. 
Most radiology departments have a supply of stationary 
grids, in various sizes, that can be mounted to the front 
of an image receptor. These are generally made approxi-
mately one inch larger than the image receptor size they 
are intended to cover. Stationary grids are used primarily 
in mobile procedures or for upright or horizontal beam 
views. When grids are used in a stationary fashion, grid 
lines on the image will usually be noticed on close inspec-
tion. This is especially true with low- frequency grids. High-
frequency grids, like those used for digital imaging, have a 
minimal visual effect.

The most common use of the grid is for procedures 
using the Potter-Bucky diaphragm (usually called the 
Bucky). This device is mounted below the tabletop of 
radiographic and radiographic/fluoroscopic tables and 
holds the image receptor in place below the grid. It can 
move the grid during the exposure so that grid lines will 
be blurred and therefore not evident on the image. These 
grids are approximately 170 3 190 (43 3 48  cm), large 
enough to cover a 140 3 170 (35 3 43 cm) image receptor 
placed either lengthwise or crosswise in the Bucky tray. 
The direction in which the grid moves is important if it is 
to accomplish the job of blurring the grid lines. The lead 
strips of the grid run along the long axis of the table. To 
blur the lead lines, the grid must move at a right angle to 
the direction of the lines. This means that it will be moving 
back and forth across the table and not from top to bottom.

There are two movement mechanisms used  today. 
The movements are described as reciprocating and 
oscillating. With the reciprocating grid, a motor drives 

that if the grid lines were extended into space they would 
never intersect. Focused grids are designed so that the 
central grid strips are parallel and as the strips move away 
from the central axis they become more and more inclined 
(Figure 18-7).

The focused design results in a grid with lead strips 
designed to match the divergence of the x-ray beam. If 
these lead strips were extended, the strips would inter-
sect along a line in space known as the convergence line. 
The distance from the face of the grid to the points of 
convergence of the lead strips is called the grid radius. 
For the grid to be properly focused, the x-ray tube must 
be located along the convergence line. Each focused 
grid will identify the focal range within which the tube 
should be located. For example, grids are made with 
short, medium, or long focal ranges, depending on the 
distance for which they are designed. Short-focal-range 
grids (14–18  inches or 36–46  cm) are made for use in 
mammography; long-focal-range grids (60–72  inches or 
152–183  cm) are used for chest radiography. Focused 
grids with lower grid ratios allow for greater latitude in 
the alignment of the tube with the grid. With higher grid 
ratios, proper alignment of the grid with the tube is more 
critical.

Parallel grids are less commonly employed than 
focused grids. Because the strips do not try to coincide 
with the divergence of the x-ray beam, some grid cut-
off will occur along the lateral edges, especially when 
the grid is employed at short SIDs. The parallel grid is 
best employed at long SIDs because the beam will be a 
straighter, more perpendicular one (Figure 18-8).

G
rid

 r
ad

iu
s

Lead
strips

Convergence line

FIGURE 18-7.  A focused grid is designed to match the divergence 
of the x-ray beam. The grid radius is the distance from the face of 
the grid to the points of convergence of the lead strips.

FIGURE 18-8.  Parallel grids function best at long, as opposed to 
short, SID.
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the grid back and forth during the exposure for a total 
distance of no more than 2–3  cm. With the  oscillating 
grid, an electromagnet pulls the grid to one side and 
then releases it during exposure. The grid oscillates in a 
circular motion within the grid frame.

 GRID SELECTION/ 
CONVERSIONS

Selecting the best grid to use for a specific radiographic 
procedure is a complex process. Most procedures that are 
done with a grid use a moving grid mounted in a table or 
upright holder. Grid choice must be made in the equip-
ment purchase phase of quality control. Once a grid is 
selected and mounted in the Potter-Bucky diaphragm, it 
is not easily changed. Purchase decisions are generally 
made by the department administrator in collaboration 
with the radiologist.

Grids absorb scatter and scatter adds exposure to the 
image receptor. The more efficient a grid is at absorbing 
scatter, the less exposure will be received by the image 
receptor. Therefore, compensations must be made to 
increase this exposure. This is generally accomplished by 
increasing mAs, which, in turn, results in greater patient 
dose. The better the grid cleans up scatter, the greater will 
be the dose given to the patient to achieve an adequate 
exposure. The amount of mAs needed can be calculated 
using the following formula:

Grid conversion  
factor (GCF)

This formula is referred to as the Bucky factor, as well 
as the grid conversion factor. Grid- conversion factors 
(GCFs) increase with higher grid  ratios and increas-
ing kVp. Because grids vary in respect to their ratio, fre-
quency, and lead content, it would be useful to check the 
grid conversion factor for each of the common grids used 
in a department. Table 18-2 offers a guide to grid conver-
sion factors for commonly purchased grids.

�
mAs with the grid

mAs without the grid

EXAMPLE: A satisfactory chest radiograph is produced 
using 5 mAs at 85 kVp without a grid. A second image 
is requested using a 12:1 grid. Using Table 18-2, what 
mAs is needed to produce a second satisfactory image?

Answer:

GCF
mAs with the grid

mAs without the grid
�

 
   

5 5
5

. �
X

mAs

X 5 5.5 3 5 mAs

X 5 27.5 mAs

Adapted with permission from Characteristics and Applications of X-Ray Grids, 
Liebel-Flarsheim division of Sybron Corporation, Cincinnati, Ohio. Approximate 
values based on clinical tests of pelvis and skull.

TABLE   18-2. Grid Conversion Factors

Grid Ratio 60 kVp 85 kVp 110 kVp

No grid 1 1 1

 5:1 3 3 3

 8:1 3.75 4 4.25 

12:1 4.75 5.5 6.25 

16:1 5.75 6.75 8 

EXAMPLE: A satisfactory abdominal image is pro-
duced using an 8:1 grid, 35 mAs, and 85 kVp. A second 
image is requested  using a 12:1 grid. Using Table 18-2, 
calculate what mAs is needed to produce a second 
 satisfactory image?

Answer:

mAs

mAs

GCF

GCF
1

2

1

2

�

35 4
5 5X

�
.

4X 5 192.5

X 5 48 mAs

 GRID PERFORMANCE  
EVALUATION

The efficiency of a grid in cleaning up or  removing scatter 
can be quantitatively measured. The  International Com-
mission on Radiologic Units and Measurements (ICRU) 
Handbook 89 defines  two criteria for measuring a grid’s 
performance: selectivity and contrast improvement ability.

When converting from one grid ratio to  another, the 
following formula is used:

   

mAs

mAs

GCF

GCF
1

2

1

2

�

where: mAs
1
 5 original mAs

mAs
2
 5 new mAs

GCF
1
 5 original grid conversion factor

GCF
2
 5 new grid conversion factor
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If K 5 1, then no improvement in contrast has  occurred. 
Most grids have contrast improvement factors between 
1.5 and 3.5. This means that  contrast is 1.5–3.5 times better 
when using the grid. The higher the K factor, the greater 
the contrast improvement.

GRID ERRORS

Poor images can result from improper use of the grid. 
Errors in the use of the grid occur mainly with grids that 
have a focused design. This is because focused grids are 
made to coincide with the divergence of the x-ray beam. 
The tube must be centered to the focused grid and aligned 
at the correct distance. Additionally, a focused grid has a 
tube side and a receptor side based on the angulation of 
the grid strips. Proper tube/grid alignment is essential to 
prevent the undesirable absorption of primary radiation 
known as grid cutoff.

Off-Level
An off-level grid error occurs when the tube is angled 
across the long axis of the grid strips. This can be the 
result of improper tube or grid positioning (Figure 18-9). 
Improper tube positioning results if the central ray is 
directed across the long axis of the radiographic table. 
Recall that it is only possible to angle along the long 
axis of the table with a linear grid and it is not pos-
sible to angle at all with a criss-cross grid. Improper 

Selectivity
Although grids are designed to absorb scatter, they also 
absorb some primary radiation. Grids that absorb a 
greater percentage of scatter than primary radiation are 
described as having a greater degree of selectivity. Selec-
tivity is identified by the Greek sigma (S) and is measured 
by using the following formula:

Selectivity
primary radiation transmitted
sc

�
%     
%  aatter radiation transmitted   

The better a grid is at removing scatter, the greater will 
be the selectivity of the grid. This means that a grid with a 
higher lead content would have a greater selectivity.

Contrast Improvement Ability
The best measure of how well a grid functions is its abil-
ity to improve contrast in the clinical setting. The con-
trast improvement factor is dependent on the amount 
of scatter produced, which is controlled by the kVp and 
volume of irradiated tissue (see Chapter  27). As the 
amount of scatter radiation increases, the lower will be 
the   contrast and the lower the contrast  improvement 
factor. The contrast improvement factor (K) can be 
measured using the following formula:

K
Radiographic contrast with the grid

Radiograph
�

       
iic contrast without the grid     

FIGURE 18-9.  An off-level grid error can occur with a parallel or focused grid. A linear grid can be off-level in one direction, whereas a  
criss-cross grid can be off-level in both directions (across and along the grid).
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Off-Focus
A focused grid is made to be used at very specific dis-
tances identified as the focal range labeled on the front 
of the grid. When a grid is used at a distance other than 
that specified as the focal range, an off-focus error 
results (Figure  18-13). For example, if a grid has a 

grid positioning most commonly occurs with stationary 
grids being used for mobile procedures or decubitus 
views. If, for example, a patient is lying on a grid for a 
mobile abdominal procedure and the patient’s weight 
is unevenly distributed on the grid, the grid may not be 
properly aligned to the tube.

An off-level grid error can occur with a focused grid 
and it is the only positioning error possible with a parallel 
grid. Care must always be taken when aligning the tube to 
the grid, especially when using stationary grids, to avoid 
this error. When this error occurs, there is an undesirable 
absorption of primary radiation, which results in a radio-
graph with a decrease in exposure across the entire image 
(Figure 18-10).

Off-Center
The x-ray tube must be centered along the central 
axis of a focused grid to prevent an off-center (off-
axis or lateral decentering) grid error (Figure  18-11).  
The center grid strips are perpendicular and  become 
more and more inclined away from the center. This 
design coincides with the divergence of the x-ray beam 
from the tube. If the central ray is off-center, the most 
perpendicular portion of the x-ray beam will not corre-
spond to the most perpendicular portion of the grid. The 
result is a decrease in exposure across the entire image 
(Figure 18-12).

The greater the degree of lateral decentering, the 
greater the grid cutoff.

FIGURE 18-10.  A radiograph illustrating an off-level grid error. 

FIGURE 18-11.  An off-center grid error.
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FIGURE 18-12.  A radiograph illustrating an off-center grid error. 
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Image receptor
Image receptor

Grid
Grid

X-ray beam

Convergence
point

Convergence
point

X-ray beam
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FIGURE 18-13.  An off-focus grid error occurs when the grid is used at distances less than or greater than the focal range.

FIGURE 18-14.  A radiograph illustrating an off-focus grid error taken 
at less than the recommended focal range distance. 

focal range of 36–44 inches (91–112 cm) and it is used 
at 72  inches, severe grid cutoff will occur. Off-focus 
errors result in grid cutoff along the peripheral edges 
of the image (Figure 18-14). Higher grid ratios require 
greater positioning accuracy to prevent grid cutoff.

Upside-Down
A focused grid has an identified tube side based on the way the 
grid strips are angled. If the grid is used upside-down, severe 
peripheral grid cutoff will occur (Figure 18-15). Radiation will 
pass through the grid along the central axis where the grid 
strips are most perpendicular and radiation will be increas-
ingly absorbed away from the center (Figure 18-16). It is impor-
tant that the technologist check the tube side prior to using  
a focused grid.

The Moire Effect
The Moire effect is a grid error that occurs with digital 
image receptor systems when the grid lines are cap-
tured and scanned parallel to the scan lines in the 
imaging plate readers. This  error occurs with grids 
used in a stationary fashion for examinations such as 
mobile radiography or translateral hip images. In order 
for the Moire pattern to demonstrate on the image, 
the grid lines must be running in the same direction as 
the movement of the laser beam that is scanning the 

imaging plate (Figure  18-17). Most imaging plates are 
scanned across the short axis of the plate, and, most 
often, grid lines run parallel to the long axis of the 
imaging plate. In these instances, the Moire pattern will 
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236  UNIT III Creating the Image

 AN ALTERNATE SCATTER 
REDUCTION METHOD— 
THE AIR-GAP TECHNIQUE

In addition to the use of a grid, there are a number 
of other methods that can be employed to reduce 
the amount of scatter reaching the image receptor. 
Remember, the most important way to improve image 
quality is to decrease the amount of scatter initially 
being created. This is best done by restricting the pri-
mary beam. Collimating to the size of the area being 
examined is critical to image quality. Even with the 
use of close collimation, it is still necessary to reduce 
scatter reaching the image receptor when radiograph-
ing larger body parts or when using higher kVps. The 
grid is the primary device employed to reduce scatter. 
The body part may also be compressed to decrease the 
amount of scatter created.

The air-gap technique is an alternative to the use of 
a grid. It has primary applications in magnification radi-
ography and, to a lesser extent, in chest radiography. The 
technique involves placing the patient at a greater object 
image receptor distance (OID), thus creating an air gap 
between the patient and the image receptor. By moving 
the patient away from the image receptor, the amount of 
scatter reaching the image receptor will be reduced. As 
stated earlier, the patient is the source of the majority 
of scatter. Although the same amount of scatter will be 
created during the exposure, less of the scatter will reach 
the image receptor if the patient is moved farther away 
(Figure  18-18). The result is improved contrast without 
the use of the grid. The primary disadvantage of the air-
gap technique is the loss of sharpness that results from 
increased OID.

not demonstrate. To prevent this grid error, it is recom-
mended that high-frequency grids of 103 lines per inch 
or greater be used for digital image receptor systems 
when a stationary grid is needed.

FIGURE 18-15.  An upside-down grid error.
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FIGURE 18-16.  A radiograph illustrating an upside-down grid error. 

FIGURE 18-17.  The Moire effect. 
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When digital receptors are used, increasing kVp 
values is strongly recommended. Generally, kVp values 
are increased 10–15 kVp when digital systems are uti-
lized, with a correlating reduction in mAs values, based 
upon the 15 percent rule. Using the 15 percent rule, an 
increase in kVp can be offset with a 50 percent reduction 
in mAs. With digital technologies, the traditional rules of 
kVp/contrast and mAs/radiographic density do not apply, 
and the amount of scatter is primarily controlled by the 
amount of exposure, expressed as milliamper-seconds 
(mAs), not kVp. As mAs is increased, the total amount 
of scatter/secondary is increased, as expected. However, 
image contrast remains unchanged, due to the LUTs. 
Similarly, as mAs is decreased, scatter is reduced with no 
effect upon image contrast. However, a mAs value that 
is too low introduces noise and quantum mottle. Noise 
degrades image quality by reducing the spatial resolution, 
making interpretation very difficult, and is one of the big-
gest complaints interpreting physicians have with digital 
image quality.

Total scatter production is affected by the degree of 
collimation and part thickness, and since collimation to 
the anatomy of interest is encouraged, there is a further 
reduction in scatter when proper collimation is utilized. 
The combination of lower mAs values with tighter col-
limation, naturally reduces the total amount of remnant 
radiation and the associated signal produced in the recep-
tor. Therefore, improper use of radiographic grids is more 
pronounced with digital imaging, since there is less expo-
sure to work with (Figure 18-19). 

Patient thickness greater than 10 cm and kVp values 
higher than 60 kVp require the use of grids. While these 
guidelines still apply with digital receptors, an additional 
consideration is grid placement and alignment. With 
digital receptors, proper alignment is critical for several 
reasons. Because the mAs values are lower, there is less 
exposure latitude in terms of mAs, and any grid cutoff 
due to misalignment makes its impact more pronounced. 
With analog imaging systems, small amounts of grid-cutoff 
were not as consequential, and therefore, generally not a 
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image receptor distance

A
ir 

ga
p

FIGURE 18-18.  The air-gap technique reduces the amount  
of scatter reaching the image receptor.

Gould and Hale evaluated contrast improvement 
between the use of a grid and the air-gap technique, show-
ing that a 10-inch (25-cm) air gap has the same degree of 
clean-up of scatter as a 15:1 grid for a 10-cm body part. This 
same grid was shown to be more effective at eliminating 
scatter than the air gap with a thicker (20-cm) body part.

 USE OF GRIDS WITH DIGITAL 
IMAGE RECEPTORS 

Radiographic grids are important to optimum image 
quality when using digital image receptors. Much of the 
grid impact on image quality has to do with the science 
behind the digital technologies, as well as the recep-
tor speeds being used, particularly with flat-panel DR 
detectors. Grids are used to improve radiographic image 
contrast by intercepting scatter and secondary radia-
tion before they reach the image receptor. In film-screen 
imaging, the reduction in secondary and scatter radia-
tion greatly improved visible radiographic contrast and 
image quality. An increase in kVp produced more scatter/
secondary radiation, which reduced image contrast. The 
use of a grid removed a portion of this scatter/secondary 
radiation from the remnant beam and improved radio-
graphic contrast. 

FIGURE 18-19.  Example of grid artifact from improper alignment.
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238  UNIT III Creating the Image

patient dose. In these systems, the patient dose is signifi-
cantly reduced due to the lower mAs values, which offer 
less exposure latitude for improper grid placement and 
exposure technique errors.

Grid Replacement Software
The vendor community has long recognized a chief 
complaint of image quality that centers around improper 
grid usage, particularly with alignment. In an effort to 
lessen the dependence upon grids for good image qual-
ity, they have designed grid replacement software 
programs that produce images appearing to have been 
taken using a grid, when in fact, one was not used. This 
is not to be confused with grid suppression software, 
which is designed to remove visible grid lines from an 
image taken with a grid.

There are a number of manufacturers now advo-
cating their grid replacement software for situations 
when proper grid usage is not possible or inadequate 
(Figure 18-21). One manufacturer has designed their 
system to simulate a 6:1 grid ratio image to enhance 
image contrast (Figure 18-22). Although the design of 
these tools is closely guarded by the vendor, all have 
the same design attempt: to produce an image that looks 
grid-like when one was not used. While all vendors 
agree that grid replacement software products are not 
intended to replace grids in all situations, these pro-
grams provide additional image post processing capa-
bilities, reduce patient exposure, and improve image 
quality. Additionally, use of grid replacement software 
increases efficiencies, particularly in non-routine set-
tings, such as intensive care unit and trauma. Therefore, 
the radiographer has a responsibility to understand 
proper usage and application of these features in daily 
performance. 

problem. With digital receptors, even the smallest amount 
of cut-off negatively impacts image quality with the cre-
ation of image noise, artifacts, and inaccurate exposure 
indicator values. Figure 18-20 demonstrates the impact 
of grid cut-off due to poor alignment. Clearly, grid cutoff 
reduces image fidelity and affects interpretability. There-
fore, proper grid alignment is essential, particularly when 
performing mobile radiography. 

An additional consideration is the relative system 
speed (RS) of the digital systems. Most CR systems are set 
to produce excellent image quality at radiation exposures 
comparable to a 300–400 RS analog, film-screen system. 
Many of the flat-panel DR systems are set to operate at 
RS speeds ranging from 600 to 800 RS. Newer systems 
and better detectors are even faster, in an effort to reduce 

FIGURE 18-21.  Grid substitution products.

FIGURE 18-20.  Images of a phantom positioned for a lateral 
lumbar spine, using the same SID and technique. (A) Image 
acquired with a perpendicular CR. (B) Image acquired with a 
5-degree tube angle, displaying change in exposure. (C) Image 
acquired with a 10-degree tube angle, displaying additional 
change in exposure.
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SUMMARY

A grid is a tool used by the radiographer to improve image 
contrast. Grids are made of lead strips  alternating with 

an interspace material, which is usually made of aluminum. 
Grids are constructed with a specific grid ratio and frequency. 
The grid  ratio and frequency are important in determining the 
total lead content of the grid. Generally, grids with higher grid 
ratios and lead content are more efficient at removing scatter. 
This can be quantitatively studied by measuring the selectivity 
and contrast improvement ability of the grid.

Grids absorb scatter and scatter adds exposure to the image 
receptor. The more efficient a grid is at absorbing scatter, the 

less image receptor exposure. Therefore, compensation must 
be made to increase  exposure. This is generally accomplished by 
increasing the mAs, which, in turn, results in greater patient dose. 
The better the grid is at cleaning up scatter, the greater is the dose 
given to the patient to achieve adequate exposure.

Grids are manufactured in either a linear or criss-cross 
pattern, with either a parallel or focused design. They can 
be used in either a stationary manner or may be placed in a 
device that moves the grid and thereby blurs the grid lines.

An alternative to the use of a grid is the air-gap tech-
nique or the new grid replacement software applications. ◾

FIGURE 18-22.  The application of Grid Replacement Software product from Konica Minolta Inc.: (A) PA chest without a grid; (B) PA chest with 
grid replacement software simulating the use of  6:1 grid; (C) PA chest with a 6:1 grid. 
Source: Konica Minolta, Inc.

B

C

A

11067_ch18_hr_226-241.indd   239 8/25/18   2:43 PM



240  UNIT III Creating the Image

Bushberg,  J. T., Seibert,  J. A., Leidholdt, E. M., & Boone, J. M. 
(2011). The essential physics of medical imaging (3rd ed.). 
Philadelphia: Lippincott, Williams & Wilkins.

Chan, H. P. (1985, March). Ultra-high-strip-density radiographic 
grids: A new antiscatter technique for mammography. Radiol-
ogy, 807.

Coleman, N. J., Cowen, A. R., & Parkin, G. J. S. (2000).  Effect on 
mammographic CR image quality of  removing the anti-scatter 
grid. Radiography, 6(3), 199–204.

Cullinan,  A., & Cullinan,  J. (1994). Producing quality radio-
graphs (2nd ed.). Philadelphia: J. B. Lippincott.

Doi, K., Frank, P. H., Chan, H. P., Vyborny, C. J., Makino, S., Iida, N., 
et  al. (1983). Physical and clinical evaluation of new high-
strip-density radiographic grids. Radiology, 147(2), 575–582.

Fry, O. E., & Cesare, G. (1960). Bedside radiography reduction 
of patient exposure and orientation of grid cassettes. Radio-
logic Technology, 31(4), 387.

Gould, R. G., & Hale, J. (1974). Control of scattered radiation by air 
gap techniques: Applications to chest radiography. American 
Journal of Roentgenology, 122, 109–118.

Harlow, C. (1993). Off-centering secondary radiation grids. Radi-
ography Today, 59(674), 11–13.

Heriand, J., & Varma, D. G. K. (1986). A lung opacity caused by grid 
artifact. Radiologic Technology, 58(2), 147.

Hufton, A. P., Crosthwaite, C. M., Davies, J. M., &  Robinson, L. A. 
(1987). Low attenuation material for table tops, cassettes, 
and grids: A review. Radiography, 53(607), 17.

Jensen, G., & Scheid, C. (1980). The performance of radiographic 
grids. Optimization of chest radiography (HHS Publication 
[FDA] 80–8124). Rockville, MD: U.S. Department of Health 
and Human Services.

Lehrer,  R. (2010, January/February). Minimizing grid cutoff. 
Radiologic Technology, 81(3), 280–281.

 REVIEW QUESTIONS

 1. Why does a grid improve contrast?

 2. As a general rule, when should a grid be used?

 3. How is a grid constructed?

 4. Define grid ratio.

 5. What type of grid pattern has lead strips running in 
only one direction?

 6. How is a focused grid designed?

 7. As the ability of a grid to clean up scatter increases, 
what is the effect on patient dose and image receptor 
exposure?

 8. Explain how to evaluate the performance of a grid.

 9. How is the contrast improvement of a grid measured?

 10. How does an off-level grid error occur?

 11. How does the air-gap technique improve contrast?

 12. Explain the effect grid replacement software applica-
tions have on the reduction of visible scatter radiation.
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What is the most likely cause of 
these white, snakelike structures 

circling the  
upper corner of the patient’s 

abdomen?

Answers to the case studies can 
be found in Appendix B.

The Case of the White  
Snakes
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Any discussion relating to the rationale of radiographic exposure should 

begin with the understanding that the characteristics and the exposure 

response of x-ray film are the foundations of an exposure system.

Arthur W. Fuchs, from the Jerman Memorial Lecture at the 1950  

Annual Meeting of the American Society of X-Ray Technicians

KEY TERMS

adhesive

afterglow

average gradient

base

base plus fog

characteristic curve

clearing agent

clearing time

coating

contrast

conversion efficiency

crystal production

D log E curve

definition

densitometer

detail 

developing

Dmax

drying

emulsion with crystals

fixing

fluorescence

gamma

gradient point

Hurter and Driffield (H&D) curve

intensification factor

intensifying screen

Film and Screens Imaging 
and Processing 

C H A P T E R  19

OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Describe the components of radiographic film.

◾ Discuss latent image formation.

◾ Explain the four primary steps involved in processing a radiograph.

◾ Define sensitometry as it is applied to radiography.

◾ Explain the function of a densitometer.

◾ Describe the critical elements of a D log E curve.

◾ Define the primary characteristics of film. 

◾ Explain the purpose of radiographic intensifying screens.

◾ Analyze the effect of phosphor crystal size, layer thickness, and 
concentration on intensifying-screen resolution.

◾ Explain radiographic film-screen combination relative speed 
numbering systems.

◾ Describe various methods of measuring resolution, including a basic 
description of line pairs per millimeter, line spread function, and 
modulation transfer function.
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 RadiogRaphic Film

Photosensitive film is no longer the most common radio-
graphic image receptor. By the turn of the 21st century, 
digital imaging began to  predominate throughout radiog-
raphy. Consequently, this chapter is an overview of the 
radiographic film, intensifying screen, and film processing 
procedures for those who may need to utilize them. Film 
was the first  image receptor chosen by Röntgen and it 
continues to be used for some applications, including out-
side developed nations, where it remains useful for nearly 
all types of medical imaging. 

Radiographic and photographic films are very similar 
in nature and both derive from early experiments in record-
ing light images. The discovery of photography cannot be 
assigned to one person. A permanent photographic process 
was discovered about 1816 by the French inventor Joseph 
Nièpce (1765–1833) who collaborated with the French art-
ist Louis Daguerre (1787–1851). Simultaneously, between 
1835 and 1840, the English photographer William Fox Talbot 
(1800–1877) developed the process that was given the name 
photography. 

Photographic materials are photosensitive, or 
capable of responding to exposure by photons. Both 
radiographic and photographic films are sensitive to the 
wavelengths and energies that comprise most of the 
electromagnetic spectrum of both light and x-rays (see 
Figure  2-12), although it is possible to manufacture film 
that is insensitive to portions of the spectrum.

 coNSTRUcTioN oF  
RadiogRaphic Film

Diagnostic radiographic film is manufactured by coating 
both sides of a base material with an emulsion containing 
photosensitive crystals. The complete construction of 
diagnostic radiographic film includes the base, adhesive, 
emulsion with crystals, and supercoat (Figure  19-1). The 
total thickness of the film varies with the manufacturer, 
from 175 to 300 m (0.007 to 0.012 in.).

Base
The film base was originally composed of a glass plate. 
Glass plates coated with emulsion were used in photog-
raphy from soon after its discovery until World War I 
(circa 1914) (Figure  19-2). Polyester was introduced in 
the 1960s and is still used as a radiographic film base. It is 
usually 150–200 m (0.006–0.008 in.) thick.

The film base must be flexible yet tough, stable, 
rigid, and uniformly lucent. It must be flexible to permit 

KEY TERMS (continued)
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easy handling in the darkroom and to make good con-
tact with the cassette pressure pads. It must be stable 
so that it does not change its dimensions during the 
heating and immersion in chemicals required for pro-
cessing. It must be rigid enough to be conveniently 
placed onto a viewbox (radiographic illuminator). Most 
important, it must be uniformly lucent so that it permits 
the transmission of light without adding artifacts to the 
diagnostic image.

Adhesive
A thin coating of adhesive is applied to the base material 
before it is coated with the emulsion. This substratum 
coating is designed to glue the emulsion to the base and 
prevent bubbles or other distortion when the film is bent 

during processing or handling, or when it is wet and 
heated during development.

Emulsion
The emulsion is composed of gelatin in which photosen-
sitive silver halide crystals are suspended. It is spread in 
an extremely even coating that, depending on the manu-
facturer, ranges from 5 to 10 m (0.0002–0.0004 in.) of 
thickness on each side of the base. The purpose of the 
gelatin is to act as a neutral lucent suspension medium 
for the silver halide crystals that must be separated from 
one another to permit processing chemicals to reach 
them. Gelatin serves as a nonreactive medium through 
which chemicals can diffuse to reach the silver halides. 
The gelatin also distributes the crystals evenly over the 
surface of the film, thus preventing clumping of silver 
halides.

The silver halides used in radiographic film are 
silver bromide, silver iodide, and silver chloride. Modern 
silver halides are 95–98  percent silver bromide, with the 
remainder usually consisting of silver iodide. This has led to 
the term silver iodobromide as a generic specification of the 
silver halide crystals.

Supercoat
The supercoat is a layer of hard, protective gelatin 
designed to prevent the soft emulsion underneath from 
being physically or chemically abused by scratches, 
abrasions from stacking, and skin oils from handling. It 
is usually designed to be antistatic as well. The super-
coat is extremely strong and, when combined with the 
tough base material, makes it nearly impossible to tear 
a radiograph.

FIgURE 19-2.  Glass plate radiograph of Theodore Roosevelt taken 
at Mercy Hospital in Chicago on October 15, 1912, after he was 
shot in the chest during an assassination attempt in Milwaukee. 
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FIgURE 19-1.  Cross-sectional view of diagnostic radiographic film.
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Manufacturing
Radiographic film is manufactured in four stages: 
crystal production, ripening, mixing, and coating.

Crystal Production. Silver bromide crystal production is 
accomplished, in total darkness, by combining silver nitrate 
and potassium bromide in the presence of gelatin. The 
silver halide crystals are flat and roughly triangular in 
shape. Although different types of film emulsions require 
different size crystals, they are all very small, about 1 m 
(0.00004 in.) on each side. A cubic millimeter contains 
over half a billion (.500,000,000) crystals.

Each crystal is a cubic lattice (or matrix) of silver, 
bromine, and iodine atoms (Figure  19-3). A conventional 
crystal contains approximately 1010 (10,000,000,000) atoms. 
They are bound together by moderately strong ionic bonds 
with the silver positive (Ag1) and the bromine or iodine 
negative (Br– or I–). The crystal structure permits both free 
silver atoms and free electrons to drift through the lattice. 
This ability is the key to the formation of the latent image.

It is thought that the halide ions (bromine and 
iodine) tend to cluster on or near the surface of the crys-
tal while the silver ions form the center. This results in 
silver halide crystals having negatively charged surfaces 
and positively charged interiors.

The silver halide crystals must have an impurity  
added, usually gold–silver sulfide, to form sensitivity specks. 
The gold–silver sulfide may adhere to the surface of the 
crystal or even be partially incorporated into its structure. 

There can be a few or many specks, but they must be 
present to provide film sensitivity. During latent image 
formation, the sensitivity specks serve as electrodes to 
attract the free silver ions. During development, the bro-
mide concentrations will serve as ion pumps to assist in 
the deposition of silver, thus amplifying the image.

Ripening. Ripening is the period during which silver 
halides are allowed to grow. The size of the crystals 
determines their total photosensitivity, so the longer the 
ripening period, the larger the crystals (or grains) and the 
more sensitive the emulsion. 

Mixing. The mixing process follows ripening. Numerous 
additives are mixed into the emulsion. 

Films are often classified as panchromatic or 
orthochromatic, according to their sensitivity to the color 
of light. Panchromatic films are sensitive to all colors, 
whereas orthochromatic films are not sensitive to the red 
spectrum. This sensitivity is controlled by the dyes that are 
added during this stage.

Coating. The coating process requires extremely precise 
and expensive coating equipment. First, the adhesive 
layer is applied to the base, then the emulsion, and, finally, 
the supercoat. The emulsion is applied to 40-inch-wide 
(102-cm) sheets of film, which are stored on rolls, cut to 
size, and packaged for the consumer. Standard film sizes 
are shown in Table 19-1.
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FIgURE 19-3.  Cubic lattice arrangement of ions in a silver halide 
crystal. The surfaces are primarily negative bromine and iodine 
halides, whereas the interior is primarily positive silver. Note the free 
silver atoms and the sensitivity speck.

 TABLE  19-1.   Standard Radiographic Film Sizes

SI U.S. Customary

35 3 91 cm 14 3 36 inches

40 3 40 cm

35 3 43 cm 14 3 17 inches

35 3 35 cm 14 3 14 inches

30 3 40 cm

30 3 35 cm

28 3 35 cm 11 3 14 inches

25 3 30 cm 10 3 12 inches

24 3 30 cm

24 3 24 cm 9.5 3 9.5 inches

20 3 40 cm

20 3 25 cm 8 3 10 inches

18 3 24 cm

18 3 43 cm 7 3 17 inches

5 3 12 inches

15 3 30 cm 6 3 12 inches

6.5 3 8.5 inches

Bold sizes are in routine use at most institutions.

NOTE: In most cases, the metric and English sizes are not equivalent; they are 
similar but not exactly interchangeable.
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laTENT imagE FoRmaTioN

The photons that reach the emulsion are primarily light 
photons from the intensifying screens that are in contact 
with the film. However, x-ray photons are also involved 
in the production of the image. This deposits energy from 
the photon within the lattice of the silver halide crystals.

The latent image is the unseen change in the atomic 
structure of the crystal lattice that results in the production of 
a visible image. Although there is still much that is unknown 
about the exact mechanisms that control the formation of the 
latent image, the theory proposed by Gurney and Mott in 1938 
remains almost unchallenged. Their theory accounts for sen-
sitivity specks being essential to the image formation process.

The arrangement of the silver and halide ions, free 
silver ions, and sensitivity specks (see Figure 19-3) has 

been simplified to illustrate the Gurney–Mott theory 
(Figure  19-4) of latent image formation. The process 
begins when an incident photon (light or x-ray) interacts 
with one of the halides (bromine or iodine). The ejected 
electron is freed to wander and may eventually be 
attracted and trapped by a sensitivity speck, giving the 
speck a negative charge. The negatively charged sensi-
tivity speck attracts a free silver ion. The silver ion neu-
tralizes the sensitivity speck (thus resetting the “trap”). 
This process is known as the ionic stage and is repeated 
several times until a clump of silver atoms rests at the 
sensitivity speck. A single incident photon may free thou-
sands of electrons for deposition at sensitivity specks. 
However, not all freed silver is deposited at sensitivity 
specks. At least three silver atoms must be deposited for 
a visible clump of black metallic silver to be formed by 
chemical development of the image.

FIgURE 19-4. Latent image formation according to the Gurney–Mott theory.

A– A bromine ion absorbs an incident light photon and frees an electron.
B–The freed electron is trapped at the sensitivity speck, giving it a negative charge.
C–The negatively charged sensitivity speck attracts a free silver ion.
D–The silver ion neutralizes at the sensitivity speck.
E–Repetition of the process deposits several silver atoms at the sensitivity speck.
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TYpES oF Film

The first radiographs were exposed to x-ray photons 
only. Once the technology had been developed to use 
the x-rays to produce light at the intensifying screen, the 
dose reduction resulted in intensifying-screen film (usu-
ally called screen film) becoming predominant in medical 
radiography. 

Intensifying-Screen Film
Commonly called screen film, this type of film is avail-
able in a variety of speeds, contrast ranges, latitudes, and 
resolutions.

The primary differences are in speed (sensitivity of 
the silver halides), which is controlled by the size of the 
crystals and the thickness of the emulsion layer. Contrast, 
latitude, and resolution tend to be linked to speed. Larger 
crystals and thicker emulsions usually provide lower con-
trast, wider latitude, and less resolution. 

Film SToRagE aNd haNdliNg

Proper storage and handling of film is an important part 
of radiography if film is part of the operation.

Basic Storage and Handling
Attention must be given to the age of the film, heat, humid-
ity, light, radiation, and handling. All film is sold with 
an expiration date stamped on the box. Photosensitive 
materials are constantly absorbing photons of both heat 
and background radiation and, over time, this exposure 
can reach a level where the fog on the film interferes with 
image quality. Rotation of new stock must be established 
to observe expiration dates.

Film should be stored at a temperature of 20°C (68°F) 
or lower at all times. It is possible to arrest the aging process 
by freezing film. However, this must be done with the film 
in vacuum-sealed containers and the film must be brought 
to room temperature in advance of use and before breaking 
the moisture-proof seal. Failure to do this will destroy the 
film when atmospheric moisture condenses on the cool film 
surface, creating waterspot artifacts.

Darkroom safelighting permits film handling with the 
convenience of limited visibility. All film must be protected 
from exposure to ionizing radiation. Lead lining of film stor-
age areas will eliminate this problem. Handling of film is often 
overlooked as a source of problems. Film should be stored 
on end, not flat. Film boxes should be opened carefully, and 
under no circumstances should a film, paper interleaf, or 
cardboard insert be removed quickly. Abrasion artifacts can 
occur from quick movement over film and under pressure. 

Even at the proper humidity, quick movement can cause 
static discharge with artifact exposure from the resulting 
light. Chemical fumes can also cause film fog. Film should 
not be stored near cleaning solutions, formaldehyde, or other 
strong chemicals.

Film idENTiFicaTioN

All radiographs should be permanently identified with 
medical record information. This includes the date of 
the exposure, the full name of the patient, the institu-
tion where the exposure was made, the referring physi-
cian, the patient identification number, and any other 
important information. The identification information 
is usually added to the film by a light exposure after 
the radiographic exposure in the darkroom after the 
film has been removed from the cassette but before 
it is processed. Most radiographic cassettes have a 
lead blocker space in one corner to prevent the film 
from being exposed to x-rays in that small area. This 
reserves the space for identification information to 
be “flashed” by light. This information, like the radio-
graph, becomes part of the legal medical record and 
should be treated as such. Additionally, a method of 
identifying right and left sides of the patient should be 
required. Many institutions use lead markers, although 
film punches and blocker placement systems can also 
be used.

Depending on institutional policy, it may or may 
not be acceptable to change the identification informa-
tion if it is recorded incorrectly. Some institutions permit 
changes to be made with wax pencil, stickers, or punches, 
whereas others require that the radiograph be repeated. 
The radiographer is nearly always held responsible for 
recording the identification information correctly.

Film pRocESSiNg

The primary purpose of radiographic processing is to 
deposit enough black metallic silver at the latent image 
sites in film to permit the formation of a permanent 
visible image. The development of the latent image can 
be accomplished manually or with automatic process-
ing equipment. During radiographic film processing, 
radiographers should follow recommendations and can 
apply their knowledge of both manual and automatic 
processing with the modifications provided by the 
manufacturer’s information inserts that are packed with 
the chemicals.

Processing of a radiograph involves four pri-
mary steps: developing, fixing, and two archiving 
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steps—washing and drying. Developing and fixing are 
accomplished in solutions that combine numerous 
chemicals. Archiving involves a two-step process of 
washing and drying the radiograph for use as a medical 
record.

dEVElopiNg

Developing is the first step in wet processing a film. At 
this stage, silver is deposited at the latent image sites 
and an image becomes  visible. The deposition of silver 
amplifies the density of the image. X-ray developers are 
capable of  amplifying the image by a factor of 108–109 
within 3–4.5   minutes. The silver ions of the latent  image 
are stabilized and more silver is added to the site until a 
visible silver clump is formed.  The action of the developer 
is controlled by the immersion time, solution temperature, 
and chemical activity. The developer temperature is espe-
cially critical. A difference is visible with a fluctuation of 
only 0.5° F.

Reducing Agents
Reducing agents provide electrons to the silver ions 
attached to the sensitivity specks of the silver halide 
crystals (the latent image). Silver halides have negative 
exteriors (where bromine and iodine ions are located) 
and positive interiors (where silver ions are located). 
This arrangement effectively prohibits the reducing 
agent from supplying electrons to the silver ions because 
the bromine and iodine ions repel electrons. However, 
when a sensitivity speck has attracted silver ions, a gate 
exists through which the interior of the crystal can be 
supplied with electrons. When a silver ion obtains an 
extra electron, it is converted to a stable black metal-
lic silver atom. Reduction is actually the process of the 
reducing agents giving up electrons to neutralize the 
positive silver ions. 

Activator
The action of the reducing agents is enhanced by 
maintaining the developer solution in an alkaline state 
by using an activa tor,  usually sodium carbonate. The 
activator also assists the reducers in reaching the silver 
halides by causing the gelatin to swell and become more 
permeable. 

Restrainer
A restrainer, usually potassium bromide, is also added to 
the developer to restrict the reducing action. It does this 
by permitting overactive reducers to attack it, instead of 
unexposed silver halides.

Preservative
Sodium sulfite is used as a preservative agent to help 
decrease the oxidation of the reducing agents when they 
are combined with air. The attraction of air for the reducers 
is so strong that developer solutions remain effective for 
only a few weeks after mixing.

Hardener
The hardener controls the swelling of the gelatin to pre-
vent scratches and abrasions to the emulsion during pro-
cessing. It also maintains uniform film thickness to assist 
in transport through an automatic processor. 

Solvent
The chemicals are suspended in water as a solvent. The 
water used for mixing chemistry should be filtered to 
remove impurities.

Contamination
The developer is the only solution that is dramatically 
affected by contamination. Only 0.1  percent fixer in 
a developer tank will destroy the ability of the reduc-
ing agents. Films processed in contaminated developer 
appear extremely gray (they exhibit extremely low con-
trast). Because the fixer tank is usually adjacent to the 
developer, it is easy for splashing to occur. The most 
common cause of contamination is splashing, which 
occurs during lifting or when replacing the fixer transport 
rack. Special splash guards are supplied with automatic 
processors, and they should always be used. Developer 
contamination requires total dumping, washing, refilling, 
and seasoning of the developer tank. When cleaning a 
processor, the fixer tank should always be filled first. If 
splashing occurs, it is a simple matter to reclean the devel-
oper tank before it is filled.

Evaporation of solutions can also cause contamina-
tion. Contamination can occur if fixer condensation drips 
into the developer tank. Individual evaporation covers for 
both developer and fixer tanks should be in place at all 
times. When a processor is shut down, excessive conden-
sation can occur as it cools. To prevent contamination, 
the processor lid should be propped open whenever the 
processor is not in use. 

FiXiNg

If a film is exposed to light after development, the unreduced 
silver halides will be converted to black metallic silver. This 
is seen as a slow blackening of the film, which obscures the 
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image. Undeveloped silver halides must be removed from 
the emulsion to permanently fix the image before exposure 
to light for viewing. This important step is accomplished by 
using a clearing agent that bonds with the unexposed silver 
halides and removes them from the emulsion. The primary 
agent of the fixer is the clearing agent.

Clearing Agent
Nearly all fixer solutions use ammonium thiosulfate as the 
clearing (fixing) agent (also known by the term “hypo”). 
Ammonium thiosulfate uses silver in the emulsion to 
form ammonium thiosilversulfate. Within 5–10  seconds 
after the clearing agent has begun to function, the film 
can be exposed to full room light for inspection without 
damage to the image. If the fixer has not completely 
cleared the film of unexposed silver halides, the film will 
have a milky appearance. The clearing time is defined 
as twice the time necessary for the milky appearance 
to disappear. In a 90-second automatic processor, the 
clearing time is usually 15–20 seconds, whereas manual 
processing may take 2–3 minutes.

Activator
The activator maintains an acidic pH (4.0–4.5) to enhance 
the functioning of the clearing agent. It also serves as a 
stop bath to keep the reducing agents from continuing to 
function when the film is immersed in the fixer. 

Preservative
The fixer dissolves silver from the ammonium thiosilver-
sulfate, thus permitting it to continue to remove silver 
from the emulsion.

Hardener
The hardener serves the same purpose as in the developer—
prevention of scratches and abrasions to the emulsion dur-
ing processing and maintenance of a uniform thickness of 
the film during transport. Insufficient hardener will cause 
films to exit the processor with moist, softened surfaces.

Solvent
Water (which should be filtered and treated) is used as 
the solvent.

Depletion
After a time, the fixer solution will become saturated 
with silver ions from the emulsion. The silver ions in the 
fixer can be reclaimed through various silver recovery 
processes.

aRchiViNg

The archiving process is composed of two steps: washing 
and drying. Archiving prepares the film for long-term stor-
age as a medical record by protecting it from deterioration 
by chemicals, fading, and physical forces.

Washing and Drying
The washing process uses water to remove as much of the 
fixer and developer solutions as possible. It is followed by 
drying, which is done by forcing hot air over both sides of the 
film as it begins its exit from the processor. The air tempera-
ture ranges from 120°F to 150°F (43–65°C). The hot air sets 
a final hardening to the emulsion and seals the supercoat. 

Storage
Proper storage is a critical part of the archiving process. 
The length of time an original radiograph is stored is usu-
ally 5–7  years, depending on institutional policies and 
applicable laws. Films taken of minors and cases involved 
in litigation may be retained much longer (sometimes 
permanently). Processed radiographs should be stored at 
about 70°F (23°C) and 60 percent humidity.

Automatic Processing
Radiographic films were manually processed from the dis-
covery of radiography until Eastman Kodak introduced the 
first continuous roller automatic processor in 1957. 

daRKRoom

The darkroom is the lightproof laboratory used for loading 
and unloading cassettes and feeding film into the auto-
matic processor. Film is twice as sensitive after exposure 
and must be handled carefully to avoid trauma to the film 
surface.

Safelights
Radiographic film is designed to be insensitive to spe-
cific wavelengths of orange-red light. This permits the 
use of low-level illumination within this wavelength to 
make work in the darkroom easier. The amount of light 
is controlled by the type of filter, wattage of the light 
source, and distance from the working surface. Not all 
films are insensitive to the same wavelengths, and some 
may require special lighting or no-light conditions.

A safelight test calculates how long a film may be 
handled before fogging becomes a problem. Darkroom 
walls and floors should be light colored to increase the 
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amount of light in the darkroom. If light is safe at its 
first reflection, it loses intensity and remains safe on 
additional reflections. When benches and flooring are 
light colored, it is much easier to locate films and other 
objects.

Pass Box
Film cassettes are passed into the darkroom through a 
pass box, or cassette hatch, which is a lightproof con-
tainer set in the darkroom wall. Most pass boxes have two 
sides, one labeled “exposed,” the other “unexposed,” and 
both have interlocking lightproof doors. The interlock-
ing doors are designed to prevent both doors from being 
opened at once, allowing light into the darkroom.

Darkroom ventilation should be a primary concern. 
Chemical fumes must be vented directly to the outside 
of the building. Failure to do so can result in toxic fumes 
being picked up by ventilation systems.

SilVER REcoVERY SYSTEmS

Sufficient silver is dissolved in the fixer solution 
to make recovery before discarding feasible from a 
financial standpoint and to prevent toxic heavy metal 
pollution of the environment. In the United States, the 
Water Control Act of 1972, Resources Conservation-
Hazardous Waste Act of 1976, Clean Water Act of 1984, 
and the Resource Conservation and Recovery Act of 
1986 all affect the disposal of heavy metals into the 
public environment. In essence, these laws require that 
the best available methods be used to clear silver from 
fixer overflow solutions prior to disposal. In addition, 
they limit liquid waste to a toxic level of 5  parts per 
million (ppm). A permit is required for dumping more 
than 27  gallons (U.S.) per month into a public sewer 
and any amount into the ground. Even shipping the 
waste to a treatment plant requires a permit. Compli-
ance with these regulations is the reason commercial 
firms are usually employed to handle silver recovery.

The fixer may accumulate silver at the rate of as 
much as 100 mg/m2 of film processed. This is well above 
the dumping limits allowed by law in the United States. 
In fact, the fixer is as valuable, if not more valuable, after 
processing than before.

About half of the silver in the film remains in the 
emulsion after processing. The other half is dissolved into 
the fixer solution. Much of this silver may be removed 
from the fixer by diverting the overflow through a silver 
recovery system before discarding. It is estimated that 
about 10  percent of the purchase price of film may be 
recovered, depending on the type of recovery system used 
and the market price for silver.

There are several types of silver recovery units, 
including electrolytic, metallic replacement, chemical 
precipitation, and resin. All of these units operate by pro-
viding electrons that can be used by the silver in the fixer 
solution to form black metallic silver. They differ in the 
method by which the electrons are provided and by the 
process used to refine the metallic silver.

Film
The film itself retains half the silver (about 0.1 troy ounce 
per pound [0.45  kg]) and this can also be recovered. 
Unexposed (green) film has twice the amount of silver as 
processed film.

SENSiTomETRY

The measurement of the characteristic responses of film 
to exposure and processing is termed sensitometry and it is 
accomplished by exposing and processing a film and then 
measuring and evaluating the resulting densities. Sensito-
metric methods are useful to evaluate technical factor expo-
sure systems, films, intensifying screens, and processing 
equipment, and to maintain technical exposure factor charts.

SENSiTomETRic EQUipmENT

Either a penetrometer or a sensitometer is required to 
produce a uniform range of densities on a film, and a 
densitometer is required to provide an accurate reading of 
the amount of light transmitted through the film.

Penetrometer
A penetrometer is a series of increasingly thick, uni-
form absorbers. They are usually made of aluminum 
steps, although tissue-equivalent plastic is sometimes 
used (Figure  19-5). A penetrometer is referred to as a 
step wedge because of its shape. It is used to produce a 
step wedge on radiographic film by exposure to x-rays 
(Figure  19-6). Because of the vast number of variables 
in x-ray-generating equipment, the use of a penetrometer 
is not recommended for quality control monitoring of 
film processors. However, it is an excellent method for 
monitoring both x-ray equipment and film/intensifying-
screen combinations because it reproduces the variables 
associated with a clinical situation.

Sensitometer
A sensitometer is designed to expose a reproducible, 
uniform, optical step wedge onto a film  (Figure  19-7). 
It contains a controlled-intensity light source (a pulsed 
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in the sensitometer over the optical step wedge. The opti-
cal step wedge should not be touched because hands 
leave a film of oil that interferes with the light intensity.

Optical step wedges (step tablets) are available in 
11- and 21-step versions. The 11-step wedges usually 
increase density 100 percent (by a factor of two) per step. 
The 21-step wedges usually increase density 41 percent 
(by a factor of 1.41 times [which is 2 ]) per step. Because 
the rigid control of the densities produced on the film 
eliminates other variables, sensitometer-produced step 

stroboscopic light is best) and a piece of film with a stan-
dardized optical step wedge image (a step tablet). The 
controlled light source reproduces the same amount of 
light each time it is triggered. Voltage fluctuations and 
other factors that might cause the intensity to vary are 
controlled by circuits that supply an exact quantity of 
power to a capacitor that discharges to the stroboscopic 
light when triggered. The optical step wedge absorbs a 
calibrated amount of this light, leaving a uniform and 
reproducible light penetrometer to expose any film placed 

FiguRE 19-5.  Two basic types of penetrometers or step wedges: (A) aluminum and (B) tissue equivalent plastic. (Courtesy of Fluke Biomedical.)

A B

FiguRE 19-6.  A density curve produced from graphing the exposures of a penetrometer exposure. (A) The exposure. (B) The graph.
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wedges are perfect for processor quality control moni-
toring. Very slight density differences can be detected 
by sensitometric equipment. When a film is processed, 
there is a tendency for exhausted reducing agents and 
bromine ions to be carried backward on the emulsion as 
it is driven through the rollers of an automatic processor. 
For this reason, sensitometric film strips should be fed 
into automatic processors with either the long axis of 
the step wedge parallel to the entrance rollers or with the 
light edge entering the processor first.

Sensitometric strips are also produced electronically 
by most laser and dry imaging systems (when images are 
transferred to film) as well as by most Picture Archiving 
and Communications Systems (PACS) systems for use 
in calibrating the sensitometric response of flat-panel 
monitors.

Densitometer
A densitometer is an instrument that provides a readout 
of the amount of blackening (density) on a film. A den-
sitometer consists of a calibrated uniform light source, a 
stage for placing the film to be measured, a light aperture 
to control the amount of light from the source, a sen-
sor arm with an optical sensor, a readout display, and a 
calibration control (Figure  19-8). Density readings are 
accomplished by comparing the amount of light emitted 
by the light source with the amount of light transmitted 
through the film. To do this, the densitometer must be 
calibrated before each reading by recording the amount of 
light the light source is emitting. This is done by pushing 
the sensor arm so that the sensor is in contact with the 
light source (this eliminates the inverse square law fac-
tor) and by using the calibration control to set the readout 
display at zero. This calibrates or zeroes the densitometer 

and prepares it for a reading. When a film is placed on 
the stage and the sensor arm is pushed down into contact 
with the film, the densitometer can calculate the differ-
ence between the calibration intensity and the intensity of 
light the film is transmitting.

Because films are sensitive to a wide range of expo-
sures, their densities are best visualized if the range is 
compressed into a logarithmic scale. When using a loga-
rithmic scale with a base of 10, an increment of 0.3 repre-
sents a doubling of exposure. This is because the log of 
2  is 0.3. The numbers that are displayed by a densitom-
eter are known as optical density numbers. They can be 
expressed with the term OD in front of the number (e.g., 
OD 1.5). They are calculated using the following formula:

OD log
I

I
o

t

� 10

where: OD = optical density number
 I

o
 = intensity of the incident light

 I
t
 = intensity of the transmitted light

This formula can be stated as the log of the intensity 
of the incident light divided by the intensity of the light 
transmitted through the film. Radiographic film densities 
range from OD 0.0 to 4.0.

The ability of a film to stop light is termed opacity. 
Opacity is calculated using the following formula:

opacity
I

I
o

t

�

where: I
o
 = intensity of the incident light

 I
t
 = intensity of the transmitted light

Cover with foam to ensure good
film-wedge contact

Optical step
wedge

Cover with foam to ensure good
film-wedge contact

Optical step
wedge

Pulsed Pulsed 
stroboscopic lightstroboscopic light

FIgURE 19-7.  A sensitometer.
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CALIBRATION 1.64

FIgURE 19-8.  A densitometer.
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Note that density is the log
10

 of opacity  (density = log
10

 of 
opacity). Table  19-2 shows both the opacity and optical 
density numbers for various percentages of light transmit-
ted within the radiographic film density range of 0.0 to 4.0. 
For example, if a region of a radiograph has an OD of 1.0, 
this means only 10 percent or 1/10 of the incident light is 
transmitted through the radiograph in this region. The opac-
ity of the region would be 10. If the OD number is increased 
to 1.3, the opacity is doubled (to 20) and the percentage of 
light transmitted through the film is halved (to 5 percent or 
1/20). Increments of 0.3 changes in OD numbers represent a 
doubling or halving of opacity.

ThE d log E cURVE

Sensitometry is normally shown as a graphic relationship 
between the amount of exposure and the resultant density on 
the film (Figure 19-9). The horizontal exposure axis (x axis) 
is compressed into a logarithmic scale and the vertical 
optical density axis (y axis) is shown as a logarithmic scale 
(OD numbers are logarithmic). Consequently, the curves 
are known as density log exposure, or D log E curves. They 
are also called characteristic curve, sensitometric curve, and 
Hurter and Driffield (H&D) curves after the two photographers 

who first described the relationships in 1890. The impor-
tant elements of a typical D log E curve are the base plus 
fog, toe, straight-line portion (gamma), shoulder, and maxi-
mum density (D

max
).

The base plus fog (b+f) (see Figure 19-9A) is the den-
sity at no exposure, or the density that is inherent in the 
film. It includes the density of the film base, including its 
tints and dyes, plus any fog the film has experienced. Radio-
graphic film base density ranges around OD 0.05–0.10. 
Processing the film usually adds about OD 0.05–0.10 
in fog density. The total base plus fog is seldom below  
OD 0.10 but should not exceed OD 0.22. Fog may be 
caused by heat, chemical fumes, light, and x-radiation. 
Over time, the natural amounts of these radiations will 
produce a slight density that is sometimes called age fog. 
Most of the fog level will be produced by the chemical 
processing system. This includes the hyperactivity of the 
developer solution, primarily caused by the high tempera-
ture at which automatic processors operate.

Phenidone is the reducing agent that controls the 
subtle gray tones early in the development process. This 
region of the curve is known as the toe (see Figure 19-9B) 
and is predominantly controlled by phenidone.

The straight-line portion of the curve is that portion 
between the toe and shoulder (see  Figure 19-9C). It is usu-
ally fairly straight because the film is reacting in a linear 
fashion to exposure in the range of its primary sensitivity, 
which is in this region. The range of diagnostic densities var-
ies from a low of OD 0.25–0.50 to a high of OD 2.0–3.0. The 
majority of diagnostic-quality information on a radiograph 

 TABLE  19-2 .  Example Opacities, Optical Density 
Numbers, and Light Transmission 
Percentages

  Percentage of  
  Light Transmitted 
 Opacity OD Number Through Film

 1 0.0 100

 2 0.3 50

 4 0.6 25

 8 0.9 12.5

 10 1.0 10

 20 1.3 5

 40 1.6 2.5

 80 1.9 1.25

 100 2.0 1

 200 2.3 0.5

 400 2.6 0.25

 800 2.9 0.125

 1,000 3.0 0.1

 2,000 3.3 0.05

 4,000 3.6 0.025

 8,000 3.9 0.0125

 10,000 4.0 0.01

FIgURE 19-9.  A typical D log E (characteristic, sensitometric, or 
H&D) curve. (A) Base plus fog; (B) toe; (C) straight-line portion;  
(D) shoulder; (E) Dmax.
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will measure between OD 0.5 and OD 1.25. These densities 
are within the straight-line portion of the curve.

Hydroquinone is the reducing agent that controls 
the heavy black tone later in the development process. 
This region of the curve is known as the shoulder (see 
Figure 19-9D) and is entirely controlled by hydroquinone.

Dmax is the maximum density the film is capable of 
recording (see Figure 19-9E). It is the highest point on the 
D log E curve. It represents the point where all the silver 
halides have a full complement of silver atoms and cannot 
accept more. Additional exposure beyond D

max
 will result 

in less density because silver atoms attached to sensitivity 
specks will be ionized again, reversing their charge and 
causing them to be repelled from the speck. This process 
of reversal, or solarization, reduces the intensity of the 
latent image and will produce less density. The true D log 
E curve is bell-shaped (Figure 19-10). 

Film chaRacTERiSTicS

The primary characteristics of film are classified as 
resolution, speed, contrast, and latitude. Sensitometry per-
mits analysis of speed, contrast, and latitude within the 
normal exposure ranges of the film. Extremely long or 
high-intensity exposure can overload the silver halide crys-
tals and cause a phenomenon known as reciprocity failure. 
Although films are designed to handle a wide range of expo-
sures, when unusual circumstances require large expo-
sures, films may deviate from their expected performance.

Resolution
Resolution is the ability to accurately image an object. It is 
also called detail, sharpness, definition, and resolving power. 
Resolution is measured by the ability to see pairs of 

lines. The unit of resolution is line pairs per millimeter, 
expressed as lp/mm.

Film resolution is determined by the size of the 
silver halide crystals. Smaller crystals will darken a 
smaller area of the film, whereas larger ones will darken 
larger areas. Information that is smaller than an individual 
silver halide crystal cannot be visualized. An inverse 
relationship exists between film resolution and crystal 
size (the smaller the crystals, the higher the resolution; 
the larger the crystals, the lower the resolution). Silver 
halide crystals are sometimes called grains, thus the term 
graininess for poor resolution. Although film graininess 
can sometimes be seen, radiographic film-screen system 
resolution is generally controlled by the size of the inten-
sifying-screen phosphors, not the size of the silver halide 
crystals in the film emulsion.

Speed
The amount of density (degree of blackening) a film 
produces for a given amount of exposure is the film 
speed. It is determined by the film’s sensitivity to 
exposure. The position of the toe determines how soon 
the straight-line portion will begin, and this indicates 
the overall speed of the film. Figure 19-11 illustrates the 
effect of the toe and shoulder on the overall position of 
the curve.

Film sensitivity is determined primarily by the size 
of the silver halide crystals. However, the number of 
sensitivity specks and the thickness of the emulsion 
layer also have an effect. Larger crystals will receive 
more photons because of the greater area they cover. 
Larger crystals will darken a greater area of the film 

D max

Solarization
reversal

D
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4
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1

1.0 2.0 3.0 4.0
Log exposure

FIgURE 19-10.  Solarization or reversal of duplicating film.
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FIgURE 19-11.  The effect of film speed on D log E curves.
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Relative speeds are also used as a baseline for digital 
imaging systems. This is discussed in chapter 23. Film 
speed is affected by immersion time, solution tempera-
ture, and chemical activity. The immersion time in a 
high-speed automatic processor may be as short as 
20–25  seconds. The longer the film is subjected to the 
chemical action of the developer solution, the greater 
is the amount of black metallic silver deposited on 
the latent image sites through the reduction process  
(Figure 19-12). Film speed is most affected by developer 
solution temperature (Figure 19-13). Only 0.5°C will cause 
a visible change in film density. The chemical activity of 
the developer solution will also increase the development 
of density. Determination of the proper time, temperature, 
and activity for a particular developer and film is done 
by graphing speed, contrast, and base plus fog levels for 
various activity concentrations (Figure 19-14). This is how 
the manufacturer arrives at the recommended time and 
temperature for optimal results.

Contrast
Contrast is the difference between adjacent densities. 
This concept can be confusing when one tries to under-
stand the difference between density and contrast. 
There is a relationship between contrast and density 
because contrast consists of the difference between 
adjacent densities. For the same film type, a change in 

than smaller crystals with the same exposure. There-
fore, film speed and crystal size are directly related (the 
larger the crystals, the faster the film speed; the smaller 
the crystals, the slower the film speed). Film speed and 
the number of sensitivity specks are also directly related 
for the same reason.

A thicker emulsion layer will place more crystals 
in a given area. Each incoming photon may interact 
with more than one crystal, so when more crystals are 
stacked on top of one another in the same area, the 
same number of photons will produce more film den-
sity. Therefore, film speed and thickness of emulsion 
layer are directly related (the thicker the emulsion, 
the faster the film speed; the thinner the emulsion, the 
slower the film speed).

Screen films are capable of responding to (pro-
ducing visible densities for) exposures as low as 
1  mR and as high as 1,000  mR. In Figure  19-11, film A 
produces all density levels with less exposure than film B 
requires for the same density. This demonstrates that film 
A is more sensitive to exposure, or faster. Film B is less 
sensitive, or slower.

The speed point of a film is that point on the D log E 
curve where a density of OD 1.0 + b+f is achieved. The 
American National Standards Institute (ANSI) specifies 
x-ray film speed as the exposure required to reach OD 
1.00. However, many users add base plus fog to this stan-
dard. The speed exposure point is the log exposure that 
will produce the speed point for a given film. Film A in 
Figure 19-11 has a speed exposure point of 1.5, and film B 
has a speed exposure point of 2.0.

In clinical radiography it is important to be able to 
adjust technical factors from one film to another. The 
radiographer must be able to calculate the difference in 
exposure that will produce a diagnostic-quality image 
on a new film when the proper factors are known for a 
previous one. In Figure 19-11, film B would require a log 
exposure of 2.0 to produce OD 1.0. Film A would require 
a log exposure of 1.5 to produce the same density. The 
difference in film speed is calculated as:

antilog (log E
1
 – log E

2
)

where: log E
1
 = log exposure of 1st film

 log E
2
 = log exposure of 2nd film

Relative speeds have been assigned by film manu-
facturers to assist radiographers in relating films to one 
another as they are used in film and intensifying-screen 
combinations (film-screen combinations). Relative film-
screen speed can be determined by using the reciprocal of 
the exposure required to produce a given density:

relative speed
exposure in R needed to produc

5
1

ee
speed point density (OD 1.0 b f)1 1

EXAMPLE: What is the difference in speed between 
film A and film B in Figure 19-11?

Answer:

antilog(log E1 − log E2) =
antilog(2.0 − 1.5) =
antilog(0.5) = 3.16

Film A is 316 percent faster than film B.

EXAMPLE: What is the relative speed for a film that 
requires an exposure of 5  mR to produce the speed 
point density?
Answer:

relative speed
exposure in R needed to produc

5
1

ee
speed point density (OD 1.0 b f)

Relative spee

1 1

dd
mR

Relative speed
R

5

5 5

1
5

1
0 005

200
.
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256  UNIT III Creating the Image

density will affect contrast visible on a film only when 
above or below the straight-line portion of the D log E 
curve.

Contrast is controlled by the level of activity of the 
developer. The developer, which establishes the shoulder 
of the D log E curve and the position of the shoulder, 
affects the slope of the straight-line portion of the curve 
(Figure 19-15).

Contrast is defined by the slope of the straight-line 
portion of the D log E curve, but, because the straight-line 
portion is actually a curve, it is important to define the 
point at which the slope is measured. A gamma is simply 
a measure of the slope of the straight line portion of the 
curve at the speed point (OD 1.0). In practice, a gamma 
may be read with the speed point in the center, top end, or 
bottom end, as long as all comparative readings are done 
from the same reference point. Contrast differences can-
not be appreciated unless they are measured from identi-
cal reference points.

The slope can be read as “rise over run”  (Figure 19-16). 
More sophisticated measurements, such as the trigonomet-
ric tangent of the slope, are also used. The slope of any 
portion of the D log E curve can be calculated, and this is 
known as a gradient point. Gradient points must have their 

OD  values stated—for example, a gradient of 1.75 at OD 
0.80. Gradient points are sometimes known by their loca-
tion: toe gradient, middle gradient, and upper gradient. The 
toe gradient is calculated between OD 0.25 and OD 1.00. 
The middle gradient is calculated between OD 1.00 and OD 
2.00. The upper gradient is calculated between OD 2.00 and 
OD 2.50. Overall radiographic film contrast is more com-
monly defined by the average gradient of the straight-line 
portion of the D log E curve between OD 0.25 + b + f and 
OD 2.50 + b + f. Opinions differ on whether b + f should be 
added to average gradient calculations. The average gradi-
ent is calculated as:

average gradient
D
E

or

average gradient
D D

E
1

�
�

�

�
�2

2 ��E1

where: D
1
 = OD 0.25 + b + f

 D
2
 = OD 2.50 + b + f

 E
1
 = exposure that produces D

1

 E
2
 = exposure that produces D

2

Note: D is a constant of OD 2.25 (OD 2.50–0.25).
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FIgURE 19-12.  The effect of developer solution immersion time on 
film speed.
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FIgURE 19-13.  The effect of developer solution temperature on 
film speed.
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Figure 19-17 illustrates the difference between vari-
ous gradient points and the average gradient. Most radio-
graphic film average gradients are between 2.5 and 3.5.

The important part of the D log E curve is that 
portion between the toe and the shoulder (the diag-
nostic range of the film). In this central straight-line 
portion, the density is approximately proportional to 
the log relative exposure. This is because a straight 
line will always have a constant ratio. If the slope of 

Speed

Average
gradient

Fog

Time
Temperature

D
en

si
ty

D
en

si
ty

A
ve

ra
ge

gr
ad

ie
nt

Range of acceptable
time and temperature

FIgURE 19-14.  Determination of optimal development time and 
temperature for a particular film by comparison of contrast, speed, 
and base plus fog for a particular developer solution concentration.
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FIgURE 19-15.  Comparison of film contrast.
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FIgURE 19-16.  Average gradient from a D log E curve.
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the straight-line portion is at a 45° angle, the average 
gradient will measure 1.0. In this example, a doubling of 
exposure will result in a doubling of the opacity. (Note 
that the term doubling of density is not used because 
density is a log number. A change of 0.3 in density 
reflects a doubling or halving of opacity.) A common 
misnomer in film-screen radiography is that doubling 
the exposure will double the density. This is not true for 
typical radiographic film-screen systems. However, it is 
true for most digital imaging systems.

Radiographic films have a slope steeper than 45°. 
In these films, when exposure is doubled, opacity is 
increased by more than a factor of 2. Because of the 
steepness of the slope (and the average gradient above 
1.0), radiographic films amplify exposure by producing a 
greater proportion of density per exposure increase. Dou-
bling the radiographic exposure will produce more than 
a doubling of radiographic opacity.

Toe and shoulder gradients are less than a 45° angle 
(<1.0) and therefore not only fail to amplify the contrast 
but actually decrease it. This is one reason why extremely 
light or dark areas on radiographs are not acceptable for 
diagnosis.

A contrast index is often used in quality control to indi-
cate contrast. Because the definition of average gradient 
depends on comparable densities, when the density itself 
shifts, a different measure must be established. A contrast 

index is simply two density points that are subtracted from 
each other. It gives a measure of the difference between 
set densities, which represents the contrast. (Contrast is 
defined as the difference between densities.)

The relationship between density and contrast is 
complex. To understand how density affects contrast, it is 
important to realize that the changes in average gradient 
between the toe and shoulder of the D log E curve are actu-
ally changes in contrast. When insufficient or excessive 
density causes the range of visible densities on the radio-
graph to change, contrast is affected. For example, the 
film used for the data in Figure 19-18 achieved a maximum 
optimal contrast with an OD of 1.2–1.5. For OD measure-
ments above or below this range, contrast is decreased. 
For radiographic films under most conditions, contrast is 
maximized when the density range is within the range of 
diagnostic densities (a low of OD 0.12–0.50 and a high of  
OD 2.0–3.0). When the diagnostic densities are below or 
above this range, the contrast will be decreased. For film-
screen systems, this occurs because the slope of the range 
of diagnostic densities has moved into the toe or shoulder 
of the D log E curve. For digital systems, because there is 
no toe or shoulder, the result is a straight line throughout 
the exposure range.

The contrast must exist within the diagnostic range 
of the film if it is to be visualized; in other words, within 
the straight-line portion of the curve.

0.5

0.2

0.4

0.6

0.8

A B

O
D

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.5 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0 3.3 3.6

1

2 3
4

5
6

2.52.01.5

OD
1.0

C
on

tr
as

t i
nd

ex
 (

d 2
–d

1)

1

3

2

4

5

6

Log relative exposure

FIgURE 19-18.  (A) Density ranges (1–6) from D log E curve of film measured for contrast index. (B) Contrast index for the density ranges  
(1–6) measured from Figure A. Note that the maximum contrast (range 4) is essentially the straight-line portion of the curve. Contrast is 
decreased for toe and shoulder measurements but is maximized for the straight-line portion of the D log E curve (OD 1.2–1.5). (Also note this 
range corresponds to the speed point [0D 1.2].) (Courtesy of Barry Burns, UNC Division of Radiologic Science.)
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IntensIfyIng screens

An intensifying screen is used to amplify the incom-
ing x-ray beam and reduce patient radiation dose. 
Introduced in 1896 by the American inventor Thomas 
Edison (1847–1931), intensifying screens produce large 
quantities of light photons when struck by x-rays. In 
this manner, they intensify the latent imaging power of 
the beam, even though less than 33 percent of the x-ray 
photons that strike the cassette interact with the intensi-
fying screen. Over 99 percent of the latent film image is 
formed by this light, with less than 1 percent contributed 

Latitude
For clinical radiographic purposes, latitude is the range of 
exposures that will produce densities within the diagnos-
tic range (Figure 19-19). Latitude can be recorded as the 
width of the range of exposures that will produce diag-
nostic-range densities according to the following formula:

latitude = E
h
 – E

1

where: E
h
 = OD 2.50 exposure point

 E
1
 = OD 0.25 exposure point

when: E
h
 = high exposure point

 E
1
 = low exposure point

The latitude for film B can be calculated to be 1.0. Film A 
has a narrow latitude, whereas film B has a wider latitude. 
Because a wide-latitude film permits considerable varia-
tion in the exposure while still exhibiting densities within 
the diagnostic range, it is sometimes called a forgiving 
film. The use of a narrow-latitude film for routine radiog-
raphy requires greater exposure accuracy.

Latitude and contrast are inversely related. As 
contrast increases, latitude tends to decrease. This 
affects the overall shape of the D  log E curve. Latitude 
changes whenever there is a change in the average gra-
dient of the D log E curve. Speed could change without 
altering the average gradient and latitude. A difference in 
film speed usually results in different contrast and lati-
tude because it is rare for the entire D log E curve to shift 
the same degree. With a film-screen system, the toe and 
shoulder will usually not shift exactly the same amount 
and this causes a change in the slope of the straight-
line portion of the curve (which changes contrast and 
latitude). With a digital imaging system, because there 
is no toe or shoulder, the exposure response remains a 
straight line. The relationships of speed, contrast, and 
latitude to patient dose are listed in Tables 19-3 and 19-4.

EXAMPLE: What is the latitude for film A in 
Figure 19-19?

Answer:

latitude 5 Eh – E1

latitude 5 1.8 – 1.1

latitude 5 0.7
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FiguRE 19-19.  Comparison of film latitude. The range of relative 
exposure is indicated for each film.

 TABLE  19-3.    Relationship between Contrast, 
Latitude, and Patient Dose

Contrast Latitude Patient Dose

high narrow high

low wide low

 TABLE  19-4.    Relationship between Speed and 
Patient Dose

 Speed Patient Dose

 slow high

 fast low
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Reflective Layer
The base material is not transparent to light. In fact, a spe-
cial layer of reflective material, such as magnesium oxide 
or titanium dioxide, is used to reflect light toward the film. 
When a phosphor is struck by an x-ray photon, it will emit 
light isotropically (in all directions) (Figure 19-21A). When 
a reflective layer is added (Figure 19-21B), nearly twice as 
much light is reflected toward the film. This increase in 
light striking the film assists in creating the latent image 
and decreases the radiation dose to the patient.

Phosphor Layer
The active layer of the intensifying screen is the phos-
phor layer. Phosphors are materials that are capable of 
absorbing the energy of an incident x-ray photon and 

by x-ray photons. This permits a great reduction in the 
amount of radiation necessary to produce a diagnostic-
quality image. Intensifying screens are normally used 
in pairs with duplitized film, although there are special-
ized cassettes that are designed for a single screen with 
single-emulsion film.

 coNSTRUcTioN oF iNTENSiFYiNg 
ScREENS

Intensifying screens are composed of radiolucent plastic, 
coated with phosphors that will emit light when struck 
by x-ray photons. They are designed to be mounted in 
pairs inside the top and bottom of a lightproof cassette 
so that a sheet of radiographic film can be sandwiched 
tightly between them. A screen consists of a base, a 
reflective layer, a phosphor layer, and a protective coat 
(Figure 19-20).

Base
The base is usually made of polyester plastic 1  mm 
thick, although cardboard and metal have been used. It 
must be flexible yet tough, rigid, chemically inert, and 
uniformly radiolucent. It must be flexible to permit it 
to achieve good contact with the film. It must be rigid 
enough to stay in place in the top and bottom of a cas-
sette. It must be chemically inert so that it does not 
react with the phosphor and interfere with the conver-
sion of x-ray photons to light. It also must not react 
with air or chemicals in a manner that would cause 
discoloration. 

FIgURE 19-20.  Cross-sectional view of a typical radiographic intensifying screen.
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FIgURE 19-21.  Intensifying-screen reflective layer redirection of 
isotropic light emission to film.
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and phosphorescence are the two types of luminescence. 
The fluorescence occurs when the light is emitted within 
the time it takes an electron to complete one orbit of the 
affected shell electrons (within 1 nanosecond). Phospho-
rescence occurs when the light is emitted for a period lon-
ger than that necessary for one orbit of the affected shell 
electrons. In other words, fluorescence is instantaneous 
emission whereas phosphorescence is delayed emis-
sion, sometimes considerably delayed. Phosphorescence 
occurs when the phosphor continues to emit light after 
the incident x-ray photon energy has dissipated. Maxi-
mum fluorescence and minimal phosphorescence are 
desirable because delayed emission of light may permit 
the film to be removed from the cassette before the maxi-
mum latent image formation has occurred. Additionally, if 
another film is loaded into the cassette it may be faintly 
exposed to a previous image.

Delayed phosphorescent emission is called screen lag 
or afterglow and is common in older intensifying screens 
with exhausted phosphors. The normal life of intensifying-
screen phosphors is 5–7 years.

Roughly 50,000  photons per mm2 must exit the 
object being examined to produce a radiographic image. 
The intensifying screens must produce enough light 
from these photons to create the latent image in the film 
emulsion.

Several phosphors have been used in radiography 
since Röntgen’s discovery: zinc sulfide, barium lead sul-
fate, calcium tungstate (CaWO

4
), and a family of hybrid 

rare earths, including gadolinium, lanthanum, and yttrium. 
Calcium tungstate was used by  Edison and it predomi-
nated as the best phosphor until the late 1970s, when the 
rare earths were introduced.

Rare Earths
Rare earths are the preferred phosphor materials because 
they have greater absorption abilities, intensification fac-
tors, and conversion efficiency. Older calcium tungstate 
screens had an x-ray-to-light conversion efficiency of 
about 5  percent, as compared to rare-earth conversion 
efficiencies of 15–20 percent. The rare-earth screens use 
phosphors with atomic numbers of 57–71. These elements 
are known as rare earths because they are difficult to iso-
late. Gadolinium and lanthanum were the most common 
rare earths used for radiographic intensifying screens.

 chaRacTERiSTicS oF 
iNTENSiFYiNg ScREENS

Intensifying screens exhibit the same types of 
 characteristics as films. Consideration must be given to 
screen resolution, speed, contrast, and latitude.

then emitting light photons. Röntgen discovered x-rays 
when he observed the luminescence of the phosphor 
barium platinocyanide from a piece of cardboard in his 
laboratory. This phosphor layer varies from 150 to 300 
μm, depending on the speed and resolving power of the 
screen.

Protective Coat
A coating of protective plastic about 25 μm thick is 
applied on top of the phosphor layer. The coating protects 
the phosphor layer from abrasions and stains during the 
loading and unloading of films. 

phoSphoRS

Phosphors must have a high atomic number, high 
conversion efficiency, appropriate spectral emission, and 
minimal phosphorescence.

Atomic Number
A high atomic number is desirable to increase the prob-
ability of an incident x-ray photon interaction. Because 
x-ray photons are of high energy, a high atomic num-
ber is required to permit photoelectric and Compton 
interactions.

Conversion Efficiency
The ability of the phosphor to emit as much light per x-ray 
photon interaction as possible is a measurement of the 
screen speed. As this con   version efficiency increases, the 
radiation dose to the patient decreases. A typical conver-
sion efficiency would produce 1  3 103 light photons per 
incident 50-keV x-ray photon for a rare-earth screen.

Spectral Emission
The spectral emission is an indication of the precise wave-
length of light emitted by the phosphor. It is important 
that the spectral emission match with the sensitivity of the 
film to ensure maximum latent image formation.

Luminescence
The luminescence is the ability of a material to emit light 
in response to excitation (usually by increased outer-elec-
tron-shell energy levels). Because of the narrow energy 
band within which these interactions occur, luminescent 
materials emit light with wavelengths that are character-
istic of the particular luminescent material. This results 
in light emissions of a characteristic color. Fluorescence 
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Resolution
Resolution is the ability to accurately image an object. 
Intensifying-screen resolution is controlled by the size of 
the phosphor crystals, the thickness of the layer, and the 
concentration (packing density) of the crystals, exactly 
as silver halide size and distribution affect film resolu-
tion. Smaller crystals and a thinner layer increase reso-
lution but decrease screen speed. Larger crystals and 
a thicker layer decrease resolution but increase screen 
speed (Figure  19-22). Phosphor crystal size and layer 
thickness are both inversely related to resolution and 
directly related to screen speed. A greater concentra-
tion of crystals will increase both resolution and screen 
speed. Phosphor concentration is directly related to res-
olution and screen speed. Intensifying-screen phosphor 
crystals are much larger than the silver halide crystals in 
the film emulsion. In radiographic film and intensifying-
screen combinations, the screen resolution always pre-
dominates over the film resolution.

Measurement. Under ideal conditions, the naked eye 
can resolve approximately 10–20  lp/mm. Direct exposure 
nonscreen radiographic film can resolve up to 100 lp/mm, 
detail-speed screens about 15  lp/mm, par-speed screens 
about 10 lp/mm, and high-speed screens about 7 lp/mm.

Film-Screen Contact. One of the most common screen 
resolution problems is caused by poor contact between 
the film and the intensifying screen in the cassette  
(Figure  19-23). Poor film-screen contact also decreases 
the image density. There are numerous possible causes of 
poor film-screen contact, including foreign objects in the 
cassette and warped or damaged cassettes.

Quantum Mottle. Each phosphor crystal emits light that 
exposes a corresponding area of silver  halide crystals in 
the film emulsion. When insufficient phosphor crystals 
emit light to expose a coherent expanse of film, the result-
ing image will appear grainy (Figure  19-24). Quantum 
mottle is caused by an insufficient quantity of photons 
striking the intensifying screen. Although film graini-
ness may appear mottled, radiographic mottle is nearly 
always a result of intensifying-screen quantum mottle. 
The radiographer controls the quantity of photons with 
the mAs setting, so an increase in this factor will eliminate 
quantum mottle. Fluoroscopic tubes normally operate at 
very-low-mA levels. For this reason, quantum mottle is 
more commonly seen in fluoroscopy.

Speed
The speed or sensitivity of the intensifying screen is 
determined by the same factors that control resolution. 
Increasing phosphor size and layer thickness increase 
speed. An increase in phosphor concentration also 
increases speed. In addition, there are factors that 
affect speed but not resolution. As kVp is increased, the 
efficiency of the intensifying screen will also increase. 
An increase in kVp will cause an increase in screen 
speed. Intensifying-screen phosphors have relatively high 
atomic numbers, so higher kVp will increase the probabil-
ity of light-producing interactions within the phosphors. 
Temperature increases (over 100°F [38°C]) will decrease 
screen speed significantly.

Screen Speed Classifications. The most accurate factor 
that measures the speed or sensitivity of an intensifying 

Emitted 
light

Emitted 
light

Incident photon

Intensifying
screen

Film

Layer thickness Phosphor size

Incident photon

Film

Intensifying
screen

Emitted 
light

A B

FIgURE 19-22.  The effect of intensifying-screen phosphor layer thickness and crystal size on film resolution.
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Intensifying screen 

Emitted
light

Film

Resulting
film density

FIgURE 19-23.  Poor resolution and decreased image density due to loss of film-screen contact.

screen is the intensification factor. It is a measurement 
of the amplification of the image that occurs due to the 
screen’s ability to convert x-ray photons to light. It is 
directly related to the conversion efficiency of the phos-
phor. It is calculated as:

intensification factor
D

D
n

s

�

where: D
n
 5 exposure in mR nonscreen

 D
s
 5 exposure in mR with screens

The most useful rating of intensifying screens is the 
relative speed. Relative speed is expressed with a baseline 

FIgURE 19-24.  Quantum mottle.

of par-speed screens, and film, being arbitrarily assigned a 
relative speed (RS) number of 100, as a control point. High-
speed screens are usually rated RS 200–1,200, whereas fine-
detail screens are usually rated RS 20–80. Digital imaging 
systems also utilize the relative speed system.

K-shell Absorption Edge. Calcium tungstate screens 
will absorb about 20–40 percent and rare-earth screens 
will absorb about 50–60  percent of the incident beam. 
These percentages vary depending upon the keV level of 
the incident photons. Nearly 100 percent of the absorp-
tion occurs through photoelectric interactions. Because 
photoelectric interactions produce characteristic pho-
tons, when the incident x-ray photons match the K-shell 
binding energy of the phosphor, there is a dramatic 
increase in characteristic production within the screen. 
This is the K-shell absorption edge ( Figure  19-25). The 
K-shell edges for screen phosphors can result in a 

FIgURE 19-25.  The K-shell absorption edge effect for  calcium 
tungstate phosphors.
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dramatic increase in light emission. This causes prob-
lems for the radiographer who uses a variable-kVp 
technical factor system. If the kVp selected happens 
to be on or slightly above the K-shell edge, a slight 
decrease in kVp can cause a tremendous decrease in 
light emission, greatly reducing film density, instead of 
the slight decrease intended. In the reverse situation, if 
the original kVp happens to be slightly below the K-shell 
edge and a slight increase is desired, if the increase acti-
vated the K-shell peak, the resulting increase in density 
might be excessive. On a repeated examination, these 
situations could require third exposures. The kVp level 
should not be varied around screen-phosphor K-shell 
edges. Note that the K-shell edges are stated in keV 
levels. About 5–6  percent higher kVp levels would be 
required to produce the maximum number of K-shell 
edge-level photons for single-phase generators.

Contrast and Latitude
Intensifying-screen contrast and latitude are insignificant 
factors because most phosphors have a relatively linear 
conversion efficiency except for their K-shell edges. Film 
contrast and latitude are much more critical because 
of the nonlinear shape of the D log E curve. A slight 

improvement in screen contrast is achieved by the use of 
antihalation crossover dyes in the screens, but their use 
remains primarily with film base and emulsion. However, 
the effect of intensifying screens on image contrast is so 
slight as to be negligible.

caSSETTES aNd holdERS

Cassettes and holders are designed to create a portable, 
lightproof case for film to utilize the intensifying screens 
to best advantage and to attenuate the residual x-ray 
beam as much as possible (Figure  19-26). Various sizes 
and types of cassettes are available. There are numerous 
specialty cassettes available, such as curved cassettes 
and cassettes designed for specialty equipment, such as 
panoramic facial units.

Characteristics
The front of the cassette must be uniformly radiolucent 
to eliminate artifacts, rigid to provide good support for 
body parts, and lightweight. The intensifying screens are 
attached to the inside of the front and back of the cassette. 

FIgURE 19-26.  Cross section of a typical radiographic cassette.
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cleaning solution not specifically designed for intensify-
ing screens. Most commercial firms offer an electrostatic 
cleaning solution that will not leave mineral stains, will not 
become sticky (resulting in damage when screens stick 
to film or to one another after cleaning), and discourages 
static electricity that could discharge and expose film.

Never close a wet cassette because the screens 
may adhere to one another, permanently damaging their 
surfaces.

Artifacts
A loaded cassette that is stored near heat, bright sunlight, 
or in an ionizing radiation area may fog the film as the 
heat, light, or ionizing radiation activates the screen phos-
phor slightly. Always store cassettes away from any type 
of radiation.

A white spot (low density) represents an area where 
an artifact blocked the transmission of light between the 
screen and film or prohibited the ionizing radiation from 
activating the intensifying screen. Pitted screens or dust 
on the film or screen in the cassette are common causes 
of white spots. Cleaning the screens will often remove the 
artifacts.

Poor contact between the film and screens can pro-
duce lack of detail. A screen contact quality control test 
may be performed to verify the artifact diagnosis, but 
often the cassette and screens must be discarded.

Film-Screen Combinations
Radiographic film and intensifying screens are designed to 
complement each other and to produce the highest-quality 
image with the lowest patient radiation dose. Film and 
screens must be matched to each other to achieve diag-
nostic-quality images. If the screens have been designed to 
emit a specific wavelength, then the film must be designed 
to have enhanced sensitivity to the same wavelength. Mis-
matching of film and screens often increases patient dose.

EmiSSioN SpEcTRa

The spectral emissions of intensifying screen phosphors and 
radiographic films are shown in  Figure 19-28. Note that blue 
sensitive film will not respond to most of the wavelengths 
emitted by the rare-earth phosphors. However, green sensi-
tive film is more sensitive to the entire range of phosphor 
emissions, including the yellow-green wavelengths. Note 
also that green sensitive film is not quite as sensitive to the 
blue-violet wavelengths as the blue sensitive film.

The appropriate film-screen combination for a 
specific clinical situation must be selected based on the 

At least one must be mounted on a foam pressure pad to 
provide good contact between the screens and the film. The 
back must be rigid and lightweight and may also include a 
sheet of lead foil to reduce the residual beam and absorb 
backscatter. Backscatter is a significant problem with large 
body parts, especially in hypersthenic chest and abdomen 
examinations. It is caused when the incident beam is of 
such magnitude that enough backscatter is produced from 
behind the cassette to form a second image (Figure 19-27). 
The lead sheet must be minimal in cassettes designed to be 
used with automatic exposure controls (AECs).

Extremely low-attenuation graphite carbon  fiber 
materials are sometimes used for cassettes, grid inter-
spaces, and tables when low-energy photons may be car-
rying critical information.

caRE

Loading and Storage
When loading cassettes, the tops should never be fully 
open in order to prevent dust and condensation from 
accumulating and to prevent the formation of the artifacts 
they cause on the radiograph. The cassette top should be 
opened slightly; 2–3 inches, or 6–8 cm, is enough for the 
radiographer to unload and load any cassette.

Cassettes should be stored on end like a book and 
empty of film.

Cleaning
Intensifying screens and cassettes should be cleaned 
regularly. They must not be cleaned with tap water or any 

FIgURE 19-27.  Backscatter forming an image of a cassette hinge. 
This resulted from lack of collimation, which permitted the remnant 
beam to strike a wall and backscatter through the back of the cas-
sette onto the film. 
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266  UNIT III Creating the Image

combined qualities of the film and the screen. Clinical 
selection cannot be accomplished by evaluating film and 
intensifying screens separately. The qualities that must be 
considered are speed, resolution, contrast, and lati-
tude. Film-screen combination relationships are the same  
as the interrelationships of these factors for film (see 
Tables 19-3  and 19-4). The most common decision that 
must be made when selecting film-screen combinations 
is image resolution versus patient dose.

 chaRacTERiSTicS oF Film-ScREEN 
combiNaTioNS

The important characteristics of film-screen combinations 
are speed, resolution, contrast, and latitude.

Speed
The speed of an imaging system depends on the thickness 
of the layer of phosphor or silver halide, the crystal/phos-
phor size, and the efficiency of the crystal/phosphor in 
emitting (in the case of intensifying screens) or capturing 
(in the case of silver halides) photons.

Commercial firms use relative speed (RS) numbers 
to rate film-screen combinations. The numbers are not 
quantitative and represent no units. They are based on 
a relative value of 100  for calcium tungstate intensify-
ing screens used with a medium contrast and latitude 
blue sensitive film. This was the standard film-screen 
combination known as par or medium speed before the 
advent of rare-earth screens. Each manufacturer tends 

to calibrate film-screen combinations to its own brands. 
However, it has been suggested that the base RS 100 be 
calibrated equal to 1.28  mR to produce the film speed 
point (OD 1.00 1 base 1 fog). Relative speed numbers 
are usually established at 70–80  kVp, with 80  kVp pre-
ferred. When kVp values below 70 or above 100 are 
used, RS numbers may be less consistent. Therefore, the 
relationship between the RS number and the sensitivity 
of the film-screen combination is established by the fol-
lowing formula:

Sensitivity in mR
RS

�
128

Table  19-5 shows the relationship of RS number to 
the sensitivity in mR to produce the film speed point.

RS numbers are accurate enough to be used by 
radiographers to convert exposure technique settings 
from one situation to another. The formula for converting 
mAs from one relative speed to another is:

�
mAs
mAs

RS
RS

1

2

2

1

where: mAs
1
 5 old mAs

 mAs
2
 5 new mAs

 RS
1
 5 old relative speed

 RS
2
 5 new relative speed

The most common problem is to determine a new mAs for 
use with a relative speed that is different from the one for 
which an acceptable technique is known. To determine a 
new mAs, the following version is used:

mAs
RS mAs

RS2
1 1

2

�
�

FIgURE 19-28.  Light sensitivity of various films and  intensifying 
screens. Note that blue sensitive screens are not  sensitive to the 
major rare-earthlight emissions. 

Note: From Physical Principles of Medical Imaging, by P. Sprawls, 
1987, Rockville, MD: Aspen. Reprinted with permission.

 TABLE      19-5.     Relationship Between Relative Speed 
Number and Exposure Sensitivity

RS Number Exposure Sensitivity in mR

1200  0.10

800  0.16

400  0.32

200  0.64

100  1.28

50  2.56

25  5.00

12 10.00
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Film-screen combinations are available from RS 20 to 
RS 1,200. An RS combination of 400 is the most common 
compromise between patient dose and resolution in hos-
pital settings. Although not an absolute relationship, for 
the most part, higher RS numbers reduce patient dose, 
decrease latitude, and decrease resolution.

Resolution
Resolution, also known as recorded detail and 
sharpness, is measured as line pairs per millimeter 
(lp/mm, or cycles per mm), line spread function (LSF), and 
modulation transfer function (MTF).

Line Pairs per Millimeter. Line pairs per millimeter, or 
cycles per millimeter, measures the minimum size and 
space between objects that can be visualized on the final 
image.

Line Spread Function. The line spread function (LSF) 
measures the ability of a film-screen system to accu-
rately measure the boundaries of an image. It is cal-
culated by using a microdensitometer to measure the 
ability of the image receptor to record a line from a 
10-mm wide beam of radiation. A typical film-screen 
system might display densities from a 10-mm line over 
600–800 mm.

Modulation Transfer Function. The modulation trans-
fer function (MTF) provides the best measurement 
of the resolving ability of a film-screen combination. 
It measures the information lost between the subject 
and the image receptor. There are no units of MTF. The 
MTF is determined primarily by the amount of light dif-
fusion that occurs between the screens and the film. 
The MTF is primarily controlled by the chemical com-
position of the screen, phosphor size, thickness of the 
phosphor layer, absorbing dye, and, most important, 
by film-screen contact. Therefore, MTF is a function of 
the screens because the resolving power of film is far 
superior to that of the intensifying screens. The inten-
sifying screens impose the resolution limitations on the 
film-screen system.

The MTF is sometimes presented as a formula:

MTF
Recorded Detail (Resolution)
Available Detai

5
ll (Resolution)

A perfect MTF would be 1.0. Therefore, MTFs are less than 
1.0 because more information cannot be recorded than 
what is available. Faster film-screen combinations exhibit 
an obvious dec rease in resolution when compared to the 
detail combinations.

Contrast
Contrast is primarily the contrast of the film, although 
intensifying screens, especially the rare earths, also 
exhibit contrast. The effect of higher contrast that is 
achieved when lower kVp can be used due to higher speed 
screens is often overlooked. In addition, the rare-earth 
phosphors often exhibit slightly higher contrast.

Latitude
The film-screen system latitude is primarily depen dent 
upon the latitude of the film, which is direc tly related to 
the contrast. Narrow-latitude film-screen systems exhibit 
high contrast. High-speed film/speed systems tend to have 
lower resolution ( decreased detail).

EXAMPLE: What is the proper mAs for use with a 
400-RS system when technical factors of 80 kVp and 
50 mAs produce an acceptable image with a 200-RS 
system?

Answer:
mAs

mAs

RS

RS

50
mAs

400
200

1

2

2

1

2

5

5

mAs 50 mAs

mAs 10,000 mA
2

2

3 5 3

3 5

400 200

400 ss

mAs
10,000 mAs

mAs mAs

2

2

5

5

400
25

mAs

mAs

RS

RS

50
mAs

400
200

1

2

2

1

2

5

5

mAs 50 mAs

mAs 10,000 mA
2

2

3 5 3

3 5

400 200

400 ss

mAs
10,000 mAs

mAs mAs

2

2

5

5

400
25

mAs

mAs

RS

RS

50
mAs

400
200

1

2

2

1

2

5

5

mAs 50 mAs

mAs 10,000 mA
2

2

3 5 3

3 5

400 200

400 ss

mAs
10,000 mAs

mAs mAs

2

2

5

5

400
25

EXAMPLE: What is the proper mAs for use with a 
250-RS system when technical factors of 80 kVp and 
50 mAs produce an acceptable image with an 800-RS 
system?

Answer:

mAs

mAs

RS

RS

50
mAs 800

1

2

2

1

2

�

�
250

mAs 50 mAs

mAs 40,000
2

2

� � �

� �

250 800

250 mAs

mAs
40,000 mAs

mAs mAs

2

2

�

�

250
160

mAs

mAs

RS

RS

50
mAs 800

1

2

2

1

2

�

�
250

mAs 50 mAs

mAs 40,000
2

2

� � �

� �

250 800

250 mAs

mAs
40,000 mAs

mAs mAs

2

2

�

�

250
160

mAs

mAs

RS

RS

50
mAs 800

1

2

2

1

2

�

�
250

mAs 50 mAs

mAs 40,000
2

2

� � �

� �

250 800

250 mAs

mAs
40,000 mAs

mAs mAs

2

2

�

�

250
160
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SUMMARY

Photographic materials are photosensitive, or capable 
of responding to exposure by photons. The complete 

construction of diagnostic radiographic film includes the 
base, adhesive, emulsion with crystals, and supercoat. Radio-
graphic film is manufactured in four stages: crystal produc-
tion, ripening, mixing, and coating. 

The incident photons interact with the emulsion to create 
the latent image, which is the unseen change in the atomic 
structure of the crystal lattice that results in the production of a 
visible image. At least three silver atoms must be deposited to 
form a visible clump of black metallic silver.

Intensifying-screen film is the most common radiographic 
film. Films vary in speed, contrast, latitude, and resolution.Care 
must be taken in storing and handling film because it is affected 
by age, heat, humidity, light, radiation, and handling. All radio-
graphs should be permanently identified with the appropriate 
medical record information.

The primary purpose of radiographic processing is to 
deposit enough black metallic silver at the latent image sites 
to permit a permanent visible image to form. Processing of a 
radiograph involves developing, fixing, washing, and drying.

During development, silver is deposited at the latent image 
sites and an image becomes visible.Fixing removes the undevel-
oped silver halides from the emulsion. This is necessary before 
exposure to light for viewing. The archiving process prepares 
the film for long-term storage as a medical record. Archiving 
involves washing the film with water to remove the processing 
chemicals and drying to harden and seal the radiograph.

The darkroom is the light proof laboratory used for loading 
and unloading cassettes and feeding them into the automatic 
processor. Safelights use low-level illumination within specific 
wavelength to make work in the darkroom easier.

Sensitometry is the measurement of the character-
istic responses of a film to exposure and processing. It 
is accomplished by exposing and processing a film, and 
then measuring and evaluating the resulting densities. 
Sensitometry is normally shown as a graphic relation-
ship between the amount of exposure and the resultant 
density on the film. The horizontal axis (exposure) of  
the graph is compressed into a logarithmic scale and the 
vertical axis (density) is a linear scale. Consequently, the 
curves are known as density log exposure, or D log E 
curves. The important elements of the D log E curve are 

the base plus fog, toe, straight-line portion (gamma), 
shoulder, and maximum density (Dmax).

The primary characteristics of film are resolution, 
speed, contrast, and latitude. Resolution is the ability to 
accurately image an object and is measured by the ability 
to see line pairs. The amount of density a film produces 
for a given amount of exposure is the film speed. The film 
speed is determined by the size of the silver halide crystals, 
the number of sensitivity specks, and the thickness of the 
emulsion. Relative speeds have been assigned by film 
manufacturers to assist radiographers in relating films to 
one another as they are used in film-screen combinations. 
Relative speeds also form the baseline for digital imaging 
systems. Contrast is the difference between adjacent densi-
ties. It is defined as the slope of the straight line portion of 
the D log E curve. Latitude is the range of exposures that 
will produce densities within the diagnostic range.

Intensifying screens produce large quantities of light 
photons when struck by x-rays, thereby amplifying the 
incoming x-ray beam and reducing patient radiation dose. 
Over 99 percent of the latent image is formed by light from 
the screens, with less than 1 percent being contributed by 
x-ray photons. An intensifying screen consists of a base, 
reflective layer, phosphor layer, and protective coat. The 
phosphors used in intensifying screens must have a high 
atomic number, high conversion efficiency, appropriate 
spectral emission, and minimal phosphorescence. 

Luminescence is the ability of a material to emit light in 
response to excitation. The two types of luminescence are 
fluorescence and phosphorescence. Various phosphor materials 
have been used in radiography. The most popular of the phos-
phors are the rare earths. 

Intensifying screens exhibit the same characteristics as film: 
resolution, speed, contrast, and latitude. Resolution and speed 
are affected by phosphor crystal size, layer thickness, and the 
concentration of the crystals. Contrast and latitude are relatively 
insignificant factors.

Radiographic film and intensifying screens are designed 
to complement each other and to produce the highest-quality 
image with the lowest patient radiation dose. To accomplish 
this, film and screens must be matched to each other, especially 
with regard to their emission spectra. Mismatching of film and 
screens increases patient dose.
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SUMMARY (continued)

Commercial firms use relative speed (RS) numbers to rate 
film-screen combinations. The formula for converting mAs from 
one relative speed to another is: 

5
mAs
mAs

RS
RS

1

2

2

1

The important characteristics of film-screen combina-
tions are speed, resolution, contrast, and latitude. Reso-
lution, also known as recorded detail and sharpness, is 
measured as line pairs per millimeter (lp/mm, or cycles per 
mm), line spread function (LSF), and modulation transfer 
function (MTF). ◾

This radiograph of a barium-filled 
colon has strange vertical lines 

that seem to enclose the lower GI 
tract in a web. What is the cause 

of these lines? 

Answers to the case studies can 
be found in Appendix B.

The Case of the Colon  
in the Spider’s Web
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 REVIEW QUESTIONS

 1. What are the primary components of radiographic 
film?

 2.  How is the latent image produced?

 3.  What are the four primary steps in film processing? 

 4.  What is the purpose of sensitometry? 

 5.  Explain the design of a penetrometer.

 6.  What are the important elements of a typical D log E 
curve?

 7. What is the relationship between film resolution and 
the size of the silver halide crystals? 

 8. What is the relationship between film speed and 
emulsion layer thickness? 

 9.  What is the relationship between contrast and 
latitude? 

 10. How do intensifying screens reduce patient dose?

 11. What is the relationship between resolution and 
phosphor crystal size, layer thickness, and phosphor 
concentration?

 12. What is the formula used to calculate a relative speed 
conversion from one film-screen combination to 
another?

 13. What are the three methods of measuring resolution?
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Digital radiography systems now dominate the radio-

logic imaging landscape with every modality utilizing 

them. A radiographer’s knowledge encompasses an 

understanding of Digital Image Processing, which 

is common to all systems. Computed Radiography 

was the original digital system, utilizing an imaging 

plate inside a cassette to bridge the gap between a 

profession orientated around film-screen systems and 

the digitization that allowed the first post-processing 

to be used. Current Digital Radiography/Flat-Panel 

Detector Systems provide a much broader, faster, 

and more responsive digital platform from which to 

create radiographic images. Technical Consider-

ations in Digital Imaging establishes a framework 

for understanding the effective use of digital imaging, 

as well as utilization of the principles of exposure, and 

provides a basis for establishing technique exposure 

systems. Finally, Informatics in Medical Imaging 

introduces the information science of the storage 

and retrieval of digital data. Together, these chapters 

provide a comprehensive and detailed exploration of 

digital radiography.

Digital Radiography 
Introduction

Unit IV

 20 Digital Image Processing  /  274

 21 Computed Radiography  /  288

 22 Digital Radiography/Flat-Panel  

Detector Systems  /  305

 23 Technical Considerations in  

Digital Imaging  /  314

 24 Informatics in Medical Imaging  /  328
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C h a P T e R  20 Digital Image Processing

ObjectIVes

Upon completion of this chapter, the student should be able to:

◾ Discuss the various types of digital radiography imaging systems.

◾ Describe the process of digital image data formation.

◾ explain the types of digital image processing operations.

◾ Describe the process by which the histogram is acquired and the look-
up table (LUT) is applied to the collected data.

◾ explain the function of digital image window level and width controls.

◾ Describe the factors that affect digital image quality.

◾ explain how exposure indicators can be used as a quality control tool 
for image quality and radiation protection.

My body is the frame wherein ’tis held,  

And perspective it is the painter’s art.  

For through the painter must you see his skill,  

To find where your true image pictured lies;

Shakespeare, Sonnet XXIV

Key terms

ADC

bit

byte

computed radiography (CR)

detective quantum efficiency (DQE)

deviation index (DI)

digital radiography (DR)

direct conversion

grayscale bit depth

high-pass filtering

histogram

indirect conversion

look-up table (LUT)

low-pass filtering

kernel

matrix

photostimulable storage 
phosphor imaging plate

pixel

quantification

rescaling

signal-to-noise ratio

spatial resolution

voxel

windowing
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Historical Development

The profession of radiologic technology has had a long 
proud history in medicine. For many years, imaging 
was a film-based modality and many of the technologies 
employed focused on optimum film processing and x-ray 
generating equipment that operated independently of the 
film and intensifying screen choice. With the discovery of 
computed tomography (CT) in the 1970s, radiology began 
its early entry into the digital world. The introduction of 
computed tomography scanning created the concept of 
electronic data sets for medical images. From this point, 
many of the major technological developments in radi-
ology have sought to take advantage of these data sets 
with powerful computers and their incredible powers for 
processing data. The explosion of the imaging sciences 
that took place between the early 1970s and the 1990s 
was caused by the first wave of digital computerization in 
CT and diagnostic medical sonography (DMS). Computed 
tomography captured the imagination of the public. The 
future of medical imaging continues to be driven by com-
puter applications in the numerous modalities that cur-
rently exist, as well as in the integration of new systems 
now on the horizons of research and development. Digital 
processing has now been successfully applied to magnetic 
resonance imaging (MRI), nuclear medicine, cardiovas-
cular imaging, and mammography, and predominates in 
diagnostic imaging.

Digital radiography imaging systems replace tradi-
tional  film with a reusable detector. These systems are  
divided into  two types generally known as computed  
radiography (CR) and digital radiography (DR). Computed  
radiography systems use a photostimulable storage  
phosphor imaging plate (PSP or IP), typically inside a cas-
sette. This cassette can be used in a Bucky, or for mobile 
exams, similar to traditional film-screen systems. Once the 
PSP is exposed, the cassette is taken to a reader to pro-
cess the plate and create the image. With these systems, 
there is a two-step process because the radiographer must 
move the detector between image acquisition and display. 
There are some PSP systems that are permanently fixed in 
units that do not require this two-step process; however, 
they are not the norm. Digital radiography (DR) systems 
typically have the detector and reader that are a perma-
nent part of a table or wall unit; therefore, a cassette is not 
needed. Newer technology has now made some of these 
systems wireless and they can resemble a sealed cassette 
that can be moved around a room, from a table Bucky to 
an upright unit. With these systems, great care must be 
taken in moving the wireless DR unit as it is a very expen-
sive device. With DR systems, the image is acquired and 
sent directly to the display monitor, without the need for 
the radiographer to physically move the detector for the 

image to be processed. This makes these systems faster 
and more efficient at creating an image. 

DR systems can be categorized as either those that 
employ direct conversion or indirect conversion. Indirect 
conversion detectors use a two-part process involving a 
scintillator (which converts incoming x-ray photons to 
light) and a photodetector (which converts light into an 
electronic signal). Indirect systems include those used 
in CR (PSP technology) and those used in DR, including 
either a charge-coupled device (CCD) or amorphous sili-
con with a thin film transistor (TFT) array.

The transformation of radiography from a film-based, 
analog medium to digital imaging has necessarily brought 
about a redefinition of many of the basic principles of 
imaging, including the changing role of the radiographer. 
The migration from film-based imaging to the digital 
technologies has been hastened by changes in procedure 
reimbursements, which were implemented in 2017 by 
the Centers for Medicare and Medicaid Services (CMS). 
Beginning in 2017, reimbursements for film-based x-ray 
procedures were cut by 20 percent. In addition, CR-based 
procedures will be reduced annually by 7 percent through 
2018 and 10 percent thereafter. DR procedures will 
receive full reimbursements and these payment incentives 
encourage the transformation to true digital radiography 
using flat-panel technology. 

One standard that has been central to the devel-
opment of modern radiological imaging is the Digital 
Imaging and Communication in Medicine (DICOM).  The 
radiologic community has promulgated this digital stan-
dard to ensure that all equipment from all manufacturers 
who choose to adhere to the standard is speaking the 
same computer language that can be understood across 
manufacturer and device lines. This also allows images to 
be transferred between institutions.

Digital image Formation

Digital radiography imaging systems have replaced 
traditional film with a reusable detector that produces 
a digital image. A digital image is one that has been 
converted into numerical values for transmission or 
processing. In order to understand digital systems and the 
resulting digital image, you must have some understanding 
of how analog signal is converted to digital and how 
computers manage data.

The electronic devices that produce radiographic 
images, by design produce analog signals. These analog 
signals consist of a series of voltage fluctuations on a 
continuous waveform with infinite values between an 
upper and lower value. Computers operate from a binary 
machine language, and consequently, analog signals must 
be converted to a binary language through a process called 
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analog-to-digital conversion (ADC). ADC consists of two 
distinct steps: sampling and quantification. During sampling, 
the analog voltage values are measured at a chosen sampling 
frequency on the analog waveform. Each sampled piece of 
analog data is then computed and assigned a discrete analog 
value, a process called quantification. These analog values 
are then converted to a binary digit, using binary counting 
methods. Just as English has a 26-letter-symbol alphabet, 
the binary system operates with a two-symbol alphabet. 
Because electrical currents are most easily understood as 
being either on or off, the binary system consists of informa-
tion recorded as either a 0 for off, or a 1 for on. Each binary 
number is called a bit, for binary digit. Nominal numbers 
function on a base 10 system instead of base 2. Table 20-1 
illustrates how the numbers 1 through 10 are written in 
binary code. An 8-bit word is required to form the 26 letters 
of the English alphabet. As a convenience, an 8-bit word 
is called a byte. Computer memory is often rated in terms 
of the total byte memory (rounded off). For example, a 
10-megabyte magnetic hard disk will store over 10,000,000 
bytes (80,000,000 bits) of information.

Digital Image characteristics
Computerized digital images are described in terms of 
the number of values displayed per image. A matrix is a 
series of boxes laid out in rows and columns that gives 
form to the image (Figure 20-1A). The matrix in Figure 
20-1A would be described as a 4 3 4 matrix. Each box 
of an image matrix will display a numerical value that 
can be transformed into a visual brightness or gray levels 
(Figures 20-1B and C). The individual matrix boxes are 
known as picture elements or pixels. Each pixel location 
is determined by its address. For example, in Figure 20-1A 
the address of the labeled pixel is 4, 3.

FIgURE 20-1. Digital image matrix expressions: (A) a matrix; (B) a 
matrix with numerical values; and (C) a matrix with visual brightness 
corresponding to the numerical values in B.
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 Table  20-1. Binary Code Numbers

Arabic Binary

1           1

2         10

3         11

4       100

5       101

6       110

7       111

8     1000

9     1001

10     1010

16   10000

32 100000
 

The total number of pixels in the matrix would be 
calculated by multiplying the number of boxes in the row 
by the number of boxes in the column. For example, a 
matrix of 512 3 512 would have a total of 262,144 pixels 
that form the image. In radiography, each pixel represents a 
two-dimensional data point. These dimensions are along an 
x- and y-orientation. In other imaging modalities (e.g. MRI), 
the data point has a third dimension, creating a volume data 
point along the z-axis. That three-dimensional data point is 
referred to as a volume element or a voxel.
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is determined by the grayscale bit depth. Grayscale bit 
depth ranges from 8 bits to 32 bits. A grayscale bit depth 
of 8–32 equals a range of 1–4 bytes of storage that would 
be required per pixel in the image matrix. A grayscale bit 
depth of 12 produces 212 gray levels. This represents 4,096 
different shades of gray that are available, a spectacular 
diagnostic range that is far beyond the range of the human 
visual system. This is also known as density resolution.

spatial Domains
Digital images are represented in two domains, based on 
how the image is acquired. Images in the spatial location 
domain are based on a matrix that has specific locations 
for each pixel. The spatial location is usually described 
as the pixel location, with the x coordinate representing 
the location of the pixel on a horizontal line from left to 
right, followed by the y coordinate representing the loca-
tion of the pixel on a vertical line from top to bottom. 
Images in the spatial frequency domain are based on the 
number of cycles per unit length (which is the definition 
of frequency). The spatial frequency is usually described 
as the resolution (object size) and the contrast. Small 
structures produce high frequency and high contrast. Low 
frequency is produced by larger structures and low con-
trast. The Fourier transformation (FT) is the mathemati-
cal algorithm that is applied to change an image from the 
spatial location domain to the spatial frequency domain, 
and an inverse FT can be used to return an image back 
to the spatial location domain. Physicians and radiogra-
phers view images in the spatial location domain, whereas 
physicists and engineers can extract information from the 
mathematical representations of the image in the spatial 
frequency domain.

image processing operations

There are a number of computer operations that can 
occur to process the image. These image processing 
operations are primarily intended to change the input 
values of the pixels to improve the diagnostic quality 
of the output image. They include point processing, 
local processing, and geometric processing. Of these, 
point processing operations are the most important to 
understand for digital radiography imaging systems.

Point Processing Operations
Point processing operations are those that are performed 
between the receipt of the input image from the image 
receptor and the output image that is viewed on the 
monitor. Point processing operations involve adjusting the 
value of an input pixel (point) to the corresponding output 

The overall dimension of the image matrix is called the 
field of view (FOV). In digital radiography imaging systems, 
the FOV is determined by the size of the detector, whereas 
in other modalities, such as CT and MRI, the operator can 
select the FOV for a particular study. If the FOV remains 
the same, then as matrix size increases, the pixels must get 
smaller, creating a sharper image. For example, if the over-
all dimensions of the FOV are 400 3 400 mm and the matrix 
size is 200 3 200, then every pixel would be 2 mm in size. 
If the overall dimensions of the FOV remains unchanged at 
400 3 400 mm and the matrix size is increased to 400 3 400, 
then every pixel would be smaller, only 1 mm in size. The 
greater the matrix size for the same FOV, the better the 
spatial resolution because a larger matrix provides smaller 
pixels. Spatial resolution or image sharpness is a critical 
image quality factor that is determined by pixel size. Spatial 
resolution is measured in line pairs per millimeter (lp/mm), 
and in digital imaging it can be no better than the size of the 
pixel (Figure 20-2).

Each pixel in the matrix is capable of represent-
ing a wide range of different shades of gray from pure 
white through total black. The number of shades of gray 

FIgURE 20-2. The effect of matrix size on spatial resolution.

(P
ho

to
gr

ap
hs

 c
ou

rte
sy

 o
f R

ic
ha

rd
 R

. C
ar

lto
n.

)

11067_ch20_hr_273-287.indd   277 11/20/18   6:14 PM



278  UNIT IV Digital Radiography Introduction

into pixels and the signal intensity for each pixel is deter-
mined. An example of pixel values with the corresponding 
bar graph and histogram are shown in Figure 20-3.

The shape of a histogram will correspond to the spe-
cific anatomy and technique used for an exam. The system 
will perform a histogram analysis to determine the values 
of interest (VOI) and the exposure indicator. (Figure 20-4 
shows the histogram with VOI.) The VOI is used to locate 
the minimum and maximum exposure values for the body 
part. This histogram is compared to a reference histogram 
stored in the computer. Each body part has a reference 

pixel and are the most common processing operations in 
digital radiography imaging systems. One common point 
processing operation is called grayscale processing, which 
allows for adjustments to image brightness and contrast. 
This process involves the creation of a histogram and the 
application of the look-up table (LUT) and windowing.

A histogram is generated during initial processing 
from the image data that allows the digital system to find 
the useful signal by locating the minimum and maximum 
signal within the anatomical regions of interest in the 
image. To generate a histogram, the scanned area is divided 

FIgURE 20-3. (A) Matrix with pixel values for radiation exposure; (B) pixel values displayed as a bar graph. The vertical axis represents the 
number of pixels. The horizontal axis represents the quantity of information (image brightness). Brighter values are to the left, darker values are 
to the right. (C) The same information displayed as a histogram.
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CHAPTER 20 Digital Image Processing  279

encompasses over 1,000 different variations. Most digital 
image detectors are sensitive to the majority of these 
1,000 differences. Remember that a 12-bit depth will have 
4,096 shades of gray, from white to black. Because the 
range of stored shades of gray is so much wider than 
the visual range, any digital image is only a small part of 
the total data obtained by the computer. Each image is 
only a “window” on the total range of data. The window 
width (WW) is the range of shades of gray that will be 
displayed; a narrow width will have few shades of gray, so 
the image will have high contrast, whereas a large width 
will have a lot of shades of gray, resulting in low contrast. 
The window level is the center of the window width and 
controls the brightness of the image; if the level is set at 
the low end of the scale, then the overall image will be 
light, whereas a setting at the high end would cause the 
image to be darker. The computer can easily change the 
level and width of the display window by mathematical 
recalculations (Figure 20-7).

The quantity of information stored for each pixel 
varies depending on the grayscale (bit depth) imaging 
abilities of the system. The radiographer controls which 
portion of this vast amount of information will be seen by 
manipulating the data prior to sending it to PACS, affect-
ing the image that the radiologists will use to diagnose. 
Radiologists can manipulate the data that is sent to them; 
however, the more the technologist changes the original 
data before it is sent to PACS, the less information the 
radiologist has to work with. It is critical that radiogra-
phers who are required to produce digital images be famil-
iar with the manner in which the computer determines 
what portion of the image information will be displayed. 
Careful image processing is critical to avoid obscuring 
diagnostically critical information.

In addition to grayscale processing, both image 
subtraction and temporal averaging are considered to be 

histogram that was obtained using the correct exposure 
factors. If the exposure is outside the range from under-
exposure or overexposure, then the computer will correct 
the image by shifting or rescaling the histogram to the 
correct area (Figure 20-5). This is referred to as histogram 
modification or stretching. A wide histogram demonstrates 
higher contrast, whereas a narrow histogram shows lower 
contrast. If the histogram values are concentrated in lower 
comparative values the image appears dark or dim. If the 
histogram values are concentrated in higher comparative 
values the image appears bright or light.

The next step is to adjust the contrast. The digital 
detector has a linear response that would result in a low-
contrast image if it is displayed without this step. An LUT 
is applied to the data that has the standard contrast for 
that exam to give the desired image contrast for display 
(Figure 20-6). Selecting the proper projection by inform-
ing the processing system of which projection it is to 
process ensures that the proper LUT will be applied when 
the image is processed. The LUT contains stored data to 
substitute new values for each pixel during processing. 
The proper LUT will provide the proper grayscale, regard-
less of variations in kVp and mAs, resulting in consistent 
images. However, if the exposure values are far outside 
the normal range, the system cannot compensate and 
produce a diagnostic image. This is why radiographers 
must set exposure factors that will produce images within 
normal exposure ranges for specific projections if a digital 
system is to function properly.

Windowing is a point processing operation that 
changes the contrast and brightness of the image on 
the monitor. The brightness and contrast of the digital 
image depends on the shades of gray, which are con-
trolled by varying the numerical values of each pixel. 
The human visual range encompasses 32 or fewer shades 
of gray, whereas the photon beam that exits the patient 

FIgURE 20-4. Histogram of the chest with VOI identified.
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280  UNIT IV Digital Radiography Introduction

smooth, blur, reduce noise, or pull elements of inter-
est from an image. It can occur in the spatial location 
domain or in the spatial frequency domain. When spa-
tial frequency filtering is done in the spatial frequency 
domain, the Fourier transform is used. When it is done 
in the spatial location domain, the pixel values them-
selves are used.

High-pass filtering (which is also referred to as 
edge enhancement or sharpness) uses an algorithm to 
convert the image into the spatial frequency domain. 
Then a high-pass filter is applied to remove low-
spatial frequency and produce a sharper output image  
(Figure 20-8). When the frequencies that represent 
structures of interest can be identified, as in contrast-
medium–filled vessels, amplification of their frequen-
cies can produce an edge enhancement effect while 

point processing operations. These functions are used 
primarily in digital subtraction angiography.

Local Processing Operations
Local processing operations are those in which math-
ematical calculations are applied to only a small group 
of pixels, although the operation will often be continued 
until all pixels have been subjected to it. This process is 
often referred to as a kernel. A kernel is processing code 
that is mandatory and common to the computer system. It 
is normally applied over and over to the entire set of data 
being processed. Local processing is also called area or 
group processing.

Spatial frequency filtering is considered a type 
of local processing operation. It is used to sharpen, 

FIgURE 20-5. Digital systems compensate for over- or underexposures by automatically rescaling based on histogram data. The center graph 
illustrates appropriate data with over- and underexposure to the right and left, respectively. 
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FIgURE 20-6. A chest image before and after the LUT has been applied to adjust the brightness and contrast.
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Low-pass filtering (which is also referred to as 
smoothing) uses a similar process to intentionally blur 
the image, thus reducing noise and the displayed bright-
ness level of the pixels (Figure 20-9). This process also 
decreases image detail, which is not desirable. Therefore, 
low-pass filtered images should also be viewed in a nor-
mal or high-pass mode.

other frequencies are actually suppressed. The result is 
an image with edge enhancement and greatly increased 
contrast. This type of high-pass filtering is useful in 
digital vascular imaging and in digital mammography. 
However, extremely small structures can sometimes 
be buried in an edge, and undesirable edges are usually 
enhanced, as well as those that are of diagnostic value.

FIgURE 20-7. The effect of windowing the width for contrast and windowing the level for brightness.
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FIgURE 20-8. High-pass filtering or sharpening. Edge enhancement is demonstrated on these digital subtraction angiograms: (A) normal image 
and (B) with high-pass filtering. 
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282  UNIT IV Digital Radiography Introduction

into the system. Density resolution is the effect of the bit 
depth (how much information can be held by each pixel 
in terms of the number of grayscale levels that can be dis-
played). Greater bit depth provides better density resolu-
tion. For example, high-resolution mammography systems 
with a matrix of 4096 × 4096 can provide 12-bit depth. 
Typical matrix sizes and bit depths for various imaging 
modalities along with typical storage requirements are 
shown in Table 20-2.

Contrast resolution is the ability of a detector to 
resolve different energy differences striking it and transfer 
these energies into signal values, which are expressed as 
varying grayscale levels. Low-contrast resolution is a type 
of contrast resolution that deals with the ability to visual-
ize subtle energy differences, particularly in soft tissues. 
These soft tissues are visualized as shades of gray and are 
often a visual indication of underlying pathology. CR and 
DR have superior low-contrast resolution compared to 
film-screen imaging. Improved low-contrast resolution is 
due to a greater dynamic range of the image receptors that 
results in more gray shades and the improved visualiza-
tion of pathology on digital images.

Noise
Noise can be classified as either system noise, ambient 
noise, or quantum mottle noise (noise is discussed in more 
detail in Chapter 26). System noise is a result of undesirable 
signals from the digital system itself, often through normal 
functioning. System noise is random background informa-
tion that is detected, but does not contribute to image 
quality. It is congruent with audio noise, such as the static 
“white noise” heard on frequencies between radio stations 

Unsharp masking (which is also referred to as blur-
ring) subtracts a low-pass filtered (blurred) image from 
the original image, thus producing a new subtracted and 
sharper image.

Spatial location filtering is another type of local process-
ing operation, and is also known as convolution. A kernel is 
applied repeatedly to each pixel in a matrix in order to weigh 
the values or to apply a coefficient across the matrix. Applica-
tion of convolution kernels usually works better when array 
processors can be used to rapidly apply them.

Geometric Processing Operations
Geometric processing operations are used to change the 
position or orientation of the pixels in the image. This 
allows rotation, magnification, and other operations simi-
lar to those used in digital photographs.

Digital image Quality

Digital image quality can be described in terms of spatial 
resolution, noise, detective quantum efficiency, and arti-
facts (which will be discussed in Chapter 23).

spatial resolution
Spatial resolution is controlled by the matrix size and how 
many pixels can be displayed by the monitor. There is a 
direct relationship between matrix and spatial resolution. 
When matrix size is increased and pixel size goes down, 
spatial resolution increases. Matrix size is not typically 
variable within a system. It is controlled by the design of 
image detectors and the accompanying electronics built 

FIgURE 20-9. Low-pass filtering or smoothing. Transverse brain sections from a nuclear medicine study: (A) smoothed and (B) noisier filter.
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CHAPTER 20 Digital Image Processing  283

In addition to considering SNR, DQE is dependent 
on modulation transfer function (MTF), incident x-ray 
energy, detector material, as well as spatial frequency. 
Modulation transfer function is used to measure the 
capacity of the detector to pass its spatial resolution char-
acteristics to the final image, and will be further discussed 
in Chapter 28. Similar to DQE, a perfect detector would 
have a modulation transfer function of 1. DQE and MTF 
of a digital detector are directly proportional, while DQE 
and SNR have an inverse relationship.

High DQE values indicate that less radiation is 
necessary to achieve identical image quality that a lower 
DQE detector would produce. However, it is important to 
note that a digital receptor that has a higher DQE does 
not always achieve improved image quality at a lower 
radiation dose, as there are many other factors that affect 
image quality. Those include incident beam energy, signal 
sampling and processing, and quality of image display.

(although most modern radios suppress the sound between 
stations). Background radiation also contributes to image 
noise and results in ambient noise. Nosie is measured as 
the signal-to-noise ratio (SNR). A high SNR indicates little 
noise in the image. Image noise has an inverse relationship 
to contrast. Increased noise decreases image contrast. 
Conversely, increased image contrast tends to obscure or 
decrease noise. The effect of image noise on brightness is 
irrelevant in digital imaging, because the computer can eas-
ily compensate for lack of exposure, as long as sufficient 
contrast exists to differentiate diagnostic data from noise.

Quantum mottle noise results from an insufficient 
quantity of photons from improperly set exposure factors 
(mAs and kVp). This produces a grainy image that is easily 
corrected by increasing mAs or kVp, depending on which 
is appropriate for the clinical situation. Although these 
increases produce better-quality images, they also increase 
patient exposure. The correct exposure is a combination of 
image quality achieved with reasonable patient exposure.

Detective Quantum efficiency (DQe)
A measure of the sensitivity and accuracy by which the  
image receptor converts the incoming data to the out-
put viewing device is known as the detective quantum 
efficiency (DQE). A perfect device would perform this task 
with 100 percent efficiency (no loss of information) or 
with a DQE of 1. Digital radiography imaging systems 
have DQEs of 0.3–0.7 or 30–70 percent. DQE is affected by 
the SNR, quantum noise, and system noise (Figure 20-10). 
DQE can be described as the ratio of the squared output 
signal-to-noise ratio (SNR

o
)2 to the squared input signal-

to-noise ratio (SNR
I
)2 of the imaging detector, and can be 

calculated using the following formula:

DQE 5 (SNR
o
)2/(SNR

I
)2

FIgURE 20-10. Detective quantum efficiency (DQE) measures the 
accuracy by which the digital image receptor converts input data 
(incident exposure) to the output image.
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 Table  20-2.  Typical Memory Requirements for Various Imaging Modalities Typical Image grayscale Bit Images 
per Approximate Storage Imaging

Modality Matrix Depth Typical Exam Requirements

Digital Mammography 4096 3 4096 12 4 80 Mb

Computed Radiography 3520 3 4280 12 4 50 Mb

Digital Fluoroscopy 1024 3 1024 8 24 sec 3 5 min 7.5 Gb

Computed Tomography  512 3 512 16 120 60 Mb

Computed Tomography—
MSCT

 512 3 512 16 2,000  1 Gb

Ultrasound  512 3 512 32 50 50 Mb

Magnetic Resonance 
Imaging

 256 3 256 16 2,000  1 Gb

Nuclear Medicine  128 3 128 8 100 25 Mb
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284  UNIT IV Digital Radiography Introduction

 Table  20-3.  Exposure Indicator Numbers Relative to Imaging Plate Exposure

mR 100 10 1 0.1 0.01

agfa LgM Index .2.95 2.15 ,1.45

Fuji S Value 2 20 200 2,000 20,000

Carestream 
exposure Index 

.2,750 2,000 ,1,250

 

receptor exposure

exposure Indicators
Exposure indicators reflect the amount of x-ray expo-
sure to an image receptor, which looks at the quantity 
of photons that strike the detector. Therefore, exposure 
indicator numbers can be used as a quality control tool 
for image quality and radiation protection. Departments 
have established target exposure indicators (EI

t
), which 

reflect optimum exposure and acceptable noise levels. 
The correct exposure factors will deliver an exposure 
indicator that is within an acceptable range and will result 
in the best image quality. Consequently, it is important for 
the radiographer to understand the exposure indicator 
numbers for each image produced, as well as how to use 
this data to assess image quality.

Different manufacturers calibrate the response of 
their systems with different beam qualities and report the 
results using parameters that have different dependencies 
on exposure. Therefore, it is extremely difficult to com-
pare the sensitivity of one system with that of another. In 
addition, as manufacturers improve their systems, they 
sometimes introduce entirely new image receptors and 
software enhancements that also cause sensitivity mea-
sures to change.

The exposure sensitivity of imaging detectors ranges 
from a minimum of 0.1 mR up to a maximum of 100 mR, a 
range of approximately 1,000:1 (Table 20-3). If soft tissue 
and bone densities are imaged, one exposure will give the 
information owing to the ability to change window levels. 
In order to evaluate the exposure for an image, most 
manufacturers have an exposure indicator that provides 
information on the average amount of radiation used to 
produce an ideal diagnostic image.

Digital radiography processing systems use exposure 
indicators to provide information regarding the exposure 
to the image receptor, which is useful to determine patient 
exposure and ALARA compliance. There is no universal 
system at this time, and different manufacturers use dif-
ferent systems for this information. Recommended target 
exposure indicator values may vary between vendors 
depending on acceptable image noise levels.

The Fuji, Konica, and Philips computed radiography 
systems use a sensitivity number (S number) to assist in 

evaluating exposure. It is inversely proportional to the 
exposure reaching the imaging plate. For example, an S 
value of 200 indicates that the imaging plate received about 
1 mR (approximately the same exposure necessary to 
produce a diagnostic image with a typical 200-RS film-screen 
combination). A higher S value indicates that the imaging 
plate (IP) was underexposed, whereas a lower S value 
indicates overexposure of the IP. Fuji’s sensitivity numbers 
are calculated by the formula: S5200/(exposure in mR). 
Generally, with these systems, the S values relate back to 
film-screen speed systems; in other words, 400-speed film-
screen systems used lower exposure factors than 200-speed 
systems, so an S number of 400 means less exposure was 
used. Properly exposed imaging plates should produce S 
values of 150–250 (Figure 20-11).

The Carestream (formerly Kodak) CR indicator 
system is called the exposure index (EI), which is directly 
proportional to the radiation striking the imaging plate. An 
exposure of 0.1 mR has an EI of 1,000, whereas 1 mR in 
this system gives an EI of 2,000, and 10 mR results in an 
exposure index of 3,000. This is calculated by the formula  

FIgURE 20-11. Graph showing relationship between x-ray 
exposure and S number.
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quantify exposure indicator information in the summer 
of 2009. The International Electrotechnical Commission 
(IEC) has also released information in this regard. The 
most important concept detailed in these early reports 
is the definition of the term deviation index (DI), which 
is defined as an “indicator as to whether the detector 
response of a specified image K

IND
 agrees with K

TGT
.” 

K
IND

 is defined as the indicated equivalent air Kerma, 
which is essentially the radiation dose measurement for 
the incoming photon beam at the detector surface. K

TGT
 

is defined as the target equivalent air Kerma, which is 
essentially the radiation dose measurement for a proper 
exposure to the detector. Therefore, the DI is essentially 
a comparison between the actual exposure and the 
proper exposure received by the image detector.

With the development of exposure indicators as 
an indication of remnant radiation exposure to a recep-
tor, radiographers now have a numerical and quantifi-
able measure of exposure that is displayed as part of 
the DICOM data on the image. Most vendors have the 
capability to record and display both exposure indicator 
values and deviation index (DI) values as part of their 
DICOM information. Regardless of which system is used, 
the technologist has a professional responsibility to 
understand the meaning of the exposure indicators and 
their relationship to exposure. The American Society of 
Radiologic Technologists (ASRT) White Paper on best 
practice in digital radiography recommends radiogra-
phers “become familiar with the specific EI standards for 
their equipment, and with the newer standardized EI and 
DI as they become available in new and upgraded equip-
ment used for digital radiography” (2012).

sUmmary

Digital radiography imaging systems replace traditional 
film with a reusable detector. These systems are divided 

into two types generally known as computed radiography 
(CR) and digital radiography (DR).

A digital image is one that has been converted into 
numerical values for transmission or processing. A matrix 
is a series of boxes laid out in rows and columns that gives 
form to the image. The individual matrix boxes are known as 
picture elements or pixels. Each pixel in the matrix is capable 
of representing a wide range of different shades of gray from 
pure white through total black. The number of shades of gray 
is determined by the grayscale bit depth.

There are a number of computer operations that can 
occur to process the image. These image processing opera-
tions are primarily intended to change the input values of 
the pixels to improve the diagnostic quality of the output 
image. They include point processing, local processing, and 
geometric processing. One common processing operation is 
grayscale processing, which allows for adjustments of image 
brightness and contrast. Grayscale processing involves the 
creation of a histogram and the application of the look-up 
table (LUT) and windowing. A histogram is generated during 
initial processing from the image data that allows the digital 
system to find the useful signal by locating the minimum and 

EI = Log (exposure in mR) × 2,000. Properly exposed 
images should have an exposure index that ranges from 
1,800 to 2,200. When exposure changes by a factor of 2, then 
the EI will change by 300; for example, if the EI is 2,500, 
reducing the mAs by 1/2 (divided by 2) will lower the EI to 
2,200. Conversely, if the EI is 1,500, then doubling the mAs 
will result in an EI of 1,800.

Agfa uses an exposure indicator called the log median 
exposure LgM; it compares the exposure level of an image 
to a baseline established for the department. Because it 
is based on a log system, a change of 0.3 means the dose 
changed by a factor of 2, analogous to doubling or halving 
the exposure. Agfa systems use the scanned average level 
(SAL), which is the average grayscale value as represented 
by the formula: SAL 200 5 1,214 3 (exposure in mR). 
Agfa also has a speed class that is similar to film-screen, 
such as 50, 100, 200, and 400, that is programmed into the 
algorithm that is selected before the plate is put in the 
reader. Exposure factors selected by the radiographer will 
also need to reflect the speed class selected, though the 
technologist may be able to change the speed class prior to 
running the plate. Choosing the speed for the imaging plate 
will direct the system to prepare for the relative amount of 
light to be read from the plate. This will allow the electron-
ics in the system to be optimized to the appropriate range 
and result in a better image data set.

Based on the examples of exposure indicators 
provided above, it is clear that there is no universal 
system at this time, and different manufacturers use dif-
ferent systems to express this numerical parameter. The 
American Association of Physicists in Medicine (AAPM) 
released preliminary information on its attempts to 
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reVIew QUestIONs
1. What are the two types of digital radiography imag-

ing systems?
2. How are digital images formed?
3. What is the purpose of image processing operations 

in digital radiography systems?
4. What data are collected during the creation of the 

histogram?
5. What is window width? Window level?
6. How is spatial resolution of digital radiography sys-

tems controlled?
7. How can exposure indicators be used to assess im-

age quality?
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brightness of the image on the monitor.
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noise, DQE, and artifacts. When matrix size is increased 
and pixel size goes down, spatial resolution increases. Low-
contrast resolution is a type of contrast resolution that deals 
with the ability to visualize subtle energy differences in soft 

tissues. Noise can be classified as either electronic system 
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Computed Radiography

The important thing in science is not so much to obtain new facts as to 

discover new ways of thinking about them.

William Lawrence Bragg

Objectives

Upon completion of this chapter, the student should be able to:

◾	 Describe the CR imaging process.

◾	 Discuss the construction and the characteristics of the photostimulable 
imaging plate.

◾	 Describe the latent image formation.

◾	 Explain the process of photostimulated luminescence.

◾	 Describe the two steps involved in image processing.

◾	 Discuss the impact of technical factors on CR image quality.

Key terms

data clipping

edge enhancement

exposure field recognition

F-centers

grayscale analysis

histogram analysis

photostimulated luminescence

pixel pitch

raster pattern

sampling frequency

C h a p t E R  21
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Overview

Computed radiography (CR) is a digital radiographic 
imaging modality that uses a photostimulable storage 
phosphor imaging plate (PSP or IP), typically inside 
a cassette. This cassette can be used in a Bucky, or 
for mobile exams, similar to traditional film-screen. 
CR first became available in the early 1980s when it 
was introduced by Fuji, but, as happens with many 
new technologies, there were problems with high cost 
and poor image quality. As computer technology has 
advanced, so too has the ability of CR to produce images 
comparable to, and in many instances better than, film. 
Currently, a number of manufacturers produce CR plates 
and processor systems. Many of them have Internet 
websites with a considerable amount of information on 
the advantages of their particular systems. (Commercial 
websites with information on computed radiography 
include www.fujifilm.com, www.carestreamhealth.
com, www.konicaminolta.us, and www.agfaus.com.) 
The cassette-based CR with the PSP requires a reader to 
process the plate and create the image, and is a two-step 
process because the radiographer must move the detector 
between image acquisition and display.

The CR imaging process consists of image acquisi-
tion, image processing, and image display.

image acquisitiOn

CR image formation starts with image acquisition, which 
refers to x-ray interaction with the imaging plate, and 
results in the creation of a latent image. To understand the 
process of image acquisition, one must be familiar with 
the characteristics of the imaging plates used in CR.

Photostimulable imaging Plates 
characteristics
A photostimulable phosphor imaging plate is a rigid 
sheet with several layers that are designed to record 
and enhance transmission of the image from a beam of 
ionizing radiation. The layers include a protective layer, 
a phosphor layer, a support layer made of polyester, a 
conductor layer, and a light-shielding layer (Figure 21-1). 
The protective layer simply insulates the imaging plate 
from handling trauma. The phosphor layer holds the pho-
tostimulable phosphor, which is the active component in 
the plate. The support layer is simply a base on which to 
coat the other layers. The conductor layer grounds the 
plate to eliminate electrostatic problems and absorbs light 
to increase sharpness. Finally, the light-shielding layer 

prevents light from erasing data on the imaging plate or 
leaking through the backing, decreasing the spatial resolu-
tion. The imaging plate is loaded into a cassette that looks 
much like a radiographic film and intensifying-screen cas-
sette. Consequently, computed radiography cassettes are 
sometimes referred to as filmless cassettes.

In order for CR to function, the imaging plate 
material must have the ability to store and release the 
image information in a usable form. The most common 
phosphors with characteristics favorable for CR are 
barium fluorohalide bromides and iodides with euro-
pium activators (BaFBr:Eu and BaFI:Eu). Some other 
compounds that may be used in the PSP are BaSrFBr:Eu, 
RbBr:T1, RbCl, and CsBr:Eu. The halides are approxi-
mately 85 percent bromide and 15 percent iodide. Due to 
the lower atomic number of barium, the K-edge attenuates 
best between 35 and 50 keV, somewhat lower than the 
typical K-edge for rare-earth intensifying screens, but well 
within the diagnostic range (35 keV is a typical average 
energy production from an exposure of 80 kVp). However, 
the absorption efficiency above and below 35 to 50 keV is 
below that of rare-earth intensifying screens. This means 
that more exposure may be needed in order to have simi-
lar quantum noise outside the optimal energy range. Also, 
the imaging plate phosphor will absorb more low-energy 
scatter than the rare-earth phosphor and film, which 
means appropriate kVp, collimation, and masking must 
be used to achieve optimal images. This also makes the 
imaging plate more sensitive to scatter both before and 
after it is sensitized through exposure to the x-ray beam.

Because the imaging plate is placed in a cassette, it 
can be used tabletop or with a grid, similar to the use of 
film-screen. Radiation exposure causes fluorescence of 
the imaging plate, but some of the energy of the beam is 
also stored in the plate. It is this stored energy that is used 
to create an image during reading and processing. Some of 
the electrons, which are excited by the absorbed energy, 
are trapped in the crystal structure of the phosphor at 
higher energy levels. Thus, a latent image is stored in the 
imaging plate, similar to a latent image on film, but with 
wider latitude.

FiguRE 21-1. Photostimulable phosphor imaging plate showing layers.
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form. The latent image is processed by loading the 
cassette into an image reader device (IRD) where the 
imaging plate is scanned by a helium-neon laser beam. 
These laser beam scans cause the phosphors to emit the 
stored latent image in the form of light photons, which 
are detected by photosensitive receptors and converted 
to an electrical signal, which is in turn converted to a 
unique digital value for that level of luminescence. Once 
the plate is read, it is erased to remove all vestiges of the 
latent image. When a plate is grossly overexposed it may 
not erase completely. This results in a ghosting artifact 
on the next image (Figure 21-3).

Reading the imaging plate involves a finely focused 
red laser beam (670–690-nm wavelength) that frees the 
trapped electrons, allowing them to return to a lower-
energy state, referred to as photostimulated luminescence 
(PSL). Electrons moving from a high-energy state to 
a lower-energy state release blue-purple light photons 
(415-nm wavelength) in proportion to the absorbed radi-
ation (Figure 21-4). The laser light beam is directed to the 
imaging plate through a series of light guides; this beam 
must be monitored because the intensity of the blue light 
from the imaging plate is dependent on the power of the 
laser beam. Scanning of the imaging plate by the laser 
occurs in a raster pattern as the plate is fed through the 
processor. A raster pattern is the method by which the 
data are collected from the imaging plate. Data collection 
begins in the upper left corner, proceeds in a line to the 
upper right corner, then drops down a line and repeats 
(Figure 21-5). You are reading this book in a raster pat-
tern, from top left, line by line, until you finish the page 
at the bottom right. The plate can be scanned by a point 

Latent image Production
The incident x-ray beam produces a latent image within 
the photostimulable fluorohalides that comprise the active 
layer of the imaging plate (IP) in the cassette. When the 
fluorohalides luminesce, they do not release all the energy 
absorbed from the incident x-ray beam. Although some light 
is emitted, the phosphors retain sufficient energy in the form 
of a latent image. It is this latent image that will be used to 
create a digital image for the computer to record and display.

This latent image is actually created by energy trans-
fer during photoelectric interactions. The photoelectrons 
that are produced excite a number of low-energy elec-
trons to create holes in the crystal phosphor. These holes 
are essentially electron traps referred to as F-centers. The 
latent image is the accumulation of millions of F-centers 
in the atomic band gap of the crystal phosphor. Although 
about half of the electron holes will recompose and emit 
light photons, the fluorohalides will hold or trap the 
other half of the electrons, thus creating the holes at the 
europium sites. These europium electron holes are the 
actual latent image (Figure 21-2). The latent image will 
lose about 25 percent of its energy in 8 hours, so it is 
important to process the cassette shortly after exposure. 
Cassettes stored for several days after exposure and 
before processing lose most of their latent image.

reading cr Data
The imaging plate then needs to be read to release 
the stored information, which can be manipulated 
by the computer and used in either soft- or hard-copy 

FiguRE 21-2. Latent image formation on a PSP. X-rays interact with the phosphor causing electrons to be raised to a higher energy level where 
they are trapped in proportion to the exposure received to the plate. In addition, some light is emitted spontaneously during the interaction.
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FiguRE 21-5. Raster pattern scanning of the imaging plate begins 
in the upper left corner, proceeds in a line to the upper right corner, 
then drops down a line and repeats.

FiguRE 21-3. Grossly overexposed AP axial foot phantom image 
was not completely erased, resulting in a ghosting artifact on an 
image of an elbow phantom.
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FiguRE 21-4. During readout of the plate, a laser light releases the 
trapped electron from the higher energy state to a lower state caus-
ing the emission of bluish-purple light.
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scan reader, which moves from side to side. Newer read-
ers use a line scan reader, which has reduced scan time. 
The light liberated from the imaging plate is emitted in 
all directions and is collected by an optical system that 

directs it to one or more photodetectors, commonly pho-
tomultiplier (PM) tubes or linear CCD array, which are 
sensitive to the blue light. The photodetectors convert 
the visible light into an electronic signal whose output is 
in analog form. This analog signal must be converted into 
a digital signal before the computer can work with the 
image information. This is accomplished with an analog-
to-digital converter (ADC). The entire reading process is 
illustrated in Figure 21-6. The photodetectors adjust the 
output signal range so it can be optimally handled during 
the digitization process. Any residual image left on the 
imaging plate is erased by exposure to an intense light to 
release any remaining trapped electrons.

Another way to speed up the process and at the same 
time obtain more information is to use a dual-sided PSP, 
which has a screen on both sides that can be scanned and 
read simultaneously. The primary advantage of dual-sided 
reading is that more signal is obtained, which improves 
image quality.

The reading and erasing of an imaging plate can occur 
in a single processor unit, as shown in Figure 21-7. The larger 
units typically allow stacking and loading of multiple cas-
settes for use in a large department, whereas a small proces-
sor will only process one plate at a time and is typically used 
in an office or single room. Plate readers are also used with 
some mobile units. Plate throughput can average anywhere 
from 30 plates/hour to over 200 plates/hour, depending on 
the type of processor used. Workload and cost will deter-
mine which unit will best serve department requirements. 
There are also tables and upright Bucky units that contain 
multiple PSP plates and a reader in the unit, so no cassette 
handling is required. The units move and process plates after 
each exposure, allowing the radiographer to view images on 
a monitor within the control booth. Fuji offers these com-
bined units, which can process over 200 images per hour.

The finely focused laser beam that scans each line 
of the imaging plate correlates to one line spacing or 
pixel pitch. Pixel pitch is defined as the physical distance 
between pixels and is generally measured from center to 
center. In CR, it is dependent on the sampling frequency, 
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FiguRE 21-6. Photostimulable phosphor imaging plate readers. The top drawing illustrates a point scan reader. The plate is moved through the 
system while a focused laser scans the surface in a raster pattern. When the laser strikes the surface of the imaging plate, the emitted light is 
detected by the PM tube, which sends an analog signal to the ADC for conversion into a digital signal, which is then sent to the computer for 
processing and display. The bottom illustrates a line scan reader. The plate remains stationary while a laser scans an entire line at once.  
(Source: J. A. Seibert (2004). “Computed radiography technology.” In L. W. Goldman & M. V. Yester (Eds.), Specifications, performance, and 
quality assurance of radiographic and fluoroscopic systems in the digital era. College Park, MD: American Association of Physicists in Medicine 
(AAPM). Reproduced by permission.)
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this is with audio recordings. In order to produce a digital 
reproduction of a singer’s voice, this analog recorded signal 
must be sampled at a high enough rate, and the sampled 
data must be quantified deep enough (bit depth) to provide 
the richness of the audio tones with high fidelity. Therefore, 

or Nyquist frequency, which is related to how the laser 
scans the plate. The more the signal is sampled, the more 
information is obtained, and the smaller the pixels can be, 
but this increases scan time. This sampling frequency is 
expressed as pixels/mm. With smaller dimension CR plates 
(8 10 )″ ″3 , the sampling frequency is higher and therefore 
yields improved spatial resolution. Pixel pitch for DR is 
determined by the detector element (DEL) size (discussed 
in Chapter 22) (see Figure 21-8). Another important vari-
able related to pixels is spatial resolution. The smaller the 
pixel pitch, the higher the spatial resolution.

Analog-to-Digital conversion 
(ADc)
To accomplish the task of changing the analog signal into 
the correct components for digital manipulation, the ana-
log signal must be sampled in order to find the location 
and size of the signal. It must then be quantified to deter-
mine the average value of the signal in the sample. Quan-
tification is the process that will determine the brightness 
levels or grayscale for the pixels.

The analog signal emitted by the PM tube has an 
infinite range of values that the ADC must convert into 
limited discrete values that can be stored as digital code. To 
increase the accuracy of the ADC process, sampling rates 
of the analog values can be increased. Higher sampling 
rates provide greater accuracy and a truer representation 
of the analog values. Sampling rates that are performed at 
the Nyquist frequency have a better representation of the 
original analog signal. Perhaps the best way to think of 

FiguRE 21-7. Internal view of image reader and stacker with relationship to a chest unit and laser printer. Image can also be sent to a PACS.
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information, or data, and disregard the data outside these 
lines. This is why markers placed outside the collimated 
field may not appear in the processed image. The method 
used by Fuji for this pre-processing is known as expo-
sure data recognition (EDR); for Carestream, it is called 
segmentation. The best image will result when the part is 
parallel to the sides of the IR and collimation is used on at 
least two sides (Figure 21-9). In addition, there are certain 
expectations that need to be met when placing more than 
one image per plate. The beam and part should be cen-
tered within each pattern, and collimation should be par-
allel and equidistant from the edges of the imaging plate.

As mentioned earlier, the data in the imaging plate is 
located within the collimated edges, and is used to develop 
a histogram. Most CR systems do not send all the data 
acquired by the image receptor to the post-acquisition 
system, because the quantity of data is far greater than the 
display system can provide for viewing. This element of 
CR is called data clipping, because the software processing 
the data coming from the image receptor is programmed 
to recognize that some data represent exposure below the 
diagnostic imaging range, whereas other data represent 
exposure far above the diagnostic range. Essentially, the 
algorithm eliminates data that are clinically irrelevant to 
a particular examination. The information that are impor-
tant on the histogram will be determined by the values of 
interest (VOI), which will be different for each body part. 
The algorithm also has an LUT that has the appropriate 
contrast for each body part (Figure 21-10). Therefore, 

sampling rates and quantification accuracies are essential 
to accurate ADC signal conversions. The size of the voltage 
value measured can be quantified and digitized according 
to the bit depth of a computer chip. Greater bit depths pro-
vide the quantification of higher voltage values.

Pixel bit depth, or the number of bits that represent 
an analog signal, will determine the number of gray levels. 
Typically, there are 10 bit 2 1,02410( )5 , 12 bit 2 4,09612( )5 , 
and 16 bit 2 65,53616( )5  ADCs, which will determine the 
gray levels for the analog signal and thus the grayscale 
of the system. Therefore, the number of bits/pixels will 
determine how many gray levels can be present, which will 
affect the image brightness and contrast of an imaging sys-
tem. The matrix size for CR is dependent on the sampling 
frequency, and for some systems the image receptor size. 
At 10 pixels/mm a 140 3 170 (35 cm 3 43 cm) plate would 
have a matrix of 3,500 3 4,300, whereas at 5 pixels/mm the 
140 3 170 would have a matrix of 1,750 3 2,150. Pixel size, 
matrix, and bit depth determine the size of the computer 
file for a given image.

image PrOcessing

Image processing can be described as a two-step 
operation and it involves pre-processing and post-
processing. Pre-processing includes all processing of 
raw data performed to correct flaws in image acquisi-
tion. Post-processing includes manipulation of data 
that has been pre-processed.

Pre-processing
After the plate has been scanned and the data are sent 
to the computer, it undergoes pre-processing or initial 
image processing, which is where the raw image data are 
prepared according to the proprietary algorithms of the 
manufacturer. These are complex operations and only the 
basics will be covered here. During pre-processing, the 
following operations will occur: exposure field recognition, 
histogram analysis, and grayscale analysis.

Exposure field recognition is used to recognize the 
clinically useful area on the imaging plate so it is the only 
data that will be manipulated, and it eliminates the signals 
from outside the collimated field. The CR system must 
determine the orientation of the part on the plate, as well 
as the number of projections present per plate. Locating 
the image data on the plate allows the system to sample 
and manipulate only the clinically useful information. This 
raw data will have a range of values related to how much 
radiation the plate received. Areas outside the lines of 
collimation will have the lowest exposure, and therefore 
the lowest values. The highest values will lie within the 
collimated field, allowing the system to locate the useful 

FiguRE 21-9. Distal femur, collimation on only one side, part is not 
centered. An S# 504 indicates underexposure; however, the image 
does not display that way.
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FiguRE 21-10. (A) Chest with linear digital response showing an initial display with very low contrast; (B) chest with look-up table applied to 
correct contrast.

the algorithm will vary, depending on the body part. This 
is why CR systems demand to know what examination 
is being performed before the image can be acquired, 
processed, and displayed. Algorithms, which are unique 
to each manufacturer, process the data once the exposed 
area is determined and the signal histogram is established. 
Fuji uses MFP (multi-objective frequency), tonescaling is 
used by Carestream, and Agfa is using a MUSICA (multi-
scale image contrast algorithm) system.

In the past, most CR systems relied completely on the 
technologist’s accuracy of selecting the correct anatomi-
cal menu before the imaging plate was processed. This 
means that if an image of a knee was processed as a chest, 
or a pediatric chest was processed under the adult chest 
histogram, the resulting image may not be of diagnostic 
quality (Figure 21-11). For those systems, if the correct 
anatomical menu is not selected prior to the imaging plate 
readout, the image may not be processed with the correct 
brightness and contrast. Figure 21-12 is another example 

of a typical chest histogram with the various anatomical 
areas annotated on the histogram. Figure 21-13 illustrates 
how a computed radiography system can analyze a pedi-
atric chest histogram and then display regions of interest 
outside the lung. New-generation CR readers store the 
raw data (pre-histogram analysis) in the workstation. This 
feature allows images that were processed with an incor-
rect anatomical menu to be re-processed using the cor-
rect anatomical menu, with no loss of its original quality. 
However, once the image data are sent to PACS, it cannot 
be re-processed; only the original data on the workstation 
can be re-processed. Finally, it is critical to adhere to uni-
form positioning and collimation procedures when using 
a computed radiography system. The reading system must 
be given consistent data to analyze if it is to provide con-
sistent diagnostic-quality results.

The knee images in Figure 21-14 illustrate the abil-
ity of a CR system to adjust the histogram into the visible 
diagnostic range. Look carefully at Figures 21-14A and B as 
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FiguRE 21-11. Histogram error artifact. Selection of an adult histo-
gram used on a pediatric chest.

FiguRE 21-12. Example of a histogram that would be produced by 
a normal chest radiograph.
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compared to C and D, and then to E and F. Although it may 
appear that all three CR images (B, D, and F) have appropri-
ate brightness ranges as compared to the film-screen radi-
ography images, a careful inspection will show that the CR 
image in Figure 21-14B is extremely grainy and as a result is 
outside the acceptable range for detail. This is an example 
of the CR histogram adjusting image brightness, but lacking 
adequate data to fill in an acceptable level of detail.

Finally, grayscale analysis is completed by trans-
forming input data values to output values that will be 
displayed on a monitor. This is completed through the use 

FiguRE 21-13. Example of a histogram that would be produced by 
a pediatric chest with potential computerized enhancements possible 
by displaying brightness ranges typical of other regions of interest 
outside normal lung densities.
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of a grayscale look-up table. Each look-up table has an 
algebraic equation used for the conversion and results that 
are stored in the computer, which saves processing time.

Additional pre-processing aspects that the technolo-
gist should be familiar with include histogram analysis 
error, look-up table adjustments, scanning detection pat-
tern, and histogram equalization.

Histogram Analysis Error. The computer has reference his-
tograms for the body parts, which were developed using ap-
propriate exposure techniques, positioning, and collimation. 
The computer uses the shape of the histogram and algorithm 
to locate the VOI and determine the exposure indicator. 
When an image is obtained that does not fit the parameters 
that were used for the reference histogram, it may result in 
a histogram analysis error. When a histogram analysis error 
occurs, the image will not display appropriately. The appro-
priate brightness and contrast will not be displayed because 
the computer does not recognize the data. It can also give an 
incorrect exposure indicator number.

Most CR systems include algorithms designed to 
detect abrupt edges of exposure and non-exposure, 
which are assumed to represent collimator edges. If the 
computer has a field recognition error, where it cannot 
find the edges of collimation, it can include off focus 
radiation and scatter in the histogram. This can lead to 
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FiguRE 21-14. Comparison of film-screen and computed radi-
ography images of the knee. These images illustrate the ability of 
a CR system to adjust the histogram of the incoming data into 
the visible diagnostic range. Although it may appear that all three 
CR images (on the right side, B, D, and F) have appropriate image 
brightness ranges as compared to the conventional radiography 
images, a careful inspection will show that image B is extremely 
grainy and as a result is outside the acceptable range for detail. 
This is an example of the CR histogram adjusting image brightness 
but lacking adequate data to fill in an acceptable level of detail.

dark, light, or low-contrast images. It can also cause an 
inaccurate exposure indicator number. If there is no col-
limation, then there will be too much exposure in the 
histogram, and that will also cause a histogram analysis 
error, and will cause the exposure indicator to reflect a 
large exposure to the plate. If the histogram has excess 

exposure from poor collimation techniques, this could 
cause an error in locating the VOI, which can cause 
rescaling errors that result in poor image brightness and 
contrast on the image. Likewise, too much collimation 
can also cause histogram analysis errors and lead to poor 
image quality (Figure 21-15).

65 kVp 4 mAs 65 kVp 4 mAs 65 kVp 8 mAs 65 kVp 8 mAs

65 kVp 16 mAs 65 kVp 16 mAs

A B C D

E F
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FiguRE 21-16. Neonate leg that has poor image brightness and 
contrast due to the adult hand that causes a large difference in part 
density, the result is a histogram analysis error.

portion of the software will not function correctly and the 
area corresponding to the lead or barium will be included 
in the histogram. This makes the system think the image 
was underexposed and the low-attenuation area will be 
included in the VOI, which results in a rescaling error that 
produces a dark image (Figure 21-17).

When multiple exposures are done on one plate, sym-
metric part placement and exposure field borders will give 
the best results. Lack of symmetry may result in poor image 
quality due to histogram analysis errors, if the computer has 
exposure field recognition errors. Each exposure included 
on one imaging plate must also have the appropriate tech-
nique, because the computer will average the brightness and 
contrast between all exposures. This is why most exams 
only use one exposure per plate. Another problem is that 
when obtaining cross-table images, often the part is close to 
one side of the plate, which can also cause exposure field 
recognition errors and lead to rescaling errors.

Look-Up Table Adjustments. The CR system look-up 
table is a graph of the processed pixel values (for image 
display) derived from the original image receptor pixel 

FiguRE 21-15. Lumbar spine with too much collimation. The S# 
2005 indicates underexposure; however, the image is dark due to 
the fact that the computer put all the tissue densities for a lumbar 
spine in a smaller space.

It is also possible to have an abrupt straight line 
of tissue density when there are prosthetic devices or 
other parts with large tissue density differences that 
may lead to a histogram analysis error, such as an adult 
hand visible on an image of a neonate leg (Figure 21-16). 
Most CR systems have been developed to the point 
where it is rare for this to occur; nevertheless, it is use-
ful for the knowledgeable CR operator to remember that 
this algorithm functions during most post-acquisition 
processing.

Another histogram analysis error will occur when an 
area of increased or decreased attenuation is found in the 
body where it is not normally located. An example of this 
is barium in the stomach on a chest image, or an uneven 
border of a lead shield. The exposure field recognition 

FiguRE 21-17. (A) and (B). Barium in chest image. This is not expected and is included in histogram analysis; however, the UGI has barium dis-
played correctly because it is expected and included in the histogram analysis for this exam. (Courtesy of Andrew Woodward, M.A., R.T. [R] [CT]
[QM], University of North Carolina at Chapel Hill.)

A B
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values (from image acquisition). All CR systems allow the 
display to be adjusted from the LUT. This permits changes 
in image brightness or contrast that are often compared to 
adjusting the D log E curve of a film emulsion to enhance 
a particular portion of the image. Unfortunately, some 
manufacturers set their systems so that only authorized 
persons can access the LUT adjustments. When used this 
way, the LUT becomes a system calibration tool. However, 
accomplished CR users can use this feature to enhance 
pathologies, such as fractures that are difficult to visual-
ize—for example, periosteal tears in infants who have 
been abused.

Scanning Detection Pattern. CR vendors offer a variety 
of processing software. For example, Fuji allows the 
plate reader to be programmed for a number of different 
scanning detection patterns (Figure 21-18). It has three 
modes—automatic (auto), semiautomatic (semi), and 
fixed—which allows the user more control when process-
ing the plate and image data. Automatic mode adjusts 
latitude and sensitivity for the image automatically and 
works well when the correct parameters are used for an 
exam. It is also used when placing more than one image 
on an imaging plate.

The semi mode automatically adjusts only sensitiv-
ity, while the reading latitude is fixed, so the correct kVp 
must be used in this mode. It is used when the image is 
centered, but the collimation borders are not parallel 
or equidistant from the plate edges. This mode works 
well for areas using tight collimation, such as navicular 
or odontoid projections, or a closely collimated view 
of the knee joint (Figure 21-19). Semi mode divides 
the plate into nine areas and allows the user to select 
the area where the anatomy of interest is located. This 
mode works well when the anatomy is not located in the 
center of the plate. Fixed mode is similar to film-screen 
processing in that latitude and sensitivity are fixed, 
requiring correct technique factors to be used to obtain 
a diagnostic image, because this mode will not correct 
image brightness problems. Fixed mode will display the 
image similar to what you would see with film-screen 
systems.

Histogram Equalization. Some CR systems that are 
in dedicated environments, such as a chest unit, may 
have the histogram of the image receptor data modified 
to enhance a particular element. Chest CR systems can 
stack histogram-equalized images behind the normal 
image. This allows radiologists to view a normal display 
of a chest along with a bone-enhanced histogram image, 
a soft-tissue-enhanced image, and so forth. An image 
that is often cited for this process is a PA chest with a 
lung neoplasm hiding behind a rib. Although this lesion 
would be missed by most physicians, when a soft-tissue- 
enhanced image is viewed (which essentially removes 

all bony trabeculae from the ribs), the neoplasm is seen 
clearly. Because these are modified images, they should 
never be viewed for diagnosis without comparative 
images from the same data set in an unmodified state. 
This feature of CR creates a major imaging dilemma for 
radiologists because there is no end to the number of 
modified and enhanced images that can be created from 
a single image data set. Medical malpractice liability 
that assumes a radiologist is responsible for viewing all 
possible enhancements would require physicians to read 
from dozens of images for each standard projection and 

FiguRE 21-18. An example of different scanning detection patterns 
available on a Fuji system set for semiautomatic exposure data 
recognition (EDR) mode.
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literally bring the practice of radiology to a halt. The 
American College of Radiology addresses this issue by 
issuing standard procedure guidelines that clearly indi-
cate that digitally enhanced images are not routine. This 
permits radiologists to view them as needed, much the 
same way that an angiogram might be recommended as 
a follow-up study to acquire more information after a CT 
of the brain.

Post-Processing
Post-processing can be done using at least two 
approaches: spatial location processing and frequency 
processing. Recall from Chapter 20 that digital images 
can be represented in either spatial location domain or 
spatial frequency domain. Therefore, it is logical that 
post-processing can carried out in one of these domains. 
Two examples of post-processing techniques include edge 
enhancement and image stitching.

Edge Enhancement. While edge enhancement techniques 
can be useful in post-processing, it is important to under-
stand that they amplify existing image noise. Similarly, 
when an image is in a spatial location domain, using high-
pass filtering, which allows high frequencies to be passed 
through to the final image and eliminates low frequencies, 
results in an edge-enhanced image. Radiologists use this 
feature to better visualize subtle bony cortical changes, 
micro-calcifications, and trabecular patterns within bone.

Image Stitching. It is possible to stitch together mul-
tiple images from some CR systems. This is especially 
useful for scoliosis studies of the spine, long bone stud-
ies, or angiographic imaging of peripheral vasculature. 
The algorithms that accomplish these images rely on 
overlapping exposures to verify registration marks and 
image contrast edges to align multiple exposures into a 
single image.

image DisPlay

The last step in the CR imaging process is image display. 
Digital images are displayed in the form of a soft copy on 
a computer monitor. Liquid crystal diode (LCD) monitors 
are most frequently used monitors in imaging depart-
ments. The quality and the characteristics of the display 
monitor have a large impact on the quality of the displayed 
digital image. Optimization of image display requires a 
good working knowledge of its principles and operations, 
which are discussed in Chapter 24.

cr technical FactOrs selectiOn

Technical factors must be carefully selected to achieve the 
desired exposure and image quality. An exposure technique 
system developed specifically for CR equipment being used 
or an automatic exposure control (AEC) should be utilized 
to avoid repeats and minimize radiation exposure.

Even though kilovoltage does not have the impact on 
the final CR image contrast, as the processing algorithm 
determines this type of contrast, kVp will control subject 
contrast similar to film radiography. Therefore, higher kVp 
should be used, as this will result in a decrease in patient 
dose. Typically, an increase in kVp warrants a decrease in 
mAs. However, the radiographer must be aware that sub-
optimal mAs values introduce noise to the image. In addi-
tion, width of the acquired data is reduced with higher kVp, 
which allows the viewer to visualize more anatomy with 
a single image display setting. It is important to note that 
some CR manufacturers recommend avoiding the use of 
more than 80 kVp for non-grid imaging because higher kVp 
levels produce excessive fog due to Compton scatter that 
will decrease contrast significantly more than the same 
increase with a film-screen imaging receptor.

FiguRE 21-19. (A) Using auto mode for a closely collimated (cone down) view of the knee joint; (B) using semi mode.

A B
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One advantage to digital imaging is the wide 
dynamic range response of the detectors. Rather than 
the characteristic curve of film-screen systems, the 
response of a CR plate to x-ray is linear. This linear 
response gives the plate increased exposure latitude 
over film-screen (Figure 21-20). This means that areas 
that receive very little radiation can be enhanced by the 
computer instead of all the densities clumping around 
the toe of the D log E curve as they do when using 
a film receptor. Conversely, areas receiving greater 
exposure can be separated and brought down into the 
visible range by the computer instead of all clumping 
around the shoulder of the D log E curve. An important 
extension of the visible range occurs when using CR 
and DR with areas of much greater exposure, because 
digital detectors do not have a Dmax. Instead, they 
have a straight line that far surpasses the D log E curve 
of a film emulsion. This creates a dangerous radiation 
safety problem because digital imaging systems have 
an extremely high toleration for patient overexposure. 
When film is exposed beyond Dmax, it actually reverses 
and begins to get lighter (as with duplicating film). The 
digital imaging detector continues to record the expo-
sure and the computer can bring these IR exposures 
down into the visible range. This is why a digital system 
can compensate for gross overexposure. This is also 
why the radiographer using digital imaging systems 
must realize that there is great danger in permitting 
personal professional standards to relax and routinely 
overexposing all patients with the intention of the sys-
tem adjusting the histogram to correct the exposure. 

Figure 21-21 demonstrates a full range of over- and 
underexposed skull images. This practice is unethical, 
violates ALARA radiation protection guidelines, and is 
to be avoided at all times.

Grid use in CR occurs more often due to the sen-
sitivity of the imaging plate to scatter. When perform-
ing chest radiography, a grid should be used when 
chest measurements exceed 24–26 cm, for optimum 
images. Even when using a grid, if a substantial over-
exposure (>2X) occurs, enough scatter may be gener-
ated to degrade the image. Selecting the proper grid 
will depend on part size, kVp desired, scatter cleanup 
desired, and grid frequency (lines per cm or inch). 
Recall that the imaging plate is scanned line by line; if 
the scan frequency and the grid frequency are simi-
lar and oriented in the same direction, a Moiré effect 
will be observed. This type of image artifact creates the 
appearance of false grid lines running in several direc-
tions and is objectionable to the viewer. To avoid this 
artifact, manufacturers recommend high-frequency 
grids (178–200 lines/inch) for CR imaging systems. Grid 
cutoff occurs with CR; however, it is more difficult to 
identify because the computer will often not display 
the lines observed with film-screen. Rather, the image 
will suffer from poor spatial resolution, contrast, and 
brightness (Figure 21-22). 

Lastly, the rules of positioning hold true for CR; 
areas that are clipped or poorly positioned cannot 
be corrected with this or any other system. It is the 
responsibility of the radiographer to select proper 
technique; chronic overexposure should be avoided.

FiguRE 21-20. Graph demonstrating the linear response of a digital receptor along with a typical characteristic curve for film. Digital receptors 
provide a much wider exposure latitude between over- and underexposure areas. (Adapted from AAPM Report 93, American Association of 
Physicists in Medicine [AAPM]. Reproduced by permission.)
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FiguRE 21-21. A demonstration of over- and underexposure with a CR system. While it may appear that all four CR images have appropri-
ate exposure, a careful inspection will show that with the exception of image C, the Fuji S numbers are outside the optimal range of 150–250. 
Image A has an S number of 2099, which indicates that it was grossly underexposed. As a result, it exhibits excessive loss of detail and graini-
ness. Image D has an S number of 29, which indicates that patient exposure was probably close to 10 times more than it should have been.

66 kVp 1 mAs 2099 S number 66 kVp 3 mAs 552 S number

A B

DC

60 kVp 12 mAs 152 S number 66 kVp 50 mAs 29 S number
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review QuestiOns

1. What does the CR imaging process consist of?

2. Explain the function of two of the layers of a photo-
stimulable phosphor imaging plate.

3. Why are imaging plates more sensitive to radiation 
than radiographic film?

4. What are F-centers and how are they formed?

5. What is photostimulated luminescence?

6. How is exposure field recognition utilized?

7. What approaches can be utilized during image post-
processing? Describe one of those approaches.

8. How should a technologist select kilovoltage to mini-
mize patient radiation dose?

Computed radiography (CR) uses a photostimulable stor-
age phosphor imaging plate (PSP or IP), typically inside 

a cassette. Currently, a number of manufacturers produce CR 
plates and processor systems. The cassette-based CR with 
the PSP requires a reader to process the plate and create 
the image, and is a two-step process because the radiog-
rapher must move the detector between image acquisition 
and display. In order for CR to function, the imaging plate 
material must have the ability to store and release the image 
information in a usable form. The most common phosphors 
with characteristics favorable for CR are barium fluorohalide 
bromides and iodides with europium activators (BaFBr:Eu 
and BaFI:Eu).

The latent image is processed by loading the cassette 
into an image reader device (IRD) where the imaging plate is 
scanned by a helium-neon laser beam that frees the trapped 

electrons, allowing them to return to a lower energy state. 
This process is referred to as photostimulated luminescence 
(PSL). Once the plate is read, it is erased to remove all ves-
tiges of the latent image. Analog signal is changed into the 
correct components for digital manipulation, which occurs 
during pre-processing and post-processing. Pre-processing 
or initial image processing prepares the raw image data 
according to the proprietary algorithms of the manufacturer. 
Post-processing can be done using at least two approaches: 
spatial location processing and frequency processing.

Technical factors must be carefully selected to achieve 
the desired exposure and image quality. Higher kVp should 
be used to decrease patient dose. However, the use of more 
than 80 kVp for non-grid imaging should be avoided to pre-
vent excessive fog production due to Compton scatter, which 
decreases image contrast.

summAry

FiguRE 21-22. Grid cutoff error.
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾	 Discuss the flat-panel detector types.

◾	 Explain critical elements used in the flat-panel detectors.

◾	 Explain the difference in image acquisition between indirect and direct 
DR systems.

◾	 Describe flat-panel technology features.

◾	 Explain auto-detection panel technology.

◾	 Discuss DR panel precautions.

Digital imaging has untied our hands with regards to technical limitations. 

We no longer have to be arbiters of technology; we get to participate in the 

interpretation of technology into creative content.

John Dykstra

Digital Radiography/Flat-Panel 
Detector Systems

KEY TERMS

auto-detection

charge-coupled device

CMOS

Dexel

fill factor

flat-panel detector

integral detectors

photoconductor

photodetector

portable detectors

scintillator

thin film transistor

trigger panel

C H A P T E R  22
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FLAT-PANEL DETECTOR TYPES

Although CR has allowed a wider dynamic range for 
imaging, it still has several limitations: inefficient x-ray 
detection, low spatial resolution, and multiple steps 
required for the technologist. Manufacturers contin-
ued to look for a more streamlined approach to imag-
ing and produced flat-panel detector digital systems 
generally referred to as digital radiography (DR). DR 
systems that were introduced in 1995 eliminated cas-
settes and have reduced the number of steps required 
to perform exams. There are a number of detector 
configurations used in DR that employ either direct 
conversion or indirect conversion. Direct detectors 
use a photoconductor, which is capable of converting 
light into an electronic signal, whereas indirect detec-
tors use a scintillator, which converts incoming x-ray 
photons to light (Figure 22-1).

Indirect conversion detectors are used in a two-
step process. The first step involves converting incom-
ing x-ray photons to light first, which is accomplished 
through the use of a scintillator. The second step involves 
a conversion of light photons to an electronic signal 
using a photodetector. Indirect DR systems include either 
a charge-coupled device (CCD) or amorphous silicon with 
a thin film transistor (TFT) array. Direct DR systems are 
capable of directly converting incoming x-ray photons to 
an electronic signal. These systems use amorphous sele-
nium and a TFT. The term flat-panel detector is also being 
used to describe both the indirect amorphous silicon and 
the direct amorphous selenium plates that are being used 
in some digital systems.

Indirect Detectors
There are two types of indirect DR detectors: one uses a 
flat-panel TFT detector and the other uses a charge-coupled 
device (CCD). Both systems need a scintillator to change 
the x-ray photons to light; the main difference is in the 
way the light is converted to an electrical signal. Indirect 
TFT digital detectors utilize amorphous silicon (a-Si:H). 
Amorphous silicon cannot directly convert x-rays into an 
electric charge, but it does work as a light detector (pho-
todiode) to capture fluorescent light. Because the atomic 
number of silicon is only 14, it requires a relatively thick 
silicon layer to provide adequate sensitivity to the incom-
ing x-ray photons. Therefore, amorphous silicon requires 
a scintillator, such as cesium iodide (CsI), or a rare-earth 
intensifying screen composed of gadolinium oxysulfide 
Gd O S2 2( ). Scintillators emit light isotropically, which can 

reduce spatial resolution. To minimize light spread, CsI is 
manufactured as structured crystals in the form of needles 
or columns 10–20 micrometers in diameter. This signifi-
cantly reduces light spread and channels light toward the 
amorphous silicon photodiode. The Gd O S2 2  is considered 
a turbid phosphor where the crystals are deposited as fine 
powdered particles. Once the light reaches the amorphous 
silicon, it is converted into electrical charges that are then 
deposited on a TFT. Figure 22-2 illustrates the design of an 
amorphous silicon system.

Flat-Panel Thin Film Transistors (TFTs). Both the amor-
phous silicon (indirect conversion) and amorphous se-
lenium (direct conversion) flat-plate detectors use thin 
film transistors for electronic readout. The TFT collects 
the electric charges produced by either the selenium 

FIGURE 22-1. Direct and indirect flat-panel detectors.
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When the switch for each DEL in a row is activated, the 
signal is sent to the computer. The DELs are positioned 
in a matrix that allows the charge pattern to be read 
out on a pixel-by-pixel and column-by-column basis 
(Figure 22-4). Pixel size is related to the DEL, which 
affects pixel pitch and spatial resolution. Each pixel 
includes the sensing area, the capacitor, and the TFT. 
Detector electronics that are not sensitive to charge 
take up a certain amount of space. The fill factor refers 
to the sensing area compared to the non-sensing area, 

or silicon as an array or matrix of pixel-size detector 
elements (DEL) (see Figure 22-3). The DEL has a fixed 
dimension in an x- and y- orientation. Once the DEL 
receives exposure and collects signal, it then can be 
references as a dexel, due to its bit depth characteris-
tics. Each DEL has a switch and a sensing/storage area. 

FIGURE 22-3. Portion of TFT array, with a capacitive storage 
element and switching element.
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FIGURE 22-2. Indirect amorphous silicon flat-panel imaging plate 
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photon detection ability. Prior to the exposure, a high-
voltage charge is applied from the top surface of the sele-
nium layer. The ionization caused by the x-ray photons 
results in the selenium atoms freeing electrons for collec-
tion by the electrodes at the bottom of the selenium layer. 
The charges are collected at a TFT and then read out line 
by line to the computer for processing. This process is 
illustrated in Figure 22-5.

  IMAGE ACQUISITION, PROCESSING,
     AND DISPLAY

Image acquisition differs between indirect and direct 
conversion flat-panel detectors. In an indirect flat-panel 
detector, a scintillator must first convert incoming x-rays 
to light photons, which then strike the amorphous silicon 
photocathode and are converted into an electronic signal. 
This electronic signal is stored as a latent image in the 
TFT array. Direct flat-panel detectors are constructed 

and can be expressed as a percentage. If a detector has 
a fill factor of 80 percent, then the other 20 percent 
would be covered by the electronics. The fill factor has 
a direct relationship with both the spatial resolution 
and the contrast resolution. Therefore, detectors with 
high fill factor will yield higher spatial and contrast 
resolution, as compared to detectors with a low fill 
factor. Currently, most systems are at the smallest DEL 
possible, because trying to have a smaller pixel pitch 
will increase the electronics and lower the fill factor, 
resulting in less sensitivity.

Charge-Coupled Device (CCD). Although CCDs are not 
technically flat-panel detectors, they are discussed under 
this header due to their use in the indirect conversion DR 
detectors. The CCD is a photodetector, a device that is 
capable of converting visible light into an electric charge 
and storing it in a sequential pattern. This stored charge 
can then be released line by line to the ADC. A gadolinium 
oxysulfide Gd O S2 2( ) or a cesium iodide (CsI) screen is 
used as a scintillator, and the light produced from x-ray 
interactions must be optically coupled to the CCD sensor 
chip by lenses or fiber optics. The electrical signal pro-
duced by the CCD is then sent to the computer for image 
processing.

Complementary Metal Oxide Semiconductor (CMOS).  
Indirect conversion DR detectors may also use CMOS 
technology, which is closely associated with CCD chips. 
CMOS and CCD sensors are widely used in digital photo 
camera technology, and their respective features can be 
applied to radiographic images. Both are designed as 
image sensors, which convert light to electrons. With 
indirect DR detectors using a scintillator, CMOS and CCD 
chips are coupled to the scintillator material to capture 
the light and convert it to electrons. Even though CCD 
chips are more expensive and consume more energy than 
CMOS chips, they are more stable over the long run. CCDs 
create high-quality, low-noise images, whereas CMOS sen-
sors are more susceptible to noise. Because each pixel 
on a CMOS sensor has several transistors located next to 
it, the light sensitivity of a CMOS chip tends to be lower. 
In addition, many of the photons hitting the chip hit the 
transistors instead of the photodiode.

Direct Detectors
Direct conversion systems directly convert incoming 
x-ray photons to an electronic digital signal. These sys-
tems use amorphous selenium (a-Se) and a thin film 
transistor (TFT), and are sometimes referred to as direct 
DR systems.

The active layer in the imaging plate is amorphous 
selenium, which is a semiconductor with excellent x-ray 

FIGURE 22-5. Direct conversion amorphous selenium flat-panel 
detector. The high-voltage charge at the top surface of the selenium 
layer results in the ionization caused by the x-ray photons to free 
electrons for collection by the electrodes at the bottom of the sele-
nium layer. The charge that is collected is then transmitted through 
thin film transistors (TFTs) to the computer for processing.

Amplifiers

Carbon fiber case

Incoming
x-ray photons

Electrode (high voltage)
Dielectric

Amorphous selenium
Charge collection
electrodes

Thin film transistor (TFT)
Glass backingSignal

out

High
voltage

High voltage power

+ +

– – – – ––––

– –

Analog-to-digital
convertor

Storage
capacitor

11067_ch22_hr_305-313.indd   308 8/25/18   3:28 PM



CHAPTER 22 Digital Radiography/Flat-Panel Detector Systems  309

enhancements, and ease of use for the radiographer. 
Initially, flat-panel detectors were built into the table or 
wall units, but there are now wireless DR image recep-
tors. Therefore, DR detectors have two general classifi-
cations: portable detectors and integral detectors. As the 
name implies, portable DR panels are mobile and can be 
carried like a film-screen cassette. Integral detectors are 
built into the design of a radiographic table (Figure 22-7) 
or upright holder. The routine use of portable DR panels 
should not be a cavalier exercise, as these panels are 
very expensive. For several years, significant advances 
have been made to decrease portable DR panel weight, 
and to increase the battery life and portability. As an 

with the amorphous selenium layer positioned over 
the amorphous silicon TFT array, with an electric field 
between the two layers. This electric field is responsible 
for interacting with the electronic signal that x-ray pho-
tons were converted into, and moving it to the TFT array, 
where they are stored as a latent image. Regardless of the 
conversion type, the result is a latent image that needs 
to be read out. Electronic circuitry is used to complete 
the readout process. The readout scheme is completed 
in a line-by-line fashion, and it involves switch lines, data 
lines, as well as voltage controls. Voltage changes are 
applied to the matrix to individual horizontal lines. When 
voltage is changed, a single line of switch elements is 
paired up with its corresponding data line. Data line then 
carries the signal from its switch elements to external 
electronics, which are responsible for digitizing the sig-
nal, as well as storing it.

The processing principles for DR are similar to those 
for CR, as detailed in Chapter 21, with a few differences. 
One difference in DR is that the entire image receptor 
is not read as it is when processing a CR plate. Only the 
exposed detector elements are used for the image data. 
DR image processing can be described as a two-step 
process that involves pre-processing and post-processing. 
Most flat-panel detectors have some bad detector ele-
ments, which would create artifacts if not corrected. This 
correction process is known as system calibration and 
is performed during pre-processing. The computer has a 
program to adjust for any deficiencies in the rows or col-
umns of the TFT (Figure 22-6).

An additional purpose of image processing is image 
display optimization, which occurs during post-processing. 
The image is processed in a similar fashion as that in CR, 
where an algorithm is selected that will use exposure 
field recognition, histogram analysis, and the application 
of LUT. Values of interest are identified during this step 
according to preselected algorithm, depending on the 
body part being examined. This is followed by contrast 
and brightness optimization, as well as detail enhance-
ments using spatial location or frequency processing, if 
desired.

The last step in the DR imaging process is image dis-
play. DR images are displayed in the form of a soft copy 
on a computer monitor, just like CR images, which were 
discussed in Chapter 21.

FLAT-PANEL TECHNOLOGY
FEATURES

There are numerous manufacturers of flat-panel tech-
nology, and all have their distinctive features that gen-
erally center around the operator interface, software 

FIGURE 22-6. Note the white line, which is caused by a column of 
bad detector elements in the TFT. This requires a system calibration, 
and then can be used again. 

FIGURE 22-7. Integral DR detector built into the radiographic table.
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during exposure. This requires that the panel have a sys-
tem to provide this charge. Tethered panels naturally had 
a wired connection, providing a small voltage to the panel. 
Auto-detection technology works by sensing the presence 
of radiation during the first 1–2 milliseconds of the x-ray 
exposure. In order to sense the presence of radiation, 
a small charge is placed on the TFT in preparation for 
exposure by an on-board battery or capacitor, depending 
upon the manufacturer. In addition, the x-ray generator 
prepares the oscillating Bucky mechanism for x-ray expo-
sure by initiating a direct signal that is independent of the 
DR panel operation. At the start of the exposure, the grid 
oscillates and the TFT begins the acquisition of electrons, 
which are created during the irradiation process. This 
type of technology is often referred to as a trigger panel, 
since the presence of irradiation triggers the collection of 
electrons for image acquisition. Naturally, the collection 
of these electrons ultimately creates the electronic data 
set, which is then read out and sent to the computer for 
image processing. Exposure duration is controlled by a 
manually set exposure time, based upon a preset mAs 
value, or using automatic exposure control (AEC) cir-
cuitry. Following the exposure, the DR panel recycles and 
prepares for the next exposure, which can occur in just 
a few seconds. Auto-detection technology has improved 
efficiencies and versatility in departments having many 
radiographic rooms from a variety of manufacturers. This 
technology does not adversely affect image quality, image 
processing, or patient dose.

DR PANEL PRECAUTIONS

Refinements in manufacturing and panel design features 
continue to improve. Research continues to increase 
detector sensitivity in order to reduce dose, as well as to 
improve image resolution with smaller detector elements. 
Similarly, efforts are ever-present to enhance DR panel 
user-friendliness and reliability. The constant, daily use 
of these sophisticated electronic devices is no different 
than mobile phones. The difference however is in the 
degree of technological intricacy and cost. DR panels can 
cost from $30,000 to $80,000, depending upon features, 
manufacturer, and marketplace conditions. This necessar-
ily requires a respect for this technology and what it truly 
represents to medical care.

DR panels are very complex electronic devices and 
subject to damage from abuse and routine usage. Panel 
manufacturers have improved the durability of panels 
with a variety of features, including more resilient carbon-
fiber materials, edge bumpers, and stronger surfaces 
that can handle patient weights, as well as germicidal 
cleansers.

example, current versions of DR panels weigh as little 
as 5.7 pounds (2.6 kg), and as the technology continues 
to improve, lighter detectors will no doubt become avail-
able. The earliest style of portable DR detectors with a 
grid weighed as much as 13 pounds (5.9 kg) and were 
cumbersome for technologists to carry and position.

As the technology continues to improve, manufactur-
ers strive to produce panels that are less expensive, more 
reliable, and truly portable. Most all DR panels use thin 
film transistor technology and require a small electrical 
charge to these circuits during image acquisition. In addi-
tion, once the image is acquired, it must be converted to a 
digital signal to be sent to the computer for readout, image 
processing, and display. These steps require communica-
tion between the DR panel and the x-ray generator. Earlier 
versions of flat-panel technology required an electrical 
connection between the panel and x-ray system through 
wires, known as tethers, from the panel to the x-ray gen-
erator. These tethers had a fixed length and proved to be 
limiting in terms of positioning and reliability. In addition, 
for mobile imaging and procedures performed outside the 
radiographic room, these electrical connections are still 
required and can prove to be troublesome.

For several years now, DR panels have offered a 
wireless communication using Wi-Fi technology. This 
eliminates the hardwire connection and tether cable. 
However, a communication still needs to be maintained 
between the panel and the generator. In many cases, this 
connection is generator-specific and set up to work with 
a single generator control, within a defined distance, typi-
cally 10 meters. This requires that the panel be used with 
a specific x-ray machine and therefore limits its versatility 
throughout a large department.

Auto-Detection Panel Technology
As DR panel development continues, tethered DR panels 
have been replaced with wireless technology and trans-
mission to a Local Area Network(LAN). In addition, gener-
ator-specific interfacing is being replaced with DR panels 
that can be used with any x-ray machine manufacturer, 
which improves versatility, reduces costs, and permits 
DR panel use throughout an entire department, much like 
film-screen cassettes were used, for many years. In order 
to achieve this, a technology referred to as auto-detection 
has been developed. Various vendors refer to it using dif-
ferent names, but the designs permit usage of a DR panel, 
without sophisticated electronic interfacing to the x-ray 
generator.

In order to capture an electronic signal from x-ray 
exposure to the receptor, whether it is indirect or direct 
DR technology, the active electronic layer of the detector 
must have a small electrical potential placed upon its sur-
face, in order to capture the electrons and holes liberated 
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In some panels, an internal sensor mechanism is 
inserted to measure the amount of force a panel has 
encountered during usage. This force may be from a 
patient laying on the panel for a study or from acciden-
tal dropping by the radiographer. Damage to panels is 
measured and monitored, with alarms sent to authorized 
individuals, in order to assess and protect from additional 
damage. When a panel has suspected damage, it can be 
returned to the manufacturer for a “panel autopsy” to 
determine the degree of damage and possible causes. 
Catastrophic damage to a panel is a significant occurrence 
and unfavorably viewed by employers, as replacement 
panels can cost many thousands of dollars. In many orga-
nizations, DR panel insurance policies are purchased to 
protect from extraordinary replacement costs. These poli-
cies, much like auto insurance policies, require respon-
sible use by operators, and can increase in cost based 
upon the history of DR panel damage and staff behaviors.

Routine use of DR panels on patients requires cleans-
ing to prevent the spread of infection. All panels have 
manufacturer-recommended cleansers that must be used 
in conjunction with suggested cleansing techniques. Fail-
ure to do so can jeopardize warranty coverage and dimin-
ish the useful life of a panel. Current cleansing agents are 
non-abrasive, neutral pH, alcohol-free, and intended to 
reduce contaminants on the DR panel surface.

An additional consideration with DR panels is fluid-
protection. Because radiographic procedures are per-
formed in many settings including surgery, emergency 
department, and intensive care units, they are exposed to 
a variety of fluids. As with other electronic devices, fluids 
entering into the panel components can be extremely 
damaging. Fluids can consist of blood, patient discharges, 
urine, as well as surgical scrub fluids, saline rinses, to 
mention a few. Earlier panel designs had seals that allowed 
these fluids to invade the panel components, producing 
damage. In situations where fluid invasion is suspect, a 
panel autopsy may reveal the nature of the damage and 
fluid (Figure 22-8 demonstrates a damaged DR panel with 
fluid invasion). A popular panel protection method is the 
use of plastic, radiolucent detector bags that encase the 
detector prior to positioning with the patient (Figure 22-9). 
These bags are disposable after use and offer excellent 
protection, at a nominal cost. Occasionally, pillowcases or 
sheets are wrapped around panels, as well as disposable 
garbage bags. These offer minimal protection and are not 
recommended. Commercially available protection bags 
are designed to be artifact-free and fluid-proof under most 
situations.

New enhancements have created fluid resilient seals 
that have made them nearly impervious to fluid invasion. 
For one manufacturer, testing for fluid protection con-
sists of a steady flow of water, at a rate of 100 gal/min for 
6 minutes. Obviously, this is an extreme measure, but is 

FIGURE 22-8. A damaged DR panel with fluid invasion, due to 
blood and Betadine.

FIGURE 22-9. A DR panel with a radiolucent detector bag.

representative of the testing rigors taken by manufactur-
ers to improve DR panel reliability and useful life.

DR panels must also be able to withstand a patient’s 
weight when placed behind their anatomy, for a par-
ticular projection. Manufacturers continue to go to great 
lengths to improve DR panel weight loading, as well as 
rigidity. Some panels can handle as much as 800 lbs. 
of direct weight and 500 lbs. of resilient weight, when 
placed behind a patient, on a soft bed during mobile pro-
cedures. It is important to remember that obese patients 
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Digital radiography (DR) systems typically have the detec-
tor and reader as a permanent part of a table or wall 

unit; therefore, a cassette is not needed. With DR systems, 
the image is acquired and sent directly to the display moni-
tor without the need for the radiographer to physically move 
the detector for the image to be processed. There are a 
number of detector configurations used in DR that employ 
either direct conversion (without scintillator) or indirect con-
version (with scintillator). Image acquisition differs between 
indirect and direct conversion systems. Direct conversion 
systems directly convert incoming x-ray photons to an elec-
tronic digital signal. These systems use amorphous selenium 
(a-Se) and a thin film transistor (TFT). There are two types of 
indirect DR detectors: one uses a flat-panel TFT detector and 
the other uses a charge-coupled device (CCD). Both systems 
need a scintillator to change the x-ray photons to light; the 
main difference is in the way the light is converted to an 
electrical signal.

DR detectors have two general classifications: portable 
detectors and integral detectors. Portable detectors are 
mobile, whereas integral detectors are built into the design 

of a radiographic table or upright holder. Earlier versions 
of flat-panel technology required an electrical connection 
between the panel and the x-ray system through wires, 
known as tethers, from the panel to the x-ray generator, 
which were limiting in terms of positioning and reliability. 
Tethered DR panels have been replaced with wireless tech-
nology. Additionally, generator-specific interfacing is being 
replaced with DR panels that can be used with any x-ray 
machine manufacturer, using auto-detection technology.

The routine use of portable DR panels should not be a 
cavalier exercise, as these panels are very expensive and can 
cost from $30,000 to $80,000, depending upon features, 
manufacturer, and marketplace conditions. These very com-
plex electronic devices are subject to damage from abuse and 
routine usage such as a patient laying on the panel, accidental 
dropping, and exposure to fluids. In many organizations, DR 
panel insurance policies are purchased to protect from extraor-
dinary replacement costs. The durability of panels continues 
to improve with a variety of features, including more resilient 
carbon-fiber materials, edge bumpers, and stronger surfaces 
that can handle patient weights, as well as germicidal cleansers.

SUMMARY

REVIEW QUESTIONS

1. Give an example of the types of detectors used for 
both direct and indirect conversion digital radiogra-
phy flat-panel detector systems.

2. Which digital radiography system utilizes thin film 
transistors?

3. What is the active layer used in the direct conversion 
system and what is its purpose?

4. Where is a latent image stored during image acquisi-
tion in an indirect system? In a direct system?

5. What is the difference between wireless and teth-
ered DR panels? Which is more advantageous and 
why?

6. What is the purpose of auto-detection panel technology?

7. Describe at least two DR panel precautions.
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resting back upon a DR panel can cause it to flex, which 
can distort the image geometry, as well as damage inter-
nal electronics. In these cases, care should be taken 
to ensure that the bed surface under the DR panel is 
somehow stiffened to prevent flexing of the panel. The 
radiographer must use good judgment in these extreme 
patient scenarios. Various DR panel protection devices 

are commercially available, particularly for weight-
bearing radiographic studies, in which a patient actually 
stands on the DR panel for imaging. Manufacturers have 
published weight load tolerances that need to be fol-
lowed. These load values will vary depending upon the 
distribution of weight—load across the surface area of 
the detector.

11067_ch22_hr_305-313.indd   312 8/25/18   3:28 PM



CHAPTER 22 Digital Radiography/Flat-Panel Detector Systems  313

American College of Radiology. (2017). ACR–AAPM–SIIM Practice 
Parameter for Digital Radiography Res. 40–2017, Amended 2014. 

American Society of Radiologic Technologists. (2015). The prac-
tice standards for medical imaging and radiation therapy: 
Advisory opinion statement use of post-exposure shuttering, 
cropping and electronic masking in radiography. Albuquer-
que, NM: American Society of Radiologic Technologists. 

American Society of Radiologic Technologists. (2017). The practice 
standards for medical imaging and radiation therapy. Albuquer-
que, NM: American Society of Radiologic Technologists. 

Andriole, K. P., Ruckdeschel, T. G., Flynn, M. J., Hangian-
dreou, N. J., Jones, A. K., Krupinski, E., … Wyatt, M. (2013). 
ACR–AAPM–SIIM Practice Guideline for Digital Radiogra-
phy. Journal of Digital Imaging, 26(1), 26–37. http://doi.
org/10.1007/s10278-012-9523-1 

Burns, C. (1993). Using computed digital radiography effectively. 
Seminars in Radiologic Technology, 1(1), 24–35. 

Bushberg, J., Seibert, J., Leidholdt, E., & Boone, J. (2011). The 
essential physics of medical imaging (3rd ed.). Baltimore: 
Williams & Wilkins. 

Choatas, H., Dobbins, J., & Ravin, C. (1999). Principles of digital 
radiography with large-area electronically readable detec-
tors: A review of the basics. Radiology, 210(3), 595–599. 

Gunn, C. (2009). Digital and radiographic imaging (4th ed.). 
Philadelphia: Churchill Livingstone.

Neitzel, U. (1999, July). Integrated digital radiography with a 
flat electronic detector. Retrieved www.de.ms.philips.com/
sections/rad/digbucky/news/html/neitzel.htm, 7-16-99.

Norweck, J. T., Seibert, J. A., Andriole, K. P., Clunie, D. A.,  
Curran, B. H., Flynn, M. J., … Wyatt, M. (2013). ACR–AAPM–
SIIM Technical Standard for Electronic Practice of Medical 
Imaging. Journal of Digital Imaging, 26(1), 38–52. http://doi 
.org/10.1007/s10278-012-9522-2

Reiner, B. I., Siegel, E. L., & Carrino, J. A. (Eds.). (2002). Qual-
ity assurance: Meeting the challenge in the digital medical 
enterprise. Society for Computer Applications in Radiology 
(SCAR). Great Falls, VA. 

Samei, E., & Flynn, M. J. (Eds.). (2003). Advances in digital 
radiography: Categorical course in diagnostic radiol-
ogy physics. Radiological Society of North America, Oak 
Brook, IL.

Seeram, E. (2011). Digital radiography: An introduction. 
Delmar Publishing. 

Seibert, J. (2007) Digital radiography: CR versus DR? Time to 
reconsider the options, the definitions, and current capabili-
ties. ApplRadiol. 36(12 suppl), 4–7. 

Siegel, E., & Kolodner, R. (1999). Filmless radiology. New York: 
Springer-Verlag. 

Wilson, P. (1984). Digital imaging: An introduction. Radiogra-
phy, 50(590), 449. 

Yamazaki, T., Satoh, M., Eguchi, Y., Yamada, K., Endo, Y., & 
Kaga, Y. (1998). Image quality of the digital radiography 
system using the flat panel detector compared with the 
storage phosphor based computed radiography system. 
(Scientific Exhibit 0499PH) Chicago: Radiological Society of 
North America. 

11067_ch22_hr_305-313.indd   313 8/25/18   3:28 PM



 314

Objectives

Upon completion of this chapter, the student should be able to:

◾	 Describe the principles of technical factor selection.

◾	 Discuss the scale of deviation index values, as well as recommended 
actions when correcting unacceptable values.

◾	 Explain how exposure factors affect digital image quality.

◾	 Explain latitude differences between digital imaging systems and  
film-screen systems.

◾	 Analyze elements of digital imaging systems that make them prone to 
violation of ALARA radiation protection concepts.

◾	 Explain the causes of several digital radiography artifacts.

Key terms

data drop

detector saturation

diagnostic acuity

diagnostic efficacy

diagnostic yield

dose creep

electronic masking

electronic annotation

image fidelity

optimal kVp

photon starvation

Technical Considerations 
in Digital ImagingC h A p T E R  23

Treat the patient, not the x-ray. 

James M. Hunter, M.D. 
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 EffEctivE UsE Of Digital 
imaging

Digital imaging, whether through the use of storage 
phosphor (CR) technology or flat-panel, thin film transis-
tor (TFT) detectors, requires changes from traditional 
practice. Many of these changes are inherent in the digital 
equipment design. Factors such as focal spot size, SID, 
OID, kVp, mAs, and collimation are clearly selectable by 
the operator and affect final image quality. Image resolu-
tion is improved with the selection of smaller x-ray tube 
focal spots, shorter OIDs, longer SIDs, and shorter expo-
sure times with higher mA selections. These traditional 
axioms of radiography still hold true in the digital imaging 
world. Similarly, radiographic grids and tighter collima-
tion are as important as ever, and have a positive impact 
upon image quality, and are recommended when condi-
tions warrant.

 Digital ExpOsUrE 
cOnsiDEratiOns

With digital detectors, the old rules related to exposure do 
not necessarily apply, and consequently new rules need 
to be considered. In digital imaging, kVp and contrast are 
not directly related, and generally, exposure (mAs) does 
not affect image brightness. What does matter is the total 
amount of exposure incident upon the detector.

total exposure to Detector
Final digital image quality is essentially a function of total 
exposure to the detector. This exposure, in the form of 
remnant radiation, is impacted greatly by mAs, kVp, SID, 
OID, collimation, patient thickness, tissue composition, 
as well as the use of radiographic grids and filters. Digital 
detectors are not necessarily impacted by specific kVp val-
ues, as was the case with analog imaging, and consequently 
higher kVp values are now recommended with digital 
detectors. The benefit of higher kVp values is a reduction 
in entrance skin exposure (ESE) to the patient, and lower 
mAs values. However, it is important to note that mAs 
exposures that are too low will result in quantum mottle 
and noise, and negatively impact image quality.

Exposure to the detector is ultimately converted to 
an electronic data set, which is called the signal in the 
world of electronics. Greater signal generally produces 
a better image in terms of noise or graininess. Unwanted 
noise on digital images lessens image diagnostic acuity 
for the viewer and is generally considered a measure of 
sub-optimum image quality. Excessive exposure elimi-
nates image noise and improves image quality, but at 

the expense of increasing patient dose with no visible 
improvement in diagnostic acuity. In extreme cases of 
overexposure, additional image problems are introduced 
due to detector saturation and data drop artifacts, which 
will be discussed later in this chapter. Understanding how 
exposure factors affect the digital image is crucial to both 
image quality and patient dose management, and does 
shoulder the technologist with additional responsibilities 
in terms of image analysis. To help with this complex task, 
exposure indicators were developed. If you recall from 
Chapter 20, an exposure indicator (EI) is a numerical 
parameter used to monitor the radiation exposure to the 
digital image receptor. Unfortunately, there is general dis-
agreement between digital equipment manufacturers as 
to the calculation of exposure indicator values. Because 
of this, it is not uncommon to find several differing expo-
sure indicator scales in a single department, due to the 
array of equipment vendors in that same department. This 
can be confusing to staff, but until a standardized scale is 
established profession-wide, this situation will continue. 
Therefore, exposure technique systems developed specifi-
cally for digital imaging should be utilized to assure that 
the correct exposure factors are selected, and will deliver 
an exposure indicator that is within an acceptable range 
regardless of how its value is calculated.

Digital exposure technique systems
The development of exposure technique chart systems 
has a long history in medical imaging that resulted 
in a variety of approaches. Most of these historically 
used approaches were developed based upon analog, 
film-screen technology. The relationship between kVp 
and radiographic contrast, and mAs with radiographic 
density, was integral to exposure technique selection. 
However, these traditional rules of technique selection 
do not necessarily apply in digital imaging.

The foundations of the principles of radiographic 
exposure technique were laid in the 1920s by Ed. C. Jerman, 
known as the father of radiologic technology in the United 
States, and were developed into a scientific system in the 
1940s by Arthur W. Fuchs. Because radiographic exposure 
is such a complex process, technique systems function best 
when the large number of variables can be held constant 
while a single factor is permitted to vary. A radiography 
department can expect to produce consistent results only 
when technique systems are used for all x-ray units. Moni-
toring and revising these systems is part of the quality con-
trol function. Each exposure system has its advantages and 
disadvantages. Essentially, there are two major technique 
exposure systems that have maintained popularity over the 
years. These are the fixed kVp and variable kVp systems. 
Fixed kVp systems were developed by Fuchs in 1943 during 
World War II. They tend to decrease patient dose, provide 
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compliance and optimum image quality. Most depart-
ments adapt their existing technique charts systems as 
they replace the analog imaging systems with digital 
equipment. According to the ASRT White Paper on best 
practice in digital radiography, it is recommended “to 
use exposure technique charts that are continuously 
improved and applicable to a wide range of patient 
sizes” (2012). While either a fixed kVp-variable mAs or 
variable kVp-fixed mAs exposure technique system may 
be utilized, fixed kVp systems are better suited for use 
with digital image receptors.

Establishing Exposure Technique Systems. While estab-
lishing exposure technique systems can at first seem to be 
an intimidating task, a few easy steps can take a system 
from theory to clinical practice (see Table 23-2). The first 
step requires the use of a phantom to produce a series of 
test exposures. In facilities that lack a phantom, an object 
with some internal features to demonstrate differences in 
subject contrast is useful (e.g., a large fruit or a stapler). 
The phantom or test object thickness is measured in centi-
meters and is then used to produce a series of at least 5–7 
images, by varying either the kVp or the mAs, depending 
on which system has been chosen. Once this series has 
been produced, it should be shown to a radiologist (or 
a quality control supervisor) with the question, “Which 
images would you NOT accept for diagnosis?” By asking 
the question in this manner, a range of acceptable images 
is selected, not a single best image. The radiographer then 
chooses the middle image from the range of the acceptable 
images . The second step requires producing a theoretical 
exposure technique chart by extrapolating to larger and 
smaller part sizes, using the selected technique system 
rules. Ideally, the new chart is then tested with a phantom 
or a test object to verify its effectiveness. The third step 
places the technique chart into a clinical trial. At this step, 
it is important that every part be measured (with a set 
of calipers, if possible) and a note on the quality of each 
examination recorded. Additionally, all repeated images 
should be saved for analysis. The fourth step includes 
clinical fine-tuning, which occurs over a short period 
of time (the acquisition of ~25–50 images). At this step, 

more information, increase consistency, reduce x-ray tube 
wear, decrease time settings, and therefore, patient motion, 
and are easier to remember. However, they produce more 
scatter radiation and lower contrast. Variable kVp systems, 
which were proposed by Jerman in 1925, do the opposite.

Fixed kVp Systems. Fixed kVp systems begin by estab-
lishing an optimal kVp for ranges of body parts. The 
optimal kVp is the maximum kVp level that will produce 
images with appropriate contrast that are consistently 
within acceptance limits. Once the optimal kVp has been 
determined, an extrapolated exposure chart is obtained 
by adjusting mAs values in minimum increments of 
30  percent, because values less than 30 percent are not 
significant. The rule is to double or halve mAs for every 
5 cm of subject thickness. Digital systems have resulted in 
a slight increase in optimal kVp levels. Table 23-1 lists sug-
gested optimal kVp ranges for various procedures when 
using DR equipment, which differ from those established 
for film-screen technology.

Variable kVp Systems. On the other hand, variable kVp 
systems use a rule that adjusts 2 kVp per cm of subject 
thickness. However, the functional rule requires that a 
base be used, usually 30 kVp (although 40 and 50 kVp have 
been successfully utilized), resulting in the basic variable 
kVp formula:

(2 kVp part cm) 30 kVp new kVp3 1 5

This is fairly consistent with the 15 percent rule while 
ensuring sufficient penetration. For examples of fixed and 
variable kVp technique system charts, see Appendix C.

Exposure technique selection is as important as 
ever when using CR and DR receptors, due to the impact 
exposure factors have on image quality and patient 
dose. Although image processing LUTs and rescaling 
can compensate for exposure variations to some degree, 
accurate exposure selection is still essential to ALARA 

 TablE  23-2.  A Step-by-Step Approach to Establish-
ing an Exposure Technique Chart

STEp 1 phANTOM TEST EXpOSURES

pRODUCE RANGE OF ACCEpTABLE IMAGES

STEp 2 ThEORETICAL ChART BY EXTRApOLATION

STEp 3 CLINICAL TRIAL

STEp 4 CLINICAL FINE TUNING

STEp 5 CONTINUOUS QUALITY ASSURANCE

 TablE  23-1.  Suggested Optimal kVp Ranges for  
DR Systems

Infant extremities 50–60 kVp

Adult extremities 65–75 kVp

Bucky extremities 75–90 kV

Ap spine 85–95 kVp

Lateral spine

 Cervical   85–100 kVp

 Thoracic   85–100 kVp

 Lumbar   85–100 kVp

Chest 110–130 kVp

Skull 80–90 kVp
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auto-generator detection, panel recycling, TFT charging, 
or data read-out. Each exam type/projection should have 
an established target exposure indicator value. These val-
ues provide guidance as to acceptable image quality, and in 
many instances, a department deviation index (DI) scale is 
established as well. Conformance to DI values with expo-
sure technique selection is essential to ALARA compli-
ance. Failure to do so can have serious consequences for 
the inattentive, unprofessional radiographer (Figure 23-1).

correcting Unacceptable Di Numbers
Always creating radiographs with ideal exposure is a 
noteworthy goal, but not a realistic occurrence in a 
clinical setting. Many circumstances exist that require 
alterations to exposure technique calculations. Variables 
such as patient condition, geometric distances, x-ray tube 
angles, grid ratios, collimation, etc., require skillful expo-
sure modifications that may be difficult for even the most 
experienced radiographer. The display of an EI value is a 
reliable and accurate indication of detector exposure. Cal-
culation of an exposure deviation index (DI) is formulated 
based upon target EI values. As discussed in Chapter 20, 
DI values are included as part of the DICOM header infor-
mation on images and are an indication of variance from 
established target EI values.

Recommended actions from the American Associa-
tion of Physicists in Medicine (AAPM) are outlined in 
Figure 23-1 as they relate to deviation index values. In most 
medical imaging departments, target values have been 
established, and it is expected that radiographers conform 
to these standards. Criteria for repeat images based upon 

the technique chart must be examined for clinical accu-
racy and adjusted with fine-tuning occurring as actual 
clinical exposure factors are recorded for the various part 
sizes. The fifth step is to re-examine the accuracy of the 
newly established technique chart through ongoing fine-
tuning, which is a permanent quality assurance step. This 
re-examination should occur on a regular basis, and any 
time a change is made to the radiographic system (e.g., a 
new tube, procedural adjustments, etc.). These steps to 
the creation of an exposure technique chart are detailed 
with examples in Appendix C.

assessing Digital Exposure Technique. A princi-
ple assessment of digital exposure technique requires  
an assessment of image noise, as image contrast and 
brightness are determined by the exam LUTs. Other 
than radiographic positioning errors, objectionable image 
noise is the second-most common factor that affects digi-
tal image quality. Since image noise is directly related to 
exposure quantity, exposure indicators should be refer-
enced to assess image noise. It is important to remember, 
however, that image processing with digital imaging sys-
tems has a wide latitude, and therefore, can accommodate 
four to five times overexposure and still produce accept-
able image quality. Underexposure latitude, however, has 
a variance of approximately 25 percent before objection-
able noise impacts the quality of an image. Because of the 
wide exposure latitude associated with digital imaging 
systems, errors in technique selection have historically 
been made on the additive side, resulting in an increased 
exposure technique to decrease chance of image noise and 
avoid repeats. This has led to a trend known as dose creep, 
a known practice in the profession, and one that many 
medical imaging experts are working to correct, as it 
certainly does not reflect the standards established by the 
profession. The ASRT White Paper on best practices in 
digital radiography has recommended that technologists 
employ “the highest kVp within the optimal range for the 
position and part coupled with the lowest amount of mAs 
as needed to provide an adequate exposure to the image 
receptor” (2012).

Modern imaging departments that are ALARA com-
pliant have established exposure technique systems using 
target exposure indicator values (EI

T
) that are utilized as 

benchmarks. In these systems, target exposure indicator 
values are set through discussions with the vendor, qual-
ity control experts, and department radiologists. From 
these ongoing discussions, exposure technique charts 
that will provide reliable technique selections based 
upon exam type, projection, patient thickness, and other 
exposure conditions are devised. Additionally, both CR 
and DR work quite well with automatic exposure control 
(AEC) features. The AEC detectors work independently 
of the receptor and are not affected by functions such as 

FIgURE 23-1. From American Association of Physicists in Medicine: 
An exposure indicator for digital radiography. Report of AAPM task 
group 116, Table 2 Exposure Indicator DI Control Limits for Clinical 
Images.

Di range action

>+3 Excessive radiation exposure

Repeat only if relevant anatomy is clipped 
or “burned out”

Require immediate management follow-up

+1 to +3.0 Overexposure:

Repeat only if relevant anatomy is clipped 
or “burned out”

−0.5 to +0.5 Target range

Less than −1.0 Underexposure:

Consult radiologist for repeat

Less than −3.0 Repeat
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between the minimum and maximum incoming radiation 
is dramatically reduced. This is a desirable effect because 
it displays more anatomical data while reducing patient 
dose (Figure 23-3). It is recommended that kVp levels 
not exceed 80 for any non-grid radiography, including 
the chest. Additionally, when scatter ratios approach 
50  percent, grids should become mandatory. Failure to 
do so greatly reduces image contrast due to the scatter 
radiation reaching the image receptor.

Moderate overexposure does not impact image qual-
ity, but is considered professionally unacceptable and a 
possible violation of the ALARA principle. Extreme overex-
posure, however, can detract from optimum image quality, 
as it can create a condition known as data drop. Data drop 
occurs when data elements in the detector are essentially 
overwhelmed with photon energy and become incapable of 
recognizing high-energy values. When the image is recon-
structed, these saturated data points are dropped from 
the data set and are not part of the image reconstruction. 
Data drop can occur over an area of the detector, leading 
to detector saturation. Therefore, detector saturation can 
be described as data drop that involves areas or regions of 
the detector. Data drop and detector saturation can pres-
ent serious clinical issues for the interpreting physician. 
Referring to Figure 23-4, you can see that bone anatomy 
has been dropped from the image in the region of the iliac 
crest and simulates a pathological process. Additionally, 
data has been dropped from the greater trochanteric region 
of the femur, again mimicking pathology. In this specific 
case, the patient’s medical history and clinical symp-
toms did not support what was visualized on the image,  
which led to a diagnostic dilemma. The exposure indicator 
for this image suggested an overexposure of 100 percent. 

underexposure (negative DI values) are expected to be 
followed in order to achieve optimum image quality with 
respect to image noise levels. Positive DI values under 3 
typically will not warrant repeating images, but are a cause 
for concern on the part of radiology managers, in their 
efforts to optimize radiation safety.

The scale of DI values established by experts is set 
up  in increments of 20 percent for underexposure and 
25  percent for overexposure. This difference in increment 
percentages between underexposure and overexposure is 
due to increased scatter associated with technical factor 
increases. According to the scale, a DI value of 12 means 
that exposure to the detector was 50 percent above the rec-
ommended target. This exposure would likely not jeopardize 
image quality, but would certainly be considered overexpo-
sure. Similarly, a DI of 22 indicates underexposure to the 
detector that was 40 percent below the recommended target 
value, and an image that will demonstrate noise. DI values 
of 13 or higher are considered possible ALARA violations 
and require management follow-up on one’s use of radia-
tion. This certainly is undesirable and can lead to dramatic 
employment issues and professional ethics considerations.

impact of exposure Factors on 
image Quality
While image quality is described in terms of resolution, 
noise, detective quantum efficiency, and artifacts, its rela-
tionship with exposure must be understood, as digital 
receptors do not conform to the conventional rules of radi-
ation exposure and image quality. As previously discussed, 
the relationship between kVp and radiographic contrast 
is not the same as it is with analog film-screen systems. 
Although an increase in kVp will produce more scatter and 
increase secondary radiation production, which should 
reduce radiographic contrast, system software can com-
pensate and produce an image appearance according to the 
brightness and contrast settings for the body part selected. 
Likewise, an increase in kVp typically requires a decrease 
in exposure (mAs), according to the 15 percent kVp rule. 
This reduction in mAs effectively reduces the amount 
of scatter/secondary production, as the total amount of 
scatter and secondary radiation production is primarily 
a function of mAs, not kVp. However, it is important to 
note that underexposure yields images that are noisy and 
result in graininess. Inadequate exposure to the detector 
elements is known as photon starvation. Photon starvation 
is responsible for lower visual or perceived resolution and 
obscuring anatomical features.

When setting kVp levels for digital systems, the most 
important thing to remember is that when higher kVp 
levels are used, the width of the acquired data becomes 
narrower (see Figure 23-2). Note how the difference 

FIgURE 23-2. Different attenuation resulting from large kVp 
changes. With higher kVp, the signal difference between maximum 
and minimum exposure is decreased, thereby reducing the width of 
the acquired data.
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example underscores the importance of understanding 
how exposure impacts image quality.

Grid considerations
Radiographic grids are an important consideration in digi-
tal image quality optimization. Much of the grid impact on 
image quality has to do with the science behind the digital 
technologies, as well as the receptor speeds being used, 
particularly with flat-panel DR detectors. This is discussed 
in detail in Chapter 18.

 Digital prOcEssing 
cOnsiDEratiOns

The processing of radiographic images is now completed 
by powerful computers using sophisticated software pro-
grams, and often, the final look of an image is determined 
by the software provided by the manufacturer. With analog, 
film-screen technology, image density and contrast were 
greatly affected by exposure conditions such as mAs and 
kVp, and these exposure variables could be manipulated to 
optimize image appearance. With digital technologies, the 
traditional term density has been replaced by image recep-
tor exposure. Additionally, new terms, such as image bright-
ness, window level, and window width, have been added to 
the discussion of digital image contrast, and are not greatly 
impacted by exposure factors. In the digital world, image 
brightness and contrast are primarily determined by soft-
ware look up tables (LUTs), rather than exposure.

Digital processing requires the technologist to be 
knowledgeable in the details of digital image acquisition, 
as well as post-processing parameters and procedures. For 
example, many manufacturers state in their technical usage 
information that mAs has little effect on image brightness. 
This can be a confusing statement for radiographers who 
are knowledgeable about the relationships between mAs 
and kVp and clearly understand how to control them 
when creating an optimal diagnostic image. What manu-
facturers are trying to convey is that the extended range 
of the straight-line portion of the image receptor response 
curve allows a system to digitally process the image after 
exposure to rescale the brightness into the visible range, 
even when the image receptor is grossly overexposed. 
This does not change the fact that adjusting mAs will 
increase or decrease the quantity of photons received by 
the image receptor, as adequate mAs is required to activate 
any digital image receptor. Failure to use a high enough 
mAs setting produces quantum mottle, which produces a 
grainy, reticulated image for which digital post-processing 
cannot compensate. These changes directly affect the 
quantity of information the image receptor passes on to 

Equally important is the soft tissue distribution over the 
bony anatomy in question. There is very little soft tissue 
overlying this bone anatomy, offering little photon absorp-
tion. The overexposure, coupled with the soft tissue distri-
bution over bone anatomy, likely produced the data drop 
and detector saturation. When the image was reprocessed, 
the dropped data points were recovered and the apparent 
bony pathologies were no longer present on the image. This 

FIgURE 23-3. Relation of kVp to dose. Higher kVp reduces dose, 
and although the data width is narrowed, more anatomical informa-
tion is displayed for a given display setting.
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FIgURE 23-4. AP Pelvis demonstrates data drop from detector 
saturation in regions of left iliac and greater trochanter. 

Co
ur

te
sy

 o
f R

an
dy

 G
ris

w
ol

d,
 G

re
en

 B
ay

, W
I.

11067_ch23_hr_314-327.indd   319 11/20/18   6:46 PM



320  UNIT IV Digital Radiography Introduction

extent from the histogram, although the kVp level does 
have an impact. This means that the proper selection 
of the kVp is a necessary preliminary step that must be 
achieved prior to the post-processing.

 DIGITAL POST-PROCESSING 
CONSIDERATIONS

Digital imaging technologies permit a wide range of post-
processing capabilities. Sophisticated post-processing 
software programs allow for clinically valuable image 
improvement. These new features necessarily require 
competent usage and a thorough understanding of their 
benefits.

Electronic Masking/Shuttering
A popular post-processing feature is electronic masking of 
a displayed image, also known as cropping or shuttering. 
This is a post-processing function that affects the data 
set by removing undesirable information in an effort to 
improve image quality. Many systems perform electronic 
masking automatically, through the use of edge-detection 
software. The computer analyzes the data distribution and 
looks for the edges of radiation exposure on the image. At 
these margins, electronic masking is applied with black 
overlays, to prevent bright extraneous display monitor light 
from overwhelming the viewer’s eyes, a process called veil 
glare (Figure 23-6). This improves image visibility but has 
no impact upon image resolution. Additionally, the soft-
ware removes unwanted data from the data set and reduces 
the file size of the image. Generally, electronic masking is 
regarded as a desirable feature and manufacturers have 
gone to great lengths to make it user friendly (Figure 23-7).

the post-processing system and what is used to determine 
the exposure indicator. This is why a minimum exposure 
index should be required to ensure that the radiologists 
are diagnosing from an image that meets the minimum 
data requirements of the digital system. Many image post-
processing systems may not require mAs settings as high as 
film-based image receptors did in the past and diagnostic-
quality images may now be produced with less mAs.

There are multiple benefits inherent in the increased lat-
itude associated with digital imaging, including the ability to 
image structures of widely different attenuation values, such 
as the chest, on the same image without loss of visibility of 
structures with widely different tissue densities, such as lung 
vasculature and the mediastinum. (See Figure 23-5.) Another 
benefit is the increased margin for error in overexposure and 
underexposure to the receptor. Digital imaging systems can 
maintain a useful image brightness over a wider latitude than 
allowable with film-screen. However, even though brightness 
can be maintained, the overall image quality may be poor if 
exposures are too far from optimal. Images that are underex-
posed will show quantum mottle, even though image bright-
ness is acceptable, whereas extreme overexposure will lead 
to images with reduced contrast.

Because the exposure response curve of the image 
receptor is now linear and much greater than with film-
screen systems, the initial contrast that is received from 
the detector is extremely low. Some digital imaging sys-
tems allow display of this information as it is collected 
from the detector, and these images clearly demonstrate 
the low-contrast nature of this initial information. As 
soon as the programmed processing algorithm is applied, 
the image is displayed with the desired level of contrast 
(which is acquired from the histogram and LUT). In other 
words, the display image contrast is determined to a great 

FIgUre 23-6. Veil glare occurs when the intense light from a light 
source floods the eye directly. The bright light overstimulates photo-
receptors in the retina, confuses the signal to the brain, and reduces 
contrast perception. Electronic masking helps overcome this issue, 
but is not a substitute for proper pre-exposure collimation.

FIgUre 23-5. PA Chest demonstrates lung vasculature and  
mediastinum. 

Co
ur

te
sy

 o
f H

ea
th

er
 H

ar
de

st
y, 

Fr
an

ci
sc

an
 H

ea
lth

, M
ic

hi
ga

n 
Ci

ty
, I

N
.

11067_ch23_hr_314-327.indd   320 11/29/18   6:29 PM



CHAPTER 23 Technical Considerations in Digital Imaging  321

inspiration/expiration images. Bowel obstructions or a 
pneumoperitoneum require upright images. These types 
of electronic annotation are generally acceptable and 
improve image diagnostic yield. Patient demographics 
such as name, exam date, birthdate, physician, etc., are 
all part of the radiology information system and are elec-
tronically included as part of the patient profile, recorded 
on the image. Labeling images in terms of laterality (right 
vs. left) requires the use of lead, radiopaque markers, at 
the time of image acquisition. Electronic markers as to 
patient side are not acceptable and can be questioned 
legally. The challenge when using lead markers has to 
do with proper placement so as not to obscure patient 
anatomy, and yet be visible to the viewer. With analog 
receptors, a convenient identification window was offset 
to one side in an outer corner of the cassette, providing a 
foolproof method of knowing the left vs. right side of the 
cassette, when the image was taken. CR and DR recep-
tors do not offer this feature, and the technologist must 
take extra care to mark the detector correctly. With CR 
image receptors and portable DR detectors, placing a lead 
marker strategically is no problem, but with DR receptors 
that are integral to the table design, getting access to the 
detector is problematic. There is no general agreement as 
to the best method for labeling laterality when access to 
the detector surface is not possible. In these situations, 
placing the radiopaque marker on the edge of the expo-
sure field or on the patient out of the field of interest, is 
a generally accepted practice. Newer flat-panel detectors 
now have strategically placed radiopaque identifiers as an 
integral detector feature, much like film-screen cassette 
identification windows were used in analog imaging.

An additional consideration with electronic marking 
of image data has to do with the layering of image informa-
tion, according to a DICOM protocol. The image file is cre-
ated from an original electronic data set that is produced 
during irradiation and acquisition. Post-exposure informa-
tion is added to this image data file in layers, and each time 
the image is altered with post-processing and/or image 
enhancement, this new information is placed into the data 
set at a specific digital layer, according to software param-
eters. Occasionally, image information added in a particular 
layer may not remain a part of the final image file, when it is 
sent on network communication channels for consultation 
or review. Although this seldom happens, it is important 
to understand this layering process can present an image 
for review that lacks important information. Therefore, the 
use of lead markers for laterality is critical and must be a 
part of the original image acquisition electronic data set, 
and not subject to layering faults in transmission. As a best 
practice, the ASRT White Paper recommends “consistently 
using lead anatomic side markers captured on the original 
image during the x-ray exposure” (2012).

Electronic masking can also be applied manually 
by the operator, when automatic edge detection is insuf-
ficient. In these cases, masking margins are selected and 
positioned by the viewer as needed, to improve image 
appearance. It is important to remember that masking can 
impact the accuracy of exposure indicator values, particu-
larly in some older digital imaging systems. Additionally, 
electronic masking is not a substitute for pre-exposure 
collimation. The ASRT has taken a strong position against 
the use of masking when done inappropriately. It is their 
position “that a digital image should not be cropped or 
masked such that it eliminates areas of exposure from the 
image that are presented for interpretation” (2015). ALARA 
standards require all irradiated anatomy to be presented to 
the interpreting physician for diagnosis. Radiologists often 
discover incidental findings on irradiated anatomy, when it 
is included in the image data set for interpretation.

electronic image Annotation
Radiographic images are produced without nomenclature 
regarding patient body position, laterality (right vs. left), 
respiration, mobile, etc. These bits of information are very 
important to the accuracy of a medical image, particularly for 
the interpreting physician.

Computers have made adding annotation to images 
easy and convenient. A simple “select and paste” is 
all that is required with all systems. Certain informa-
tion is important to the diagnostic efficacy of images. 
Information such as body position (recumbent, decu-
bitus, upright, etc.) assists the radiologist in assess-
ing patient condition. For example, visualization of a 
small pneumothorax can be improved with comparison 

FIgURE 23-7. Image showing optimum automatic masking. 
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image should clearly represent the patient, and nothing 
else. Extraneous items that are not part of the patient’s 
anatomy can present interpretation challenges for the 
physician. As an example, hair braids or hair ties can 
simulate lung pathologies, if superimposed over the lungs 
during chest radiography (Figure 23-8). Similarly, clothing, 
elastic wraps, bed sheets, positioning aids, etc., can show 
up radiographically as additional image densities that 
hide or simulate pathologies (Figure 23-9). These types of 
items should be removed when circumstances allow, and 
if not, an explanation needs to accompany the images for 
the radiologist. Items such as those mentioned, as well as 
many others, lessen an image’s DE and should be avoided.

Low-contrast resolution  
and Artifacts
The aspect of low-contrast resolution, although desirable 
from an interpretive viewpoint, can present problems 
with image quality. Because a wider dynamic range is 
now possible with CR and DR detectors, materials that 
were unseen years ago, now become apparent on images. 
Clothing artifacts, tattoos, positioning aids, bolus materi-
als, blankets, skin keloids, and elastic bandages, can often 
be seen on patient images. The radiographer must be 
ever diligent in recognizing the presence of low-contrast 
image artifacts and seek to remove them from images, or 
at a minimum, alert the interpreting physician as to their 
presence. Sometimes, a simple smoothing out the creases 
in a patient gown is all that is needed to eliminate the 
appearance of air trapped in clothing folds, simulating a 
soft tissue disease process.

Lastly, it is critically important to remember the fol-
lowing tenets of medical radiographic images:

 ◾ Medical radiographs are considered a legal document, 
just as all contents of a patient’s medical record.

 ◾ A medical image of a patient is a pictorial record of 
the patient’s anatomy and medical condition.

 ◾ A medical image is an image of the patient at a sin-
gle moment in the patient’s medical timeline.

 ◾ The accuracy of medical image interpretation is 
a function of the quality of the image created and 
includes technological and human components 
being optimized.

 ◾ Radiologists expect that department routines and 
procedures are followed when creating medical 
radiographs, and any variance explained completely.

 ◾ Radiologists assume that images are produced in an 
ALARA-compliant manner.

Digital imaging artifacts

The various modalities in medical imaging, whether radi-
ography, CT, MR, diagnostic medical sonography (DMS), 
radionuclide imaging, etc., all use complex technologies 
in the formation of their images. The amount of clini-
cally significant information produced is the modality 
diagnostic yield (DY). Radiologists clearly understand the 
amount and types of information each modality brings to 
the table for interpretation. Diagnostic medical sonography 
will demonstrate the difference between cystic vs. solid 
masses in a patient’s abdomen. Radionuclide imaging will 
reveal early medial tibial stress syndrome, also known as 
shin splints in the lower legs, long before they can be seen 
radiographically. The list can go on, but each modality 
brings its own diagnostic yield to the interpreter’s reading 
station. Collectively, all medical imaging modalities are con-
sidered indispensable and complement each other very well 
in the work-up and diagnosis of patient medical conditions.

Medical images are assumed to be taken using estab-
lished department procedures and protocols and in accor-
dance with standards of care. A principle of medical imaging 
is the simple fact that what is revealed on a radiographic 
image is truly a representation of the patient, their anatomy, 
and condition. The faithful representation of the patient on 
a medical radiograph is its diagnostic efficacy (DE).

Another way of expressing this concept is 
image fidelity. In the recording profession, great care is 
taken to make sure the quality of the recording is heard 
as if from the original source. Recordings of this high 
quality are said to have high fidelity, and the same can be 
said of medical images. Every piece of information on an 

FIgURE 23-8. Hair braid in right lung field simulates right lung  
apical pathology. 
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accurate data set. Patient anatomy that is most likely for 
saturation include areas of the acromioclavicular joint of 
the shoulder, lungs, lateral hip, perineum of the pelvis, and 
cervical spine.

Compensation filters attached to the collimator 
assembly are also effective in controlling extraordinary 
x-ray beam energies and minimizing data drop. Simple 
wedge filters and sophisticated adjustable filters effec-
tively even out the x-ray beam intensities across its dimen-
sional area. When these filters are positioned according 
to varying patient tissue thickness, patient exposure is 
minimized and image quality improves.

It is important to recognize the presence of objec-
tionable noise and data drop on images, and to employ 
methods preventing its occurrence. Image files sent to 
the radiologist for interpretation are considered final and 
the radiologist has limited capability to improve image 
appearance. Unexpected image details that appear on 
review monitors need to be accompanied with an explana-
tion when they are sent to the radiologist for interpreta-
tion. To the radiologist, abnormal image appearances are 
expected to be due to the patient’s medical condition, 
rather than artifacts due to technological issues, such as 
detector saturation and data drop.

Digital Artifact types
Just as there were artifacts in film-screen imaging, CR and 
DR also have unique artifact patterns. Generally, an arti-
fact is an error of some sort on the image. Most artifacts 
are related to the following imaging system or operator 
errors, though this list is by no means inclusive of all arti-
fact problems.

 ◾ Phantom or ghost images may appear as a result 
of incomplete image plate erasure. This artifact 
requires troubleshooting of both the CR plate prepa-
ration system and the display systems (laser imagers 
and/or display monitors). Extreme overexposure 
may require two erasure cycles to completely 
remove the image.

 ◾ Scratches or tears are permanent artifacts caused by 
damage to CR plates. Replacement of CR plates is 
expensive, but it is the only solution because these 
artifacts cannot be repaired (Figures 23-10A and B).

 ◾ Light spots are usually caused by dust or other for-
eign material on the imaging plate. CR plates can be 
cleaned, but this must be done carefully according 
to the manufacturer’s recommendations to avoid 
permanent damage.

 ◾ A white line along the length of travel on the image 
is due to dust on the light guide (Figure 23-11).

These image artifacts reduce diagnostic efficacy and 
can complicate interpretations. Unexpected radiographic 
findings need an explanation, either medically or inciden-
tally, for radiologists are responsible for all information on 
an image, regardless of its cause.

Data Drop Artifact and correction 
methods
Image data drop is a known phenomenon and technolo-
gists must be aware of its appearance and possible clinical 
consequences. Understanding that data drop occurs from 
extreme photon energies striking sensitive detector sens-
ing surfaces, controlling these photon energies is an effec-
tive method for preventing saturation. Beam collimation 
to the patient’s anatomy not only lowers patient exposure, 
but also reduces the total amount of photon energy to 
the detector elements (DELs). Collimation prevents high-
energy photon values from striking DELs, and naturally, 
creates a data set that more accurately represents the 
patient’s anatomy. As a practice standard, it is recom-
mended to collimate the x-ray beam to the appropriate 
area of interest.

An additional method is the use of tissue bolus mate-
rials and/or x-ray beam filtration. Bolus materials have 
been used for many years as effective techniques to pre-
vent overexposure to detector materials, whether analog 
or digital. Bolus materials can be as simple as rice bags or 
water bags (I.V. bags), or commercially available materi-
als, such as boomerang filters. These materials strategi-
cally positioned against a patient’s anatomy, will absorb 
extraordinary, high-energy photons and produce a more 

FIgURE 23-9. A positioning sponge produces an artifact on the radiograph.
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 ◾ Algorithm artifacts cover a wide range of image 
problems that correspond to the post-acquisition 
processing functions that are available on a 
specific CR system. To control these artifacts, 
manufacturers restrict access or provide preset 
values in order to provide a reasonable level 
of consistency between images for diagnostic 
comparisons.

 ◾ Laser film transport artifacts, including uneven 
scanning, distortion, and overlapping shading, are 
all caused by uneven transport of film material 
through a laser imaging system.

 ◾ Histogram analysis error may be due to any of the 
following: improper collimation, improper tech-
nique, beam alignment, scatter, and extreme subject 
density differences (Figure 23-13).

 ◾ Non-parallel collimation—histograms require that 
collimation edges be parallel to the sides of imaging 
plate.

 ◾ Poor grid alignment may result in grid lines or poor 
image quality, as the computer may not display the 
grid lines (Figure 23-14).

 ◾ Electronic artifacts that randomly occur on DR 
images for a variety of reasons. These include Bucky 
motor interference, x-ray tube rotor initiation, 
extraneous RF signals in the room, AEC noise, etc. 
In some instances, electronic artifacts come from 
internal patient attachments such as heart pumps or 
pacemakers. Nearly all of these types of artifacts are 
outside the control of the operator but must be recog-
nized, and brought to the attention of a service engi-
neer, if they persist. In most cases, a repeat exposure 
can eliminate the artifact from the next image.

 ◾ Dropout artifacts are reductions in resolution either 
overall or in specific areas of the image. They tend to 
be accompanied by contrast scale reductions, but this 
is difficult to assess because there are so many ways 
to modify image contrast and display monitors have 
inherent contrast deterioration over time. Dropout 
artifacts are a result of dust accumulation in the CR 
or laser imaging unit components (polygonal mirror, 
light gate, or other reflective surfaces). Cleaning of 
these units on a regular quality assurance schedule 
may avoid both image deterioration and early replace-
ment of both CR and laser imaging equipment.

 ◾ Fogging from background radiation is due to imag-
ing plates being much more sensitive than film 
(Figures 23-12A and B).

 ◾ Quantum mottle (or reticulation) is caused by inad-
equate exposure (usually insufficient mAs).

FIgURE 23-10. Note the peeling CR plate (A), which caused the artifacts at the bottom of the abdomen image (B).

A B

FIgURE 23-11. White line is from dust on the light guide blocking 
the light from CR plate.
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FIgURE 23-13. Improperly collimated and centered lumbar spine. 
S# 5396 indicates extreme underexposure; however, the image does 
not display that way.

FIgURE 23-14. Axial shoulder with grid lines from a misaligned grid. 

FIgURE 23-12. (A) Background radiation on plate was that not used for a week. (B) Scatter on a plate left propped up in room.

A B
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The development of digital imaging technologies offers 
outstanding improvements in consistent image quality, 

and sophisticated post-processing software programs allow 
for clinically valuable image improvement, when appropri-
ate. These new features necessarily require competent usage 
and a thorough understanding of their benefits. Exposure 
technique systems developed specifically for digital imaging 
should be utilized to assure that the correct exposure factors 
are selected, and will deliver an exposure indicator that is 
within an acceptable range. While either a fixed kVp-variable 
mAs or variable kVp-fixed mAs exposure technique system 
may be utilized, fixed kVp systems are better suited for use 
with digital image receptors.

Digital processing systems use exposure indicators to 
provide information regarding the exposure to the image 
receptor, which is useful to indirectly determine patient expo-
sure. There is no universal system at this time, and different 
manufacturers use different systems to calculate EI values, 
but this information can now assist in assessing image quality 
and ALARA compliance. The scale of DI values was estab-
lished based upon target EI values to express underexposure 
and overexposure, in increments of 20 percent and 25 percent, 
respectively. While criteria for repeat images based upon nega-
tive DI values are expected to be followed in order to achieve 

optimum image quality, lower positive DI values typically will 
not warrant repeating images, even though they are a cause 
for concern as they violate ALARA.

There are multiple benefits inherent in the increased 
latitude associated with digital imaging, such as the ability to 
image structures of widely different attenuation values and 
the increased margin for error in over and underexposure to 
the receptor. Digital imaging systems can maintain a useful 
image brightness over a wider latitude than allowable with 
film-screen.

Radiographic grids are as important as ever, but offer 
newer challenges in usage. Likewise, image artifacts need to 
be recognized and dealt with when possible. Digital imaging 
has unique artifacts as a result of errors in the systems, includ-
ing phantom images, quantum mottle, and histogram errors. 
Electronic artifacts randomly occur on DR images for a variety 
of reasons including Bucky motor interference, x-ray tube rotor 
initiation, extraneous RF signals in the room, AEC noise, etc. 
The outstanding low-contrast resolution of CR and DR detec-
tors provides needed information for the interpreting physician, 
but also can present problems with image quality and diag-
nostic efficacy. In the hands of a competent operator with a 
thorough understanding of these technologies, digital imaging 
systems offer an improved diagnostic yield for the physician. ◾

sUmmAry

review QUestiONs

1. How should a digital exposure technique system be 
established?

2. What are the two most common factors that affect 
digital image quality?

3. List the five steps in the creation of an exposure 
technique chart.

4. How does digital imaging latitude compare to that of 
film-screen systems?

5. What is dose creep?

6. What does a DI value of −2 indicate? What is the rec-
ommended action for such value?

7. What causes photon starvation?

8. How are data drop and detector saturation related?

9. Which technical factor controls the amount of scat-
ter in digital imaging?

10. What is electronic masking? Should electronic mask-
ing be used to substitute for exposure collimation?

11. What can cause electronic artifacts on DR images?
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Objectives

Upon completion of this chapter, the student should be able to:

◾	 Define biomedical informatics and clinical informatics.

◾	 Describe various informatics platforms and applications used in 
medical imaging departments.

◾	 Discuss the basic standards involved in informatics.

◾	 Explain the fundamental elements of computers and network 
architecture.

◾	 Identify types of storage available for digital images.

◾	 Explain the workflow of medical imaging from order to report 
distribution.

◾	 Discuss CPOE and CDSS and their use in the workflow of medical 
imaging.

◾	 Discuss the necessity for security in informatics.

Key terms

biomedical informatics (BMI)

clinical decision support system 
(CDSS)

clinical informatics

computerized provider order 
entry (CPOE)

digital imaging and 
communication in medicine 
(DICOM)

electronic health record (EHR)

hospital information system (HIS)

informatics

picture archiving and 
communication system 
(PACS)

radiology information system 
(RIS)

vendor neutral archive (VNA)

Informatics in Medical 
Imaging

Kori Stewart, MHS R.T.(R)(CT), CIIP

C h a P t E r  24

It is a very sad thing that nowadays there is so little useless information.

Oscar Wilde (1854–1900)
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IntroductIon

Over the past several decades, healthcare has trans-
formed and evolved in the way providers determine care 
for patients. The overall patient experience and the way 
information and data is created, gathered, managed, and 
consulted is revolutionary.

InformatIcs

Informatics has changed many aspects of the healthcare 
system involving the care of a patient, as well as the 
approach to how and what records are kept. The science 
of informatics is interdisciplinary and includes computer 
science, information science, decision science, man-
agement science, cognitive science, and organizational 
theory, all motivated by the need for new solutions to 
enhance the quality and safety of patient care. A particular 
configuration of computer devices and processes is called 
a platform on which an informatics application can be 
utilized. The integration of informatics platforms and/or 
applications have been widely developed and embraced 
in medical imaging departments across the United States 
and are a significant part of the healthcare process, 
which has moved to a holistic view of value-based care 
of patients.

Biomedical informatics (BMI) refers to an interdis-
ciplinary field of platforms that are used for medical 
purposes, such as patient care and clinical research. 
There are five subspecialties of BMI, which include trans-
lational bioinformatics, clinical research informatics, 
clinical informatics, consumer health informatics, and 
public health informatics. All five areas study the use 
of data, information, and knowledge to improve human 
health. Although some BMI platforms are better suited 
for patient-oriented applications and others for research 
activities, their underlying features overlap sufficiently to 
make BMI, and more specifically clinical informatics, a 
popular and useful term in medical imaging.

Clinical Informatics, a subspecialty of BMI, utilizes 
data and information technology to deliver healthcare 
services. Medical imaging departments use clinical infor-
matics in the delivery of anatomical images, which also 
includes the ability to generate, manipulate, manage, 
and integrate these images. Knowledge is the key area to 
clinical informatics, as discovery and diagnosis are crucial 
components in medical imaging. Clinical informatics is 
not limited to medical images, rather also includes clini-
cal documentation, computerized provider order entry 
(CPOE) systems and clinical decision support systems 
(CDSS), in addition to system design, implementation, 
and adoption.

A picture archiving and communication system (PACS) 
denotes a networked group of computers, servers, and 
archives to manage digital images that are configured 
in a manner that facilitates storing, retrieving, and dis-
tributing medical images. Although images need not be 
originally acquired in a digital format (e.g., they could be 
photographs of skin lesions or before-and-after pictures of 
plastic surgery), they must be converted to digital format 
in order to be accessed by a PACS.

Hospital information system (HIS) and radiology 
information system (RIS) encompass BMI platforms used in 
healthcare facilities and in radiology departments, respec-
tively. There has been a proliferation of similar BMI plat-
forms (with proprietary acronyms) tailored for smaller 
healthcare facilities such as individual medical (or dental, 
optometric, or veterinary) practices. These systems now 
render electronically a wide range of functions that were 
formerly done by hand or via separate electronic pro-
grams, including scheduling patient appointments and 
issuing reminders, tracking staffing assignments, submit-
ting invoices to healthcare insurers and patients, monitor-
ing different insurance coverage provisions and updating 
them, filing and locating patient medical records, printing 
and mailing letters and reports, ordering prescriptions, 
and so on.

The electronic health record (EHR) is an electronic 
version of an individual patient’s collection of medical 
documents. Within a single healthcare facility (such as a 
primary care provider’s office), the EHR serves in lieu of 
or in addition to a hard-copy paper file (medical chart) as 
a medicolegal record. Most healthcare facilities maintain 
separate records but may communicate all or part of that 
record to other facilities and provide patients access to 
their own records via a patient portal.

Patient portals allow electronic access to one’s 
own medical records including, but not limited to, medi-
cal imaging reports, bloodwork results, and pathology 
reports. As healthcare continues to evolve, the EHR is 
seamlessly being accessed by multiple healthcare facili-
ties as part of the holistic approach to patient care and 
will eventually include explanatory layers for patient 
understanding.

The utilization of PACS integrated with RIS, HIS, and 
EHR is vital to patient centered care and the revolution of 
productivity in radiology departments across the United 
States.

A PACS platform usually begins with the process of 
gathering and organizing the images after their acquisi-
tion. Post-processing may be helpful if the images were 
not all acquired in the same proprietary format. There 
must be a designated place for processed image storage, 
as well as a backup archive. There should be a reliable 
procedure for retrieving the stored images and display-
ing them in a format meaningful to the viewer. Finally, 
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standardized public format and protocol for communi-
cating biomedical imaging files. DICOM was formally 
introduced and implemented as a standard in 1993 and 
has become the most widely used healthcare messaging 
standard across the world for medical imaging. DICOM 
is set up to receive images much like a file room and may 
act as a duplicator or courier. DICOM allows for multiple 
platforms to communicate with PACS and image access 
to multiple users simultaneously while providing images 
on demand, including electronic annotations and specialty 
image processing.

Online digital storage of images requires a consider-
able amount of space dependent upon the modality used 
to acquire the images, contrast and spatial resolution 
and the size of the data sets. Imaging data can be shared 
across healthcare facilities remotely through the use of 
online transmission and management systems.

A current DICOM reader utility program may be 
downloaded for free, and most manufacturers provide a 
utility program to convert their proprietary image files 
into DICOM format. Once an image has been converted to 
DICOM format, it may be shared with anybody else in the 
world that has a DICOM reader, regardless of what propri-
etary imaging acquisition and display platform.

Each image has many files attached to it, which con-
tain data such as patient and image information. There is 
a large amount of raw data that has to travel through the 
system, which needs to be converted, especially when 
traveling to equipment from different vendors.

DICOM is an object-oriented standard that designates 
real-world objects that it models and the information 
objects used to achieve that modeling. There are two 
classes of information: the object class, which contains 
information about the study and patient, and the service 
class, which describes what to do with objects. The ser-
vice class includes image storage, image query, image 
retrieval, image print, storage resource, and examination. 
The object class includes normalized and composite infor-
mation. The normalized object can contain information 
in areas such as patient, study, results, storage resource, 
and image annotation. The composite object will have the 
modality used, such as CR, DR, CT, MR, digitized film, US, 
and NM (see Table 24-1).

The object class and service class combine to form 
units, or service object pairs (SOPs). The combination of 
a service, such as image storage, with an object, such as a 
CT exam, would constitute an SOP. Equipment can either 
use or provide a service, leading to the terms service class 
user (SCU) and service class provider (SCP). Whether 
equipment is a user or provider depends on how it is asked 
to function. For example, if the CT scanner wants to send 
an image to the workstation for storage, the CT scanner is 
the SCU (user) and the workstation is the SCP (provider). 
The CT scanner must know how to send the image data 

there should be some means for distributing or commu-
nicating the content of the images to intended viewers 
(but not to unintended ones). PACS allows for any imag-
ing in the digital format known as digital imaging and  
communication in medicine (DICOM) and is a mission-
critical component of patient care.

Finally, a Vendor Neutral Archive (VNA), is an enter-
prise storage system that requires images to be stored in 
a nonproprietary format allowing for interchange. VNAs 
allow for images and other clinical documentation to be 
stored in a standard format using a standard interface 
providing access to data from different PACS.

InformatIcs standards

In order to share healthcare information, including data 
exchange and portability, healthcare information systems 
must employ the use of standards. Systems must adhere 
to the same standards in order to communicate with 
one another. There are several major types of health-
care information standards. These include classification 
standards, vocabulary and terminology standards, stan-
dards for electronic data interchange and health record 
content, and functional standards. Most importantly in 
using healthcare information systems today, standards 
must be utilized for content and coding, messaging, elec-
tronic data interchange, electronic health records, and 
networks. In addition to the standards that are introduced 
here, there are information technology (IT) standards 
that have a tremendous impact on healthcare information 
systems but are not discussed here and are beyond the 
scope of this chapter.

the DicOm standard
In the highly competitive market of biomedical imaging, 
most computer platforms use proprietary, vendor-unique 
software and formatting for image acquisition and display, 
although healthcare is beginning to move toward nonpro-
prietary systems (or vendor neutral) as the shift toward 
holistic care continues. As PACSs became more com-
mon, some proprietary platforms did not communicate 
smoothly with PACS platforms, requiring some studies to 
be specially read at one or more specific acquisition ter-
minals. Some imaging equipment manufacturers began to 
provide programs that would translate files into a format 
so they could be read at different manufacturers’ PACS 
reading stations.

DICOM is an acronym for the Digital Imaging and  
Communications in Medicine standard. It originated in 1983 
as a collaborative effort between the American College 
of Radiology (ACR) and the National Electrical Manu-
facturers’ Association (NEMA) to establish a universal, 
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The Integrating Healthcare Enterprise (IHE) is an 
initiative that promotes the use of DICOM and HL7 
standards. Systems developed under the IHE initiative 
communicate more readily with each other and provide 
information technology infrastructure to share images 
with new partners seamlessly.

computers and networks

Computers were used early on for computed tomography, 
magnetic resonance imaging, ultrasound, and nuclear 
medicine to capture, display, and move images between 
workstations and printers. An understanding of the physi-
cal entities is necessary in informatics platforms and 
applications as this is the core infrastructure of modern 
medical imaging departments.

The computers, workstations, and networking or 
connectivity are what drive informatics transactions in 
medical imaging. Hardware and software are the main 
components of informatics platforms and applications, 
and serve as the bridge between data, information, and 
knowledge. Networks, or gateways, servers, and nowa-
days cloud computing are all a significant part of informat-
ics but may not be as visible as the hardware and software 
components. Comprehension of the nonvisible compo-
nents of informatics platforms is imperative, as these are 
the links to sharing data, information, and knowledge, and 
are the foundations of the exponential growth of informat-
ics in healthcare across the United States.

Hardware components include the central processing 
unit (CPU), memory, input devices, output devices, and 
bus. The CPU, or microprocessor, executes commands 
or instructions dictated by a computer program. Memory 
is used to store data and applications and can reside as 
physical memory or as physical media. Input and output 
devices are extensions of the hardware that allow us to 
interact with the computer, such as the keyboard, mouse 
or trackpad, touch screen, microphones, and cameras. 
The bus connects the motherboard components and the 
CPU, allows for transfer of data, and is defined by its 
width, or how much data is delivered across the bus. The 
biggest difference between hardware and software is that 
hardware refers to the tangible components and connec-
tions within a computer.

Software refers to the computer programs, applica-
tions or operating systems that are stored as code within 
the hardware and executed by computers. Software can 
be seen as system software and application software. Sys-
tem software refers to the operating system. Application 
software refers to the programs that users interact with 
to perform specific tasks. Understanding the data flow 
of user applications, operating systems, and hardware 
is imperative as the operating systems manage memory 

and the workstation must know how to receive it. Then 
the workstation can become a user when it wants to send 
the image for storage, while the storage is the provider. 
In this case, the workstation can be either a provider or 
a user depending on how it is asked to function. DICOM 
is an extremely complex software with multiple versions 
and periodic updating; this is only a simple explanation of 
how it can work.

Other standards
In addition to the DICOM standard, there are several offi-
cial acronyms for standards or regulations that affect how 
BMI or its individual components operate.

HIPAA is the acronym for the Health Insurance Por-
tability and Accountability Act of 1996. This federal law 
requires that all communications concerning healthcare 
information must have features to safeguard both the 
identity of an individual and the confidentiality of the 
information being communicated. As a national standard 
for electronic healthcare transactions to protect patient 
confidentiality, HIPAA still remains at the forefront of 
patient confidentiality. For BMI, this means that any medi-
cal information that is handled electronically must either 
be encrypted, have all patient identifiers removed, or be 
scrubbed of all except the relevant data fields.

HL-7 or HL7 refers to Health Level Seven Inter-
national, an organization that “provides standards for 
interoperability that improve care delivery, optimize 
workflow, reduce ambiguity and enhance knowledge 
transfer among all of our stakeholders, including 
healthcare providers, government agencies, the vendor 
community, fellow SDOs, and patients.” HL-7 standards 
concern computer-related communications involving 
healthcare information such as patient demographics, 
and are widely adopted throughout BMI community and 
utilized with HIS.

 Table   24-1 DICOM Information Classes

Service Class Object Class

Image storage Normalized

Image query •  Patient, study, results, storage 
resource, image annotation

Image retrieval Composite

Image print • CR/DR

Storage resource • CT

Examination • MR

• Digitized film

• NM

• US
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slower speeds. Many institutions have established wire-
less networks which, although convenient, may operate 
more slowly with extremely large files such as multiple 
detector CT or 3D echocardiography despite the high-
speed connections.

Network protocols are imperative for communication 
between devices, as they set the rules for this communica-
tion. Data packets are chunks of data that are broken up 
discretely before being sent over a network and are self-
contained. This allows different packets, or chunks, of a 
message to be transmitted via different routes, but end up 
at the same destination.

A server is a computer that provides data or applica-
tion services, which is received by a client. The client can 
be a computer or software application. Although any com-
puter can act as a server, additional hardware is required 
to support the increased demands.

Cloud computing refers to Internet-based computing 
with virtual access of shared resources, software, and 
information, allowing for storage of data, synthesis, and 
retrieval while providing location and device indepen-
dence. This technology emerged in the early 2000s and 
is well-suited for radiology departments given the digital 
environment and inherent need for storage and access to 
large amounts of data. Reliable, high-speed bandwidth 
Internet connection is the most important factor when 
considering implementation of cloud systems, as the 
speed for accessing and downloading images should be 
within acceptable limits.

dIsplay and archIves

Once a radiograph has been created, pre-processing takes 
place inside of the computer utilizing algorithms before 
the image is displayed on a workstation monitor and 
stored. A PACS primary purpose is to archive (or store) 
images and pertinent patient and exam information, while 
ensuring security is maintained and images are accessible 
to the appropriate personnel. The overall process of image 
acquisition, display, storage, compression, workflow, and 
security are discussed here.

image Acquisition
Image acquisition is the first process where each digital 
acquisition system (CR, DR, CT, etc.) has a computer 
workstation that holds the images in files for the technolo-
gist to check for quality before sending them for interpre-
tation. The size of an image file will depend on matrix size 
and bit depth.

Grayscale bit depth ranges from 8 bits to 32 bits. A 
byte is equal to 8 bits, so the file size of a pixel is multi-
plied by the bit depth divided by 8. A grayscale bit depth 

allocations, copy files, and manage user interfaces. The 
operating system integrates hardware with software and 
allows them to work together.

A telecommunications, or computer, network allows 
computers to exchange data and share resources. Net-
worked computing devices exchange data with each other 
using a data link. The connections between these nodes 
are established using either cable media or wireless media. 
A network router is the most complex network switch, as 
it directs packets of data between computer networks 
and acts as a traffic light between data destinations. 
Local area networks (LAN) and wide area networks (WAN) 
differ in that a LAN is the most common network serving 
computers in a small geographical area and a WAN is two 
or more LANs serving a large geographical network. Com-
puter networking is an important concept in informatics 
as integration of systems result in an increase in accurate 
and relevant clinical information, faster turnaround of 
results, and richer information by concurrent delivery of 
images and reports.

Intranet refers to one or more networks that are 
administratively controlled by a single authority. Extranet 
is an internal network controlled by the same entity and 
not available for public use due to security measures and/
or firewalls to protect from unwarranted access.

Computer networks are served by switches, which 
vary in function depending on the data traffic that travels 
through them. There are several types of switches, or 
network devices, such as hub, bridge, or router. A hub is 
the most inexpensive and simplistic of network switches 
and acts as a passive method for connected computers to 
transmit and receive data that are connected to it. A net-
work bridge provides a similar design as a hub, but rather 
actively manages the connections between attached com-
puters. The network router is more complex and is 
capable of determining where data are from based on the 
internet protocol address, or IP address, that uniquely 
identifies a device and the network it belongs to.

Network infrastructure and file management have 
a tremendous impact on how image data travel or are 
distributed. Once images are obtained, they need to be 
transmitted over a network to a radiologist to be read, 
stored, and often sent to other clinicians. A PACS allows 
digital images to be sent from their acquisition point to 
a radiologist or other clinician to be diagnosed and then 
stored for retrieval. In order to move digital information, 
a network is required to allow computers in the system to 
communicate with one another. To move image data from 
one place to another in a PACS requires a network with 
bandwidth capable of handling large data files. Bandwidth 
is measured in bits per second (bps) and describes how 
much data can be moved. When information leaves the 
system to go to another location far away, such as in tele-
radiology, it is over a WAN, which often operates at much 
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radiographic film was displayed on an illuminator view-
box. Today, digital images can still be produced on film 
(hard copy) although uncommon. Hard-copy images are 
typically produced using laser printers or traditionally, 
with dry processors. However, in a filmless environment 
the images are viewed on a flat screen monitor (soft copy). 
Light emitting diode (LED) monitors, which use small, 
efficient lights, are most commonly used. However, liquid 
crystal displays (LCD), which use cold cathode fluores-
cent lamps, are still in use. There are very few, if any, 
cathode ray tube (CRT) monitors in use today.

Digital images need to be displayed for the technolo-
gist to review and for the radiologist to read. They can 
also be displayed for clinicians throughout a hospital or 
clinic. There are numerous advantages to digital image 
display: multiple viewing of the same image, variation of 
image display parameters (such as image brightness and 
contrast), and reduced numbers of lost films.

A great advantage of digital imaging is the ability 
to manipulate the image directly on a monitor without 
re-exposing the patient. In addition, images can be 
viewed in multiple locations simultaneously and can be 
quickly distributed to multiple locations when in digital 
format.

Monitor characteristics are determined by the require-
ments of the user. Technologists need to evaluate an image 
prior to sending it to a PACS for diagnostic quality, whereas 
radiologists need to use images for interpretation and diag-
nosis. Physicians will look at images either in the radiology 
reading room or from remote locations. All of these uses 
will not need the same display quality. Diagnostic view-
ing by the radiologist requires a monitor with the highest 
spatial and contrast resolution (along with higher cost), 
whereas clinical viewing stations for physicians may be 
acceptable with lower resolution and less cost. Radiogra-
phers require monitors that will allow adequate visualiza-
tion of contrast and resolution to determine if the image is 
of diagnostic quality for the physician.

The resolution of a monitor is based on how 
many pixels can be displayed in the horizontal and 
vertical dimensions. The higher the number of pixels, 
the higher the resolution will be. Most LCD monitors 
have resolutions of 3–5 megapixels, although some 
may be higher. Typically, radiographers and physicians 
use lower-resolution monitors, whereas the radiologist 
workstations provide higher resolution.

Image quality on a monitor is affected by resolution, 
luminance, contrast, bit depth, uniformity, and glare. 
Because these areas can affect the technologist and radi-
ologist when viewing images, a quality control (QC) pro-
gram needs to be performed on a regular basis to ensure 
high quality is maintained.

Contrast should be set the same on all monitors 
so that the same grayscale is consistent throughout the 

of 8–32 equals a range of 1–4 bytes of storage that would 
be required per pixel in the image matrix. A grayscale bit 
depth of 12 produces 212 gray levels. This represents 4,096 
different shades of gray that are available, a spectacular 
diagnostic range that is far beyond the range of the human 
visual system.
Image file size is determined by the formula XY (B/8)

x
y

where: X -axis pixel matrix size
Y -axis pixel matrix size
B gray scale bit depth

5

5

5

   

EXAMPLE: What is the anticipated image file size 
for a computed radiography digital image comprised 
of a 2,500 3 2,500 matrix with a 12-bit depth?

Answer:

XY (B/8)

2,500 3 2,500 (12/8) 5

6,250,000 (12/8) 5

6,250,000 (1.5) 5

9,375,000 5 9.375 Mb  

EXAMPLE: What is the anticipated file storage 
necessary for a computed tomography examination 
comprised of 2,500 images, each with a 512 3 512 
matrix at 16-bit depth?

Answer:

XY (B/8) 

512 3 512 (16/8) 5

262,144 (16/8) 5

262,144 (2) 5

524,288 5 524.288 Kb

524,288 Kb 3 2,500 images 

5 1,310,720 5 1 1.31072 Gb   

Diagnostic radiography has a large matrix size for each 
image to increase resolution, whereas a CT image has a 
lower matrix for each image, but many more images are 
obtained for each exam.

image Display
Viewing of images is the core of medical imaging, as these 
images are used for interpretation. Image display devices 
are dependent on the purpose of the user. Traditionally, 
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the image by using a light source behind the screen shin-
ing on individual pixels, which control the amount of light 
transmitted through. Liquid crystal and hydrogenated 
amorphous silicon (a-Si:H) thin film transistors (TFTs) are 
contained between glass plates on the front of the moni-
tor, which regulate pixel transparency. This allows rapid 
changes in voltage to alter a pixel from black (no light 
transmitted) to transparent (full light transmission). LCD 
monitors have restricted fields of view. This is the angle 
from which the display screen can be viewed. A special 
problem of LCD displays is that the field of view gradually 
deteriorates as the viewer moves away from the center of 
the screen. The LCD requires quality testing on a regular 
basis, starting with acceptance testing and continuing 
periodically throughout the life of the monitor.

department. Contrast response must comply with the 
DICOM Grayscale Standard Display Function (GSDF) and 
must adhere within 10 percent of the recommendations. 
Ambient light reflections on a monitor will have a nega-
tive impact on contrast. Monitors have design features 
to reduce this effect; however, it cannot be eliminated. 
Therefore, monitors should not be used in rooms with 
ambient or bright lighting. Contrast is also a function of 
luminance, and the monitor must have adequate amounts 
of light from all areas. Viewers should utilize direct axis 
viewing to avoid poor angles and degrading of image 
contrast.

Flat panel LED and LCD monitors are much thinner 
than CRT monitors, which means they use less space on 
desks and counters. The LED and LCD monitors regulate 

FIgUre 24-1. The overall process of image acquisition, readout, and display as it occurs in a CR system.
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radiology departments, decreases the number of imaging 
exams per patient, and provides increased accessibility 
and potentially faster turnaround times for reading of 
images. Cloud computing and storage show great promise 
to contribute to the future of medical imaging and utiliza-
tion has already begun in many radiology departments 
across the United States.

compression
Compression of digital images significantly reduces the 
size or volume of data to reduce the storage required, 
bandwidth required to transmit the images, and process-
ing times, As resolution of an image increases, the size of 
the data increases. Lossless compression allows all of the 
original information in the image to be retained without 
the loss of any information. Lossy compression loses data 
once the image is compressed and then uncompressed, 
which is less desirable in medical imaging, as loss of reso-
lution can be detrimental to an image.

Medical images are large even when compressed and 
require a significant amount of storage space. The volume 
of data acquired in imaging exams is rapidly increasing 
and storage capabilities must adapt. The most economical 
way to do so is to render images in a data center. Picture 
Archiving and Communicating Systems, or PACS, store 
and provide convenient access to medical images. PACSs 
are no longer for internal access only, as they were origi-
nally designed; many facilities have begun to incorporate 
medical imaging clouds that provide a significant cost 
reduction, improved viewing experience for providers, 
and improve manageability, accessibility, and storage 
availability.

workflow

Understanding a clinical informatics workflow is neces-
sary for medical imaging professionals, as there are a 
variety of informatics applications that are utilized in 
radiology departments. The initial step begins when the 
patient visits their clinician with a variety of symptoms, 
or a chief complaint. The clinician enters key data and 
information into the EHR for charting purposes. Often 
times, the patient requires additional testing or screen-
ing. The clinician enters any orders within the EHR plat-
form, utilizing a computerized provider order entry (CPOE) 
system. The CPOE is tightly integrated in the EHR, 
allowing the physician to electronically order medica-
tions, bloodwork, or diagnostic imaging exams, while 
providing alerts for allergies, contraindications, or 
duplicate testing. CPOE systems are used to provide 
decision support to clinicians in real time and have been 
found to have a positive effect in reducing unnecessary 

storage

A major problem for all radiology departments is the 
storage of images as required by local legal precedents. 
Many institutions store all images for 5–7 years, with 
pediatric and litigation images retained indefinitely. The 
exact number of years is often determined by state laws 
regarding statute of limitations. Many hours of staff 
time and immense amounts of space were required to 
maintain these files in their hardcopy formats. A PACS 
eliminates the need for most of the space for storage 
and reduces the time requirements. Misfiling becomes 
much less likely and acquisition time has been reduced 
tremendously with the use of digital imaging and stor-
age. In addition, PACS terminals permit access to 
images from remote locations (e.g., surgery, emergency 
units, etc.) and allow for review of medical images via 
teleradiology.

Image storage requires immense amounts of memory 
due to image file sizes and the sheer number of imaging 
exams performed at any given radiology facility. Digital 
storage of images for a typical large radiology depart-
ment that does 150,000 examinations per year (with 
about 100,000 of these diagnostic radiography and the 
50,000 divided among CT, ultrasound, MRI, nuclear medi-
cine, mammography, and vascular procedures) has been 
estimated at about 3.2 terabytes of computer memory 
per year. Considering a normal 3- to 5-year image stor-
age requirement, a total memory of 10–16 terabytes 
(Tb) (10,000 Gb or 10,000,000–16,000,000 Mb) would be 
required for a complete digital PACS. With gigabytes and 
terabytes of memory now readily available, many radiol-
ogy departments are beginning digital storage of many 
procedures.

Consideration must be given to short-term, long-
term, and off-site storage for backup due to catastrophic 
data loss. Short-term storage is often on a local modality 
hard drive when an exam is completed. Upon completion 
of the exam, the image is sent to the PACS server and 
can be stored in a redundant array of independent discs 
(RAID) for a few weeks or months for quick retrieval. 
This is similar to keeping films in the radiology depart-
ment prior to long-term storage. Once the necessity for 
quick access is not required, the image can be placed in 
long-term storage. This storage may be in a “jukebox,” 
where either discs or tapes are retrieved by a robotic 
arm. Off-site storage is used to ensure data integrity if 
a catastrophic event were to occur that could destroy 
data at an institution. Transition to digital storage frees 
up space in the imaging department previously occupied 
by film storage.

Storing and sharing of medical images with cloud 
computing provides a significant reduction in costs to 
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supporting the transition from volume to value that is pro-
moted by biomedical informatics. The CDSS is integrated 
in the CPOE, allowing for seamless transition between the 
platforms.

Scheduling of patient exams is then performed upon 
receipt of the CPOE with clinical information, and directly 
within the HIS or RIS system, depending upon the clinical 
facility. This is done by creating the requested and then 
scheduled procedure. Once the exam has been scheduled, 
the modality receives the exam request in a worklist or 
query, driven by the RIS interface, and the technologist 
can begin image acquisition, check for diagnostic quality of 
images, and perform any post-processing steps. Technolo-
gists will enter relevant exam information directly into the 
RIS, as part of the reporting step, and send images to PACS. 
Reporting of data is integrated with PACS and acquired 
images are sent to the radiologist workstation for review 
and interpretation. The radiologist then dictates the report 
utilizing a narrative or structured report system. Reports 
are then also linked to the images in PACS and findings are 
conveyed to referring clinicians. Figure 24-2 represents the 
entire workflow of medical imaging, from order to report 
distribution.

diagnostic imaging orders. Error reduction and confor-
mity with evidence-based clinical practice are major 
reasons the CPOE system is utilized.

Decision support systems are defined as computer-
ized systems that allow for application designed specifi-
cally for supporting healthcare provider decisions. These 
decision support systems have three distinct compo-
nents, a data management module, model management 
module, and a dialog module, and are capable of tools 
such as reminders, alerts, and computer-assisted diagno-
sis. Clinical decision support provides physicians, staff, 
and patients with knowledge and data that has been 
filtered specific to their needs in an effort to enhance the 
quality of patient care.

An increased use of clinical decision support 
system (CDSS), which promote adherence to guidelines 
established to aid in the correct ordering of advanced 
imaging exams, such as computed tomography (CT), 
magnetic resonance imaging (MRI), nuclear medicine, 
or positron emission tomography (PET) studies, has 
emerged. Appropriateness criteria is integrated directly 
within the CDSS and provide the clinician with feedback 
when ordering any of these advanced imaging exams, 

FIgURE 24-2. Workflow of medical imaging, from order to report distribution.
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information is addressed through national security stan-
dards, which include the implementation of the Health 
Insurance Portability and Accountability Act of 1996 
(HIPAA). The Office for Civil Rights enforces HIPAA and 
national standards for this security of electronic protected 
health information have been set.

The Safety Assurance Factors for EHR Resilience 
(SAFER) Guides were released by the U.S. Department 
of Health and Human Services in the early part of 2015. 
These guides provide evidence-based knowledge and 
tools to optimize EHR security.

Along with the concerns for physical and device 
security, and electronic data breach to the patient, comes 
a significant impact on the healthcare provider. As tech-
nology continues to develop and the digital age thrives, 
clinicians are beginning to utilize a variety of electronic 
and mobile devices for data input, transmission, and stor-
age. Electronic health records, mobile accessibility to 
records, wearable sensors and technology, are all boom-
ing trends across the United States.

The emergence of health information electronically 
accessible through the various platforms brings forward 
concerns for cyber-attacks and the costly fees providers 
could potentially face. Security of data management has 
been a crucial focus over the decades of the biomedical 
informatics in healthcare transformation and serves as a 
gateway to value-based patient-centered care.

securIty

Physical, device, and network security, in addition to 
access policies, are necessary in medical imaging depart-
ments that utilize biomedical and clinical informatics 
platforms and applications. When using BMI, or clinical 
informatics applications, there are personal practices that 
should be adopted and national security standards that 
must be followed.

Personal practices are not law or regulation. Instead, 
many clinical and research institutions have internal poli-
cies that reflect them. Two good commonsense practices 
to implement are as follows:

 ◾ Always observe all employer-mandated personal 
computer or network terminal workstation pre-
cautions and etiquette. In particular, adhere 
to password protection and log-in and log-out 
requirements.

 ◾ Healthcare personnel should never carry or keep 
patient-specific or patient-traceable information 
on portable media (laptops, CDs, flash drives, or 
hard copies) unless explicitly authorized to do so 
for a specific purpose.

Medical data that are stored electronically are very sen-
sitive in nature, as they contain private patient health 
information, which requires protection. This protection of 

Informatics describes a body of ideas, devices, and pro-
cesses related to handling multiple types of information. 

Biomedical informatics (BMI) refers to an interdisciplinary 
field of platforms that are used for medical purposes and 
clinical research. One subspecialty of BMI that has been 
widely adopted in medical imaging is clinical informatics. 
Clinical informatics applications, such as picture archiving 
and communications systems (PACSs), hospital informa-
tion systems (HISs), radiology information systems (RISs), 
computerized provider order entry systems (CPOEs), and 
clinical decision support systems (CDSS) have added sig-
nificant value to patient-centered care. The introduction of 
PACS changed everything about radiology as digital imag-
ing moved to the forefront. When fully implemented, PACS 
saves time and space by eliminating all areas associated 
with the use of film. In order for digital imaging files to be 

shared, DICOM standards were developed. DICOM allows 
for electronic communication of biomedical information. 
Other important standards include HIPAA, HL-7, and 
IHE. The digital environment allows faster image acquisi-
tion with fewer repeats and faster turnaround time with 
diagnosis, but requires significant hardware, software, 
operating system, network and server capabilities, and 
high-quality monitors for image viewing. PACS and cloud-
based computing and storage provides wider and faster 
availability of images and may shorten hospital stays. 
Image storage requires immense amounts of memory 
but compression of images significantly reduces storage 
requirements. Understanding of the workflow is impera-
tive as a variety of informatics applications are utilized in 
medical imaging departments and security is a priority due 
to electronic transmission of health information. ◾

summAry
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review QuestiOns

1. Define clinical informatics.

2. What are some examples of biomedical informatics 
platforms?

3. What is the difference between object class and ser-
vice class in DICOM?

4. Why are digital image data files so large and what are 
the advantages of compression?

5. What is the difference between an HIS and a RIS?

6. Describe the various types of switches used in com-
puter networks.

7. Describe hardware and software components of a 
computer.

8. Why do radiologists’ monitors have a higher resolu-
tion than the ones used by the technologist?

9. Define computerized provider order entry and give 
an example of its use.

10. Why would an institution consider cloud storage for 
images?
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The ability of the radiographer to analyze the image brings 
his or her professional skills to the highest levels possible. 
The process of analyzing demands a thorough knowledge 
of the scientific basis by which the image was produced 
as well as a significant amount of clinical experience. 
When these skills are applied via problem-solving tech-
niques, the process of diagnosis results. The radiographer 
diagnoses the image exactly as the physician diagnoses 
pathology. This unit is designed to provide the analytical 
abilities in both diagnosis and treatment that make the 
radiographer an image expert.

The imaging process is remarkably similar for 
all radiologic and imaging sciences modalities. From 
digital radiography through magnetic resonance imag-
ing and ultrasound, the phases of acquiring, process-
ing, archiving, and displaying the image have common 
parameters. This unit explores the process of analyz-
ing the image from this common perspective.

Digital radiography acquires the image and then 
processes, archives, and displays it very differently 
from film–screen radiography. Unit IV is devoted to 
the specifics of these differences. Before attempting to 
diagnose the quality of the image, it is important that 
the radiographer understands the imaging process, 
including a diagnostic problem-solving technique. Then 
it is important to explore in depth each of the proper-
ties that affect radiographic quality to examine the 
controlling and influencing factors, their effect on the 
appearance of the image, how to assess them, and how 
to make adjustments properly.

There are four primary image quality factors. Image 
receptor exposure and contrast are photographic or 
visibility of detail quality factors. Spatial resolution and 
distortion are geometric quality factors.

As an image quality factor, density was the term 
that was used to reflect exposure to the radiographic 
film. Density is the degree of overall blackening from 
the deposit of black metallic silver in the film emulsion 
as a result of exposure. In the digital world, this impor-
tant image quality factor has not changed but can be 
expressed simply as image receptor exposure because 
film is no longer the primary image receptor. Brightness 
and density are not interchangeable terms. Brightness is 
a monitor control function that does affect the lightness 

Analyzing the ImageUnit V
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and darkness of the displayed image but is not related to 
image receptor exposure. It is for this reason that we have 
renamed the density/image receptor exposure chapter/
image receptor exposure.

When a diagnostic process is applied to all of the 
properties together, an artistic skill in image evaluation 

342  UNIT V Analyzing the Image

results. A system that utilizes this process is presented as 
the art of image critique.

Finally, it is the responsibility of the radiographer to 
monitor and evaluate the performance of all radiographic 
equipment. This is accomplished through the process of 
quality management.
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The Imaging Process
C H A P T E R  25

[a] requirement of radiography when it is to be practiced as a personal art 

is the deliberate deviation from “average values.” The practice of deviating 

from average values, settings, measurements, etc. is the mark of the 

successful professional man in almost any field, and is the principal reason 

for the esteem he enjoys in his community. His services are sought because 

he knows how and when to deviate from a standard solution of a problem.

Gerhart S. Schwarz, M.D., Inventor of the XVS Unit-Step Radiography System

ObjecTiVes

Upon completion of this chapter, the student should be able to:

◾	 Describe the five phases of the imaging process.

◾	 Describe the pyramid problem of geometrical progression as it relates 
to radiographic image quality.

◾	 Apply the four steps of the diagnostic process to a clinical imaging 
problem.

◾	 Explain how image acceptance limits may fluctuate due to various 
external factors.
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image Acquisition
The image acquisition process is unique to each imaging 
modality. Figure 25-2 shows the image acquisition phase 
for both film-screen imaging and digital imaging.

The creation of the x-ray beam and the creation of 
the x-ray image are common to both film-screen imaging 
and digital imaging.

image Processing
Image processing is divided into film/hard copy and 
monitor/soft copy. Figure 25-3 shows the image pro-
cessing phase for both film-screen imaging and digital 
radiography. Both film-screen and digital imaging can be 
processed by either film/hard copy or monitor/soft copy. 
Film-screen images can be recorded on film/hard copy 
or they can be digitized into DICOM-format images that 
can be processed via monitor/soft-copy methods. Digital 
images can be processed for monitor/soft copy or they can 
be produced as film/hard copy by a laser or dry imaging 
system.

Image processing with digital modalities is achieved 
through software manipulation of the image. The raw 
image data immediately after it is received by the receptor 

The ImagIng Process

The imaging process is nearly the same for all radiologic 
and imaging sciences modalities. All modalities have 
phases such as where the image is acquired, processed, 
archived, and, finally, displayed for analysis.

The difference between imaging modalities is in 
the specifics of how these five phases are achieved. The 
parameters of image quality remain the same for the vast 
majority of factors. This includes image display, which is a 
major component of digital radiography imaging systems 
but was neglected with film-screen radiography because 
it was a simple process of viewing hard-copy images on 
an illuminated viewbox. Although considerable research 
had been done regarding controlling conditions for view-
ing hard-copy films, it was not until digital radiography 
imaging systems required a monitor display that the full 
technology of viewing the image was pursued with the 
same scientific rigor.

The five phases of the imaging process occur in 
a well-established sequence (Figure 25-1). The image 
begins with acquisition, proceeds through processing, 
then is archived, followed by display, and is then ready 
for analysis.

FIgUre 25-1. The imaging process.

Image acquisition

Image processing

Image archiving

Image display

Phase 1

Phase 2

Phase 3

Phase 4

The imaging process

Image analysisPhase 5

FIgUre 25-2. Image acquisition phase.

Creating the beam
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               X-ray equipment 
  Automatic exposure controls
  X-ray production

Film-screen
imaging

Film and
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Imaging and
processing

Digital 
imaging

Computed
radiography 

Digital 
radiography

Image acquisition phase
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image Display
Image display is a critical element in both film-screen and 
digital imaging. Although it was considered a minimal 
area for investigation and change when all images were 
viewed as film/hard copy on an illuminated viewbox, the 
advent of digital imaging required a monitor display and a 
focus of attention. Figure 25-5 illustrates the components 
of image display for both film-screen and digital imaging.

Although considerable research had been done regard-
ing controlling conditions for viewing hard-copy films, it was 
not until minor variations in spatial resolution, brightness, 
and contrast became obvious with the new technology that 
image display became a full phase for consideration.

image Analysis
Analyzing the image includes the traditional image qual-
ity factors of image receptor exposure, contrast, spatial 
resolution, and distortion. These factors are shown in 
Figure 25-6. These factors apply to how the x-ray beam 
is controlled by the radiographer prior to detection by 
the image receptor. Control of the beam is a critical first 
phase of this process. Although there are differences in 
how film-screen and digital imaging acquire the image, 
these are variations in how the image receptor responds 
to the incoming data, not fundamental changes in the qual-
ity factors of image receptor exposure, contrast, spatial 
resolution, and distortion.

 ProfessIonal ImagIng 
sTandards

Just as all professionals are expected to adhere to the 
technical and ethical standards of their field, so radiog-
raphers are expected to establish personal imaging stan-
dards that satisfy the diagnostic needs of the radiologist 
and the quality needs of the supervisor. Additionally, 
they must not violate the personal ethical standards of 
radiation protection and patient care. Everyone makes 
mistakes, but professionals are able to correct their mis-
takes by using a careful analytical process to determine 
exactly what went wrong. In radiography, emphasis must 
be placed on learning how to look at images critically.

The Pyramid Problem
A major roadblock in overcoming complex problems such 
as establishing imaging standards is sometimes called the 
pyramid problem. An acceptable image is the result of a 
multitude of factors, including technical factor selection, 
subject density, contrast, pathology, and digital process-
ing. Unfortunately, some factors can act upon each other, 

is not appropriate for diagnosis. However, after the appli-
cation of various filters and mathematical manipulation, 
the image is ready for analysis.

image Archiving
Image archiving consists of storing images for reference. 
Film/hard copy can be physically stored or digitized and 
stored electronically. Digital/soft-copy images can be stored 
through a variety of electronic storage options. Figure 25-4 
shows the image archiving phase for film-screen and digital 
radiography imaging systems.

FIgUre 25-3.  Image processing phase. 

Film-screen imaging Digital imaging 

Monitor (soft copy)
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FIgUre 25-4. Image archiving phase.
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FIgUre 25-5. Image display phase.
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thus creating a pyramid of problems for the radiographer. 
When many factors are acting upon each other, the result 
is an astronomical number of  possibilities.

The analyTIcal Process

The process of analyzing demands a thorough knowledge 
of the scientific basis by which the image was produced as 
well as a significant amount of clinical experience. When 
these skills are applied via problem-solving techniques, 
the process of diagnosis results.

Diagnosing and Treating the image
Anyone working in a clinical setting quickly becomes 
acquainted with the process of medical diagnosis. Determin-
ing the cause of a problem is a fascinating process. Most 
medical professionals would welcome an opportunity to 

participate in this process but they are restricted by law 
unless they hold a license to practice medicine in their state. 
In fact, the American Registry of Radiologic Technologists 
Standards of Ethics states “The radiologic technologist 
acts as an agent through observation and communication to 
obtain pertinent information for the physician to aid in the 
diagnosis and treatment of the patient and recognizes that 
interpretation and diagnosis are outside the scope of prac-
tice for the profession.”

However, the diagnosis of technical problems in the 
imaging process requires the same skills that a physician 
uses in medical diagnosis.

Physicians are experts in the science of anatomy and 
physiology. Radiologists are physicians who are experts 
in the art of diagnosing through anatomical images as 
well. But even radiologists are not trained in the finer 
points of creating and analyzing the image. In this area, 
the radiographer is the true professional expert. The diag-
nosis and treatment of image quality is the domain of the 
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to occur. When properly followed, the diagnostic process 
makes the treatment clear. Diagnosis involves the highest 
level of mental acuity. It requires the use of the skills of 
analysis, synthesis, and evaluation to solve complex prob-
lems. A diagnostic problem-solving strategy includes four 
major steps, as described next.

Narrowing the Search Field. The first phase involves 
narrowing the search. Experts begin with a review of the 
entire image to avoid premature narrowing. During this 
review, a search is made for anything that is different 
from a diagnostic-quality image. When differences are 

radiography profession, and radiographers are eminently 
qualified to practice this art and science.

The Diagnostic Process
Knowledge of the diagnostic process is necessary for the 
radiographer to diagnose and treat the image. The secret 
to solving any pyramid problem is a careful and meticulous 
breakdown of the whole into individual parts. The differ-
ence between being good and being great is often only a 
matter of attention to detail. Taking time to break down 
and analyze technical problems permits proper diagnosis 

FIgUre 25-6. Image analysis phase.
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oscillates during exposures. The expert might con-
clude that very short exposure times do not allow for 
complete grid movement across both lung field evenly. 
Using slightly longer exposure times causes the pattern 
to disappear.

Hypothesis Evaluation. The last phase of the diagnos-
tic process is the evaluation of the final hypothesis. It 
is critical that the hypothesis used resolves the great-
est amount of cue data. At this point, the radiographer 
should be able to predict the solution to the prob-
lem. The inexperienced radiographer would apply the 
“patients all have lung disease” hypothesis and simply 
continue to send images for interpretation. The expert 
radiographer would conclude that the most likely 
hypothesis was related to the radiographic grid and 
its oscillation speed during exposures, causing uneven 
cleanup of scatter/secondary radiation between the lung 
fields. The expert would then ask to have the grid recip-
rocation inspected by a qualified service engineer. To 
be fair, it is possible that several patients may have lung 
pathologies showing asymmetry of aeration between 
lung fields, and histories that do not corroborate, but 
the expert would consider this a rarity and seek to ana-
lyze the situation using the diagnostic process.

Remember, however, that data shows that novices 
often do surprisingly well when using the diagnostic pro-
cess. Diagnosing ability can be improved by:

 1. Remembering that cues are not a diagnosis;

 2. Being careful to separate observations from inferences;

 3. Not jumping to conclusions at the first cue;

 4. Looking for competing hypotheses;

 5. Trying each cue with each hypothesis;

 6. Validating the hypothesis with questioning, when 
possible;

 7. Ruling out hypotheses one by one;

 8. Being cautious of premature closure;

 9. Being tentative in the diagnosis until experienced; 
and, most important,

 10. Being confident in your expert knowledge.

accePTance lImITs

Knowing how to diagnose an imaging problem is not help-
ful until the knowledge can be applied to radiographic 
quality analysis. This application involves establishing and 
adhering to quality imaging standards.

noticed a pattern is sought, especially when there is more 
than one cue. These cues focus attention on a suspicious 
area, thus narrowing the search. An example would be a 
chest image that shows asymmetry of brightness between 
the two lung fields, which could represent asymmetry of 
aeration between the lungs—a pathologic finding to the 
radiologist. An inexperienced radiographer might jump to 
the conclusion that the asymmetry is due to a lung pathol-
ogy, such as pneumonia or atelectasis. When checking the 
patient history, however, the history does not support the 
disease presence on the image. The inexperienced radiog-
rapher would simply send the image for interpretation. 
However, an expert radiographer might notice additional 
cues, such as this same image appearance occurring in 
several patients from the same radiographic room. In 
each case, patient histories do not corroborate the appear-
ance of the lung fields, even though the same appear-
ance seems to be present in the left lung consistently in 
other patients. Additional cues might consist of upright 
abdomen and sinus studies also demonstrating uneven 
brightness levels across the area of the image. The expert 
radiographer would likely suspect an operator issue such 
as improper AEC selection, AEC calibration, grid move-
ment, or beam filtration.

Hypothesis Activation. The second phase requires that 
the cues be used to seek hypotheses. An effort is made 
to formulate a hypothesis that will explain all the cues. 
Cues that do not fit the hypothesis should be held in 
reserve. In the previous example, the inexperienced 
radiographer might hypothesize that all of these patients 
had lung pathologies resulting is asymmetry of lung 
aeration. The expert would realize that many hypotheses 
could account for the image and that it is highly unlikely 
that all patients had the same lung conditions, with no 
apparent history to support the disease presence. The 
expert would also note that images taken in other rooms 
do not show this same asymmetry between lungs fields. 
The expert would also set up tissue-equivalent phantom 
tests to look for exposure irregularities to develop pos-
sible hypotheses.

Information Seeking. The next phase demands that 
the hypotheses be tested by seeking more information. 
When stumped, radiographers should use general ques-
tioning to produce more cue information. It may be nec-
essary to shift focus to other possible solutions when 
new cues are discovered. In the example, the novice 
radiographer would test AEC detector combinations, to 
discover they are working fine. The expert, on the other 
hand, might suspect the grid and the fact that this image 
appearance occurs with very short exposure times. This 
additional piece of information would cause the expert 
to consider the speed with which the radiographic grid 
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Graphing Acceptance Limits
The main goal must be to fix the limits of the radiographs 
that will be accepted against those that will not. This is 
much easier to understand by looking at the concept of 
acceptance limits graphically. The quality of all the radio-
graphs produced by a technologist over a period has been 
graphed in Figure 25-7.

Although the radiographer’s goal is to always pro-
duce a diagnostic-quality image, suboptimal images are 
often accepted for diagnosis. There are many reasons 
for this practice, the most important being the knowl-
edge that the prime cause of increased patient radiation 
dose is repeated exposure. Radiologists do not expect 
textbook results on every patient. They do, however, 
have the right to expect the radiographer to provide 
an image that permits them to see all the structures 
critical to their diagnosis. Figure 25-8 shows where 
a typical radiologist might draw the line on overex-
posed or underexposed images. The important thing 
to remember is that if the radiographer, supervisor, 
radiologist, or other physician determines that an image 
is not acceptable, it is outside the acceptance limits of 
quality. When this occurs, the radiographer is obligated 
to analyze the image and make a proper decision on 
what factor or factors caused the error. The technique 
and procedure must then be adjusted to bring the unac-
ceptable image back to the perfect center of diagnostic 
quality.

striving for Perfection
Too often, there is a tendency to correct only enough to 
obtain a passable image (Figure 25-9). All corrections 
should strive for perfection. Attempting to get by with 
minimal adjustments contributes to a negative image 
of the profession. The best radiographer can miscalcu-
late and produce a poor image once, but competency is 
questioned when a radiographer is repeatedly unable to 
correct mistakes. The true professional completes the 
meticulous analysis by making a competent adjustment 
and achieves near perfection each time an exposure 
must be repeated.

FIgUre 25-7. Radiographic image quality distribution curve. Note 
that the curve is skewed to the dark side. Standard practice dictates 
that a dark or low-contrast image is always preferable to one that is 
too light or high in contrast.
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FIgUre 25-8. Typical acceptance limits of radiographic quality.
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FIgUre 25-9. Correcting image quality.
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350  UNIT V Analyzing the Image

Factors Affecting Acceptance  
Limit curves
It is interesting to consider the factors that may affect 
the shape of the acceptance limit curve. Figure 25-7 is 
skewed to the overexposure side because these errors are 
more acceptable than underexposure mistakes. A digital 
system is capable of extracting more information from 
an overexposed detector. However, when an image is 
underexposed, there is no method to see information that 
is not present on the image receptor. For this reason, it is 
critical that EI values be monitored for every image. There 
are many other factors that can modify the shape of the 
acceptance curve. When acceptance limits are very nar-
row, a high repeat rate occurs (Figure 25-10). However, if 
the radiographers are not producing many perfect images, 
the repeat rate will remain high (Figure 25-11) even when 
acceptance limits are very wide.

An interesting phenomenon has been observed 
over the years in many radiology departments. When a 
radiograph is hovering near the acceptance limits for the 
department, radiographers often approve it. Departmen-
tal acceptance limits are simply a composite of the limits 
imposed by each radiologist, supervisor, and radiogra-
pher in the department. Narrow acceptance limits may 
cause radiographers to produce more images near per-
fect center, thus changing the curve shape, as shown in 
Figure 25-12.

Conversely, wide limits may permit radiographers 
to become careless and produce fewer images near per-
fect center, thus changing the curve shape, as shown in 
Figure 25-11. Many factors can change the shape of the 
image quality curve. Among them are the positioning 
and technical abilities of the radiographer, the quality 

FIgUre 25-10. Narrow acceptance limits may produce a high 
repeat rate.
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FIgUre 25-11. Wide acceptance limits may produce a high repeat 
rate by permitting radiographers to become careless and produce 
fewer images near perfect center.
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FIgUre 25-12. Narrow acceptance limits may cause radiographers 
to produce more images near perfect center.
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standards of everyone involved in the imaging chain, 
the condition of the equipment, the stress level of the 
department, and on and on. Awareness of these factors, 
combined with high professional standards, can help 
one’s personal curve appear as in Figure 25-13.

Practical considerations
In actual clinical practice, the achievement of a diagnos-
tic-quality image the first time is not as hard as it might at 
first appear. Each factor must be varied within set limits 
to see a noticeable change in the image. It is important not 
only to learn the rules pertaining to image quality but to 
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FIgUre 25-13. Ideal acceptance limits.
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be sure they are used in clinical practice. The real prob-
lem is in learning to make large enough changes to cause 
visible differences on the image. Radiographers who are 
unsure of their ability often make timid changes that can-
not be seen in the repeat image. When a decision is made 
to repeat a procedure (and doubly expose the patient), a 
change large enough to bring the image to the center of 
diagnostic quality must be made. Shifting the image from 
just outside the acceptance limits to just inside them is 
inexcusable. As professionals, radiographers must always 
strive toward perfection.

Professional imaging standards can be established by 
overcoming the pyramid problem. Evaluating imaging 

problems is the true professional expertise of the radiog-
rapher. The analytical process of diagnosis is appropriate 
for use in solving these problems. The diagnostic process 
involves narrowing the search field, hypothesis activation, 
information seeking, and hypothesis evaluation.

The concept of acceptance limits is helpful in under-
standing how repeated radiographs must be corrected. All 
repeated radiographs should strive for perfection by attempt-
ing to reach the diagnostic-quality center of the acceptance 
limit curve. When a decision is made to repeat a procedure, 
a change large enough to bring the image to the center of 
diagnostic quality must be made. ◾ 

sUmmAry

reView QUesTiOns

1. What is the pyramid problem?

2. What are the four steps in the diagnostic problem-
solving strategy? 

3. What is the purpose of a cue in narrowing the search? 

4. When is an image determined to be outside accep-
tance limits? 

5. Why are acceptance limit curves skewed to 
overexposure? 
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Objectives

Upon completion of this chapter, the student should be able to:

◾	 Identify image receptor (IR) exposure as a prime component of the 
photographic properties influencing visibility of detail of radiographic 
image quality.

◾	 Differentiate between density and IR exposure.

◾	 Describe the effects of IR exposure changes on image appearance.

◾	 Differentiate between different noise types.

◾	 Describe the process of evaluating image IR exposure.

◾	 Explain how each influencing factor affects image IR exposure.

◾	 Assess IR exposure on various images.

◾	 Recommend appropriate adjustments to compensate for variation 
in the influencing factors that affect IR exposure.

Key terms

ambient noise

brightness

density

exposure maintenance formula

IR exposure

quantum mottle

quantum noise

system noise

window level

Radiographic density and contrast are closely related, but by a careful 

study of the radiograph they may be readily differentiated and each 

brought under control. 

Ed. C. Jerman, The Father of Radiologic Technology

Image Receptor Exposure
C h A p t E R  26
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Defining iR exposuRe

Image receptor (IR) exposure is one of the two photographic 
properties that comprise visibility of detail. Visibility 
of detail refers to the fact that the image is visible to 
the human eye only because sufficient exposure (and 
contrast) was received by the image receptor to permit 
the structural details to be perceived. As an image quality 
factor, density was the term that was used to reflect 
exposure to the radiographic film. Density has been 
defined since the 1920s as the degree of overall blackening 
that is the result of black metallic silver deposited in the 
emulsion of film. Density was the viewable result of a 
film’s response to exposure.

In the digital environment, this important image 
quality factor has changed and is expressed as IR 
exposure because film is no longer the primary image 
receptor. It is for these reasons that the photographic 
property of density has been renamed IR exposure. Now 
that digital imaging systems predominate, it is important 
for radiographers to realize that the critique of tech-
nique exposure factors has changed and that older film-
based evaluation is no longer appropriate. Radiographers 
accustomed to film-based evaluation may be inclined 
to use monitor brightness to critique exposure factors. 
However, brightness and density are not interchange-
able terms. Brightness is a monitor control function that 
can change the lightness and darkness of the image on a 
display monitor, but it is not related to IR exposure. It is 
controlled by the look up table (LUT) and as such cannot 
be used to assess IR exposure. Brightness is the proper 
term for the luminous intensity (measured in candela) 
of the display monitor’s light emission. Window level 
describes digital post-processing that produces changes 
in brightness, so it is appropriate to use when control-
ling the display of an image. Because radiologists usually 
prefer to perform windowing functions on their monitor, 
radiographer’s control of these values must be accom-
plished when setting the technique exposure factors 
and not during post-processing, as doing so violates best 
practices in digital radiography that were published by 
the ASRT.

In both film-screen and digital imaging, the visibility 
of the image has always been the result of the proper 
exposure to the IR. With digital imaging, the key to a vis-
ible image is having the correct IR exposure, which is best 
evaluated using the EI values. The concept of IR exposure 
is still approached in an artistically professional manner 
aimed at diagnosing the image. The art of radiography is a 
clinical one and must be practiced as such. It is extremely 
important that this information be used in a clinical set-
ting concurrently with its study.

Assessing iR exposuRe

The major consideration in assessing IR exposure on film 
is verification that proper densities are visible throughout 
the anatomical area of interest on the image. Of course, 
these densities must be well within the range of human 
visibility. Much of this ability to verify proper film densi-
ties is a result of clinical experience (Figure 26-1). It is 
obvious that the proper IR exposure for lung tissue in 
Figure 26-1B is not as great as the proper IR exposure for 
the thoracic spine, even though they are both thoracic 
structures. Common sense and a trained professional eye 
are the primary tools of the radiographer when evaluating 

FIgUre 26-1. Clinical experience in assessing IR exposure:  
(A) Although this image is not acceptable for the clavicle, it is a 
diagnostic-quality image of the acromioclavicular joints. (B) Although 
this image is not acceptable for the thoracic spine, it is a diagnostic-
quality image of the chest.

A

B
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This results in a blotchy or mottled image. For this rea-
son, the phenomenon is also called quantum mottle (Fig-
ure 21-21A). The solution to this problem is to increase 
the number (or quanta) of incoming signals, by increas-
ing the mAs of an x-ray beam. It is important to note 
that quantum noise related to IR exposure is not the sole 
source of noise. Electronic components within the digital 
image receptor can also add noise to the image, known 
as system noise. Background radiation also contributes 
to image noise and results in ambient noise. Ambient and 
system noise are generally lower than quantum noise. 
However, in instances when ambient and/or system 
noise exceed quantum noise, for example, with faulty 
electronics, increases in radiation exposure to minimize 
the appearance of mottle are unlikely to be effective. 
As long as the noise level is kept low, the look up tables 
are able to function as they were designed and a quality 
image results.

The best method of assuring that both EI and noise 
values are appropriate is to use automatic exposure 
controls (AECs) and anatomical programming (which 
suggests appropriate kVp and mAs values). Both sys-
tems are designed to make sure these factors are within 
appropriate technique exposure ranges. It is important to 
realize that when exposure factors are set that are outside 
recommended ranges, digital systems may not be able to 
assign appropriate signal values to the image data and a 
repeated exposure may be required. The radiographer has 
a responsibility to avoid this whenever possible.

fActoRs Affecting iR exposuRe

A wide variety of factors affect IR exposure (Figure 26-2). 
With film-screen systems, mAs was considered to be the 
controlling factor for IR exposure. With digital systems, 
this is no longer true. Even though mAs is not a controlling 
factor in digital radiography, setting the correct mAs is 
still critical in determining proper IR exposure. The mAs 
is still a primary influencing factor, along with a number 
of other factors that include kVp, focal spot, anode heel 
effect, distance, filtration, beam restriction, anatomical 
part, grid, and image receptor sensitivity. It is important 
to note that kVp and mAs do not impact the LUT, but do 
affect the histogram.

milliampere-seconds
The relationship between mAs and IR exposure is a direct 
proportional one. This relationship is difficult to evaluate 
by simply reviewing a digital image as image brightness 
on the display monitor is controlled by the LUT and not 
by exposure to the receptor. The radiographer can be 

IR exposure. The ability to assess IR exposure is a result 
of continued conscientious evaluation of images during 
clinical experiences. The radiographer who becomes 
professionally interested in the process of diagnosing the 
image quickly gains and refines this ability.

Assessment of IR exposure on a digital image can-
not be based on visual cues due to digital system’s post-
processing capabilities. Selected exam look up tables 
and automatic rescaling produce images that consis-
tently have a desired brightness (and contrast). For 
example, information that is recorded on an image that 
is overexposed may not exist at all on an image that is 
underexposed, but may still result in a visually accept-
able image, unless an image is grossly underexposed. 
The overexposed IR has received too many photons 
and, as a result, has recorded too much information. 
Proper digital post-processing can eliminate the excess 
information and reveal details within the range of 
human visual ability, producing a visually acceptable 
image. This may not be the case with an image that is 
moderately underexposed. The underexposed image 
has not received the information in the first place and 
is not capable of being manipulated to reveal details 
that were never recorded. Conversely, slight underex-
posure would most likely result in an image that looks 
acceptable. Unless a radiographer evaluates EI values, 
he or she may find images to be acceptable even when 
proper IR exposure is not achieved. Consequently, 
IR exposure must be evaluated using target exposure 
index value (EI )t .

effects on imAge AppeARAnce

The effects of mAs and the other influencing factors on 
IR exposure are not exact because of the multiple vari-
ables that are part of the imaging system. Most digital 
systems utilize a relatively linear IR response curve. Most 
film-screen systems affect the IR exposure in a nonlinear 
fashion. For example, the typical D log E curve is only 
somewhat linear in the straight-line portion. If exposure 
conditions push into the toe or shoulder regions of the 
curve, dramatic film density changes can be seen. The rea-
son digital systems are not as affected by these factors is 
because a digital response curve can be preset or adjusted 
to compensate for these problems.

With digital IR systems, noise has a major effect 
on image appearance. Quantum noise refers to a lack of 
sufficient incoming data for processing. The word quan-
tum means counted or measured, and the term has been 
used in radiography to indicate an insufficient number 
of incoming x-ray photons reaching the image receptor. 
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knowledge base in this area. Doing this requires a thor-
ough understanding of histogram creation, equalization, 
and analysis, and can be well worth the effort for both 
patient and professional.

For film, the log relative exposure is plotted on the 
x-axis and density (D) is plotted on the y-axis. The rela-
tionship between exposure and density determines the 
shape and position of the D log E curve for a given film 
under specific processing conditions. The important part 
of the D log E curve is that portion between the toe and 
the shoulder (the diagnostic range of the film). In this cen-
tral straight-line portion, the film density is approximately 
proportional to the log relative exposure. A common 
misnomer in radiography is that doubling the exposure 
will double the film density. This is not true for a typical 
radiographic film-screen system.

If the exposure to a film is increased, density will 
increase to a point. As mAs increases, x-ray exposure 
increases proportionally and film density also increases 
(Figure 26-3). The direct proportional relationship between 
mAs and exposure is used to calculate mAs changes nec-
essary to maintain consistent exposure when one or more 
technical factors are altered. When applied to x-rays, the 
reciprocity law can be restated to say film density should 
remain unchanged as long as the intensity and dura-
tion of the x-ray exposure (controlled by mAs) remains 

assured of adequate IR exposure by always confirming 
that the EI values are within the acceptable range for the 
part under examination.

Despite the ability to control image brightness 
through post-processing parameters, it is still the respon-
sibility of the radiographer to provide the digital IR with an 
appropriate exposure for a given procedure. Digital image 
histograms are graphic representations of the exposure to 
the IR. They are explained and illustrated in Chapter 21. 
The manipulation of the histograms during input and out-
put (post-processing) provides opportunities to enhance 
the image to facilitate diagnosis. These same features also 
allow information to be obscured and can impede diagno-
sis. Because the use of the histogram is a dangerous two-
edged sword, most manufacturers have elected to restrict 
most users from manipulating this portion of the digital 
system. As radiographers become more knowledgeable 
about digital acquisition and post-processing, some manu-
facturers are opening portions of this feature to users. 
There are some digital units that offer preset histograms 
that may be changed by the user, to customize the appear-
ance of images specific to the department preferences. 
Advanced users are also provided access to create custom 
histograms for specific clinical situations, which can then 
be displayed as presets to all users. There is an increasing 
tendency for radiographers to assert their professional 

FIgUre 26-2. Image analysis: Factors affecting IR exposure.
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most digital exposure indicator systems are set to incor-
porate an acceptable range that includes 33 percent on 
either side of the ideal 1-mR exposure. Regardless of the 
exposure to the digital receptor, the system will attempt 
to rescale the histogram to provide a display image 
that appears acceptable to the eye. It is critical that the 
radiographer evaluates the exposure indicator for his or 
her system to assure a proper exposure has been made. 
Although studies of vision have demonstrated that some 
people can detect changes in brightness as small as 1 per-
cent, this level of perception is not possible when viewing 
a complex clinical image with many widely separated 
attenuation differences. Some trained professionals, such 
as radiologists and radiographers, can perceive as small a 
change as 10 percent on a radiograph, but this is extraor-
dinary. In clinical practice, a change as small as 30 percent 
is seldom justified. A comparison between Figures 26-3B 
and E illustrates a 20 percent change in mAs. This change 
is difficult to see and would not compensate for improper 
IR exposure.

An image must be outside the acceptance limits to 
require repeating the exposure. All acceptance limits per-
mit some degree of variation—at least 30 percent over- or 
underexposed. In these instances, the image would have 
to be significantly more than 30 percent over- or underex-
posed than a diagnostic-quality image.

The general rule of thumb for mAs changes is to 
make adjustments in increments of doubles or halves. 
For example, a repeated image that is underexposed at 

unchanged. Film density should remain unchanged as 
long as the total exposure remains unchanged. If the mAs 
used to create one image is the same as the mAs used to 
create a second image of the same structure, then both 
images should have very close to the same film density. 
As long as mAs is constant, any combination of mA and 
exposure time values will create the same film density and 
IR exposure. This was demonstrated previously by the 
radiographs in Figure 12-1.

The control of IR exposure rests with the radiogra-
pher. An appropriate mAs setting may be selected from 
a technique chart developed for the particular x-ray unit 
in use. An automatic exposure system will control the 
time but the mA and the exact IR exposure setting will 
be decided by the radiographer. Computerized exposure 
systems will provide a suggested technique setting, which 
can then either be accepted or be modified. The experi-
enced radiographer will adapt the suggested mAs setting 
for the individual patient. Experience and study of various 
body habitus, pathologies, positioning, and equipment 
quickly provide the radiographer with clinical knowledge 
that can be used for these adjustments.

With film-screen systems, the minimum change nec-
essary to cause a visible shift in film density is about 
30 percent of mAs, or any other influencing factors that 
would equal this change. Various authors over the years 
have set the minimum for a visible density change at 
values between 25 and 35 percent of mAs. This rule is 
essentially true for most digital systems as well. In fact, 

FIgUre 26-3. The effects of mAs change on film density. Images A–D demonstrate the effect of increasing mAs. Each image is double the mAs 
of the previous one. Image D represents a 20 percent decrease in mAs from image B.
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The 15 percent rule is somewhat accurate within 
the range of 60–100 kVp. Of course, this does not 
include the entire diagnostic radiography range, which 
may run from 30 to 150 kVp. The percentage of kVp 
required to halve the exposure to the IR is always 
greater as the kVp increases. This is primarily due to 
the increased scatter radiation produced at higher kilo-
voltages. However, the greatest variable in the produc-
tion of scatter is the thickness of the part. Therefore, 
IR exposure is increased when radiographing a thick 
subject (Figure 26-4). Consequently, a 20 percent rule 
may be more accurate when radiographing a 5-cm 
wrist, whereas a 15 percent rule may be more accurate 
when radiographing a 20-cm abdomen. Another factor 
that has a mathematical effect on the 15 percent rule is 
the starting kVp. The percentage change for doubling or 
halving decreases slightly as the starting kVp increases. 
In actual fact, the 15 percent rule may vary from a 
15 percent rule to a 25 percent rule within the diag-
nostic radiography range of kVps and the diagnostic 
range of IR exposures. The 15 percent rule is commonly 
applied by radiographers because it can be used with-
out producing images outside the acceptance limits. 
However, understanding the variability of the rule will 
do much to increase awareness of potential problems 
when radiographing extremely large or small objects, 
or with unusually low or high kVp settings.

Changing kilovoltage is the primary method of 
changing image contrast with film-screen systems. Con-
sequently, the 15 percent rule will change the differential 
absorption by the tissue and the resultant contrast of 
the film image. When a contrast change is desirable, the 
15 percent rule is a useful method of maintaining density 

exposure changes, the rough guide known as the 15 
percent rule has been developed. The 15 percent rule is 
used as a guide to maintain the same IR exposure when 
kilovoltage changes, as follows:

A 15 percent increase in kilovoltage causes a dou-
bling of exposure to the IR. A 15 percent decrease in kilo-
voltage causes a halving of exposure to the IR.

10 mAs should be repeated at 20, 40, or 80 mAs, depend-
ing on the circumstances. Of course, determining which 
circumstances require 20 mAs, which require 40 mAs, and 
which require 80 mAs is something that is acquired only 
through experience and further study. Figures 26-3A–E 
illustrate the doubling and halving rule.

Regardless of variations in equipment output, anat-
omy, physiology, or pathology, the idea is to adjust the 
intensity to permit the same amount of radiation to reach 
the IR, thus creating the same IR exposure. From this 
perspective, the art of radiography does not look espe-
cially difficult. However, many other factors are yet to be 
added to the simple task of determining appropriate IR 
exposure.

Essentially, if the image does not require doubling 
or halving of the exposure, it seldom requires repeating. 
Exceptions to this rule are special studies where a fine 
adjustment of barely 30 percent is crucial to demonstrat-
ing a small vessel or pathological condition. The radiog-
rapher will often adjust his or her technique chart by a 
30  percent margin, but will seldom subject the patient 
to a second exposure for such a minor change. Making 
exposure adjustments should be a case of taking bold 
action (at least doubling or halving) or taking no action 
at all.

Kilovoltage
Kilovoltage (kVp) alters the intensity of the beam reach-
ing the IR in two ways. Kilovoltage controls the energy 
and therefore the strength of the electrons striking the 
target of the x-ray tube for any given mAs. More impor-
tant, kilovoltage controls the average energy of the 
x-ray photons produced at the anode target. Therefore, 
a change in kilovoltage alters the intensity of the beam 
when the mAs and other factors remain the same. Kilo-
voltage also affects the production of scatter radiation. 
Because of this, a change in kilovoltage alters the inten-
sity of the beam after it enters the subject (or object) but 
before it reaches the IR.

Both the quantity and quality of the x-ray beam 
will vary significantly with changes in kilovoltage. As 
a result, kVp has a tremendous impact on IR exposure 
and film density. Research has been done to determine a 
practical formula that takes both the quantity and quality 
factors into account. The primary finding is that there 
are too many variables to be quantified into a reliable 
formula. A change in IR exposure can usually be detected 
with a 4–5 percent change in kVp in the lower ranges 
(30–50 kVp), but an 8–9 percent change is required in the 
middle ranges (50–90 kVp), and a 10–12 percent change in 
the higher ranges (90–130 kVp).

Because the radiographer must have a method 
of using kilovoltage to adjust and compensate for IR 

EXAMPLE: A radiograph of the elbow is produced 
using 4 mAs at 60 kVp. What kVp would be required 
to halve the exposure to the IR?

Answer:
60 kVp (60 kVp 15%)

60 kVp (60 kVp 0.15)

60 kVp (9 kVp) 51 kVp

2 3

2 3

2 5
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CHAPTER 26 Image Receptor Exposure  359

when using film-screen system. However, when only a 
density change is desired, the 15 percent rule should 
not be used because it causes a contrast change as well. 
When density changes are desired, the method of choice 
is to vary the mAs because it is the controlling factor for 
density in film-screen systems.

It is important to note that changing kilovoltage 
will not affect contrast of the digital image. Although 
an increase in kVp will produce more scatter and 
secondary radiation production, which should reduce 
radiographic contrast, software look up tables compen-
sate and produce an image appearance according to 
the LUT brightness and contrast settings for the body 
part selected. Likewise, an increase in kVp typically 
requires a decrease in exposure (mAs) according to the 
15 percent kVp rule. This reduction in mAs effectively 
reduces the amount of scatter/secondary production 
and in digital imaging.

The configuration of the generator is another impor-
tant consideration in how kVp affects IR exposure. The 
total number of higher-energy photons in the x-ray tube 
emission spectrum is controlled by the amount of ripple 

FiguRE 26-4. The relationship of kVp and tissue thickness to image receptor exposure. Note that the line representing a 15 percent increase in 
kVp is not within the range of some part thicknesses and kVps used in routine diagnostic radiography. It is apparent that the 15 percent rule is 
not a constant and must be applied with careful consideration of other factors, especially tissue thickness and starting kVp. (Data extracted from 
”Kilovoltage conversion in radiography,” The X-Ray Technician, 32, 373–379, 436, 1960, by Gerhart S. Schwartz, courtesy of the American Society 
of Radiologic Technologists.)
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 Table   26-1.  Conversion Factors Effect of generator 
ϕ on iR Exposure

When Converting generator 
Phase
From: To:

To Maintain 
Exposure 
Multiply mAs 
by a Conversion 
Factor of:

1ϕ2p High frequency 0.5

High frequency 1ϕ2p 2.0

in the waveform. For example, a single-phase waveform 
has a significantly lower average photon energy than a 
high-frequency waveform, resulting in less IR exposure 
(see Chapter 6).

Compensation for the configuration of the generator 
is most commonly accomplished by considering only the 
phasing and number of pulses. The only generator phase 
conversion currently requiring consideration occurs when 
changing between single-phase units and high-frequency 
multiphase units (see Table 26-1).
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360  UNIT V Analyzing the Image

and cathode ends of the image. IR exposure is always 
greater at the cathode end. The anode heel effect is more 
pronounced when the collimator is open wide than when 
it is closed because a greater portion of the peripheral 
beam, and therefore a greater portion of the intensity dif-
ference, reaches the IR when the collimator is wide open. 
The anode heel effect is also more significant when using 
extremely small angle anodes (12° or less).

When the anode heel effect becomes apparent, it can be 
minimized or converted to an advantage. It is minimized by 
collimating the beam and eliminating as much of the inten-
sity difference at the periphery as possible. If a given image 
receptor size is required (i.e., 140  170), collimation may be 
achieved by using a greater source-to-IR distance (SID).

The anode heel effect may be converted to an 
advantage in examinations of objects with greater 
subject density at one end than at another. The advan-
tage is utilized by placing the portion of the object 
with the greatest subject density toward the cathode 
end of the tube. This utilizes the greater intensity for 
the greater subject density and leaves the lesser inten-
sity of the anode end of the tube for the lesser subject 
density. The anode heel effect can often be used to 
advantage in a number of examinations (Table 26-2).

Distance (SID and OID). SID alters the intensity of the 
beam reaching the IR, according to the inverse square 
law. The inverse square law affects exposure in inverse 
proportion to the square of the distance. This is repre-
sented by the formula:

I

I

D

D
1

2

2
2

1
2

5

where:  I old intensity

I new intensity

D old distance squared

D new distance squared

1

2

1
2

2
2

5

5

5

5

The law states that the intensity (exposure) varies 
inversely with the square of the distance.

Other influencing Factors
Focal Spot Size. Larger focal spots utilize a greater inci-
dent electron stream than small focal spots. Most manu-
facturers carefully compensate for this effect by adjusting 
the actual mAs at the filament for dual-focus tubes. The 
actual mAs received by the filament when set at 100 mAs 
for a large focal spot is less than the actual mAs received 
when set at 100 mAs for a small focal spot. There should 
be no difference between large and small focal spots 
when the unit has been calibrated properly. However, this 
effect may differ by the 30 percent necessary to alter IR 
exposure in an improperly calibrated unit.

Large focal spots tend to bloom more at higher mil-
liamperages and may occasionally reach a point where 
they alter the IR exposure. Blooming occurs with large 
milliamperages because the incident electron beam is not 
as easily focused by the focusing cup. It is rare for bloom-
ing to cause a visible IR exposure difference.

Because properly calibrated units will not exhibit IR 
exposure changes when focal spots are changed, differences 
of this type should be reported as a quality control proce-
dure. If IR exposure differences are perceived due to focal 
spot blooming, replacement of the tube may be indicated.

anode Heel effect. The anode heel effect alters the inten-
sity of radiation, and therefore the IR exposure, between 
the anode and cathode ends of the x-ray tube. Depending 
on the angle of the anode, this effect can cause an IR 
exposure variation of up to 45 percent between the anode 

 Table  26-2. Projections That May Use the Anode Heel effect to Advantage

Body Part to Be Placed Toward

Projection Cathode end of Tube Anode end of Tube

Femur (Ap/lateral) hip Knee

Lower leg (Ap/lateral) Knee Ankle

humerus (Ap/lateral) Shoulder Elbow

Forearm (Ap/lateral) Elbow Wrist

thoracic spine (Ap) Abdomen Neck

thoracic spine (lateral) Neck Abdomen

Lumbar spine (Ap/lateral) pelvis Abdomen

EXAMPLE: If 80 kVp and 20 mAs produce a satis-
factory exposure on a 1ϕ2p unit, what mAs should 
be used with the same patient and examination on a 
high-frequency unit?

Answer:

mAs conversion factor

20 mAs 0.5 10 mAs

3

3 5
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The exposure maintenance formula is only accurate 
within a moderate acceptance range. The nonlinearity of 
some components in the imaging system makes it impos-
sible to exactly quantify the relationship between radia-
tion beam intensity and IR exposure.

Table 26-3 illustrates the mAs change factors for the 
most common distances employed in radiography. The 
vast majority of diagnostic radiography today is done at 400 
to 720. In addition 560, which is halfway between 400 and 
720, is useful in mobile radiography when circumstances 
do not permit either of the two preferred distances. A use-
ful rule of thumb for doubling and halving distances can be 
derived from this table by considering the 30 percent range 
necessary to produce a detectable IR exposure difference:

Use only the distances 400, 560, and 720. When 
increasing distance, double the mAs for each 
change. When decreasing distance, halve the 
mAs for each change. For example, halve the 
mAs when changing from 720 to 560 and halve it 
again when changing from 560 to 400.

Distance doubling and halving will bring IR exposure 
within roughly 50 percent of the original exposure and 
usually within image acceptance limits. This is only a 
rough rule of thumb for clinical practice. The exact con-
version factors will produce much better mAs estimates.

Object-to-image-receptor distance (OID) has an 
effect on IR exposure. The air-gap technique uses an 
increased OID to prevent scatter radiation from reach-
ing the IR. This scatter radiation would normally cause a 
visible increase in IR exposure when radiographing large 
patients. By increasing OID using the air-gap technique, 
scatter that would normally strike the IR will miss the 
receptor, causing a decrease in IR exposure. In most 
instances, however, OID variations are insufficient to 
cause detectable IR exposure changes.

Filtration. Filtration and its ability to alter beam inten-
sity affect IR exposure. All types of filtration—inherent, 
added, and total—have an impact on IR exposure. IR 
exposure decreases when filtration is increased.

The inverse square law formula expresses the 
change in intensity when the distance changes. For 
example, as distance increases, radiation intensity and 
IR exposure decrease. However, the most common 
situation in radiography is a need to maintain an accept-
able IR exposure while changing the distance. To main-
tain IR exposure, mAs (or an influencer) must be 
changed to compensate for the exposure change. The 
exposure maintenance formula is used for this purpose. 
This formula is based on the inverse square law but 
is reversed to a direct square law because mAs must 
increase when distance increases, and vice versa, in 
order to maintain IR exposure.

mAs

mAs

D

D
1

2

1
2

2
2

5

where: mAs original mAs

mAs new mAs

D old distance squared

D new distance squared

1

2

1
2

2
2

5

5

5

5

EXAMPLE: If a satisfactory pA chest radiograph is 
made at 720 with 4 mAs, what mAs will be required 
at 560?

EXAMPLE: If a satisfactory exposure is obtained 
with 20 mAs at 720, what mAs will be required to 
maintain the same exposure at 400?

Answer:

mAs
mAs

D
D

20mAs
mAs

72
40

20mAs
mAs

5,184
1,600

mAs
20mAs 1,600

5,184

mAs
32,000
5,184

mAs 6.2mAs

1

2

1
2

2
2

2

2

2

2

2

2

2

5

5

5

5
3

5

5

It is more useful when algebraically changed to 
solve for the new mAs, which is the most common 
factor that must be calculated in clinical practice:

mAs
mAs D

D2
1 2

2

1
2

5
3

Answer:

mAs
mAs D

D

mAs
4 mAs 56

72

mAs
4 mAs 3,136

5,184

mAs
12,544
5,184

mAs 2.5 mAs

2
1 2

2

1
2

2

2

2

2

2

2

5
3

5
3

5
3

5

5
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images produced with grids at 80  100 or larger beam 
sizes (Figure 26-6).

anatomical Part. Because the patient is the prime attenu-
ator of the beam, the anatomical part being examined has 
a great deal of influence on IR exposure. The amount of 
attenuation is dependent on the thickness and type of 
the tissue being imaged. The tissue type is affected by 
the average atomic number and the density (quantity of 
matter per unit volume) of the tissue. The use of contrast 
media will alter the average atomic number of the tissue 
and can affect IR exposure. Pathology can alter tissue 
thickness and/or type.

There is an inverse relationship between tissue thick-
ness/type and IR exposure. In other words, as tissue thick-
ness, average atomic number of the tissue, and/or tissue 
density increases, IR exposure decreases. This is not a 
linear relationship because of the multitude of variations 
in tissue composition. Depending on the type of contrast 

X-ray units are calibrated with inherent, added, and 
total filtration in place. When added filtration is changed, 
which is rare, a half-value layer calculation should be made 
to permit adjustment of mAs or other factors to maintain 
exposure levels. When compensating filtration is used, IR 
exposure must be established for both filtered and unfil-
tered regions. As with any other exposure problem, this is a 
matter of measurement of part size and clinical experience.

beam Restriction. Restricting the beam, collimating, or 
reducing the primary beam field size reduces the total 
number of photons available. This reduces the amount 
of scatter radiation and therefore reduces the overall IR 
exposure.

Scatter production is dramatically increased with 
large anatomical part size and high starting kVp levels (see 
Figure 26-4). Therefore, these two factors also determine 
when compensation must occur for beam restriction. 
However, the effect of beam restriction on IR exposure 
depends on how much scatter reaches the IR, not how 
much scatter is produced. Some of the scatter that is 
produced, especially in very large patients or when using 
high-ratio grids, may not reach the IR, and therefore, will 
not affect the IR exposure. For example, a high-efficiency 
grid may be capable of removing as much as 95 percent of 
the scatter, leaving very little to affect IR exposure.

Technical factor compensation for changes in IR expo-
sure is required only under the following circumstances:

 ◾ large anatomical part

 ◾ high kilovoltage

 ◾ low grid efficiency

 ◾ non-grid examinations

Figure 26-5 demonstrates that only extremely small beam 
restrictions (40  40 or smaller) when used with no grid 
or a low-efficiency grid require mAs compensation to 
maintain IR exposure. The compensation necessary in 
mAs for the effect of beam restriction on IR exposure is 
less than 30 percent (a notable difference) for nearly all 

 Table  26-3. mAs Change Factors for Approximate exposure Maintenance When Distance Changes

to calculate the new mAs, multiply the old mAs by the factor in the corresponding box to the distance change.

New Distance

360 (90 cm) 400 (100 cm) 480 (120 cm) 560 (140 cm) 720 (180 cm)

360 (90 cm) — 1.23 1.77 2.42 4.00

400 (100 cm) 0.81 — 1.44 1.96 3.24

480 (120 cm) 0.59 0.69 — 1.36 2.25

560 (140 cm) 0.41 0.51 0.73 — 1.65

720 (180 cm) 0.25 0.31 0.44 0.60 —

FIgUre 26-5. The effect of beam restriction on mAs compensation 
required to maintain IR exposure.
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50 100 150 200

4 x 4″ 8 x 10″ 10 x 12″ 11 x 14″ 14 x 17″

250

20-cm Phantom, No Grid, 80 kVp

20-cm Phantom, 12:1 Grid, 80 kVp

20-cm Phantom, 8:1 Grid, 80 kVp

20-cm Phantom, 12:1 Grid, 65 kVp

m
A

s 
C

om
pe

ns
at

io
n

200%

100%

50%
30%

Co
ur

te
sy

 o
f B

ar
ry

 B
ur

ns
, U

ni
ve

rs
ity

 o
f N

or
th

 C
ar

ol
in

a,
 C

ha
pe

l H
ill

, N
C.

11067_ch26_hr_353-367.indd   362 9/14/18   9:56 AM



CHAPTer 26 Image Receptor Exposure  363

anode heel effect, when possible, may prevent some of 
these problems.

Casting materials present during orthopedic radiog-
raphy affect the thickness of the anatomical part. Casting 
materials differ somewhat in composition but they attenu-
ate the beam in a manner very similar to normal tissue 
attenuation. Adjustments for cast materials should be made 
for the increased thickness of the body part exactly as if an 
uncasted part of the same size were being radiographed. No 
adjustment should be made for the casting material itself.

Grid Construction. Grids absorb scatter, which would 
otherwise add exposure to the IR and density to the film. 
The more efficient the grid, the less will be the IR exposure. 
Grids with high ratios, low frequency, and dense interspace 
material; moving grids; and improperly used grids (incor-
rect focal distance, etc.) all reduce IR exposure.

Compensation for varying grid ratios is generally 
accomplished by increasing mAs. The amount of mAs 
required can be calculated using the grid conversion fac-
tors (see Table 18-2). Changing between grids, which is 
the most common clinical problem, is accomplished by 
using the following formula:

  
mAs

mAs

GCF

GCF
1

2

1

2

5    

media or the type of pathology, an inverse or a direct rela-
tionship may exist.

Adjustments for changes in the anatomical part 
depend on the radiographer’s ability to assess the tis-
sue thickness and tissue type while also considering the 
pathology and the use of contrast media. This ability is 
achieved only through clinical experience. Technique 
charts are designed to compensate for most changes in tis-
sue thickness and type. Radiolucent contrast media (such 
as air) will increase IR exposure, whereas radiopaque 
contrast media (such as barium and iodine) will decrease 
IR exposure. Pathology can have either an additive or a 
destructive effect. Additive conditions decrease IR expo-
sure, whereas destructive conditions increase IR exposure.

A special problem related to part thickness occurs 
whenever severe tube angles (more than 150) are used. 
The geometry of a severe tube angle causes a significant 
difference in tissue thickness between the edges of the 
image (Figure 26-7). Measurement of body parts for 
angles must occur at the central ray to average these 
differences. However, in some instances more than a 
30 percent exposure difference may occur between the 
central ray and both ends of the image (more than a 
60 percent difference between the ends of the image). 
Careful consideration of technical factors and use of the 

FIgUre 26-6.  The effect of beam restriction on IR exposure. Although both radiographs were produced at the same technical factors, A was 
collimated to 140 3 170 whereas B was collimated to 40 3 80.

85 kVp 1.0 mAs 40″ SID
12:1 No grid 400 RS 29.8 mR

85 kVp 1.0 mAs 40″ SID

12:1 No grid 400 RS 31.6 mR
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364  UNIT V Analyzing the Image

(EI) numbers are the most useful parameter for digital 
imaging systems. With film-screen systems, intensifying-
screen phosphors convert x-ray photons to the light 
photons that will expose the silver halides in film. When 
the silver halide crystals in the film emulsion form latent 
image centers, they establish the physical foundation for 
the black metallic silver that is film density. Relative speed 
(RS) numbers are the most useful parameters for film-
screen combinations.

RS numbers have been developed by manufactur-
ers to permit easy adjustment of technical factors when 
changing film-screen combinations. As relative speed 
increases, the amount of exposure required to maintain 
the same density decreases. Compensations for changes 
in relative speed can be made by adjusting mAs because 
exposure is directly proportional to mAs when using 
film. Density can be maintained by using the following 
formula:

mAs

mAs

RS

RS
1

2

1

2

5    

where: mAs old mAs

mAs new mAs

RS old relative speed

RS new relative speed

1

2

1

2

5

5

5

5

Of course, the relative speed conversion formula may also 
be algebraically expressed as:

mAs
RS mAs

RS2
1 1

2

5
3

   

where: mAs original mAs

mAs new mAs

GCF original grid conversion factor

GCF new grid conversion factor

1

2

1

2

5

5

5

5

Because the primary purpose of a grid is the improve-
ment of contrast, compensating for IR exposure changes 
by varying the kVp is not recommended because it may 
change the contrast in the opposite direction, thus negat-
ing the reason for using the grid in the first place.

There are now grid replacement algorithms that are 
being used during digital post-processing by some manufac-
turers. These algorithms are capable of determining which 
photons are likely to be secondary scatter and of removing 
them from the image. These formulae are currently propri-
etary in nature but the general function is becoming under-
stood. When a digital system incorporates grid replacement 
software, an actual physical grid is no longer necessary. 
Chapter 18 explains these systems in more detail.

Image Receptors. Both film-screen systems and digital 
systems have an impact on IR exposure. Exposure index 

FIgUre 26-7. The effect of severe tube angle on IR exposure. Note 
the changes in part thickness from the superior to inferior edges of 
the primary beam field.
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EXAMPLE: What is the proper mAs for use with an 
80-RS system when technical factors of 55 kVp and 
5 mAs produce an acceptable image with a 200-RS 
system?

Answer:

mAs
mAs

RS
RS

5
mAs

80
200

mAs 80 5 mAs 200

mAs 80 1,000 mAs

mAs
1,000 mAs

80
mAs 12.5 mAs

1

2

2

1

2

2

2

2

2

5

5

5 3

3 5

5

5
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Digital processing requires the technologist to be 
knowledgeable in the details of image acquisition as 
well as  post-processing parameters and procedures. 
For example, many manufacturers state in their techni-
cal usage information that mAs has little effect on the 
visualization of IR exposure. This can be a confusing 
statement for radiographers who are knowledgeable 
about the relationships between mAs and kVp and 
clearly understand how to control them when creat-
ing an optimal diagnostic image. What manufacturers 
are trying to convey is that the extended range of the 
straight-line portion of the IR response curve allows 
a digital system to process the image after exposure 
and rescale the signal intensities into the visible range, 
even when the IR is grossly overexposed. This does 
not change the fact that changes in mAs will increase 
or decrease the quantity of photons received by the IR. 
These changes directly affect the quantity of informa-
tion the IR passes on to the post-processing system and 
what is used to determine the exposure indicator.

Table 26-4 illustrates the effect on IR exposure when 
the various factors are changed.

Digital radiographic systems can be varied in their  
sensitivity to the incoming x-ray photons. Because radio-
graphers need a reference point in order to produce quality 
images, most digital system manufacturers calibrate the 
sensitivity processing algorithms to both the histogram 
control features, as well as provide a sensitivity index or 
exposure value for each image.

Digital imaging systems use exposure indicators to 
provide information regarding the exposure to the IR. The 
correct exposure factors will deliver an exposure indicator 
that is within an acceptable range and will give the best 
image quality. Digital systems exhibit a wide dynamic range. 
Rather than the characteristic curve of film-screen systems, 
the response of a digital IR to x-ray exposure is linear. This 
linear response gives the digital system increased exposure 
latitude over film-screen systems. This means that areas 
that receive very little radiation can be enhanced by the 
computer instead of all the densities clumping around the 
toe of the D log E curve. Conversely, areas receiving greater 
exposure can be separated and brought down into the vis-
ible range by the computer instead of all clumping around 
the shoulder of the D log E curve.

 Table  26-4.  effect on Ir exposure When Factors Are Changed

1 5 Increases IR exposure

2 5 Decreases IR exposure

[ 5 Negligible effect

Primary Influencing Factor

1 Increasing milliamperage-seconds

2 Decreasing milliamperage-seconds

Other Influencing Factors

1 Increasing kilovoltage

2 Decreasing kilovoltage

1 Increasing number of pulses in the generator waveform

2 Decreasing number of pulses in the generator waveform

[ Focal spot size

[ Anode heel effect

2 Increasing distance

1 Decreasing distance

2 Increasing filtration

1 Decreasing filtration

2 Increasing beam restriction/collimation

1 Decreasing beam restriction/collimation

2 Increasing anatomical part thickness or tissue type

1 Decreasing anatomical part thickness or tissue type

1 Using radiolucent contrast media

2 Using radiopaque contrast media

2 Additive pathological conditions

1 Destructive pathological conditions

2 Increasing grid ratio

1 Decreasing grid ratio

1 Increasing film-screen combination relative speed

2 Decreasing film-screen combination relative speed
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review QuestiOns

1. Define IR exposure.

2. Explain how density and brightness differ.

3. How does IR exposure affect the histogram and look-
up table in a digital imaging system?

4. What is the difference between quantum noise and 
system noise? System noise and ambient noise?

5. How are IR exposure adjustments made for changes 
in kilovoltage?

6. How do the inverse square law and the exposure 
maintenance formulas differ from one another?

7. How do variations in the anatomical part affect IR 
exposure?

8. What are the relationships to IR exposure of grid 
ratio, frequency, interspace material, and grid use?

9. What is the relationship to IR exposure of relative 
speed for film-screen combinations?

IR exposure is one of the two photographic properties 
that comprise visibility of detail. As an image quality 

factor, density was the term that was used to reflect expo-
sure to the radiographic film. When the IR was primarily 
film, density was a term that could adequately describe 
the effects of IR exposure. In the digital environment, 
this important image quality factor has changed and is 
expressed as IR exposure because film is no longer the 
primary IR. Now that digital radiography predominates, 
it is important for radiographers to realize that the cri-
tique of technique exposure factors has changed and 
that older film-based evaluation is no longer appropri-
ate. Radiographers accustomed to film-based evaluation 
may be inclined to use monitor brightness to critique 
exposure factors. However, brightness and density are not 
interchangeable terms. Brightness is a monitor control 
function that can change the lightness and darkness of 
the image on a display monitor but it is not related to IR 
exposure.

In both film-screen and digital imaging, the visibility 
of the image has always been the result of the proper 
exposure to the IR. With digital imaging the key to a visible 

image is having the correct IR exposure, which is best eval-
uated using EI values. With digital IR systems, noise has a 
major effect on image appearance. Quantum noise refers 
to a lack of sufficient incoming data for processing, which 
results in blotchy or mottled image. Electronic components 
within the digital image receptor can also add noise to the 
image, known as system noise. Background radiation also 
contributes to image noise and results in ambient noise. 
Ambient and system noise are generally lower than quan-
tum noise.

A wide variety of factors affect IR exposure. With film-
screen systems, mAs was considered to be the controlling 
factor for IR exposure. With digital systems, this is no 
longer true. Even though mAs is not a controlling factor in 
digital radiography, setting the correct mAs is still critical 
in determining proper IR exposure. The mAs should be 
used as the principal method for adjusting for insufficient 
or excessive IR exposure, as it is still a primary influencing 
factor. The other influencing factors include kilovoltage, 
focal spot size, anode heel effect, distance, filtration, beam 
restriction, anatomical part, grids, and image receptor 
sensitivity. ◾

summary
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Objectives

Upon completion of this chapter, the student should be able to:

 ◾ Identify contrast as a prime component of the photographic properties 
influencing visibility of detail of image quality.

 ◾ Explain the various terms used to describe contrast/dynamic range.

 ◾ Define contrast and the factors that affect it.

 ◾ Describe the factors that affect image receptor contrast.

 ◾ Describe the factors that affect subject contrast.

 ◾ Describe the effects of contrast changes on image appearance.

 ◾ Determine the technical factor changes necessary to achieve optimal 
contrast.

 ◾ Assess contrast on various radiographic images.

 ◾ Recommend appropriate adjustments to improve contrast under various 
conditions.

 ◾ Explain how each influencing factor affects contrast.

Key terms

contrast

differential attenuation

dynamic range

grayscale

image receptor contrast

scale of contrast

subject contrast

window width

Contrast
C h A p t E R  27

The conclusion drawn from these experiments was that there was no 

 mystery—that, other things being equal, contrast was determined solely by 

the voltage used. . . .

W. D. Coolidge, “Experiences with the Roentgen-ray Tube”
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Defining Contrast

Contrast is one of the two properties that comprise visibility 
of detail. Visibility of detail refers to the fact that the image 
is visible to the human eye only because sufficient contrast 
(and image receptor [IR] exposure) exists to permit the 
structural details to be perceived. Image contrast is the 
difference between adjacent IR exposure levels. It can be 
mathematically evaluated as the percentage or ratio of the 
differences between IR exposures. These differences can 
range from white through various shades of gray to black.

The term dynamic range describes the concept of con-
trast as it is displayed on a monitor for digital images. It 
is the proper term for the range of brightness of the dis-
play monitor light emission. For all radiographic images, 
the term dynamic range can be applied. The term 
window width accurately describes the digital processing 
that produces changes in the range of brightness, so it also 
is appropriate to use when controlling image contrast of 
a digital image displayed on a monitor. Finally, the term 
dynamic range/window width is applied to grayscale bit 
depth. Sufficient differences in exposure to the receptor 
are necessary for the individual pixels to exhibit differ-
ent exposure values. These IR exposure differences are 
displayed through various bit-depth values. When using 
a digital imaging system, the post-exposure processing 
algorithm (look-up table [LUT]) effectively establishes the 
dynamic range of the image.

Because contrast consists of various IR exposures, a 
thorough knowledge of the factors that influence IR expo-
sure is a prerequisite to understanding it. Although contrast 
must be considered an independent factor, the fact that 
it is composed of IR exposures makes it very difficult to 
separate it from the evaluation of overall IR exposure. Any 
change in overall IR exposure will affect contrast. This 
makes contrast the most difficult of the prime technical 
factors to evaluate and adjust.

assessing Contrast

When assessing contrast, radiographers need to be able 
to accurately describe it, as well as manipulate con-
trast as needed to demonstrate anatomical structures of 
interest.

Describing contrast
When the differences between adjacent IR exposures that 
comprise contrast are great, the image is described as high 
contrast. The result is fewer discernible shades of gray. 
Conversely, when the differences are minimal, the image is 
described as low contrast. This produces more discernible 

shades of gray. Figure 27-1F has the fewest shades of gray 
and therefore has the highest contrast.

In Figures 27-1A–F, there are progressively less discern-
ible shades of gray. Figure 27-1A has the lowest contrast 
image. This is analogous to a gray scarf on a gray coat, 
which has low contrast, versus a black scarf on a white coat, 
which has high contrast. Table 27-1 summarizes the relation-
ships between the various terms used to describe contrast.

As the differences between adjacent IR exposures 
increase, there are fewer shades of discernible gray and 
the contrast is increased. Increasing contrast produces a 
high-contrast image. As the differences between adjacent 
IR exposures decrease, there are more shades of discern-
ible gray and the contrast is decreased. Decreasing con-
trast produces a low-contrast image.

The term good contrast is often applied to high con-
trast, but this is a misnomer and should be avoided because 
high contrast is not necessarily the most desirable. In fact, 
in most instances, low contrast provides more information. 
Low contrast provides more differences in IR exposure lev-
els even though the difference between tissue densities is 
less. As long as the differences remain within the visible 
range of IR exposures, low contrast provides more diag-
nostic information. Figures 27-2A and B are good examples 
of how high contrast fails to provide all the information 
that is obtained from a low-contrast image.

Contrast is a psychovisual perception; in other words, 
it is in the eye of the beholder. The psychological effects 
of the relationships between the IR exposures produce 
a visual perception that we call contrast. The perception 
problem is greater because not only do individuals have 
different physiological visual abilities, but individual 
background experiences also affect the final perception. 
Perhaps it would be better to think of contrast in terms of 
an individual’s “contrast sensitivity.”

Even though high-contrast images may be perceived 
as more pleasing to the untrained eye, radiographers and 
radiologists realize that although the lower-contrast image 
is not as dramatic in its presentation, it often demonstrates 
more clinical information. Without contrast, there would 
be no image because all IR exposures would appear iden-
tical. More information is visible simply because more IR 

 Table  27-1.  Relationship between Terms Used  
to Describe Contrast

High Contrast Low Contrast

Few shades of gray Many shades of gray

Increased contrast Decreased contrast

Short-scale contrast Long-scale contrast

Short (narrow) dynamic range Large (wide) dynamic range

Narrow window width Wide window width
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370  UNIT V Analyzing the Image

FIgURE 27-1. Pure contrast changes in an abdomen image produced with a fixed IR exposure point. These computerized images vary only in 
contrast, as shown in the accompanying D log E curves. From A to F, the contrast curve becomes steeper and shorter, but the IR exposure point 
does not move up or down. C is considered optimal contrast for a diagnostic image. 
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manipulating contrast
The image receptor records many IR exposure values 
that cannot be seen by the human eye. Depending on the  
desired contrast, the recorded IR exposures are com-
pressed or expanded to form a range of visible expo-
sures. This process separates the physical contrast that 
is actually recorded by the image receptor from the vis-
ible contrast that can be perceived by the viewer on a 
single image and is much different now that digital imag-
ing systems predominate. With a film-screen system, 
this was accomplished by changes in the film’s D log E 
curve, adjustments in kilovoltage peak (kVp), or by the 
use of digital window width adjustments. In addition, 
with film-screen systems, contrast was controlled by 
kVp, which is not the case in the digital environment. 
With digital radiography, the kVp impacts the histogram 
independent of the LUT and is used to place the expo-
sure within acceptable range. The LUT is applied as the 
final step and therefore controls the visible contrast of 
a digital image.

It is important to realize that the digital response 
curve can be manipulated to make a very slight change in 
exposure, causing a huge change in dynamic range/window 
width/grayscale bit depth. Although it is not normal for a 
response curve to produce results outside normal usage, it 
is certainly possible.

exposure levels are present, thus forming more possibili-
ties for contrast differences.

Scale of contrast is the number of useful visible IR 
exposures or shades of gray. Short-scale contrast refers to 
an image that demonstrates considerable or maximal differ-
ences between IR exposures and has a minimal total num-
ber of exposures. Conversely, long-scale contrast refers to 
an image that demonstrates slight or minimal differences 
between IR exposures but has a maximal total number of 
exposures (Figure 27-3). Short-scale contrast is also called 
high contrast, or increased contrast, whereas long-scale 
contrast is called low contrast, or decreased contrast.

The advent of computerized digital processing 
has made it useful to sometimes describe contrast as 
physical and visible. Physical contrast is the total range 
of IR exposure values recorded by the image receptor. 
It is the maximum contrast possible and is the most 
accurate representation of the varying intensities 
present in the x-ray beam after it has passed through 
the subject. Visible contrast is the total range of IR 
exposure values that can be perceived by the human eye 
in a single image. It is a portion of the physical contrast 
and comprises the information from which diagnosis is 
made. Digital imaging allows radiographers access to 
the entire range of IR exposures available. This physical 
contrast can be manipulated into the visible range to 
produce the diagnostic image.

FIgURE 27-2. High and low contrast on a film-screen system: (A) Chest radiograph produced using 80 kVp. (B) Chest radiograph of same patient 
using 110 kVp. 
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372  UNIT V Analyzing the Image

display. Image processing will provide the proper grayscale, 
regardless of most variations in kVp and mAs. Despite the 
ability of the digital system to provide a proper contrast, 
the receptor should receive the correct exposure in terms 
of the quantity of photons (mAs), as well as the differences 
in the energies of the photons (kVp). The proper kVp is 
important for the desired differential attenuation through 
the patient for a given examination. This differential atten-
uation causes signal differences to the digital detector.

Film Contrast. Film contrast is the range of exposures 
that the film is capable of recording. Mathematically, this 
is expressed as the slope of the D log E curve. Film contrast 
depends on four factors: the use of intensifying screens, 
film density, the D log E curve, and processing.

Intensifying screens create an inherently higher con-
trast image. Contrast is always lower for a film exposed to 
x-rays only than it is for the same film exposed to light from 
intensifying screens. Changing screen speed has a negli-
gible effect on contrast.

Contrast also changes with changes in film density. 
The exact effect is shown in Figure 27-4. There is an opti-
mal range of IR exposures that permits contrast to be visu-
alized at a maximum. Excessive or inadequate IR exposure 
decreases contrast. If the kVp remains constant, mAs and 
distance will determine the actual value of exposure, 
thereby determining the location of the exposure on the 
log relative exposure axis of the curve. If a film is exposed 
correctly, the film densities will fall within the visible range 
of the D log E curve. If the exposure places the developed 
densities on the toe (an underexposed film) or shoulder (an 
overexposed film), the slope is not as steep, resulting in a 
decrease in contrast (Figure 27-5).

image Contrast

Image contrast is the total amount of contrast acquired from 
both the image receptor and anatomical part. These are 
described as image receptor contrast and subject contrast, 
respectively.

image receptor contrast
IR contrast can be described as digital IR contrast and film 
contrast to reflect the differences between the two image 
receptor types.

Digital Image Receptor Contrast. The primary method 
for adjusting display contrast with digital imaging systems 
is through window width manipulations. Digital response 
curves can be varied in their sensitivity to the incoming 
x-ray photons and therefore to the range of IR exposures 
available for acquisition processing and/or display. Because 
radiographers need a reference point in order to produce 
quality images, most digital radiography system manufac-
turers calibrate the sensitivity processing algorithms to 
provide a reasonable linear range of IR exposure for each 
image. Chapter 23, Digital Radiography, discusses both of 
these factors at length with the obvious implications for 
controlling the IR exposure and contrast of the image.

As digital images undergo post-processing, both the 
histogram and LUT will affect the final image contrast that 
is displayed. Although this information is discussed in 
Chapter 20, essentially the histogram assesses the range and 
quantity of IR exposures in the digital image matrix. Then 
the LUT is applied to the data that has a standard contrast 
for the selected exam to give the desired image contrast for 

FIgURE 27-3. Variations in scale of contrast on a film-screen image. The number of shades of gray, the scale or range of contrast, increases as 
kVp increases.
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CHAPTER 27 Contrast  373

replenishment rate will increase the chemical fog on the 
film. These changes produce a decrease in the slope of 
the curve, especially in the toe region.

subject contrast
Subject contrast is the range of differences in the inten-
sity of the x-ray beam after it has been attenuated by the 
subject. This range of differences is the result of the dif-
ferential attenuation by the tissues in the body. It is depen-
dent on kilovoltage and the amount and type of irradiated 
material. Unlike image contrast, subject contrast cannot 
be manipulated with post-processing because it is directly 
influenced by the attenuation properties of the tissues.

Kilovoltage. Kilovoltage peak (kVp) is the primary con-
troller of subject contrast. As kVp increases, a wider range 
of photon energies is produced (Figure 27-6). The wider the 
range of photon energies, the greater will be the ability of 
the photons to penetrate the body tissues. With digital imag-
ing systems, this leads to a narrower range of exposures 
on the image receptor, which leads to a histogram that is 
also narrower. Excessive kVp values reduce differential 
attenuation and consequently the available histogram data 
needed for histogram equalization and rescaling, which 
were detailed in Chapter 21. Therefore, using appropriate 
kVp values is a very important consideration with digital 
technology. Less differential attenuation ultimately yields 
less low-contrast signal data, which translates into less sub-
tle shades of gray representing low-attenuating materials.

As long as the kVp is adequate to penetrate the part 
being examined, low kVp will produce high subject con-
trast. When the kVp is too low, most of the photons do not 
reach the image receptor because they are absorbed in the 
patient. Low kVp produces higher subject contrast because 
most of these low-energy photons are absorbed by thicker 
parts while more penetrate the thin part. With high kVp, 
subject contrast is decreased because more uniform pen-
etration occurs between thick and thin body parts, thereby 
reducing the degree of differential absorption. Differential 
absorption is the absorption of photon energies and is a 
function of tissue density and thickness. Less differential 
absorption reduces the number of clinically useful shades 
of gray. Radiographers must use the appropriate kVp to 
match body composition and thickness to maximize the 
differential absorption characteristics.

While film-screen systems are no longer common in 
radiology departments, the discussion of the effect of kVp on 
subject contrast that is evident when using film can help fur-
ther the understanding of how digital systems handle subject 
contrast. This concept is demonstrated nicely by comparing 
chest radiographs acquired using film-screen to radiographs 
of the ribs, also acquired with film-screen technology. In film-
screen chest radiography, high kVps result in a wide range 

FIgURE 27-4. Contrast index for film density ranges (1–6). Note 
that the maximum contrast (range 4) is essentially the straight-line 
portion of the curve. Contrast is decreased for toe and shoulder 
measurements but is maximized for the straight-line portion of the 
D log E curve (OD) 1.2–1.5. (Also note that this range corresponds 
to the speed point [OD 1.2].)

FIgURE 27-5. The effect of film density on contrast: (A) When the 
film is correctly exposed, the densities fall within the visible range. 
(B) An underexposed film occurs when the exposure places the 
developed densities into the toe. (C) An overexposed film occurs 
when the exposure places the developed densities into the shoulder. 
The decrease in contrast of underexposed and overexposed films 
occurs because the slope is not as steep in the toe and shoulder.
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The primary determinant of the shape of the D log E  
curve is the physical composition of the film emulsion. 
As the slope of the curve becomes steeper, contrast is 
increased. Increasing film developer time, temperature, or 
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374  UNIT V Analyzing the Image

during rescaling and therefore do not impact the visible image 
contrast on a digital image.

amount of Irradiated Material. The amount of irradiated 
material depends on the thickness of the body part and the 
field size. Both of these factors influence the number of x-rays 
transmitted to the image receptor. As body part thickness 
increases, x-ray absorption increases. Conversely, as body 
part thickness decreases, so does absorption. This differ-
ence in absorption between various thicknesses influences 
subject contrast. When the difference between adjacent 
thicknesses of various body parts is great, subject contrast 
is increased. When little difference exists in the thickness of 
adjacent body parts, subject contrast is decreased.

When the overall thickness of a body part increases, 
or when field size increases, the amount of scatter created 
will increase. This results in a decrease in subject con-
trast. A decrease in overall body part thickness or field size 
results in increased subject contrast.

Type of Irradiated Material. The type of irradiated material 
is influenced by the atomic number of the material and its tis-
sue density. Both of these factors influence subject contrast.

Materials with a higher atomic number, such as lead 
and iodine, absorb a greater percentage of the x-ray beam 
than low-atomic-number materials, such as hydrogen, car-
bon, and calcium. This results from the presence of a greater 
number of electrons, which enables more interactions to 
occur. When the difference between the average atomic num-
bers of adjacent tissues is great, subject contrast is increased. 
When little difference exists between them, subject contrast 
is decreased. For example, bone has a higher average atomic 
number than soft tissue. Therefore, subject contrast between 
bone and soft tissue is greater than the contrast between 
adjacent soft tissue structures. Contrast media increase sub-
ject contrast by introducing greater differences in atomic-
number variations than those that exist naturally.

Tissue density describes how tightly the atoms of a 
given substance are packed together. When the difference 
between the densities of adjacent tissues is great, subject 
contrast is increased. When little difference exists between 
them, subject contrast is decreased. For example, bone 
tissue is a denser substance than lung tissue. Therefore, 
subject contrast between bone and lung tissue is greater.

evaluating Contrast

The major consideration in evaluating visible contrast is 
verification that a proper range of IR exposures is visible 
throughout the anatomical area of interest on the image. 
Proper IR exposure alone is not enough. The anatomical 
structures of interest are visible only when sufficient con-
trast between the IR exposures exists. Of course, these IR 
exposures must be well within the range of human visibility.

of image exposures that fall within the visible range. Both 
the air-filled lungs and the bony structures are demonstrated 
within the visible range. No structures appear under- or over-
exposed. In film-screen rib radiography, low kVps are used 
to enhance the differences between the air-filled lungs and 
the overlying bony structures. The air-filled lungs demonstrate 
increased IR exposure, whereas the bony structures demon-
strate decreased IR exposure compared to the chest image.

In addition to kVp, radiation fog has a significant effect 
on film-screen contrast. It is the result of x-ray interactions 
with matter, primarily Compton scatter. As kVp increases, the 
percentage of Compton interactions, as compared to photo-
electric, increases. As a result of this increase in the amount of 
scatter reaching the image receptor, contrast is decreased. For 
film, scatter raises the base plus fog (the toe) and decreases 
the slope of the curve. These changes cause the lightest film to 
be “fogged over,” so they can no longer be distinguished from 
one another (see Figure 27-6). The resulting image no longer 
includes a clear or pure “white” region, and therefore has less 
contrast. Fog can be caused by factors other than scatter radi-
ation. These include subjecting film to heat, low-level ionizing 
radiation, or chemical fumes. Developer temperature, replen-
ishment, and contamination may also cause objectionable fog 
levels. The effect of fog on contrast must be considered dur-
ing clinical radiography because it sets the acceptance limits 
for contrast regulation. The radiographer should remember 
that any factor that results in an increase in fog will decrease 
contrast. With digital receptors, scatter also adds unwanted 
signal values. However, these signal values are removed 

FIgURE 27-6. The effect of scatter radiation on contrast. Scatter 
radiation producing IR exposure (and incorrect information) in a 
region of high subject density (under the vertebral column). The 
scatter interferes with the ability of the bone to cast a light shadow 
on the image.

11067_ch27_hr_368-384.indd   374 9/25/18   5:10 PM



CHAPTER 27 Contrast  375

Other radiologists prefer a higher contrast. This can be 
achieved to some degree by utilizing a variable kilovoltage 
technique system.

kVp Selection for Digital Systems. The issue of how to 
select kVp levels for digital systems requires clear under-
standing. kVp can no longer be assessed by viewing the 
difference between adjacent IR exposures or brightness 
levels. Because the response curve of the IR is now linear 
and much greater than with film-screen systems, the ini-
tial contrast that is received from the detector is extremely 
low. Some digital radiography systems allow display of this 
information as it is collected from the detector, and these 
images clearly demonstrate the low contrast nature of this 
initial information. Post-processing applies the desired level 
of contrast based on the histogram analysis and LUT. In 
other words, the display image contrast is determined to 
a great extent from the histogram and LUT, although the 
kVp level does have an impact. This impact is the result of 
differential attenuation (or signal difference). This means 
that proper selection of the kVp is required prior to post-
processing. Incorrect selection of kVp may result in a digital 
image that is outside acceptance limits. Such image would 
not yield a target EI value and would need to be repeated.

When setting kVp levels for digital systems, the most 
important thing to remember is that when higher kVp levels 
are used, the width of the data acquired is less (becomes nar-
rower) (Figure 27-7). Note how the difference between the 
minimum and maximum incoming radiation is dramatically 
reduced. This is a desirable effect because it displays more 
anatomical data while reducing patient dose (Figure 27-8). It 
is recommended that kVp levels shall not exceed 80 for any 

Unlike the evaluation of IR exposure, contrast assess-
ment requires more than just sufficient IR exposure within 
the visibility range. Adequate contrast must demonstrate 
enough distinctly different exposures within the range to 
satisfy diagnostic-quality requirements for the particular 
examination. Much of this ability is the result of clinical 
experience. It is obvious that proper contrast is not the same 
for all tissues. Knowledge of anatomy and physiology, both 
normal and abnormal, as well as pathology and technical 
factors, is critical for proper contrast evaluation. Only when 
these skills are combined with an experienced and trained 
professional eye, proper contrast evaluation can occur.

Because there is more information recorded on an 
image than is seen, the diagnostic importance of contrast is 
a matter of how many IR exposures are included in the vis-
ible contrast range. To some extent, it can be said that low- 
contrast images have more information. However, the critical 
point is that the various IR exposures must be discernible.

The human eye is limited in its ability to discern light 
and dark. This essentially establishes a value for the light-
est and darkest visible shades of gray. When additional 
shades of gray are added to the visible range of contrast, 
they must fit between these two IR exposures. Each addi-
tional shade of gray reduces the magnitude of the IR expo-
sure difference, or the contrast, between the lightest and 
darkest grays. Eventually, a point is reached where addi-
tional shades of gray do not have enough IR exposure dif-
ference to be visible (see Figure 27-1A). Of course, this 
occurs at different points, depending on individual visual 
abilities. A 30 percent exposure difference has been used as 
the minimum change to cause a visible difference because 
this magnitude is discernible by nearly everyone. However, 
some professionals may be able to discern as little contrast 
as a 15 percent difference, which means they are capable of 
seeing twice as many shades of gray as someone who can 
discern only a 30 percent change.

Discerning contrast can be extremely difficult for 
even the experienced radiographer when the image exhib-
its poor IR exposure. Contrast evaluation can be made only 
when sufficient IR exposure exists to permit the range of 
contrast to be seen. The eye tends to consider nearby IR 
exposures and contrast when evaluating image quality, 
making it difficult to ignore adjacent information.

selecting the Appropriate kvp
There are no established rules concerning how much con-
trast is desirable in all situations. Experience and knowl-
edge enable the radiographer to determine when a change 
in contrast will increase the diagnostic quality of an image. 
Many radiologists find it desirable to have uniform contrast 
throughout a single examination to permit comparisons 
between projections. Low contrast can be achieved to some 
degree by utilizing a fixed kilovoltage technique system. 

FIgURE 27-7. The differential attenuation resulting from large kVp 
changes. As the kVp increases, the differential attenuation decreases 
and the signal difference from max to min is dramatically reduced.

Δ signal Δ signal

Differential
attenuation

vs
kVp

4.0 mR
4.0 mR100 kVp

60 kVp 1.0 mR
2.0 mR

8.0 mR
6.0 mR
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mAs and the other influencing factors on image contrast 
are not exact because of the wide variety of variables that 
are part of the imaging system. Many of the variables affect 
the contrast of the image as a side effect of other changes.

Both the quantity and quality of the x-ray beam will vary 
with changes in kilovoltage. There are too many variables to 
be quantified into a reliable formula. Because the 15 percent 
rule is used so much when maintaining IR exposure, it is 
convenient to use it as the minimum practical change within 
the diagnostic range. Remember that the 15 percent rule is a 
misnomer as the actual changes necessary to maintain expo-
sure vary from 15 to 25 percent (Figure 26-4).

When a radiograph is outside acceptance limits, it needs 
to be repeated. All acceptance limits permit some degree of 
variation, at least 8–15 percent change in contrast. The rule 
for contrast changes is to make adjustments in increments of 
15 or 8 percent. If the radiograph does not require an 8 per-
cent change in kVp and contrast, it seldom requires repeat-
ing. Exceptions to this rule are fine adjustments of 8 percent 
that are crucial to demonstrate small structures. Radiogra-
phers may adjust technique charts by an 8 percent margin, 
but will seldom subject the patient to a second exposure 
for such a minor change. As with IR exposure adjustments, 
contrast changes require bold action or no action at all.

In some instances, it may be desirable to decrease 
kVp to increase contrast when mAs must be increased. A 
film-screen radiograph of a 20 cm abdomen produced at  
90 kVp demonstrates a relatively low contrast ( Figure 
27-10B). When the same abdomen is radiographed at  
70 kVp, a significantly higher contrast results (Figure 
27-10A). The reduced kVp produced less scatter radiation, 
thus producing higher contrast. The natural tendency to 
increase kVp for thicker parts will not produce satisfactory 
radiographs if the effect of increased Compton scatter on 
contrast is not considered first.

Radiographic image contrast occurs due to the photo-
electric effect’s total absorption of photons in the subject. 
High contrast is directly related to the number of photoelec-
tric effect interactions that occur in the subject. Because 
Compton interactions produce scatter, low contrast is 
directly related to the amount of Compton scatter that 
occurs in the subject. Image contrast can be controlled by 

non-grid radiography, including the chest. It is recommended 
that when scatter ratios approach 50 percent, grids should 
become mandatory. Failure to do so may reduce image con-
trast due to the scatter radiation reaching the IR. Even though 
these unwanted signals are removed during rescaling, exces-
sive levels of scatter and secondary radiation will change the 
histogram. If the histogram is skewed too much, rescaling 
cannot compensate for it. For common optimal kVp ranges 
for the major body regions, refer to Chapter 23, Table 23-1.

kVp Selection for Film-Screen Systems. The radiographs 
in Figures 27-1 and 27-9 illustrate the effect of contrast on 
image quality. Notice in Figure 27-9 that the contrast varies 
as the kVp varies. Also notice that the contrast varies for 
the same kVp with different body part thickness (different 
subject densities). The exposure factors for these images 
used different mA values to compensate for the differences 
in scatter radiation as the kVp was changed.

The images in Figure 12-2 illustrate the effect of kVp 
on image IR exposure. To perceive a contrast change, IR 
exposure should be maintained at a uniform level. The 
15 percent rule is an acceptable method of achieving uni-
form IR exposure when changing contrast. A visible change 
in contrast will not be perceived until kVp is changed by 
4–12 percent, depending on the kVp range (Table 27-2). 
There is no reason to repeat an exposure for contrast rea-
sons unless at least a 4–5 percent change is made, although 
higher kVps require even greater changes. The effects of 

FIgURE 27-8. The values from Figure 27-7 applied to a diagram 
show that as the kVp increases, the data width acquired is less, so 
that more anatomical information may be visible on an image with-
out having to change the brightness.

R
es

p
o

n
se

Higher kVp
   • Smaller signal difference
   • Narrower data range
        • Display more anatomical data
   • Lower dose

Exposure
1 mR 8 mR2 mR 6 mR

Level

Change Necessary 
to Produce Visible 
Change

Change Equal 
to Percent 
Change

30–50 kVp 4–5 percent 1–3 kVp

50–90 kVp 8–9 percent 4–8 kVp

90–130 kVp 10–12 percent 9–16 kVp

 Table   27-2.   Changes Necessary to Produce  
Visible Contrast Differences on a  
Film-Screen Image
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FIgURE 27-9. The effect of contrast on film-screen image quality. Skull radiographs produced at (A) 60 kVp; (B) 80 kVp; (C) 100 kVp. Abdomen 
radiographs produced at (D) 60 kVp; (E) 80 kVp; (F) 100 kVp. Compare these images, noting contrast changes due to anatomical part differences. 

60 kVp
38 mAS
40″ SID
12:1 grid
400 RS
259 mR

A

80 kVp
7 mAS
40″ SID
12:1 grid
400 RS
98.1 mR

B

100 kVp
3 mAS
40″ SID
12:1 grid
400 RS
68.5 mR

C 

60 kVp
102 mAS
40″ SID
12:1 grid
400 RS
828 mR

D

80 kVp
18 mAS
40″ SID
12:1 grid
400 RS
240 mR

E

100 kVp
7 mAS
40″ SID
12:1 grid
400 RS
158 mR

F

adjusting kVp. The kVp controls the relationship between 
the number of photoelectric versus Compton interactions.

Contrast can be determined by matching the average 
incident photon energy with the average inner-shell bind-
ing energy of the predominant subject material, as shown 
in Figure 13-8. For example, when maximum contrast is 
desired for bone tissue, technical factors that increase the 
percentage of photoelectric interactions should be used. 
Photoelectric effect interactions increase as kVp decreases.

Factors Affecting contrast
The influencing factors that affect contrast include kVp, 
milliampere-seconds (mAs), focal spot size, anode heel 
effect, distance, filtration, beam restriction, anatomical 
part, grid construction, and image receptor (Figure 27-11).

Kilovoltage Peak (kVp). When digital systems are used, 
image contrast is determined by the LUT. Therefore, kVp 
does not have the impact on the final image contrast as it 
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378  UNIT V Analyzing the Image

FIgURE 27-10. Increased contrast on film-screen images of 20 and 30 cm abdomens: (A) 20 cm abdomen at 70 kVp; (B) 20 cm abdomen at  
90 kVp; (C) 30 cm abdomen at 70 kVp; (D) 30 cm abdomen at 90 kVp. All images were exposed with the same AEC and have the same overall 
density values. (Note the differences in mAs and mR dose.) 

70 kVp
60 mAS
40″ SID
12:1 grid
400 RS
840 mR
phantom
immersed in
20 cm water

A

90 kVp
16 mAS
40″ SID
12:1 grid
400 RS
387 mR
phantom
immersed in
20 cm water

B

70 kVp
437 mAS
40″ SID
12:1 grid
400 RS
8,240 mR
phantom
immersed in
30 cm water

C

90 kVp
98 mAS
40″ SID
12:1 grid
400 RS
3,010 mR
phantom
immersed in
30 cm water

D

did with film-screen. However, it is important to note that 
kVp still controls the differential attenuation and should 
be selected for the desired level of subject contrast. With 
film-screen systems, as kVp increases, contrast decreases. 
As kVp decreases, contrast increases.

Kilovoltage also controls the amount of scatter radia-
tion produced. Increasing kVp increases the amount of 
radiation fog, thereby decreasing contrast in film-screen 
systems.

The radiographer must adapt the suggested kVp set-
ting for the individual procedure. Experience and study of 
various body habitus, pathologies, positioning, and equip-
ment quickly provide the radiographer with clinical knowl-
edge that can be used for these adjustments.

Milliampere-Seconds (mas). Milliampere-seconds alter IR 
exposure of the image and therefore affect contrast. When 
the change is sufficient to move IR exposure differences 

out of the range of human vision, either over- or underex-
posed, the contrast is decreased (see Figure 27-5). With 
film, under- or overexposure was clearly evident in the 
resultant image. For digital systems, the exposure indica-
tor should be in the acceptable range to assure that the 
detector received the correct exposure.

Focal Spot Size. The possibility of the focal spot size alter-
ing contrast enough to be visible is extremely unlikely. 
Focal spot sizes have such a small effect on IR exposure 
that it is unlikely that their effect on contrast could be 
detected.

anode Heel effect. The anode heel effect alters the inten-
sity of radiation and therefore affects IR exposure, which 
can affect contrast. The intensity of radiation is greater at 
the cathode end of the tube. This difference would become 
visible only with open collimation and a small anode target 
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FIgURE 27-11. Image analysis: Factors affecting contrast.

Focal spot

Anode heel
effect

Distance

kVp

mAs

Filtration

Beam
restriction

Anatomical
part

Grid
construction

Image receptor Digital systems

Pathology

Contrast
media

Tissue
thickness

Tissue type

Contrast

Film-screen
systems

Ratio

Frequency

angle (less than 12°). The anode heel has very little effect 
on contrast.

Distance. Source-to-image-receptor distance (SID) alters 
the intensity of the beam reaching the image receptor 
according to the inverse square law. This affects IR exposure 
and therefore contrast. Greater distance decreases IR expo-
sure, whereas less distance increases it. As distance alters 
exposure, it can change the contrast exactly as does mAs.

Object-to-image-receptor distance (OID) also has an 
effect on IR exposure and contrast. An air-gap technique 
increases OID, and this permits scatter radiation to avoid 
the image receptor. This scatter radiation would normally 
contribute radiation fog to the IR exposure. Removing scat-
ter from the image will increase contrast when film-screen 
systems are used.

Filtration. Filtration increases the effect of kVp by chang-
ing the average photon energy of the beam. All types of 
filtration—inherent, added, and total—alter IR exposure 
and contrast. Filtration affects contrast by changing the 
average photon energy and decreasing beam intensity. 
The increase in the average photon energy causes more 
Compton scatter production, and this decreases contrast. 
The decreased intensity decreases IR exposures, which 
decreases contrast. This change is negligible, however, 

because most of these low-energy photons do not exit the 
patient to contribute to the IR exposure. The predominant 
effect of filtration is caused by changes in average pho-
ton energy, and therefore increased filtration decreases 
contrast.

beam Restriction. Restricting the beam, collimating, or 
reducing the primary beam field size reduces the total 
number of photons available. This reduces the amount of 
scatter radiation and therefore increases contrast.

anatomical Part. Because the patient is the prime 
attenuator of the beam, both the amount and type of 
tissue being examined greatly influence IR exposure 
and contrast. As the anatomical part size increases, the 
amount of scatter created by the part also increases, 
resulting in a decrease in contrast. As tissue density 
increases, the amount of scatter increases, which also 
results in a decrease in contrast. As average atomic 
number increases (i.e., using contrast media), there is 
more photoelectric absorption, resulting in higher or 
increased contrast.

As with IR exposure adjustments, compensation for 
anatomical part changes depends on an ability to assess 
tissue type, thickness, pathology, and so on. This ability is 
achieved only through clinical experience.
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380  UNIT V Analyzing the Image

Grid Construction. The primary function of a grid is 
contrast improvement (Figure 27-12). Grids improve 
contrast by removing scatter before it reaches the image 
receptor. The contrast improvement factor (K) is the best 
measure of how well a grid accomplishes this function. 
The contrast improvement factor is dependent on the 
amount of scatter produced, which is influenced by the 
kVp and the amount and type of irradiated tissue. As the 
amount of scatter radiation that reaches the image recep-
tor increases, the lower the contrast and the lower the 
contrast improvement factor. The contrast improvement 
factor K is measured by using the average IR exposure.

K
average gradient with the grid

average gradient without the grid
5

If K 15 , then no improvement in contrast has 
occurred. Most grids have contrast improvement factors 
between 1.5 and 3.5, so their contrast is 1.5–3.5 times better 
than an identical non-grid image. The higher the K factor, 
the greater the contrast improvement.

Higher ratio grids remove more scatter and therefore 
have a greater contrast improvement factor. This results in 
a higher-contrast image.

Some digital system manufacturers have implemented 
grid replacement processing algorithms that allow their 
systems to be used without grids. This is discussed in detail 
in chapter 18.

Image Receptor. With digital imaging systems, the primary 
determinant of the scale of contrast is the post-processing 
histogram and LUT sequence that sets the range of infor-
mation that will be supplied to the monitor, where it will 
be displayed in a range of brightness. The exposure dif-
ferences are displayed through various bit-depth values. 
These can then be adjusted on the monitor through the 
manipulation of the window width. Even though digital 
processing controls image contrast, sufficient differences 
in exposure to the receptor are necessary for the individual 
pixels to exhibit different exposure values.

With film-screen IR systems, the primary determinant 
of the shape of the D log E curve is the physical composi-
tion of the film emulsion. As the slope of the curve becomes 
steeper, contrast is increased. Intensifying screens create 
an inherently higher-contrast image. Contrast is always 
lower for a film exposed to x-rays only than it is for the 
same film exposed to light from intensifying screens. 
Increasing film developer time, temperature, or replenish-
ment rate from the optimal range will increase the chemical 
fog on the film.

Table 27-3 illustrates the effect on film contrast when 
the various factors are changed (display digital image con-
trast is controlled by the LUT). For the purpose of this review, 
assume that compensation has been made for the changes in 
the IR exposure. Remember that if no compensation is made 
for the changes in IR exposure, and the resulting image is 
over- or underexposed, contrast will always decrease.

FIgURE 27-12. The effect of a grid on contrast: (A) 80 kVp without a grid; (B) 80 kVp with a grid. Both images were exposed with the same AEC 
and have the same overall IR exposure. (Note the differences in mAs and mR dose.) 

80 kVp
No grid 400 RS 45.2 mR

3.2 mAs 40″ SID

A

80 kVp
12:1 grid 400 RS 226 mR

17 mAs 40″ SID

B
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Contrast is one of the two photographic properties that 
comprise visibility of detail. Visibility of detail refers to the 

fact that the radiographic image is visible to the human eye 
only because sufficient contrast (and IR exposure) exists to 
permit structural details to be perceived. Image contrast is the 
difference between adjacent IR exposures. It can be mathemat-
ically evaluated as the percentage or ratio of the differences 
between IR exposures. These differences can range from clear 
white through various shades of gray to black.

Dynamic range describes the range of contrast as it is dis-
played on a digital image. Window width describes the process 
that produces changes in the range of brightness. Sufficient differ-
ences in exposure to the receptor are necessary for the individual 
pixels to exhibit different IR exposure values. These IR exposure 
differences are displayed through various bit depth values.

When the differences between adjacent IR exposures 
that comprise contrast are great, the image is described as 
high contrast. The result is fewer discernible shades of gray. 
Conversely, when the differences are minimal, the image is 
described as low contrast.

Short-scale contrast is also called high contrast, or 
increased contrast, whereas long-scale contrast is called low 
contrast, or decreased contrast. Physical contrast is the total 
range of IR exposure values recorded by the image receptor, 
whereas visible contrast is the total range of IR exposure val-
ues that can be perceived by the human eye in a single image.

Image contrast is the total amount of contrast 
acquired from both the anatomical part and the image 
receptor. These are described as IR contrast and subject 
contrast, respectively. Digital receptor contrast primarily 
depends on post-processing operations, including histo-
gram analysis and the application of the LUT. Film contrast 
depends on four factors: the use of intensifying screens, 
film density, the D log E curve, and film processing. Subject 
contrast is the range of differences in the intensity of the 
x-ray beam after it has been attenuated by the subject. It 
is dependent on kilovoltage and the amount and type of 
irradiated material.

The major consideration in evaluating visible contrast 
is verification that a proper range of IR exposures is visible 

summAry

 Table  27-3.  Effects of Changing Factors on Film Contrast

1 5 Increases contrast

2 5 Decreases contrast

∅ 5 Negligible effect

factor

2 Increasing kilovoltage

1 Decreasing kilovoltage

∅ increasing mAs*

∅ Decreasing mAs*

∅ Focal-spot size changes

∅ Anode heel effect

∅ Increasing SID

∅ Decreasing SID

1 Increasing OID

2 Decreasing OID

2 Increasing filtration

1 Decreasing filtration

1 Increasing beam restriction/collimation

2 Decreasing beam restriction/collimation

2 Increasing amount of irradiated tissue

1 Decreasing amount of irradiated tissue

1  Increasing the differences between the atomic number of the 
tissues

2  Decreasing the differences between the atomic number of the 
tissues

2 Increasing density of tissue

1 Decreasing density of tissue

1  Using contrast media (increasing or decreasing atomic number)

2 Additive pathological conditions

1 Destructive pathological conditions

1 Increasing grid ratio

2 Decreasing grid ratio

1 Use of intensifying screens

 *For example, changing mAs while maintaining IR exposure by SID changes.
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382  UNIT V Analyzing the Image

summAry (continued)

the Case of the Animal with the 
Large Calcified tumor-Like Mass

What is the huge mass in the 
lower abdomen of this animal?

Answers to the case studies 
can be found in Appendix B.

 Courtesy of Dr. Marion Frank

throughout the anatomical area of interest on the image. 
Proper IR exposure alone is not enough. The anatomical 
structures of interest can be visualized only when sufficient 
contrast between the IR exposures exists.

A wide variety of factors can affect contrast, including 
kVp, milliamperage-seconds, focal spot size, anode heel 
effect, distance, filtration, beam restriction, anatomical part, 

grid construction, and image receptors. While image contrast 
with film-screen systems is controlled by kVp, digital image 
contrast is controlled by the LUT.

When any of the influencing factors is altered, some 
change in contrast will occur; however, with some of the 
factors the effect is often negligible. ◾
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review QuestiOns

1. Define contrast.

2. How do high-contrast images differ from low-contrast 
images?

3. What is the difference between physical contrast and 
visible contrast?

4. What factors affect IR contrast and subject contrast?

5. How does IR exposure affect IR contrast?

6. How does kVp affect digital image contrast and 
film-screen contrast?

7. How do variations in the anatomical part affect 
contrast?

8. What is the effect of a grid on contrast?

9. How do the histogram and LUT affect display contrast 
of a digital image?
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Objectives

Upon completion of this chapter, the student should be able to:

◾	 Define spatial resolution, including synonymous terms and derived 
units.

◾	 Explain the effect of various distances on spatial resolution.

◾	 Describe the factors that affect penumbra/point spread function size.

◾	 Describe the effect of digital imaging systems and film-screen 
combinations on spatial resolution.

◾	 Explain digital image receptor factors that control spatial resolution.

◾	 Describe appropriate techniques to prevent patient motion.

◾	 Synthesize various geometrical factors into a clinical protocol for 
improving resolution.

◾	 Recommend techniques for reducing motion, including immobilization 
devices.

Key terms

aliasing

contrast-to-noise ratio

definition

detail

edge spread function (ESF)

imaging noise

line spread function (LSF)

low-contrast resolution

modulation transfer function 
(MTF)

Nyquist criterion

point spread function (PSF)

sharpness

spatial resolution

temporal resolution

unsharpness

Spatial Resolution

One look is worth a thousand listens.

Merrill C. Sosman, “A Radiologist’s Opinion of the Stethoscope”

C h a p t E R  28
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Defining Spatial ReSolution

Spatial resolution (formerly recorded detail) is one of the 
two geometric properties of image quality. Unlike the pho-
tographic properties of image receptor (IR) exposure and 
contrast, which control the visibility of detail, the geomet-
ric properties control detail itself. Spatial resolution is the 
degree of geometric sharpness or accuracy of the struc-
tural lines actually recorded in the image. Good detail 
exists even when it cannot be seen due to poor visibility 
of detail or, in other words, when the IR exposure and/or 
contrast are poor. Spatial resolution is one of the easiest 
of the prime technical factors to evaluate and adjust.

Spatial resolution is also referred to as definition, 
sharpness, recorded detail, or simply as detail. When the 
term detail is used by itself, it usually refers to the spatial 
resolution of the radiographic image. Detail is easily quan-
tified and even has a derived unit. The term spatial resolu-
tion is applied to quantified discussions of recorded detail.

The primary film-screen unit of resolution is line pairs 
per millimeter (lp/mm) or cycles per mm. A radiographic 
resolution tool is composed of pairs of lines a set distance 
from one another (Figure 28-1). The point at which the 
viewer can discern the closest pair of lines from each 
other represents the lp/mm reading. Most human visual 
acuity is limited to the range of 5 lp/mm. At this level each 
line is 0.1 mm wide, so a structure of this size could be 
discerned. Unfortunately, most radiographic imaging sys-
tems do not provide this level of resolution.

Digital imaging spatial resolution is determined pri-
marily by matrix size, pixel size, and grayscale bit depth. 
These correspond to the x- and y-axes of the digital image. 
Digital imaging spatial resolution is most commonly 
described in terms of spatial frequency. Spatial frequency 
is usually discussed as high or low. A shorter-wavelength 
signal (with higher frequency) represents pairs of lines 
that can be visualized very close together. This is high 
resolution. The opposite is true for low-frequency spatial 
resolution, as this signal has a longer wavelength (and 
lower frequency) representing pairs of lines that are fur-
ther apart. This is low resolution.

All radiographic images have less spatial resolution 
than the object itself. In other words, the radiographic 
image exhibits some, but never all, of the detail of the 
anatomical part. The art of radiography involves control-
ling the degree of unsharpness so that it does not interfere 
with image diagnosis.

The effect of poor resolution on the image is seen 
as a lack of sharp definition of fine detail. This is caused 
by unacceptable levels of penumbra as compared to the 
umbral shadows that are expected from the part. Point 
spread function (PSF) measures penumbra and is used to 
quantify digital system spatial resolution. Evaluation of 

resolution is best accomplished when an image has high 
contrast and a diagnostic-quality IR exposure.

Spatial resolution is usually evaluated during quality 
control testing by imaging a resolution test tool. In a clinical 
situation, small structures are the easiest to examine and 
evaluate spatial resolution. The trabecula of bone is an 
excellent guidepost to image resolution. Much of the ability 
to assess when the resolution is too poor to be of diagnostic 
quality is a matter of clinical experience (Figure 28-2).

aSSeSSing ReSolution

Spatial resolution describes the ability of an imaging 
system to accurately display objects in two dimensions. 
Spatial resolution is higher when two objects can be dem-
onstrated to be smaller or closer together.

Spatial resolution for digital radiographic images 
can be expressed in terms of three elements of the image. 
These are known as the x-axis, y-axis, and grayscale bit 
depth. Understanding how each of these elements is dis-
played can become extremely complex. Although each 
spatial resolution measure must be considered separately, 

FIgUre 28-1. A resolution tool. The tool is read by discerning the 
point at which the finest lines are still visible as separated from one 
another. This point is then compared to the scale to determine the 
lp/mm reading. High spatial resolution represents a high-frequency 
signal that is capable of imaging smaller objects. Low spatial resolu-
tion represents a lower-frequency signal that can only image larger 
objects.
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There are a number of different measures of spatial 
resolution. Those used most often to describe and com-
pare imaging systems are PSF, LSF, spatial frequency, 
MTF, and noise. Although these sound intimidating, it is 
possible to understand why each is important as it relates 
to digital imaging without using a graduate degree in medi-
cal physics to calculate their values.

Spread Function. Point spread function (PSF), line spread  
function (LSF), and edge spread function (ESF) all express 
the boundaries of an image. In film-screen radiography 
this aspect was called penumbra or blur. PSF is deter-
mined by complex mathematical measurement of the 
image produced from a single point. Figure 28-4 illustrates 
how a single point from a line extending through the imag-
ing plane is isotropically imaged. For x-ray imaging (such 
as computed radiography), a point is made by drilling a 
tiny hole in a sheet of lead and then producing an x-ray 
image of the hole. Nuclear medicine uses a point source 
of radioactivity; computed tomography, a thin metal wire; 

together, they express the quality of the spatial resolution 
of the image. The spatial resolution quality measures are 
summed in Table 28-1.

To understand each element, it is important to remem-
ber that radiographic images use a two-dimensional format 
to illustrate a three-dimensional region of interest in the 
human body. However, these two-dimensional images 
contain three elements of information in that not only can 
structures be located according to height and width in an 
x–y grid matrix, but individual pixels are also represented 
by various shades of gray (the grayscale) (Figure 28-3).

The x–y grid matrix dimensions make up the spatial 
resolution because this information is represented through 
various points in space. The grayscale represents a depth 
to the information in the image. The grayscale is a sum-
mation of the information that is represented by each 
pixel. Digital image quality is very much concerned with 
the grayscale bit depth, which is a measure of how many 
shades of gray can be displayed by each pixel in the x–y 
matrix. Grayscale bit depth values are shown in Table 28-2.

Table  28-1 Spatial resolution Quality Measures

Spatial 
resolution Object Size Object Distance

Unit(s) of 
Measurement

Modulation Transfer 
Function (MTF)

Point Spread 
Function (PSF)

high Small Close high lp/cm or lp/mm high (near 1.0) Low

Low Large Distant Low lp/cm or lp/mm Low (0.0 to <1.0) high

A

FIgUre 28-2. Assessing resolution: (A) A pediatric wrist exhibiting good resolution. (B) An adult knee exhibiting fair resolution in the tibia and 
poor resolution in the femur. 
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sonography, a monofilament; and MRI, a small water-filled 
hole in a tissue-equivalent phantom. The same type of data 
can be obtained  using a a narrow slit in a sheet of lead, 
for instance, and is called the line spread function (LSF). 
Edge spread function (ESF) uses a sharp edge instead of 
a line or a point.

Spatial Frequency. High spatial resolution represents a 
high-frequency signal that is capable of imaging smaller 
objects. Low spatial resolution represents a lower-fre-
quency signal that can only image larger objects. This 
parameter is determined by measuring the distance 
between pairs of lines that can be imaged as distinct from 
one another. The test tools are simply pairs of lines that 
are different distances from one another (Figure 28-1). 
The tool is imaged by the system, and the viewer deter-
mines the smallest pair of lines that can be visualized. 
The pairs of lines are then measured as line pairs per unit 
of length (usually mm or cm). Figure 28-5 illustrates how 

FIgUre 28-3. Spatial resolution and grayscale bit depth. Horizontal 
x-axis and vertical y-axis that are represented by the value of the 
information collected in a single pixel.

x-axis

y-axis

FIgUre 28-4. Point spread function. (A) A vertical line creates a 
point when it intersects the horizontal imaging plane. (B) 3D graphic 
representation of the imaging receptor response to the point is the 
point spread function (PSF). Note that the imaging receptor responds 
isotropically. (Note: From The Essential Physics of Medical Imaging 
[2nd ed., p. 264], by J. Bushberg, J. Seibert, E. Leidholdt, and  
J. Boone, 2002, Philadelphia: Lippincott. Reprinted with permission.)

A. Point stimulus B. Isotropic PSF

FIgUre 28-5. Spatial resolution can be measured by how close 
together pairs of lines can be displayed (top), by the units measuring 
the distance between the line pairs (lp/mm or cm), by a sine wave 
representing this distance (which is actually the spatial frequency), or 
by the spatial frequency in cycles per unit of length (c/mm or cm).

Line pair
object

lp/mm 
or cm

c/mm 
or cm

Spatial
frequency

Higher
spatial

frequency

2

4 8 12 16

4 6 8

Bits
exponential 
representation # of Shades of gray

  1 21 2

  6 26 64

  8 28 256

10 210 1,024

12 212 4,096

16 216 65,536

24 224 16,777,216

32 232 4,294,967,296

A one-bit pixel is capable of displaying two shades of gray (2 )1 .

Table  28-2. grayscale Bit Depth

pairs of lines are transferred to the spatial frequency unit 
of cycles per unit of length. This is similar to the more 
common frequency measurements in cycles per unit of 
time, as with electrical power at 60 cycles per second. The 
higher the spatial frequency, the closer together the sine 
waves, and the closer together the line pairs.

Modulation Transfer Function (MTF). Modulation trans fer  
function (MTF) measures the accuracy of an image com-
pared to the original object on a scale of 0–1. The raw 
data for MTF measurement is a summation of PSF, LSF, 
and ESF values. This is sometimes called the fidelity (or 
trueness) of the image. Mathematically, MTF measures the 
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example, a CT system may demonstrate an MTF of 1.0 for 
a spatial frequency of 1.0 lp/cm but drop to an MTF of 0.4 
for a spatial frequency of 2.0 lp/cm (see Figure 28-6). For 
research engineers, it is a constant quest to achieve the 
highest MTF at the highest spatial resolution. In medical 
imaging, the goal is to produce an image with an MTF value 
as close as possible to one (1), at high spatial resolution.

Noise. Imaging noise is total noise that the image recep-
tor receives. It includes system noise, ambient noise, and 
quantum noise. As long as the imaging noise is signifi-
cantly less than the amount of information that is coming 
from the image receptor, computer processing algorithms 
can easily filter out the noise. When the noise level rises, 
as shown in Figure 28-7, more complex algorithms may be 
necessary. When their limits are reached, degradation of 
the image occurs.

Signal-to-noise ratio (SNR) is a measure of signal 
strength relative to total noise. SNR depends on the amount 
of radiation exposure to the detector (signal) and the detec-
tor’s detective quantum efficiency (see Chapter 20). The 
SNR does not explicitly measure how much contrast can 
be seen within the part itself, and if a contrast change is 
present, if it will be detected. Therefore, it is important to 
consider contrast-to-noise ratio (CNR) in addition to SNR. 
Contrast-to-noise ratio is defined as the ratio of the differ-
ence of signal intensities of two regions of interest to the 
imaging noise, as shown in the equation below:

CNR (SI SI )/N

SI signal intensity of region A

SI signal intensity of region B

N imaging noise

A B

A

B

5 2

5

5

5

percentage of object contrast that is recorded. Because 
this measurement varies according to the size of the 
object (a greater percentage of object contrast is recorded 
for larger objects), MTF is more useful when represented 
as a graph of MTF versus the size of the object (the spatial 
frequency), as shown in Figure 28-6.

MTF in medical imaging requires that all system fea-
tures are optimized and working as designed. A medical 
image is a single collection of data on a patient’s anatomical 
condition at a single moment in time. When any imaging 
system component fails, even slightly, the image fidelity rep-
resents the patient less accurately, and the MTF decreases 
to a degree. High MTF values at high spatial resolution are 
desirable and a key specification in digital detector designs. 
An MTF of 0 represents no signal, and therefore, no image. 
An MTF of 1.0 represents a signal of such extremely high 
fidelity that it records the image perfectly.

When considering an imaging system’s MTF, one must 
consider the spatial frequency, as well. MTF values for 
imaging modalities can reach 1.0 for large objects, such as 
those with a spatial frequency of 1.0 lp/cm for computed 
tomography or 1.0 lp/mm for computed radiography. As the 
spatial frequency of objects rises, the MTF decreases. For 

FIgUre 28-6. A typical modulation transfer function (MTF) curve 
measures the accuracy of an image compared to the original object 
on a scale of 0.0–1.0. Because this measurement varies according 
to the size of the object, MTF curves are plotted according to the 
size of the object (the spatial frequency). This graph demonstrates 
that when the spatial frequency is 1.0 lp/cm, the MTF is close to a 
perfect 1.0. However, when the spatial frequency rises to 3.0 lp/cm, 
MTF drops to around 0.10. The CT system represented by this graph 
produces relatively low imaging resolution for objects with a spatial 
frequency greater than 2.0 lp/cm.

1.0 2.0 3.0 4.0

Spatial frequency
(lp/cm)

0.8

1.0

0.6

0.4

0.2

0.0

0.0

M
T

F

FIgUre 28-7. Noise. Imaging noise is represented as increasing 
from A through B to C. When the noise level rises, more complex 
computer processing algorithms may be necessary. When their limits 
are reached, degradation of the image occurs. (Note: From  
The Essential Physics of Medical Imaging [2nd ed., p. 273], by  
J. Bushberg, J. Seibert, E. Leidholdt, and J. Boone, 2002, Philadelphia: 
Lippincott. Reprinted with permission.)

Low noise Medium noise High noise

11067_ch28_hr_385-399.indd   389 9/25/18   5:12 PM



390  UNIT V Analyzing the Image

sub-millisecond range, which with current technology is 
not possible.

Digital sampling (Nyquist criterion) 
and Aliasing
Digital systems are susceptible to a few imaging prob-
lems that are unique to the way they collect information. 
Because all digital systems sample the incoming signal 
at discrete points, they do not collect as much informa-
tion as an analog system. Digital imaging requires that 
the spatial resolution frequency signal be sampled twice 
from each cycle. This is known as the Nyquist criterion or 
limit because it is the processing algorithm that averages 
the incoming analog data by using the distance between 
the imaging detector elements (to ensure that data is not 
missed or double-sampled). This is sometimes stated 
as signal averaging over the detector aperture width. A 
higher sampling frequency (rate) increases image fidelity.

Aliasing occurs when the Nyquist criterion is violated, 
which is the case when the spatial frequency exceeds the 
Nyquist frequency and the incoming data are sampled less 
than twice per cycle. Data collected under these conditions 
are said to be aliased, which is a misrepresentation of sig-
nal frequencies (Figure 28-8). The image is more often the 
result of inadequate sampling of the incoming data.

CNR is dependent upon both digital image contrast 
and SNR. Due to the relationship between CNR and SNR, 
high CNR values are not possible without high SNR values. 
Therefore, these two metrics can be used to validate one 
another. One of the attributes of DR detectors is contrast 
resolution, which enhances spatial resolution visibility.

Low-contrast resolution and 
temporal resolution
Two additional types of resolution should be considered 
as they are related to spatial resolution. These include 
low-contrast resolution and temporal resolution.

low-Contrast Resolution. Low-contrast resolution is a 
type of contrast resolution that deals with the ability to 
visualize subtle energy differences, particularly in soft 
tissues. The low-contrast resolution is determined by 
the imaging system’s ability to visualize small objects 
of low contrast, and should be used to evaluate image 
quality in terms of image contrast and spatial resolu-
tion. Quantitative evaluation of low-contrast objects 
and small detail measurements can be accomplished 
through the use of low-contrast resolution phantoms, 
which contain holes of varying diameters with different 
depths. However, quantitative evaluation by the human 
observer has limited reliability due to observer subjec-
tivity. While automated methods, which include the use 
of various software, can be utilized instead as a more 
objective method for evaluating low-contrast resolution 
detectability, these are not available in a clinical setting. 
This complicates the process of assessing low-contrast 
resolution for the radiographers, who are responsible 
for image quality evaluation and optimization. Radiogra-
phers will find their detectability performance improves 
with further clinical practice.

Temporal Resolution. Temporal resolution (TR) is the 
relationship between the duration of data acquisition and 
motion of the structures under study. Generally, shorter 
acquisition times will demonstrate better TR simply 
because a short acquisition time permits minimizing 
motion, both voluntary and involuntary. Unfortunately, 
not all involuntary motion can be eliminated, due the 
simple fact that physiologically, body organs and tissue 
are always moving to some degree. There is a trade-off 
between TR and spatial resolution in that as temporal res-
olution increases, spatial resolution decreases. Perhaps 
the best way to think about this is with short exposure 
times. Naturally, short exposure times will likely minimize 
the motion of slow-moving internal structures. However, 
fast-moving, dynamic structures such as the heart, pul-
monary vessels, and major arteries still have some degree 
of motion unsharpness, no matter the exposure time. 
Eliminating all motion would require acquisitions in the 

FIgUre 28-8. Aliasing. Improper sampling not in accordance with 
the Nyquist criterion produces aliasing. (A) Nyquist criterion sampling 
2x/cycle produces an accurate, high-frequency digital signal.  
(B) Violation of the Nyquist criterion sampling less than 2x/cycle 
produces an inaccurate, fluctuating, low-frequency digital signal.

Analog
input 
signal

Sampling 2x/cycle
produces accurate (same level)

digital signal

Sampling < 2x/cycle
produces aliased (inaccurate)

digital signal

Analog
input 
signal

A

B
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reveal that spatial resolution is often improved through 
factors that increase the patient dose. This makes 
consideration of how much resolution is necessary for 
a particular study a patient radiation protection issue. 
Resolution problems should be approached in this order:

1. Eliminate motion;
2. Reduce OID;
3. Reduce focal spot size;
4. Reduce intensifying-screen phosphor size and con-

centration, if film-screen imaging system is used; and
5. Increase SID.

Geometry
The geometry of the beam is the most important factor 
in establishing the level of resolution desired for spatial 
resolution. Because the x-ray beam emanates from a small 
point (the focal spot), the further the photons move from 
their source, the further they diverge. In Figure 28-11 note 
how much more tissue is imaged and exposed at the level 
of the spine than at the level of the collimator light beam. 
This is the basis of the inverse square law and it applies to 
the geometry of the beam as well.

Distance. The distances between the source or focal 
spot (S), object or part (O), and image receptor (I) are 
critical in establishing sufficient spatial resolution. These 
distances are referred to, as shown in Figure 28-12, so 
that SOD OID SID11 5 . Resolution is improved when OID 
decreases and degraded whenever it increases. This is 
why the affected side or part of interest is always posi-
tioned as close to the receptor as possible.

Resolution is improved when SID increases and 
degraded when it decreases. Increasing SID improves the 
spatial resolution of the image enough that it has been rec-
ommended that a routine 48” (120-cm) distance in place of 
the current 40” (100-cm) distance would be worthwhile.

When it is necessary to make adjustments in order 
to improve resolution, OID should be evaluated first. The 
minimum OID should be used to improve resolution. The 
details of the positioning and the equipment in use should 
be carefully considered. In many instances, a change in 
positioning will accomplish a remarkable improvement in 
resolution. In fact, most positioning routines were estab-
lished with OID as a critical factor. For example, the PA 
chest projection is preferred because it places the heart 
closer to the image receptor than does the AP projection. 
The left lateral stomach, AP kidney, and AP lumbar projec-
tions were all developed for the same reason.

The OID can also be minimized by considering the 
distance between the surface supporting the part and 
the image receptor. Differences between the tabletop-
to-image receptor or Bucky tray distance can have a 

FIgUre 28-9. Motion unsharpness. The diaphragm, heart, and 
bowel are all unsharp due to motion of this pediatric patient.

effectS on image appeaRance

Resolution affects the image appearance by demonstrat-
ing fine detail structures, often very close to the size limits 
of the naked eye. When fine detail is lacking, the image 
will often appear blurred.

Motion unsharpness is often not perceived by the begin-
ning student, partially because students must learn to criti-
cally examine each image in a methodical manner. Another 
reason is that a thorough knowledge of how various anatomi-
cal structures should appear radiographically is necessary 
in order to recognize when motion causes them to appear 
unacceptable (Figure 28-9). The assessment of motion is a 
matter of obtaining sufficient clinical experience. Progress in 
professional competence has been achieved when the begin-
ning radiographer easily discerns motion unsharpness.

 factoRS affecting Spatial 
ReSolution

The factors that affect spatial resolution are shown in 
Figure 28-10. Close consideration of these factors will 
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FIgUre 28-10. Image analysis: Factors affecting spatial resolution.

Spatial
Resolution

Geometry

Motion

Focal spot

Distance

Voluntary

Involuntary

Equipment

SID

OID

Image receptor

Digital systems

Film-screen systems

FIgUre 28-11. Divergence of the x-ray beam. More tissue is 
imaged and exposed at the level of the spine (point B) than at the 
level of the collimator light beam (point A).

B

A

considerable influence on OID. Of course, the minimal 
OID is obtained with non-Bucky procedures that place 
the part directly on the image receptor, as is routine in 
extremity radiography. However, once the need for a grid 
supersedes the resolution that is lost by using a Bucky 
tray, careful consideration can still result in significant dif-
ferences in detail. For example, some radiographic tables 
will permit an OID of 1–2 cm, whereas a floating-top table 
may permit a minimum OID of 10 cm. The differences in 
image quality are significant (Figure 28-13).

Once the OID has been minimized, resolution is 
improved when SID increases and degraded when it 
decreases. Again, positioning routines were established 

to take advantage of this relationship. For example, 
the lateral cervical spine is usually performed at 720 
(180 cm) instead of 400 (100 cm) because the OID cannot 
be reduced due to the distance between the neck and 
the shoulder. Increased SID is the only method that can 
produce a lateral image comparable to the AP and oblique 
projections, which have a much smaller OID.

Focal Spot Size. Focal spot size is controlled by the line 
focus principle (see Figure 6-13). A multitude of tube 
designs have been used over the years to minimize the 
effective focal spot while maximizing the actual focal spot 
to absorb the heat.

The umbra is the distinctly sharp area of a shadow 
or the region of complete shadow. The penumbra is the 
imperfect, unsharp shadow surrounding the umbra. With 
light, it is the region of partial illumination that surrounds 
the complete shadow. It is also referred to as the edge gra-
dient. Digital systems are evaluated for this factor as part of 
spatial resolution by measuring their PSF and LSF.

The focal spot size is a major controller of spatial 
resolution because it controls penumbra. The fact that the 
source of the x-ray photons is not a point source, although 
it is sometimes convenient to think of it as such, is what 
causes penumbra. Figures 28-14A and B illustrate the 
umbra and penumbra caused by the focal spot size and 
configuration. As the focal spot decreases in size, penum-
bra also decreases, thus increasing resolution. Focal spots 
are usually not capable of imaging structures smaller than 
the focal spots themselves.

The width of the penumbra (unsharpness) can be 
mathematically calculated using the following formula:

P
Focal Spot Size OID

SOD
5

3
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EXAMPLE: Calculate the penumbra for an image 
taken with a 1.0-mm focal spot, at a 400 distance and 
an OID of 30.

Answer:

�
P

Focal Spot Size OID
SOD

�

If the SID is 400 and the OID is 30, then the 
SOD 5 400 2 30 5 370.

P
1.0 3

37
3
37

0.08 mm5
3 0

5 5

FIgUre 28-12. Critical distances in radiography.

Object-to-
image receptor
distance (OID)

Source-to-
image receptor
distance (SID)

Source-to-
object

distance
(SOD)

FIgUre 28-13. (A) 7-cm OID (OFD); (B) 14-cm OID (OFD).

A
B

EXAMPLE: Calculate the penumbra for an image 
taken with a 2.0-mm focal spot, at a 40" distance and 
an OID of 30.

Answer:

5
3

P
Focal Spot Size OID

SOD
If the SID is 400 and the OID is 30, then the

″ ″ ″5 2 5SOD 40 3 37 .

P
2.0 3

37
6
37

0.16 mm5
3 0

5 5
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FIgUre 28-14. Umbra and penumbra. The umbral area receives 
essentially no photons. The penumbral area receives more photons 
at the outer edges with progressively fewer photons toward the 
umbral area, thus creating an imperfect, unsharp shadow around 
the umbra. (A and B) The effect of focal-spot size on resolution. The 
geometry of the beam reduces penumbra and increases resolution as 
focal-spot size decreases. (C and D) The effect of OID on resolution. 
As the OID decreases, penumbra is reduced and resolution increases. 
(E and F) The effect of SID on resolution. As SID increases, penumbra 
is reduced and resolution increases.

Object

Size of focus unsharpness

0.6 mm 2 mm

40
″

A B

Object

OID unsharpness

SID unsharpness

Object

80
″

4″

18
″

40
″

C D

E F

EXAMPLE: Calculate the penumbra for an image 
taken with a 1.0-mm focal spot, at a 720 distance and 
an OID of 30.

5
3

P
Focal Spot Size OID

SOD
Answer:

If the SID is 720 and the OID is 30, then the

SOD 72 3 695 0 2 0 5 0.

P
1.0 3

69
3

69
0.04 mm5

3 0
5 5

EXAMPLE: Calculate the penumbra for an image 
taken with a 1.0-mm focal spot, at a 400 distance and 
an OID of 80.

5
3

P
Focal Spot Size OID

SOD
Answer:

If the SID is 400 and the OID is 80, then the 

SOD 5 400 2 80 5 320.

P
1.0 8

32
8
32

0.25 mm5
3 0

5 5

From these examples, it is evident that penumbra 
decreases when the focal spot decreases, when the OID 
decreases, and when the SID increases.

Figures 28-14C and D illustrate that as OID 
decreases, penumbra also decreases. Figures 28-14E and 
F illustrate that as SID increases, penumbra decreases. 
When penumbra decreases, resolution is increased.

Penumbra is increased by another phenomenon 
known as attenuation or absorption unsharpness. 
Because of the divergence of the incident x-ray beam, 
only an object that is trapezoidal would have a per-
fectly sharp edge (Figure 28-15A). A trapezoidal object 
would have a relatively equal object thickness that 
would attenuate the beam, causing an equal proportion 
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selenium detectors can be made much thicker because 
photons traveling through them maintain a much more 
vertical path than in silicon detectors. There is virtually no 
blurring during direct detection of photons. However, they 
cannot be made as small as silicon detectors. The major 
factor that limits both silicon and selenium digital systems 
is the size of the detector element.

The image processing system also sets a limit on 
spatial resolution, depending on the acquisition and 
display matrix size, pixel pitch, and grayscale bit depth. 
These correspond to the x- and y-axes of the digital image 
(see Figure 28-3).

Film-Screen Systems. Film-screen combinations are 
most commonly classified by speed. Within a single phos-
phor type, there is an inverse relationship between film-
screen combination speed and resolution. In other words, 
a slow film-screen combination will demonstrate better 
resolution than a fast one. This is such a definite relation-
ship that many slow film-screen combinations are labeled 
as detail combinations.

Although various types of film have a wide variety 
of resolving capabilities, in radiography the intensify-
ing screen always has poorer resolution than the film. 
Although obsolete due to excessive patient dose, non-
screen or direct exposure film possesses the highest 
resolution possible. Direct exposure film often required 
20–100 times the mAs of a film-screen exposure.

The resolving power of an intensifying screen 
depends on three factors: phosphor size, phosphor layer 
thickness, and phosphor concentration. The relationship 

of the beam to reach the image. A square object would 
project an edge with a gradually increasing attenuation 
(Figure 28-15B). Circular objects, which predominate in 
the human body, have an attenuation that varies through-
out the entire object, reaching a maximum at a single 
point (Figure 28-15C). Consequently, the attenuation of 
the object itself causes a continuously varying projected 
IR exposure, which, when added to the penumbra, causes 
structures in the human body to have gradual instead of 
sharp, abrupt edges.

image receptor
Digital Systems. The primary factors affecting the spatial 
resolution of digital imaging systems are the detector geo-
metric properties and the image processing system. Those 
factors are discussed in Chapters 20–22. Photostimulable 
phosphor systems have spatial resolution limitations very 
similar to those of film-screen intensifying-screen phosphor 
systems. This is because they depend on phosphor to acquire 
incoming x-ray photon data. The factors are phosphor size, 
layer thickness, and concentration. Additional limits on spa-
tial resolution may occur in CR systems during the scanning 
of the phosphor screen and during the processing phase. The 
major factors that limit photostimulable phosphor systems 
are the intensifying screen and scanning system.

Digital radiography (DR) systems use either silicon 
or selenium detectors. Silicon detectors are limited by 
their fill factor, which refers to the quantity of photons 
that can be registered within a single detector. A high fill 
factor produces higher resolution. Digital radiography 

FIgUre 28-15. Attenuation unsharpness. The D line represents the amount of attenuation that would occur in the image receptor under each 
object. (A) A trapezoidal object shaped congruent to the divergence of the beam. (B) A square object produces attenuation shadings that form 
the penumbra. (C) A round object produces a penumbra that is incorporated into the continuously varying attenuation of the shape itself.

Image
receptor
plane

D

U U U = Umbra
P = Penumbra

P P

A B C
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of these factors to spatial resolution, patient dose, and 
IR exposure is shown in Table 28-3. As phosphor size and 
layer thickness decrease, resolution increases along with 
patient dose; however, increasing phosphor concentra-
tions will result in an intensifying screen that is better able 
to record details while reducing patient dose. Overall, as 
intensifying-screen speed is decreased, there is a gain in 
resolution but patient dose must be increased. This cre-
ates a classical confrontation in radiography that pits spa-
tial resolution against patient dose. The decision is often 
left to the radiographer, who must consider all elements of 
both sides of the issue. Detail-speed screens can resolve 
about 15 lp/mm, regular-speed screens about 10 lp/mm, 
and high-speed screens about 7 lp/mm. These differences 
in spatial resolution are easily visualized.

Quantum mottle is a phenomenon that may dra-
matically affect spatial resolution when high-speed 
intensifying screens are used with extremely low 
mAs. Intensifying-screen technology made it possible 
to obtain screens that are so sensitive that sufficient 
radiographic IR exposure can be achieved at extremely 
low mAs. If the total number of incident photons 
reaching the intensifying screen is insufficient to 
activate enough phosphors to emit light to cover the 
entire surface of the film, quantum mottle results (see 
Figure 22-6). With digital imaging, this effect is even 
more pronounced as digital receptors normally oper-
ate in the range of high-speed film-intensifying screen 
combinations. Quantum mottle is corrected only by 
increasing mAs.

The radiographic film and intensifying screens are 
sandwiched together in the cassette by pressure pads that 
keep them in immediate direct contact with one another. 
When the film-screen contact is broken, even over a 
small area of the cassette, the image detail is not as sharp 
because of increased penumbra.

The only adjustment for poor film-screen contact is 
repairing or discarding the cassette. The procedures for 
testing cassettes for film-screen contact are part of a qual-
ity control program.

motion
Motion affects spatial resolution because it fails to permit 
enough time for a well-defined image to form. Instead, the 
image is spread over a linear distance and appears as a 
blurred series of IR exposures. As a result no fine detail 
can be perceived.

Voluntary Motion. Voluntary motion is that which is under 
the direct control of the patient. For the most part, this com-
prises the voluntary nervous system in cognizant adults (chil-
dren and incognizant adults may be excepted in some cases). 
For all patients, including children and incognizant adults, 
communication, especially in a manner that establishes a 
professional and competent atmosphere, is the best method 
of controlling voluntary motion. There are a few examina-
tions, such as most headwork, where immobilization greatly 
decreases the potential need for a repeated exposure.

For most examinations, when the radiographer effec-
tively communicates positioning instructions, the patient 
is able to cooperate in reducing motion. Instructions must 
be given in a kindly and concerned manner. They must be 
in an understandable language, which includes avoiding 
medical terminology when appropriate; use proper pro-
nunciation of foreign language instructions; and be at a 
proper volume and properly enunciated. Even infants and 
incognizant adults will respond to a kindly tone of voice 
and gentle handling. Never assume that your patient is 
unable to understand your instructions. Many young chil-
dren can be amazingly cooperative when they wish to be 
and incognizant adults will often remember fragments of 
conversations when they regain full cognizance.

Involuntary Motion. Involuntary motion is not under 
the conscious control of the patient. For the most part, 
involuntary motion is controlled by the autonomic ner-
vous system and is physiological in nature. Heartbeat and 
peristalsis are the most common examples. Involuntary 
motion can be best reduced by decreasing exposure time 
or with an increase in kVp combined with compensating 
mAs decrease (i.e., 15 percent rule).

equipment Motion. Although often overlooked, motion of 
equipment can also be an occasional problem. If the move-
ment of the reciprocating grid mechanism is not dampened, 
it can cause vibration of the image receptor in the Bucky 
tray, when one is used. If the x-ray tube suspension system 
is not balanced and isolated from other moving devices, 
especially overhead suspended units, it can vibrate or drift. 
This type of motion is extremely difficult to detect. It is 
usually suspected only when various patients examined 
with the same x-ray unit appear to have motion problems.

Phosphor 
Change

effect on 
Image 
resolution

effect on 
Patient 
Dose

effect 
on Film 
Density

phosphor size

Increases Decreases Decreases Increases

Decreases Increases Increases Decreases

Layer thickness

Increases Decreases Decreases Increases

Decreases Increases Increases Decreases

phosphor concentration (packing density)

Increases Increases Decreases Increases

Decreases Decreases Increases Decreases

Table  28-3.  effects of Intensifying-Screen Factors 
on resolution
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Method Ir exposure Contrast resolution Distortion

ma increase maintains maintains maintains maintains

kVp increase maintains decreases maintains maintains

Film-screen speed increase maintains maintains decreases maintains

SID decrease maintains maintains decreases increases

Table  28-4. effects of Various Methods for reducing exposure Time to Avoid Motion

Communication. The best method of reducing motion 
is patient communication. It is assumed that appropriate 
aids to positioning, such as foam pads, angle sponges, and 
sandbags, are already in use. The radiographer should 
consider the instructions that are given to be sure that 
they are clear, concise, and understandable.

exposure Time Reduction. When the patient is unable 
to cooperate, the best method is a reduction in exposure 
time with a corresponding increase in mA to maintain suf-
ficient mAs and IR exposure. Involuntary motion can be 
best reduced by a reduction in exposure time. Other meth-
ods of decreasing exposure time while maintaining expo-
sure include decreasing SID, increasing kVp, and using 
higher-speed film and screens with film-screen systems. 
Table 28-4 summarizes the pros and cons of each method.

Immobilization. When communication and exposure 
time reduction are not sufficient to reduce motion, par-
tial immobilization must be considered. Immobilization 
devices, such as foam pads, angle sponges, and sand-
bags, should be considered routine positioning aids. 
Patient motion can be expected when these aids are 
not provided. If students find it uncomfortable or dif-
ficult to hold radiographic positions during laboratory 
positioning practice, imagine how an ill patient who is 
in pain (most likely lying on the most acute area) must 
feel. The use of positioning aids is part of professional-
ism. Even when they are in short supply, the radiogra-
pher should try to locate the proper aids for the patient.

For some examinations, especially headwork, immo-
bilization greatly reduces the potential need for repeated 
exposures and should be used routinely. Widely ranging 
immobilization devices and techniques have been devel-
oped over the years; some are available commercially and 
others are homemade.

Experienced radiographers often say that tape is the 
radiographer’s best friend. Tape should certainly be car-
ried at all times by radiographers and used freely when 
warranted. A strip of tape across the forehead (folded 
sticky side out across skin surfaces) has avoided many 
repeated cranial exposures.

Some devices, especially in pediatrics, are designed 
to immobilize the entire body. Pediatric boards, mummy 

wrapping techniques, Pig-O-Stats™, and compression 
bands are common examples. Individual parts can usually 
be immobilized with combinations of tape, sandbags, long-
handled paddles, compression bands, and sheet wrapping. 
As a last resort, human immobilizers may be used to hold 
the patient in position. Male relatives are the first choice, 
female relatives second, then nonradiology hospital per-
sonnel and nonprofessional radiology personnel. Radiogra-
phers are the last choice. Under no circumstances should 
anyone be expected to routinely hold patients.

When the factors that affect spatial resolution are 
altered, some change in the spatial resolution will occur. 
No effect will occur unless one of these factors is altered. 
Table 28-5 illustrates the effect on spatial resolution when 
the various factors are changed.

+ = Increases spatial resolution

− = Decreases spatial resolution

Geometry

+ Increasing SID

− Decreasing SID

− Increasing OID

+ Decreasing OID

− Increasing patient thickness

+ Decreasing patient thickness

− Increasing focal spot size

+ Decreasing focal spot size

Film-Screen Combination

− Increasing film-screen speed

+ Decreasing film-screen speed

+ Good film-screen contact

− poor film-screen contact

Motion

− Increasing motion

+ Decreasing motion

Table  28-5.  effect of Changing Factors on 
Spatial resolution
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summAry

Spatial resolution is one of the two geometric properties 
of radiographic image quality. Unlike the photographic 

properties of IR exposure and contrast, which control the 
visibility of detail, the geometric properties control detail 
itself. Spatial resolution is the degree of geometric sharpness 
or accuracy of the structural lines actually recorded in the 
radiographic image. Good detail exists even when it cannot 
be seen due to poor visibility of detail or, in other words, 
when the IR exposure and/or contrast are poor.

Spatial resolution is also referred to as definition, sharp-
ness, resolution, or simply as detail. When the term detail is 
used by itself, it usually refers to the spatial resolution of the 
radiographic image. Detail is easily quantified and even has a 
derived unit. The unit of resolution is line pairs per millimeter 
(lp/mm) or cycles per mm.

The factors that affect spatial resolution are geometry, 
including SID, OID, and focal spot size; image receptor; and 
motion. ◾

review QuestiONs

1. What is spatial resolution?

2. How is resolution measured?

3. How do the SID and the OID affect spatial resolution?

4. What is the relationship between focal spot size and 
spatial resolution?

5. What is the difference between umbra and penumbra?

6. What factors affect the resolving power of CR and 
DR digital receptors?

7. What is the difference between voluntary and invol-
untary motion?

8. What are the methods that can be used to reduce the 
possibility of motion?
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Hans Castorp peered through the lighted window, peered into Joachim 

Ziemssen’s empty skeleton. The breastbone and spine fell together in a 

single dark column. The frontal structure of the ribs was cut across by the 

paler structure of the back. Above, the collarbones branched off on both 

sides, and the framework of the shoulder, with the joint and beginning of 

Joachim’s arm, showed sharp and bare through the soft envelope of flesh. 

The thoracic cavity was light, but blood-vessels were to be seen, some dark 

spots, a blackish shadow. 

Thomas Mann, Der Zauberberg (The Magic Mountain) 

KEY TERMS

caudad

cephalad

distortion

elongation

foreshortening

Distortion
C H A P T E R  29

OBJECTIVES

Upon completion of this chapter, the student should be able to:

 ◾ Define size and shape distortion.

 ◾ Explain the effects of SID and OID on image distortion.

 ◾ Discuss various methods of minimizing distortion through variation of 
SID and OID.

 ◾ Explain why elongation and foreshortening are relational definitions.

 ◾ Describe the routine relationships between central ray, anatomical part, 
and image receptor.

 ◾ Explain the proper terms used to describe angulation direction and 
degree.

 ◾ Differentiate distorted images from routine projections.

 ◾ Calculate the magnification factor when given SID and SOD.

 ◾ Calculate the actual size of an object when given the projected size, SID, 
and OID.

 ◾ Describe adjustments of SID and OID that will minimize magnification.

 ◾ Describe adjustments of central ray, anatomical part, and image 
receptor that will minimize shape distortion.
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DEFINING DISTORTION

Distortion is the second of the two geometric properties 
affecting radiographic image quality. Unlike the photo-
graphic properties of image receptor (IR) exposure and 
contrast, which control the visibility of detail, the geometric 
properties control detail itself. Distortion is a misrepresenta-
tion of the size or shape of the structures being examined. It 
creates a misrepresentation of the size and/or shape of the 
anatomical part being imaged. This misrepresentation can 
be classified as either size or shape distortion. Distortion, 
like detail, exists even when it cannot be seen due to poor 
visibility or, in other words, when the IR exposure and/or 
contrast are poor. The evaluation and adjustment of distor-
tion require a thorough familiarity with normal radiographic 
anatomy. Unless the normal size and shape of a structure are 
known, comparison of the size and shape cannot be accom-
plished. Distortion can be difficult to determine even when 
normal sizes and shapes are known. Because the objective 
of radiography is to provide accurate images of structures, 
methods of minimizing distortion are important to diagnosis.

The factors that control distortion are shown in 
Figure 29-1. Careful examination of these factors will 
reveal that distortion is directly related to positioning. Only 
careful attention to the distances, direction, and angulation 
between the anatomical part, central ray, and image recep-
tor can minimize distortion.

ASSESSING DISTORTION

Magnification is the only possible size distortion in 
radiography. During acquisition of the image, minifi-
cation is impossible, due to the divergent property of 
x-ray photons. Because it is not possible to reflect or 

refract x-ray photons by ordinary methods, they can 
only diverge from their point source. Thus, only magni-
fication is possible and all size distortion is controlled 
by the radiographic distances, source-to-image-receptor 
distance (SID) and object-to-image-receptor distance 
(OID). In digital image receptor systems post-processing 
can resize the image.

In all instances, reduced magnification size distortion 
increases the spatial resolution. Therefore, the objective in 
most radiography is to minimize magnification as much as 
possible. Magnification radiography is an exception to this 
rule. In this instance, the principles of magnification geometry 
are used to increase the size of structures that are too small 
to be easily visualized. Special conditions must be created to 
achieve diagnostically acceptable magnification images.

 FACTORS AFFECTING SIZE 
DISTORTION

Magnification size distortion is controlled by positioning the 
body part and tube to maximize SID while minimizing OID. 
This can be accomplished by various procedures and by 
positioning. For example, an upright oblique cervical verte-
bra projection can be performed at 720 (180 cm), whereas 
a supine projection is performed at 400 (100 cm). An AP 
chest may place the heart 60 (15 cm) from the image recep-
tor, whereas a PA projection would place it 20 (5 cm) away.

Source-to-Image-Receptor Distance
The SID has a major effect on magnification (Figure 29-2). 
The greater the SID, the smaller the magnification, because 
as SID increases, the percentage of the total distance that 
makes up OID decreases. The OID is the critical distance 
for magnification and resolution.

FIGURE 29-1. Image analysis: Factors affecting distortion.
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402  UNIT V Analyzing the Image

For many, many years chest radiography has routinely 
been performed at 720 (180 cm) because the erect position-
ing arrangement permits a horizontal beam to be used and 
the increased SID effectively minimizes the magnification of 
the heart shadow. Any examination that permits a horizontal 
beam to be used can easily be established at an SID greater 
than 400 (100 cm), and in many places the lateral cervical 
vertebral examination is performed at 720 (180 cm) as well.

The source-to-object distance (SOD) is seldom dis-
cussed because it is included in descriptions of SID and 
OID, which are more critical. The SID is the distance that 
must be established by the radiographer when positioning.

The SID must be maximized to decrease magnifica-
tion. Examinations of body parts with large inherent OID, 
such as the lateral cervical vertebra and the chest, use large 
SID whenever possible. In addition, the historical trend to 
increase the routine SID should be continued.

Object-to-Image-Receptor Distance
The OID is also a critical distance in both magnification 
and resolution. Figure 29-3 illustrates two major facets of 
OID. First, when objects within a structure are at different 
levels (Figure 29-3, objects A and B), they will be projected 
onto the image as different sizes. This is similar to the man-
ner in which the eye processes information for depth per-
ception; smaller objects are perceived as more distant and 
larger objects as closer.

The radiographer should develop a stereoscopic 
perception of the radiographic image, which is difficult 
because radiographic perceptions are in reverse of the nor-
mal information the eye is accustomed to processing. This 
is because objects that are further from the image recep-
tor will be magnified. For example, in a chest radiograph 
the ribs are seen as wider as they become more posterior. 
This effect should make them appear closer, which is the 
opposite of the truth for the PA projection. Nevertheless, 
the perception of three-dimensionality can be developed 
and then used to determine OID visually. When describing 
objects, it is important to remember that the size and dis-
tance relationship in a radiographically projected image is 
the opposite of that perceived visually.

A more important size relationship that is controlled 
by OID is shown in Figure 29-3 between objects B and C, 
where object C appears identical in size to object B. This is 
an illusion because object C is much smaller but is magni-
fied more because of its location in the part. This illustrates 
that a thorough knowledge of normal radiographic anatomy 
is a prerequisite to making judgments about size relation-
ships. This is also one of the reasons radiographic examina-
tions must include two projections, as close to 908  from one 
another as possible. When AP and lateral projections can-
not be performed because of superimposing structures, as 
in an examination of the kidneys, it is important to include 
two oblique projections at 908 to one another. The two 908 

Although 400 (100 cm) has developed as the current 
routine SID, this was not always so. The popular SID has 
been increasing since the advent of radiography and will 
probably continue to do so. The first x-ray techniques book 
in the United States is generally recognized to be the 1918 
Extract from the United States Army X-Ray Manual, in 
which 200 (50 cm) is discussed as a reasonable SID. When 
Ed Jerman developed the first positioning and technique 
book, Modern X-Ray Technic, in 1928, he recommended 
distances varying from 250 (63 cm) to 360 (90 cm). Of 
course, in those days shorter distances were necessary 
because the x-ray tubes were not capable of handling the 
load required to provide sufficient IR exposure with the 
film and screens of the time. As generator technology 
advanced, the SID increased.

Glenn Files’s 1945 book, Medical Radiographic 
Technic, established the 400 (100 cm) SID. For over 70 
years this has remained the standard distance, but there are 
institutions that use 480 (120 cm) as a routine distance, and 
the movement appears to be growing. Although a change 
demands careful consideration of x-ray unit design so 
that tube-to-tabletop distances can be achieved, and low 
table design so that radiographers can reach the tube, the 
increased resolution is worth the expense and trouble.

FIGURE 29-2. The effect of SID on image size magnification. 
Magnification size distortion is minimized by increasing SID.

Large
size

Small
size
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5M
SID
SOD

where M = magnification factor.
The mnemonic device shown can be used by placing a 

fingertip over the variable for which you wish to solve and 
then viewing the mathematical relationship (see discussion 
of Ohm’s law in Chapter 3).

opposing images can be used to verify the positional rela-
tionship of structures. This is also a shape distortion issue.

The OID is also important in dosimetry because it 
establishes the source-to-entrance skin distance that 
is the benchmark maximum exposure to the patient. 
Because OID varies with the part size and position of 
the patient, it accounts for the increased exposure that 
is part of many examinations. For example, there is a 
significant difference in the OID between an AP and a 
lateral projection (Figure 29-4). Note that the SOD changes 
dramatically in the figure as well. Obviously, the entrance 
skin exposure would be greater with the lateral, even if 
the same exposure factors were used. Consequently, larger 
patients receive a greater exposure simply because their 
entrance skin surface is closer to the source, making their 
SOD much less. The increased mAs that is often used to 
provide sufficient image receptor exposure then increases 
the patient entrance skin exposure even more.

The OID must be minimized to decrease magnifica-
tion. Examinations of body parts with large inherent OID, 
such as the kidneys and chest, use positioning techniques 
to achieve as small an OID as possible.

Calculating Size Distortion
Size distortion is present in any radiographic image and 
can be measured very accurately by using simple geom-
etry. Magnification, or size distortion, can be assessed by 
calculation of the magnification factor. The magnification 
factor is the degree of magnification and is calculated by

FIGURE 29-3. The effect of OID on image size magnification. Objects A and B are identical in size but their images as projected on the receptor 
are of significantly different sizes. Object C is significantly smaller than B, yet the image sizes are identical because of C’s greater OID.

Large
OID

Large
size

Small size
identical

Large
OID

Small
OID

A

B

C

FIGURE 29-4. Variation in OID with size and projection: (A) Short 
OID, large SOD, low entrance skin exposure. (B) Large OID, short SOD, 
high entrance skin exposure.
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404  UNIT V Analyzing the Image

EXAMPLE: If the SID is 40” (100 cm) and the SOD is 
30“ (75 cm), what is the magnification factor?
Answer:

″
″

M =
SID
SOD

M =
40
30

or M =
100 cm
75 cm

M = 1.33

The magnification will be 33 percent or the image will 
be 133 percent of the object size.

EXAMPLE: If the SID is 40” and the OID is 2“, what 
is the magnification factor?

Answer: Because the SOD is not supplied, it must 
be found by using the formula 

5 1

5 1

5 2

5

SID SOD OID

40 SOD 2

SOD 40 2

SOD 38

″ ″
″ ″
″

then

5

5

5

M
SID
SOD

M
40
30

M 1.05

″
″

EXAMPLE: If a projected image measures 5” and 
the magnification factor is 1.02, what is the size of the 
actual object?
Answer:

5

5

5

O
I

M

O
5

1.02
O 4.9

″

″

EXAMPLE: If object B in Figure 29-3 is 2” in diam-
eter on the image and is measured to be 3” from the 
image receptor (by using a lateral projection), what is 
its actual size if the SID is 40”?

Answer: Because the SOD is not supplied, it must 
be found by using the formula

″ ″
″ ″
″

SID SOD OID

40 SOD 3

SOD 40 3

SOD 37

5 1

5 1

5 2

5

 

Then

5

5

5

M
SID
SOD

M
40
37

M 1.08

″
″

″
then

5

5

5

O
I

M

O
2

1.08
O 1.85″

The magnification formula assumes that the focal spot 
is a point source. Because it is not, when the object size 
approaches the effective focal spot size or smaller, special 
problems develop from penumbral overlap (Figure 29-5). 
Therefore, objects smaller than the effective focal spot can-
not be demonstrated and the magnification formula must 
be modified to consider the width of the focal spot.

EXAMPLE: If an object measures 5 cm and the 
image measures 6 cm, what would be the percent of 
magnification of the object?
Answer:
I O

O
100 percent of magnification of the object

6 5
5

100 percent of magnification of the object

1
5

100 percent of magnification of the object

0.2 100 20 percent of magnification of the object

2
3 5

2
3 5

3 5

3 5

The magnification factor permits calculation of the 
actual size of an object that is projected as an image by 
using the formula

5O
I

M
where: 5O object size

5I image size
5M magnification factor 

If the image size and the object size are known, the 
percent of magnification can be determined using the fol-
lowing formula:

I O
O

100 percent of magnification of the object
2

3 5
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Alignment
Shape distortion can be caused or avoided by careful 
alignment of the central ray with the anatomical part 
and the image receptor. Proper positioning is achieved 

FIGURE 29-5. Objects smaller than the focal spot itself cannot be 
imaged due to penumbral overlap. The entire image is composed of 
overlapping penumbra with no umbra to define the edges.

FIGURE 29-6. Shape distortion due to unequal magnification. Note 
how the alignment of the part appears different depending on the 
degree of distortion. (Note: Adapted with permission from Producing 
Quality Radiographs, by A. M. Cullinan, copyright 1987, Philadelphia: 
J.B. Lippincott.)

A

A

B

B

C

C

 FACTORS AFFECTING SHAPE 
DISTORTION

Shape distortion is the misrepresentation by unequal 
magnification of the actual shape of the structure being 
examined (Figure 29-6). Shape distortion displaces the 
projected image of an object from its actual position and 
can be described as either elongation or foreshortening. 
Elongation projects the object so it appears to be longer 
than it really is, whereas foreshortening projects it so it 
appears shorter than it really is. Elongation occurs when 
the tube or the image receptor is improperly aligned. 
Foreshortening occurs only when the part is improperly 
aligned. Changes in the tube angle cause elongation, never 
foreshortening.

Shape distortion often results because structures 
lie normally at different levels within the body. Shape 
distortion also occurs because of the divergence of the 
x-ray beam. The projected length varies, depending on 
the angle between the object and the diverging beam 
(Figure 29-7).

Adjustment of shape distortion requires careful 
consideration of the beam-part-image-receptor geometry 
involved in the projection. This information must be com-
bined with a knowledge of the normal projection of the 
structures to determine exactly how improvements can be 
achieved.

FIGURE 29-7. Shape distortion due to the angle between the object 
and the diverging beam. Although all three objects are at the same 
angle to the image receptor, the projected length varies according to 
the angle between the object and the diverging beam.
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406  UNIT V Analyzing the Image

FIGURE 29-8. Incorrect centering.

Off-centering
of tube

Incorrect positioning
of part

Off-centering
of image receptor

A B C

when the central ray is at right angles to the anatomical 
part and to the image receptor. This means the part and 
the image receptor must be parallel. When the position 
of the body part or object within the body does not per-
mit this alignment, creative positioning must be utilized. 
The half-axial 308 angulation of the cranium to demon-
strate the occipital bone, the 308 cephalad angulation 
of the pelvis to demonstrate the sigmoid colon, and the 
108  caudad angulation of the coccyx are all examples 
of routine procedures that were developed to minimize 
distortion.

Alignment adjustments involve bringing the tube 
central ray, the part, and the image receptor back into 
their correct relationship—part and image receptor paral-
lel to one another with the central ray perpendicular to 
both. Incorrect centering may occur from off-centering 
the tube (misalignment of the central ray), incorrectly 
positioning the part, or off-centering the image receptor 
(Figure 29-8).

Central Ray. The central ray is the theoretical photon 
that exits from the exact center of the focal spot. Ideally, 
the central ray is intended to be projected perpendicu-
lar to both the anatomical part and the image receptor. 
Whenever the central ray is not perpendicular, some 
degree of shape distortion will result. This occurs in 
every image because only the central ray is truly per-
pendicular. Any structure that is not positioned at the 
central ray will be distorted because of the divergence 
of the beam—the farther from the central ray, the greater 
the distortion. This applies as distance from the central 
ray increases transversely as well as longitudinally. For 
example, an AP pelvis will have more distortion of an 

object near the right greater trochanter than an object 
near the symphysis pubis. This is why it is so impor-
tant to position according to standardized central ray 
locations.

Long bone length studies are an example of a proce-
dure developed to ensure accurate central ray centering. 
The procedure shown in Figure 29-9 uses a radiopaque 
ruler, positioned from above the hip joint to below the 
ankle joint, as a measurement control. Spot exposures of 
the critical joints—hip, knee, and ankle—are then made 
with the central ray perpendicular to the joint space to 
ensure accurate measurement.

Centering away from the specified central ray 
entrance point is equivalent to angling the tube away 
from perpendicular because the entire perspective of 
the anatomical part is distorted. Some projections take 
advantage of this type of distortion. For example, a 
PA lumbar projection uses the divergence of the beam 
to open the lordotically curved intervertebral joints  
(Figure 29-10).

The central ray is normally positioned perpendicular 
to the anatomical part and to the image receptor. When 
the part is superimposed over other structures, central 
ray angulation can be a useful tool to provide a projec-
tion that would otherwise be impossible to differentiate 
from overlying structures. The use of the semiaxial AP 
projection of the skull to project the occipital region free 
of facial bone superimposition is an example. Failure to 
maintain the correct relationship between the part and 
the image receptor will produce a projected image that 
may not be comparable to norms and is therefore useless 
in the diagnostic process.

11067_ch29_hr_400-412.indd   406 9/20/18   9:17 PM



CHAPTER 29 Distortion  407

In Figure 29-11C the entire object is again foreshort-
ened, with one end being more magnified due to increased 
OID. However, because of the differences in the actual size 
of the two ends, the increased size distortion of the smaller 
end makes both ends appear the same size.

Note especially the vast differences in the 
projected images of these anatomical part relationships. 
Figure 29-11A projects an accurate image. Figure 29-11B 
projects distortion of both size and shape so the entire 
object is foreshortened and the large end appears larger 
than it really is. Figure 29-11C also projects distortion 
of both size and shape but has distorted the relationship 
so both ends appear the same size.

The anatomical part is normally positioned with its 
long axis perpendicular to the central ray and parallel to 
the image receptor. As with the central ray, some routine 
projections are designed to vary from this standard to 
avoid superimposition. Failure to maintain the specified 
relationships between the central ray and the image recep-
tor can result in an image that is not comparable to norms 
and therefore of limited value in the diagnostic process.

Anatomical Part. The long axis of the anatomical part, 
or object, is intended to be positioned perpendicular to 
the central ray and parallel to the image receptor. When 
these positions are incorrect, distortion may occur. 
Elongation occurs when there is poor alignment of the 
tube and/or image receptor. Foreshortening occurs only 
when there is poor alignment of the part (Figure 29-11). 
Figure 29-11A shows the intended relationships of cen-
tral ray, part, and image receptor. In Figure 29-11B the 
entire object is foreshortened because of the improper 
part-to-image-receptor relationship. In addition to the 
entire object being foreshortened, one end is more mag-
nified due to increased OID, which indicates that size 
distortion is also occurring.

FIGURE 29-9. A long bone leg length study. Exact central ray loca-
tion is critical to ensuring an accurate measurement of the bone 
lengths. (A) Inaccurate leg lengths due to beam divergence at the 
joints from a single exposure. (B) Accurate leg lengths with three spot 
exposures, each perpendicular to a joint.

Actual leg length

Spot 
exposure 1

Spot 
exposure 2

Spot 
exposure 3

Projected leg length

Projected leg length

Actual leg length

A

B

FIGURE 29-10. Divergence of the beam used to advantage. The lor-
dotic curvature of the lumbar spine and the divergence of the beam 
can be used to open the intervertebral joints in a PA projection.

A. PA projection

B. AP projection
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Image Receptor. The image receptor is intended to be 
positioned perpendicular to the central ray and parallel to 
the anatomical part. As long as the image receptor plane 
is parallel to the object, the only result of off-centering of 
the image receptor is the clipping of a portion of the area 
of interest. Although this will usually result in a repeated 
exposure, there is no distortion of image size or shape.

However, when the image receptor plane is not paral-
lel to the object, or if the central ray is not centered to the 
part, serious shape distortion results exactly as if the object 
were not parallel. Figures 29-11D and E illustrate for the 
image receptor the same examples shown for the object in 
Figures 29-11B and C.

The image receptor plane is normally positioned per-
pendicular to the central ray and parallel to the anatomical 
part. Even in routine projections designed to vary from this 
standard, the specified relationships must be maintained to 
obtain a useful diagnostic image.

Angulation
Angulation refers to the direction and degree the tube is 
moved from its normal position perpendicular to the image 
receptor. Numerous radiographic projections utilize angu-
lation to avoid superimposition of parts. The semiaxial AP 
projection of the cranium, tangential calcaneus, and axial 
clavicle are all examples.

FIGURE 29-11. Foreshortening and magnification due to anatomical part and image receptor alignment: (A) Normal relationship between part 
and image receptor. (B and C) Foreshortening and magnification due to changes in anatomical part alignment. (D and E) Elongation and magnifi-
cation due to changes in part/image receptor and central ray/image receptor alignment.

A B C

D E
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The angulation of the tube is designed to cause a con-
trolled or expected amount of shape distortion to avoid 
superimposition. As long as the specified angulation is 
applied, the image is comparable to norms and is of diag-
nostic quality. Angulation of the tube also changes the SID, 
which, unless compensated for by a new SID, will produce 
a decrease in image receptor exposure.

Direction
The most common direction of tube angle is longitudi-
nal. Longitudinal angulations are usually termed cephalad 
when the tube is angled toward the head of the patient, 
and caudad when it is angled toward the patient’s feet. 
Some radiographic tubes can also be angled transversely 
(sometimes referred to as “roll”). Transverse angulations 
are usually identified as right and left (in reference to the 
patient).

The direction of the tube angle is specified according 
to patient position and must be maintained as specified. 
When the patient position is reversed, the direction of tube 
angle must also be reversed to maintain the relationship. 
For example, 258 cephalad for an AP projection is identical 
to 258 caudad for a PA projection.

Degree. Degree is simply a method of describing the 
exact amount of angulation and is usually stated as the 
angle between the central ray and the image receptor 
plane from the standard reference point of perpendicu-
larity. Because the standard reference point is 908 from 
the patient’s head, radiographic angles must be added or 
subtracted from that point. For example, 58 cephalad is 
58 from perpendicular, as is 58 caudad. It is important to 
maintain the correct degree of angle specified for a given 
procedure. Tube angulations also change SID, which will 
produce changes in magnification. Table 29-1 provides 
conversions for common tube angulations.

Evaluating Shape Distortion
Shape distortion is a more subjective evaluation than 
size. It is much more difficult to assess because there is 
no effect that can be calculated, as in the magnification 
factor for size distortion. Instead, the entire assessment 
relies on the radiographer’s knowledge of normal anat-
omy and the normal projected images for each position.

EFFECT ON IMAGE APPEARANCE

Size
Size distortion is generally a matter of magnification 
(Figure 29-12). All magnification involves a degree of loss 
of resolution, even when special systems are designed to 
minimize the loss.

Shape
Shape distortion involves both elongation and fore-
shortening and is a serious alteration in the projected 
image (Figure 29-13). There are situations where shape 
distortion can be used to advantage, as in a tangential 
calcaneus.

When the factors that affect size and shape distortion  
are altered, some change in distortion will occur. No 
change will occur unless one of these factors is altered. 
Table 29-2 illustrates the effect on distortion when the 
various factors are changed.

 TABLE  29-1.   SID Compensations for Common  
Tube Angulations

Tube Angulation Overhead Scale True SID

58 39.8” 40”

108 39.4” 40”

158 38.6” 40”

208 37.6” 40”

258 36.2” 40”

308 34.6” 40”

358 32.8” 40”

From Radiologic Technology, 52, pp. 3, 304, by Robert J. English, 1980,  
by permission of the American Society of Radiologic Technologists.

 TABLE  29-2.   Effect of Changing Factors on 
Distortion

1 5 Increases distortion

2 5 Decreases distortion

Size Distortion

2 Increasing SID

1 Decreasing SID

1 Increasing OID

2 Decreasing OID

1 Increasing patient thickness

2 Decreasing patient thickness

Shape Distortion

1 Improper central ray alignment

1 Improper anatomical part alignment

1 Improper image receptor alignment

1 Improper direction of central ray angle

1 Improper degree of central ray angle
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410  UNIT V Analyzing the Image

FIGURE 29-12. Magnification size distortion: (A) Minimal heart size magnification in PA chest. (B) An AP projection of the same patient demon-
strating greater heart size magnification. 

A

B

FIGURE 29-13. Shape distortion: (A) This radiograph was taken with the central ray perpendicular and centered to the center of the image recep-
tor. (B) This radiograph was taken with the central ray perpendicular but off-center to the left (away from the pelvis). The effect on distortion is not 
significant; however, changes in the image appearance are evident, particularly when studying the pelvis, which was furthest from the central ray 
angle of 258 and centered to the center of the image receptor. Notice the significant distortion created by angling the central ray. 
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Distortion is the second of the two geometric properties 
affecting image quality. Unlike the photographic proper-

ties of IR exposure and contrast, which control the visibility of 
detail, the geometric properties control detail itself. Distortion 
is the difference between the structures being examined and 
the recorded image. It creates a misrepresentation of the 
size and/or shape of the anatomical part being imaged. This 
misrepresentation can be classified as either size or shape 
distortion. Distortion, like detail, exists even when it cannot 
be seen due to poor visibility or, in other words, when the IR 

exposure and contrast are poor. The evaluation and adjust-
ment of distortion require a thorough familiarity with normal 
radiographic anatomy. Unless the normal size and shape of a 
structure are known, comparisons of size and shape cannot 
be accomplished.

When the factors that affect size and shape distortion 
are altered, some change in distortion will occur. No change 
will occur unless one of these factors is altered. Table 29-2 
illustrates the effect on distortion when the various factors 
are changed. ◾

SUMMARY

Case of the Line in the 
Stomach

Although barium has been used to 
coat this stomach for the air contrast 

study, an odd line appears at its 
midpoint. What is causing the line?

Answers to the case studies can be 
found in Appendix B.
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412  UNIT V Analyzing the Image

REVIEW QUESTIONS

1. What is distortion?

2. What is the difference between size and shape 
distortion?

3. How do the SID and the OID affect size distortion?

4. What is the magnification factor formula?

5. What is the difference between elongation and 
foreshortening?

6. How does the alignment of the anatomical part affect 
shape distortion?

7. How do the direction and degree of angulation affect 
shape distortion?

8. How can shape distortion be used to advantage?
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If all the factors involved in the making of a . . . radiograph are known, it 

then becomes a simple matter, by means of . . . (a) method of analysis, to 

decide what may be done to improve the quality of that radiograph.

Ed. C. Jerman, the “father of radiologic technology” 
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Objectives

Upon completion of this chapter, the student should be able to:

 ◾ Discuss the elements of a diagnostic image as they relate to the art of 
image critique.

 ◾ Identify the steps of the decision-making process.

 ◾ Describe an effective image critique method, incorporating critical 
problem-solving skills.

 ◾ Use an effective image critique method.

 ◾ Explain the differences among technical factor problems, procedural 
factor problems, and equipment malfunctions.

 ◾ Apply an effective image critique method to a wide range of problems 
specific to clinical situations beyond those presented in this chapter.

The Art of Image Critique

 413
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 ImplementIng ImagIng  
StandardS

Radiographers are required to make critical decisions 
every day about the quality of their radiographic images. 
Critiquing an image is a very complex process that 
requires a thorough knowledge of all aspects of radiog-
raphy. Deciding if an image is acceptable or unacceptable 
should be approached in a logical, organized manner. 
Image critique is an analytical process that involves many 
of the steps of diagnostic decision making, including criti-
cal problem solving. This process remains ever more criti-
cal in digital imaging systems even though it is possible to 
post-process the image to bring it into the human visual 
range.

the Diagnostic image
The art of image critique revolves around the concept of 
deciding exactly where in the diagnostic-quality spectrum 
a particular radiographic image lies. A practical technical 
definition of a diagnostic-quality image has never been 
established because the artistic elements involved to 
produce the required medical information vary so much 
from one situation to another. The exponential number of 
variables involved makes radiography as much an art as a 
science.

The production of a diagnostic image involves an over-
whelming number of variables, including such elements 
as patient anatomy, pathological conditions, radiographic 
positioning, patient preparation, radiation protection, x-ray 
equipment, prime technical factor selections, collimation, 
digital image acquisition, image receptors, processing, post-
processing, image receptor (IR) exposure and contrast per-
ceptions, spatial resolution, and distortion. In other words, 
nearly all of the elements of anatomy, positioning, physics, 
and principles of exposure are involved. The art of image 
critique is the application of scientific knowledge to an 
analysis of the image.

the Analytical Process
It is important to remember that not even radiologists are 
trained in the finer points of creating and analyzing the 
quality of a radiographic image. The radiographer is the 
expert and has the responsibility of proceeding with image 
analysis. Only with an acceptable image can a radiologist 
make an accurate diagnosis. It is the radiographer’s profes-
sional responsibility to create the best possible image given 
each individual circumstance.

To determine whether an image is of diagnostic qual-
ity, the steps of an analytical decision-making process must 
be followed.

The process begins with a review of the entire image. 
This is essential to avoid premature narrowing. During the 
review, the radiographer watches for anything that is dif-
ferent from a diagnostic-quality image. When differences 
are noticed, a pattern is sought, especially when there is 
more than one cue. Cues and patterns focus attention on a 
suspicious area, thus narrowing the search. Cues and pat-
terns are then used to seek hypotheses. An effort is made 
to formulate a hypothesis that will explain all the cues. 
Cues that do not fit the hypothesis are held in reserve. The 
hypothesis is then tested by guided information seeking, 
with general questioning to produce more cue information. 
The last step is an evaluation of the final hypothesis. The 
hypothesis attempts to resolve the greatest number of cues 
and patterns.

There are myriad factors that can affect the quality 
of a radiographic image, and these factors can act upon 
each other to create an astronomical number of possible 
imaging problems. An image critique system uses the diag-
nostic problem-solving process to critically think through 
the problem and help resolve the situation.

 IdentIfyIng an ImagIng 
problem

The identification of an imaging problem requires the use 
of a full range of radiographic expertise. The radiogra-
pher must first recall that the purpose of the radiographic 
image is to provide information about the medical con-
dition of the patient. The information needed may vary 
greatly, depending on the suspected medical problem and 
the anatomical region to be examined. For example, align-
ment of a nail during a hip-pinning operation requires a 
type of information different from that needed for detec-
tion of a small blood vessel constriction during cerebral 
angiography.

The meaning of the expression “diagnostic-quality 
image” is quite different in these two cases. The hip pin-
ning requires two images at right angles to one another as 
fast as possible with a major consideration being patient 
dose. The cerebral angiograph requires maximum visibil-
ity of detail and resolution from a high-speed exposure 
with less consideration of patient dose. Any definition of 
a diagnostic-quality image must consider the clinical situ-
ation while providing a good balance between visibility of 
detail (IR exposure and contrast) and the geometry of the 
image (spatial resolution or distortion).

The primary problem encountered by radiographers 
in successfully critiquing images is the tendency to glance 
at images instead of critically evaluating them for image 
quality. The professional approaches each image as a win-
dow in the diagnostic process.
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This approach is designed to provide the radiographer 
with an organized and systematic protocol for critiquing an 
image. When consistently used, the system will be found to 
be a thorough and dependable method for establishing and 
maintaining professional skills at the very highest level of 
competence. The form in Figure 30-2 illustrates the applica-
tion of this image critique method.

classification of the image
The first step in classifying the image is to evaluate it to 
determine if it is within the diagnostic acceptance limits. 
If the image is within the acceptance limits, it should 
be critically examined to determine if it is of optimal 
diagnostic quality. If it is satisfactory in every respect, the 
pride of professional competence is the radiographer’s 
reward. If the image is within acceptance limits but not 
of optimal diagnostic quality, the radiographer should 
continue the critique to refine his or her technical skills. 
Although the image may be submitted for diagnosis, a 
continued critique provides an opportunity to improve the 
quality of care for future patients.

If the image is outside the acceptance limits, a con-
tinued critique is mandatory prior to attempting to repeat 
the exposure. Failure to continue the critique is ethically 

In her introductory text for radiologists, Funda­
mentals of Radiology, Dr. Lucy Frank Squire emphasizes 
to aspiring radiologists that, “While the single-glance 
approach has its value, it is full of danger to the patient, 
because the presence of a very obvious abnormality tends 
to suppress psychologically your search for more subtle 
changes.” She suggests that students utilize a systematic 
approach to evaluating images, primarily by looking at vari-
ous structures in a deliberate order, concentrating on each 
structure while excluding the superimposed shadows of 
other structures. Radiographers should adopt an identical 
process by looking at each technical and procedural factor 
in a systematic fashion before jumping to any “glancing” 
conclusions.

 an effectIve Image crItIque 
method

An effective image critique method is a three-step process 
involving

1. the classification of the image,
2. the determination of the cause of the problem, and
3. the recommendation of corrective action (Figure 30-1).

FIgURE 30-1. An effective image critique method.
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FIgURE 30-2. Form used for image critique.
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Geometric problems with detail are further classi-
fied as spatial resolution or distortion problems. Spatial 
resolution problems are the result of the geometry of the 
beam (focal spot size, SID, or OID), the image receptor, 
and/or patient motion. Distortion is further classified as 
size distortion (magnification) or shape distortion. Size 
distortion problems are the result of SID or OID. Shape 
distortion problems are the result of improper tube, part, 
and/or image receptor alignment.

Procedural Factor Problems. A procedural factor problem 
can be classified as one that involves patient positioning 
or patient preparation for the x-ray examination. Proper 
patient positioning results when the part, the image recep-
tor, and the tube (central ray) are correctly aligned with 
one another. The result is an image that demonstrates the 
anatomical structures of interest from the proper perspec-
tive. Of course, a thorough knowledge of the anatomy being 
visualized for a given radiographic procedure is essential to 
determine if the positioning is accurate. When studying an 
image for accuracy in positioning, three alignment factors 
should be reviewed separately:

1. the tube alignment,
2. the part alignment, and
3. the image receptor alignment.

The second procedural factor problem involves prep-
aration of the patient for the examination. Proper patient 
preparation includes removing radiopaque objects from 
the area of interest (e.g., jewelry, safety pins, etc.), proper 
bowel cleansing for a gastrointestinal study, recording a 
thorough history, communicating clear instructions to the 
patient, and so on.

Equipment Malfunction. The last major category in the 
classification of the causes of an imaging problem is equip-
ment malfunction. Although the technical and procedural 
factors may have been correctly determined, a problem can 
still result when the equipment being used for the examina-
tion does not function properly. Problems normally occur 
with the processing equipment or with the radiographic/
fluoroscopic equipment. These problems can be kept to 
a minimum through an effective quality control program.

Recommendation of  
corrective Action
Each identified cause requires an appropriate corrective 
action that will resolve the problem. Corrective action 
adjustments are based on knowledge and clinical experi-
ence. Clinical experience is gained through careful atten-
tion to problems and successes. Remember that clinical 
knowledge is gained by critiquing acceptable but subop-
timal images, analyzing repeated images, and recording 
successful results.

unacceptable for a radiographer because it subjects the 
patient to additional radiation exposure without ascertain-
ing how to produce an acceptable image.

Determination of the cause of  
the Problem
The actual diagnostic problem solving begins with deter-
mination of the cause of the unacceptable or suboptimal 
image. In most instances, there is more than one cause, 
and this can complicate the problem-solving process 
immensely. Searching for cues or patterns is primarily a 
matter of clinical experience. It is best to slowly narrow 
the search process by first trying to classify the problem 
into one of three major categories:

1. a technical factor problem,
2. a procedural factor problem, or
3. an equipment malfunction problem.

All of these categories are then further subdivided in 
an effort to determine the exact cause of the problem.

Technical Factor Problems. Technical factor problems 
can be arranged into two categories: a problem with spa-
tial resolution (visibility of detail) or a geometric problem 
with detail itself. (Of course, some images will have prob-
lems with both visibility of detail and geometric detail.) 
Problems with visibility of detail concern maintaining suf-
ficient IR exposure and contrast to make the detail of the 
image visible. Even with good detail present, anatomical 
structures cannot be visualized unless appropriate IR expo-
sure and contrast are also present. An image that appears 
totally black may still possess good detail; it is simply 
beyond the ability of the human eye to discern it. Although 
digital systems can post-process such images and bring 
them into the human visual range, the fact that the image 
detectors received too little or too much radiation does 
not provide the optimal viewing data. Geometric problems 
directly concern the production of detail. (See Figure 25-6, 
Image analysis phase.)

Problems with visibility of spatial resolution are fur-
ther classified as IR exposure or contrast problems. IR 
exposure problems may be the result of a variety of influ-
encing factors, including the mAs selection, the image 
receptor, the selected kVp level, distance, grid selection, 
beam restriction, a pathology problem, and so on. Contrast 
problems are the result of a variety of influencing factors, 
including the kVp selection, field size, patient thickness, 
grid selection, and so on. When digital imaging systems are 
used, IR exposure and contrast problems may be corrected 
with the application of the look-up table (LUT), unless an 
exposure index (EI) value differs from the established 
target exposure indicator (EI )T . Whenever that occurs, 
images should be repeated.
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but no apparent equipment problem. Further searching 
narrows the technical factor problem to a photographic 
problem of spatial resolution (visibility of detail) and the 
procedural problem to patient positioning. This narrowing 
is based on observations that the image is overexposed and 
that not all of the anatomical structures of interest are dem-
onstrated on the image. These two cues narrow the search 
by eliminating geometric problems of spatial resolution, 
patient preparation, and equipment malfunction as prob-
able causes. Once suspected problem areas are defined, 
the cues and patterns should be used to form a hypothesis 
about the probable cause of the problem.

The photographic problem of visibility of detail (spa-
tial resolution) can be further narrowed to an exposure 
problem. The possible causes of excessive exposure are 
then reviewed to determine the most likely cause. Although 
too much mAs is the most common cause, a number of 
other factors, such as the grid selection, and the kVp level, 
need to be considered and checked to test the hypothesis. 
This is a necessary part of evaluating the hypothesis.

Next, the procedural problem should be reviewed 
to determine the most likely cause. The problem is first 
narrowed to a patient positioning problem and then to an 
alignment problem.

The possible causes of alignment problems should 
then be reviewed to determine the most likely cause. 
Careful review of the image reveals that the central ray was 
not correctly aligned to the center of the image receptor. 

It is recommended that radiographers purchase or 
make a personal technique system booklet that can be 
easily carried while performing clinical examinations. 
This booklet should record appropriate technical factors, 
including the specific tube used (by room number or loca-
tion), kVp, mAs, distance, grid, anatomical projection, part 
thickness, and any other variable factors (adjustable filtra-
tion, focal spot size, etc.). By using a personal technique 
system booklet, the radiographer has a quick reference 
for establishing the technical and procedural factors for a 
specific examination. Additionally, this guide can be useful 
for determining accurate adjustments in order to correct 
a problem.

 applyIng the Image crItIque 
method

Figure 30-3 illustrates how to use the image critique method 
that has been outlined. The radiograph in Figure 30-3A is 
classified as an image that is outside the acceptance limits 
of image quality. To determine the cause of this problem, 
the entire image should be studied for technical and proce-
dural accuracy, as well as for potential equipment malfunc-
tion problems.

From this review, it is determined that the image exhib-
its a technical factor problem and a procedural problem 

FIgURE 30-3. (A) Original radiograph. (B) Repeated radiograph. 
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Because of this improper central ray alignment, some of 
the anatomical structures of interest (the lower lungs and 
costophrenic angles) are not visualized.

The final step is recommending corrective action. 
In the example, the corrective action involves changes 
in technical factor selection and patient positioning. 
The mAs is reduced by one-half the original amount to 
correct the IR exposure problem, and the central ray 
is properly aligned to the midline of the image recep-
tor. Figure 30-3B illustrates the result after these adjust-
ments were made.

A thorough understanding of the concepts involved in 
producing an acceptable diagnostic-quality image is impor-
tant. Because of the large number of variables in the imag-
ing process, acceptable images will not always result from 
the initial exposure. Even the best of radiographers will be 
required to repeat images because of the vast number of 
variables. By applying a systematic image critique method, 
radiographers are practicing one of the most complex skills 
of the profession. This analytical and effective image cri-
tique method will help to ensure the best possible patient 
care by minimizing the need to repeat an exposure.

Critiquing an image is a very complex process that requires 
a thorough knowledge of all aspects of radiography. 

Deciding if an image is acceptable or unacceptable should be 
approached in a logical, organized manner. Image critiquing is 
an analytical process that utilizes many of the steps involved in 
diagnostic decision making, including critical problem solving.

To determine whether an image is of diagnostic quality, 
the steps of an analytical decision-making process must be 
followed.

The process begins with a review of the entire image to 
avoid premature narrowing. When differences are noticed, a 
pattern is sought, especially when there is more than one cue. 
Cues and patterns focus attention on a suspicious area, thus 
narrowing the search. Cues and patterns are then used to 
seek hypotheses. An effort is made to formulate a hypothesis 
that will explain all the cues. The hypothesis is then tested 
by guided information seeking, with general questioning to 
produce more cue information. The last step is an evaluation 
of the final hypothesis. The hypothesis attempts to resolve the 
greatest number of cues and patterns.

An effective image critique method is a three-step pro-
cess involving (1) the classification of the image, (2) the 
determination of the cause of the problem, and (3) the rec-
ommendation of corrective action.

In the first step, the image is classified to determine if 
it is within the diagnostic acceptance limits. If the image is 
within acceptance limits but not of optimal diagnostic quality, 
the radiographer should continue the critique to refine his or 
her technical skills. If the image is outside the acceptance 
limits, a continued critique is mandatory prior to attempting 
to repeat the exposure.

The actual diagnostic problem solving begins with deter-
mination of the cause of the unacceptable or suboptimal 
image. Searching for cues or patterns is primarily a matter 
of clinical experience. It is best to slowly narrow the search 
process by first trying to classify the problem into one of 
three major categories: (1) a technical factor problem, (2) a 
procedural factor problem, or (3) an equipment malfunction 
problem.

Each identified cause requires an appropriate correc-
tive action that will resolve the problem. Corrective action 
adjustments are based on knowledge and clinical experi-
ence. Clinical experience is gained through careful attention 
to problems and successes.

Even the best of radiographers will be required to repeat 
images. Using an effective image critique method will help to 
ensure the best possible patient care by minimizing the need 
to repeat an exposure. ◾

summARy
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Review QuestiOns

1. What is the purpose of image critique?

2. During the analytical process of critiquing a radio-
graph, how are cues and patterns used?

3. What are the three steps in an effective image critique 
method?

4. What are the three classifications of imaging 
problems?

5. What are the two categories of technical factor 
problems?

6. A necklace is seen on a chest radiograph. What type 
of imaging problem would this be?

7. A digital image is created and results in an EI value 
that is higher than the established EI value (EI )T . 
What type of imaging problem would this be?

8. How does a radiographer determine the appropriate 
corrective action for an imaging problem?
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Objectives

Upon completion of this chapter, the student should be able to:

 ◾ Define quality assurance and quality control and discuss their relation-
ship to excellence in radiography.

 ◾ Describe the process of identifying imaging requirements, developing 
equipment specifications, selecting equipment, installing and testing 
equipment, and training the technical staff.

 ◾ Describe the objectives and responsibilities of monitoring equipment 
performance.

 ◾ Discuss primary quality control tests for external radiation beam 
monitoring of diagnostic radiographic systems, fluoroscopic systems, 
tomographic systems, and automatic exposure controls.

 ◾ Describe the quality control tasks specific to digital radiography 
systems.

 ◾ Discuss appropriate monitoring factors for digital radiography detectors.

 ◾ List primary quality control tests for miscellaneous ancillary equipment.

 ◾ Explain the rationale behind the data collection process and the basic 
analysis of a radiographic rejected image analysis.

 ◾ Describe a basic troubleshooting procedure.

Key terms

detective quantum efficiency 
(DQE)

dead pixels

external beam evaluation

processing systems

quality assurance

quality control

total rejected image rate

Quality Management
C h a p t E r  31

. . . a quality assurance program maximizes the likelihood that the images 

will consistently provide adequate diagnostic information for the least pos-

sible radiation exposure and cost to the patient. 

William R. Hendee and Raymond P. Rossi,  

Quality Assurance for Radiographic X-Ray Units and  

Associated Equipment
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Quality assurance
and Quality control

regulation and Accreditation
In the United States, the federal government initiated radio-
logic and imaging sciences quality management regula-
tions after the Radiation Control and Safety Act of 1968. 
The 1981 Consumer-Patient Radiation Health and Safety 
Act added considerably to the scope of this effort, as did 
the 1990 Safe Medical Devices Act (SMDA) and the 1992 
Mammography Quality Standards Act (MQSA). Today these 
acts and others relating to radiologic and imaging sciences 
are developed and enforced by the Center for Devices and 
Radiological Health (CDRH), which is part of the Food and 
Drug Administration (FDA) under the Department of Health 
and Human Services (HHS). In 1996, the Health Insurance 
Portability and Accountability Act (HIPAA) was enacted with 
the intention of simplifying standards by encouraging elec-
tronic transactions. This law also safeguards patient security 
and confidentiality (for which it is best known). Essentially, 
HIPAA established national standards for (1) electronic 
record security; (2) standardized electronic formats for 
record keeping; (3) standardized electronic identifiers and 
codes for institutions, personnel, diagnoses, and treatments; 
and (4) requirements for confidentiality and privacy rules. 
Failure to comply with this law can result in significant legal 
penalties (up to $250,000 and 10 years in prison).

Of the acts currently in place, the SMDA and MQSA 
have had the greatest impact on the practice of the radio-
logic and imaging sciences. SMDA mandates that any seri-
ous injury or death due to a medical device be reported. 
MQSA requires mammography facilities to be approved by 
the FDA.

There are also voluntary accreditation procedures 
available, and they are used by the vast majority of hospi-
tals in the United States. The largest hospital accreditation 
agency is The Joint Commission (TJC) on the Accreditation 
of Healthcare Organizations (JCAHO). Its approval is linked 
to many medical activities, most importantly to reimburse-
ment by the federal and state governments and many insur-
ance companies. Accreditation agencies establish quality 
standards, assess them, and provide certification that indi-
vidual institutions have met the agency’s standards.

Although there are numerous quality measurement 
consultants, books, and process methods, one is wor-
thy of remembering in all medical settings. The Hospital 
Corporation of America’s FOCUS-PDCA method has gained 
great acceptance. It functions as shown in Table 31-1.

Quality management consists of a coherent system 
designed to monitor equipment performance through a 
variety of quality assurance and quality control standards 
or benchmarks.

Quality Assurance
Quality assurance consists of activities that provide adequate 
confidence that a radiology service will render consistently 
high-quality images and services. It is an evolutionary pro-
cess that assesses everything that affects patient care. It 
may be medically, technically, or managerially oriented. 
Quality assurance includes evaluating activities such as 
interpretation of examinations, maintenance of equipment, 
performance of procedures, staff development, scheduling 
of examinations, and supply lines.

The quality assurance process operates by identifying 
problems or potential problem areas, monitoring the prob-
lem, and then resolving it. Monitoring problems involves 
several steps, including establishing criteria, performing 
monitoring, and collecting, analyzing, and evaluating data. 
It is these steps of the monitoring process that are of great-
est concern to the quality assurance radiographer.

Quality control
Quality control is the aspect of quality assurance that moni-
tors technical equipment to maintain quality standards. The 
concept of quality control is rooted in the need to stabilize 
the various equipment components of the radiographic 
imaging chain. From incoming-line current through x-ray 
production to the processing of the radiograph, erratic 
equipment performance causes repeat radiographs and 
unnecessary patient exposure to radiation. The term qual-
ity control is sometimes used to describe the evaluation 
of individual radiographs according to acceptance limits 
standards. It is probably better to think of this image evalu-
ation process as image critiquing or quality checking rather 
than quality control, although the quality control process is 
certainly a critical part of the critique evaluation.

Technical expertise will ensure success in radiography 
when quality assurance is used to ascertain that the equip-
ment is reliable. Because radiographic equipment changes 
as it ages, there are often great differences between the 
results obtained on one unit and those obtained on another. 

 Table  31-1. FOCUS-PDCA Method

Find and define a problem.

Organize a team to work on improvement.

Clarify the problem with current knowledge.

Understand the problem and its causes.

Select a method to improve the process.

plan implementation.

Do the implementation and measure change.

Check the results.

act to continue improvements.
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Purchasing eQuiPment

identification of imaging 
requirements
It is not always apparent exactly what type of equipment 
is needed when new purchases are being considered. 
Historically, this decision was made by the chief radiologist 
or administrative technologist. Rarely are the actual operators 
of the equipment, the radiographers, consulted. The result has 
been that nearly every x-ray department owns a radiological 
monstrosity that is avoided by radiographers and radiologists 
alike. These units are often inconvenient, overly sophisticated, 
or unable to produce quality images. Careful identification of 
imaging requirements can prevent these problems.

It is not necessary to be an expert in imaging physics 
and technology in order to be capable of contributing to 
the process of identifying the imaging requirements. Each 
member of the radiological team can contribute his or her 
expertise. The person who will make the final decision 
should interview the radiologists, administrators, supervi-
sors, and staff technologists who will use the equipment. In 
many instances the needs of the radiologist will determine 
the basic parameters for the purchase. Administrators 
must often impose financial and space restraints, although 
they can also create new funds and space when necessary. 
Supervisors are often able to provide important informa-
tion on patient flow and staffing needs. After the radiolo-
gists, the radiographers are the most important persons 
to have input because their experiences with equipment 
provide a wealth of information.

Development of equipment 
specifications
Generic equipment specifications should be developed 
from the interview information. It is important that the per-
son formulating the specifications has the technical back-
ground to state exactly what is needed to meet the imaging 
requirements. An imaging physicist should be involved at 
this point. The best specifications include detailed state-
ments of what the equipment should be capable of doing. 
For example, “Maintain mA linearity within ±10 percent to 
produce a consistent exposure when mAs is maintained 
but mA is varied.” This must include a change from high-
est to lowest setting. When the specifications are complete, 
they are sent to vendors for bidding.

selection of equipment
The actual selection of equipment becomes simple if the 
investigation into the first two steps has been thorough. 
When the bids arrive, they can be compared for meeting 

The same unit cannot be counted on to produce exactly 
the same beam for the radiographer to control and analyze 
unless it is properly checked on a regular basis. The system 
of checks to accomplish a measure of consistency in beam 
output is the quality control.

Ensuring the quality of the radiographic image is a 
prime responsibility of the radiologic technologist. Every 
patient expects to receive the highest possible quality, 
or excellence, of service, from a medical facility. No one 
wants to be exposed to ionizing radiation by a radiographer 
incapable of producing excellent images.

It is important that quality control be seen as a 
method of controlling the radiographic image from 
start to finish. To do this requires a series of procedures 
(Figure 31-1). Unfortunately, some quality control begins 
with the last step instead of the first. An effective program 
cannot be achieved simply by monitoring equipment 
performance, although this is unquestionably the most 
involved step. The thought process preceding equipment 
purchase is critical.

FIgURE 31-1. A total quality control system. (Adapted from  
W. R. Hendee and R. P. Rossi, Quality Assurance for Radiographic 
X-Ray Units and Associated Equipment [HEW Publication FDA 
79-8094], 1979, Rockville, MD: U.S. DHEW, PHS, FDA, Bureau of 
Radiological Health.)

Processing systems External beam evaluations

Identification of imaging
requirements

Selection of equipment

Installation and acceptance
testing

Monitoring of equipment
performance

Development of equipment 
specifications

Continuing education
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patient waiting time, and resources, as well as increase 
confidence in diagnostic consultation and boost depart-
mental morale.

responsibility
Professional service personnel or medical physicists are 
not required to perform routine quality control procedures. 
Many procedures must be done daily, and to use these 
experts would be too costly. Radiographers, who are more 
available and knowledgeable about potential problems, 
should perform the equipment monitoring. An initial cost 
outlay for testing equipment is required. To maintain a pro-
gram, staff technologists must be given time to perform the 
procedures and to evaluate them.

Processor monitoring
Processor monitoring is utilized with film-screen systems 
and is designed to permit an automatic film processor to 
fluctuate within set limits. The tests related to processor 
monitoring may be performed by anyone who has been ori-
ented to the use of the equipment involved. However, only 
a radiographer or processor maintenance person should 
perform the corrective actions.

external beam evaluation
The second part of performance monitoring involves the 
evaluation of the external primary radiation beam. These 
tests must be performed by a radiographer who has knowl-
edge of the physical operation of the equipment and all 
related accessories. Corrective action should be taken only 
by an authorized service person.

Some monitoring equipment can be made very inex-
pensively; other equipment must be purchased. A dosimeter 
is an essential piece of equipment, and reasonable quality 
control cannot be performed without one. Computerized 
dosimeters are available that permit readouts and printouts 
of many quality control parameters from a single exposure. 
A room log should be kept to record test results, mainte-
nance, and repairs performed on each x-ray tube and other 
system in each room.

Diagnostic Radiographic Systems. The tests that should 
be performed on diagnostic radiographic systems should 
be done on a semiannual schedule. The tests for x-ray 
tubes should include the following.

Focal spot size estimation. An estimate of focal 
spot size is important so that it is kept within acceptable 
limits to ensure proper spatial resolution. There are four 
types of focal spot test tools: line pair resolution tools, 
star test patterns, pinhole cameras, and slit camera. Both 
line pair resolution tools and star test patterns function by 
imaging a resolution pattern on an image. The image can 

specifications, cost, and service. The actual decision is 
then academic. A pitfall in the process can occur when 
radiologists in the institution show a preference to a partic-
ular vendor, thus weakening the bargaining position of the 
department administrator. In many institutions, this pitfall 
should be expanded to include interference by administra-
tive officers unfamiliar with imaging equipment.

installation and Acceptance testing 
of equipment
Installation and acceptance testing of equipment is the 
responsibility of the vendor and/or manufacturer. The 
quality control technologist must verify that the equipment 
specifications have been met. Normally this includes super-
vising the testing procedures and results. It is suggested 
that the exact methods for acceptance testing be included 
in the original specifications. The data from these tests will 
form the standard for all future quality control monitoring.

continuing education
It is normally the responsibility of the vendor to familiarize 
the users of the equipment with its proper operation. With 
simple equipment, such as ancillary devices, the equip-
ment manual may be sufficient for use in in-service train-
ing. More complex equipment should be demonstrated 
and explained by the vendor to at least two persons as 
part of the purchase contract. Continuing education must 
be an ongoing procedure. It is advisable to include both 
the quality control and in-service education coordinators 
in the initial training demonstrations. A good in-service 
program will include an orientation procedure as well as 
periodic updates on all complex equipment.

 monitoring eQuiPment
 Performance

The final procedure of a total program is commonly 
considered to be the whole of quality control. Monitoring 
equipment performance includes routine checks 
of all radiographic equipment. Although they are 
interdependent, monitoring can be divided into two parts: 
(1) processing systems and (2) external beam evaluation. 
Objectives for a performance monitoring system are to

1. monitor the quality of the image processing systems,
2. measure the quality of the external radiation beams, and
3. specify faults within these systems to allow corrective 

measures to be taken.

Evidence shows that a properly working quality control 
system will reduce equipment downtime and the number 
of repeated exposures. This will also reduce patient dose, 
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(this is a U.S. federal standard). The centering mark 
should be within 1 percent of the light field central ray. 
The positive beam limitation (PBL) mechanism should 
not permit the primary beam to be larger than the image 
receptor unless the override lock is activated. When these 
margins of error are exceeded, the collimator light or PBL 
mechanism must be adjusted.

Distance and centering indicators’ accuracy. 
Many older x-ray units have inaccurate distance indica-
tors located on tube support stands or overhead readouts. 
In addition, both distance and centering locks, stops, and 
detents may not be accurate. Assurance that distance and 
centering are accurate avoids the need for repeated expo-
sures due to the inverse square law, misalignment of the 
central ray, and primary beam collimation. Distance indi-
cators should be checked with a tape measure (point zero 
should be measured from the focal spot, which is approxi-
mately 1 cm from the bottom of the tube housing end cap). 
Centering indicators can be checked by visual inspection 
of the collimator light beam (assuming a collimator and 
central ray accuracy test has been done). Distance indi-
cators should be 610 percent, and centering indicators 
should be 62 percent. If the indicators are not within these 
limits they should be adjusted.

Angulator or protractor accuracy. X-ray tables, 
Bucky units, and tubes with angulators or protractors 
must provide accurate readings for positioning baselines. 
They can be evaluated by using a large protractor for angle 
measurements and a level to verify that locks, stops, and 
detents are set to establish horizontal and perpendicular 
surfaces. Angles should be 61 percent, with adjustments 
made when necessary.

The tests for x-ray generators should include the 
following.

Kilovoltage accuracy. Kilovoltage settings tend to 
drift over time, primarily as a result of tube aging. Their 
accuracy is essential in maintaining image quality. The 
EI values cannot be predicted unless the kVp is accurate. 
Verification and calibration of the kVp ensure that tech-
nique exposure charts will produce diagnostic-quality 
images. Computerized dosimeters provide digital readouts 
or printouts of average and single-pulse kVp. If the settings 
drift beyond 65 kVp of the labeled setting, the generator 
must be recalibrated.

Timer accuracy. Exposure time settings also tend 
to drift over time. Their accuracy is essential in maintain-
ing image quality because exposure cannot be predicted 
unless the time is accurate. Verification and calibration 
of the timer ensure that technique exposure charts will 
produce diagnostic-quality images. Computerized dosim-
eters provide digital readouts or printouts of the exposure 
time. Exposure time settings should be maintained within  
65 percent of the label. If the settings drift beyond this 
limit, the timing circuit or mechanism must be recalibrated.

then be analyzed to estimate the focal spot size. A pinhole 
camera permits measurement of the focal spot by creating 
an image of the effective focal spot on a film (Figure 31-2) 
or on a digital image receptor, which makes it easier to 
process. While the pinhole camera provides a two-dimen-
sional image of the focal spot, the resulting images are dif-
ficult to obtain and interpret. The slit camera may be used 
instead to produce a unidimensional image of the focal 
spot that is perpendicular to the slit direction. This tool is 
recommended for nominal focal spot values less than 0.3. 
However, the use of the slit method is a difficult task to 
perform in the clinical setting.

Half-value layer. The amount of total filtration in 
the primary beam is important for both radiation protec-
tion and image quality. Radiation protection is ensured 
by eliminating low-energy photons that are incapable of 
reaching the image receptor. Image quality is ensured by 
making appropriate contrast adjustments. Half-value layers 
are measured by using dosimetry equipment to detect the 
quality of aluminum filtration that will reduce the beam 
intensity to half the original value. Computerized quality 
control dosimeters provide a digital readout of the half-
value layer. Half-value layer recommendations or require-
ments vary depending on the kVp. If insufficient filtration 
is present, the tube housing must be modified to supply 
additional aluminum filtration.

Collimator, central ray, and Bucky tray accuracy. 
The congruence of the projected centering light field and 
the central ray with the actual collimated primary x-ray 
beam and Bucky tray is of critical importance for radia-
tion protection. Radiation protection is ensured by avoid-
ing repeated images due to overcollimation errors and by 
avoiding irradiation of tissue unless it will be imaged. A 
collimator test tool is simply a lead marker for each cor-
ner of the light beam plus crosshairs or a lead marker, 
placed several centimeters above the image receptor sur-
face, for the central ray. A 2 percent SID error is allowed 
between the primary beam image and the light field size 

FIgURE 31-2. Focal spot images produced on dental x-ray film 
with a pinhole camera. (Courtesy of J. E. Gray and M.  Trefler, 
“Pinhole Cameras: Artifacts, Modifications, and Recording of Pinhole 
Images on Screen Film Systems,” Radiologic Technology, 52(3), 
277−282, 1980; by permission of the American Society of Radiologic 
Technologists from Quality Control in Diagnostic Imaging, Aspen 
Publishers, Inc., Rockville, MD, 1983; by permission of the Mayo 
Foundation for Medical Education and Research.)
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Council on Radiation Protection Report 174. Whenever col-
lected data exceeds diagnostic reference levels, an inves-
tigation should be initiated. All findings and corrective 
actions should be documented and included in the rejected 
image analysis process. Organizing exposure analysis data 
in categories may provide additional information that is 
useful for quality control and quality improvement. For 
example, data could be organized by technologist, body 
part and view, and radiographic room.

Artifact identification. It is essential to identify 
digital image artifacts so that corrective action to elimi-
nate them can be taken, including restricting equipment 
use. According to the AAPM, the protocol for performing 
artifact checks involves acquiring an image using the cali-
bration conditions recommended by the manufacturer and 
comparing it to a second image produced at one-half of 
the mAs used for the first image, with all other conditions 
identical to the first exposure. When images are analyzed, 
minimal post-processing should be used, with a specific 
window level and window width, as recommended per the 
AAPM protocol. The two images should be compared and 
evaluated for non-uniformities, such as grid lines, dead 
pixels, and dead lines. Dead pixels are non-functioning 
pixels that do not contribute to the formation of the image, 
and may even form dead lines when they comprise an 
entire row. Even though a small number of pixels may be 
non-functioning upon manufacturing, the radiographer is 
usually not aware of their presence. However, an increase 
in the number of dead pixels affects image quality.

In addition to the artifact identification protocol 
described above, image receptor calibration and dropped 
detectors artifacts require special attention. When image 
receptors are calibrated, images should be checked for 
artifacts because calibration files affect all future images 
acquired, until the next calibration is performed, and can 
even make any defects permanent until then. Additionally, 
it is important to verify that the image receptor is functional 
after a detector has been dropped, prior to using it for 
patient imaging. Many manufacturers install drop sensors, 
which require detector calibration after a sensor is triggered.

Specialized radiographic systems, such as fluoros-
copy, tomography, and automatic exposure controls, 
require additional tests.

Fluoroscopic Systems. The tests for fluoroscopic systems 
should include the following.

Exposure rate. Fluoroscopic exposure rates are 
measured by a dosimeter exactly as diagnostic mR/mAs. 
The exposure rate should not exceed 5 R/min. If the rate 
exceeds this limit, the automatic brightness control or 
other systems may require calibration or repair.

Field size accuracy and beam alignment. As with 
collimation accuracy in diagnostic radiography, fluoroscopic 
units should not be capable of irradiating tissue outside the 

mR/mAs and milliamperage linearity. Milliamper-
age settings also tend to drift over time, primarily as a result 
of tube aging. Their accuracy is essential to maintaining 
image quality because exposure cannot be predicted unless 
the mA is accurate. Assurance is needed that technique 
exposure charts will accurately produce diagnostic-quality 
images. Milliamperage cannot be measured by non-invasive 
quality control methods. Consequently, mA station accu-
racy must be inferred by comparing mR/mAs measure-
ments after both time and kVp accuracy have been verified. 
Comparative measurements are made for the same mAs at 
different mA and time settings to evaluate the linearity of 
the mA stations. Computerized dosimeters provide digital 
readouts or printouts of mR/mAs. Milliamperage stations 
should be maintained within 610 percent of each other, but 
some sources recommend maintaining the entire generator 
within 610 percent. If the settings drift beyond the estab-
lished limit, the generator must be recalibrated.

Exposure reproducibility. Generators must be 
capable of repeating exposures accurately. This is ensured 
by measuring the mR/mAs of several different exposures 
with the same technical factors. Computerized dosim-
eters provide digital readouts or printouts of mR/mAs. 
Reproducibility should be maintained within 65 percent. 
If the readings are beyond this limit, the entire series of 
tube and generator tests should be analyzed to attempt to 
isolate the problem.

Digital Radiography Imaging Systems. Digital radiog-
raphy imaging systems include additional quality con-
trol tasks that are essential for their optimal operation. 
There is no standard QC process that can be utilized by 
all systems, due to the variety of different digital imaging 
systems being used even within a single imaging depart-
ment. Therefore, manufacturer’s guidelines for specific QC 
procedures described in the operating manual should be 
followed. Many digital imaging system manufacturers and 
third-party companies offer hardware and software tools 
for performing quality assurance, which are intended to 
recognize equipment defects. Quality control tasks include 
rejected image analysis (discussed later in this chapter), 
exposure analysis, and artifact identification.

Exposure analysis. Digital systems are more forgiv-
ing of exposure errors due to their wide dynamic range. 
Consequently, images can be produced with a greater 
range of receptor exposures, resulting in the need for 
exposure analysis, which should be conducted on a regu-
lar basis. Several metrics can be used to perform this task, 
including EI values, DICOM dose information, as well as 
dose estimation based on the technical factors used to 
acquire images.

Data collected as part of an ongoing exposure analy-
sis program can be compared with published reference lev-
els for specific radiographic views, such as the National 
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great discrepancy between phantom thickness and expo-
sure reduction, a service engineer should be consulted.

Digital Fluoroscopy Units. The non-digital components 
of digital fluoroscopy units should be monitored using the 
conventional fluoroscopy methods described above. Digital 
components should be checked using a phantom that con-
forms to AAPM recommendations, and is capable of evalu-
ating spatial resolution, linearity, image uniformity, dynamic 
range, as well as the variables of high- and low-contrast res-
olution. These tests should be performed on acceptance, 
every six months, as well as after a major repair.

Tomographic Systems. The tests for tomographic systems 
should include the following.

Uniformity and completeness of motion. 
Tomography relies on the motion of the tube during expo-
sure to produce a sectional image of the subject. Assurance 
of the uniformity and completeness of tube motion are basic 
tests. The test tool is simply a lead mask with a pinhole that 
is positioned several centimeters above the tomographic 
fulcrum. If the pinhole is centered to the image receptor and 
then imaged with a full tomographic motion, images similar 
to Figure 31-4 may be obtained. Erratic tube motion is dem-
onstrated by the uneven IR exposures. If the motion were 
incomplete, there would not be a full length of the trac-
ing. If the motion is erratic or incomplete, the mechanisms 
involved in the tomographic motion should be cleaned 
(rails, guide wheels, etc.) and the test repeated. If the prob-
lem continues, a service engineer should be consulted.

Section depth indicator accuracy. Tomographic 
units are designed to provide an image that is sharp (pos-
sessing good detail) only at the fulcrum level. Assurance that 
the fulcrum indicator is accurate is essential in diagnosing 
the location of structures within the subject. Commercial 

image receptor area. In addition to the evaluation per-
formed for a diagnostic unit, fluoroscopic units should 
display everything within 1 cm of the edges of the image 
intensifier tube, and the primary beam should be aligned 
to the center of the image intensifier/flat-panel detector. 
Correction of the tube collimation, image intensification 
system/flat-panel detector, or video display system may be 
required (further testing by a service engineer is necessary).

Source-to-skin distance limits. Fluoroscopic units 
should not be capable of placing the tube target closer 
than 15 (38 cm) (or 12 [30 cm] for a mobile fluoroscopy 
unit) to the patient’s skin surface (this is a U.S. federal 
requirement). Without making any exposure, the source-
to-image-receptor distance should be verified. If it is not 
within limits, the unit should not be used until a mechanical 
device is fitted to set a minimum source-to-skin distance.

Viewing system resolution. Because fluoroscopic 
resolution is much poorer than radiographic resolution, 
periodic assurance that it has not deteriorated is critical in 
maintaining confidence in diagnosis. A fluoroscopic mesh 
test tool or a resolution pattern test tool can be imaged to 
permit visualization of the maximum resolving ability of 
the system. If the resolution appears to be deteriorating, a 
service engineer should be consulted.

Viewing system contrast. Because fluoroscopic 
contrast is much higher than radiographic contrast, it is 
important to periodically determine approximately how 
low contrast a structure may be imaged. Special low-con-
trast fluoroscopic test tools are available that consist of 
two plates of aluminum with holes of 1–7 mm drilled in one 
of the plates. When the plates are sandwiched together and 
imaged on a fluoroscopy system, low-contrast evaluation 
can be made based on the smallest visible hole.

Image display systems. Fluoroscopic systems use 
video systems for image display because of the reduction 
in patient dose. Although a video signal generator is the 
test tool of choice, its expense and limited application in 
radiography usually prohibit its use for routine testing. A 
fluoroscopic mesh test tool or a resolution test tool and a 
piece of wire mesh are more commonly used. The resolu-
tion test tool can be imaged on the fluoroscopy unit to per-
mit visual measurement of the system resolution. The wire 
mesh can be imaged to permit visualization of distortion 
(Figure 31-3). When degradation in resolution or distortion 
is observed, a service engineer should be consulted.

Automatic brightness control. Although there are a 
number of types of automatic brightness controls, the term 
is used here in a generic sense. These controls are designed 
to function like an AEC in that variations in subject density 
are automatically compensated for, resulting in a relatively 
uniform image brightness. A computerized dosimeter can 
be used to measure exposure after the beam passes through 
a phantom. When the phantom thickness is decreased by 
half, the exposure should be similarly reduced. If there is a 

FIgURE 31-3. Normal distortion of a wire mesh test tool imaged 
with a conventional fluoroscopy system. (By permission of Mayo 
Foundation for Medical Education and Research. All rights reserved.)
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reproducibility of each chamber individually. Exact cham-
ber locations should be verified by producing an image of 
the ion chambers by using the AEC without a subject at 
extremely low kVp. After this step is completed, the test 
is done by using a lead brick to block all chambers but the 
one to be tested. The AEC reproducibility test is then per-
formed for the unblocked chamber. If all chambers do not 
respond within ±10 percent, a service engineer should be 
consulted to recalibrate the generator AEC circuitry.

IR exposure variation control accuracy. Nearly 
all AEC units provide controls to decrease and increase 
image receptor (IR) exposure by changing the sensitiv-
ity of the ion chamber. These controls vary tremendously 
from one unit to another. Consultation of equipment manu-
als will provide the percentage of change each control is 
designed to produce. A computerized dosimeter can then 
be employed to obtain mR/mAs measurements to verify the 
intensity differences for each control. If the controls are not 
accurate, the generator AEC circuits must be calibrated.

Response capability. Each AEC has a minimum 
response capability (which varies with manufacturer and 
model). If the AEC cannot respond at the minimum time, 
there is no assurance that diagnostic-quality images can be 
produced. Response capability is best evaluated by using a 
computerized dosimeter readout or printout to determine 
exposure time for AEC exposures made with a small lucite 
phantom. As the phantom thickness is reduced, the AEC 
should produce exposures within ±10 percent mR/mAs of 
one another until a time below the minimum exposure time is 
used. If the minimum response time is greater than specified, 
the AEC should not be used until the problem is corrected.

Backup timer verification. Occasionally, even the 
best radiographers will forget to activate the proper tube 
or AEC. When this occurs, patient radiation protection 
requires that AEC backup timers be functioning to termi-
nate exposures and protect both patient and tube. When a 
lead plate is placed over the AEC ionization chamber and 
an exposure is made, the backup timer should terminate 
the exposure and a visual and an audible warning should 
occur. If the backup timer or signals fail, the AEC should 
not be used until the problem is corrected.

ancillary eQuiPment

Ancillary equipment must also be monitored on a regular 
basis.

Digital radiography image receptors
Digital Radiography (DR) Detectors. Most digital radi-
ography vendors offer a quality control test tool for the 
periodic evaluation of their detector systems. The primary 
quality assurance parameter in these systems is known as 

test tools are available or a penetrometer with lead num-
bered steps can be used. When a tomographic image is made 
of the test tool, the number that was at the level of the ful-
crum should appear sharp. If it does not, the fulcrum indica-
tor should be adjusted to the appropriate level. Additional 
testing may be required to ascertain the proper adjustment.

Section thickness accuracy. The sharp section of 
a tomograph should be of a known thickness, depending 
on the total arc of the tomographic motion (exact section 
thickness per arc is usually stated in the equipment manual). 
Commercial test tools are available or an angled wire mesh 
can be used. When the angled resolution mesh is imaged, the 
section thickness can be determined by measuring the region 
of sharpness on the image. If the section thickness is inac-
curate, the pinhole trace should be consulted. If it appears 
unacceptable, a service engineer should be contacted.

Resolution. Tomographic resolution is determined 
by imaging a resolution test pattern at the fulcrum level. 
The resulting image can be visually inspected to determine 
the resolving capability of the system. When resolution 
deteriorates, standard diagnostic quality control measures 
should be consulted first, then a service engineer should 
be contacted.

automatic exposure Controls. The tests for automatic 
exposure controls (AECs) should include the following.

Exposure reproducibility. The same reproducibility 
standards for diagnostic radiography systems are applied 
to AECs. If the readings are not within limits, the generator 
AEC circuits must be calibrated.

Ion chamber sensitivity. Most AECs utilize three 
ion chambers and permit activation of various combi-
nations during exposures. It is important to ensure that 
each ion chamber is equally sensitive by comparing the 

FIgURE 31-4. Tomographic uniformity and completeness of motion 
test with a pinhole trace image. Both exposures were erratic, as 
demonstrated by the uneven IR exposures along the entire pinhole 
image. (By permission of Mayo Foundation for Medical Education and 
Research. All rights reserved.)
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monitor, the recommendation is that the luminance mea-
surements match within 5 percent.

Film-screen systems
Cassette cleaning and inspection is required to maintain 
cleanliness as during normal use these systems acquire 
dust particles that can create artifacts and result in mis-
interpretation. An antistatic solution should be used for 
cleaning to assure no residue is left. It is also possible for 
the pads behind intensifying screens to lose their flex-
ibility, resulting in poor contact between the film and the 
screen. The test for this is to image a wire mesh tool that 
will demonstrate any areas where there is loss of spatial 
resolution. Viewbox uniformity should also be checked on 
a regular basis as bulb intensity and reflector surfaces also 
age. A photographic light meter is used for this determina-
tion. Light meters measure the intensity of light in NITs 
(1 NIT 1 candela/m )25 . Viewboxes should emit at least 
1,700 NITs, while mammography viewboxes should emit 
3,500 NITs.

Pacs systems

Because each imaging modality has developed quality assur-
ance measures, the primary quality issue for a PACS system 
is the accuracy of the interface between the specific modal-
ity system and the electronic medical record (EMR) in the 
hospital information system (HIS) and radiology informa-
tion system (RIS). Some experts in PACS management rec-
ommend that data from any system be held in a storage area 
(sometimes called the fix-queue or penalty box) until the 
data can be matched with the modality, HIS, and RIS data 
or until human intervention resolves the mismatched data. 
This avoids problems with incomplete patient information 
being dumped into the PACS, where it adds to unfinished 
work lists, skews data, and contributes to misfiled patient 
information. It is also important that a quality check is done 
on the interface between each element of the PACS system. 
This should include an item list that is developed with the 
manufacturer to assure the expectations of the clinical site 
are being met. One example that is often used is the proper 
setting for modality autosend switches. These features are 
designed to permit real-time transmission of images from a 
modality to the PACS system as the technologist completes 
them. However, service technicians and modality operators 
may turn them off to increase the speed of the modality func-
tions and may forget to reactivate them so physicians and 
radiologist assistants have immediate access to the images.

detective quantum efficiency (DQE). DQE measures the ratio 
of the transfer efficiency of the detector as the signal-to-
noise ratio squared going into the system compared to that 
coming out. The formula is

SNR /SNR2
output

2
input  

These values range from 0 to 1, with 1 representing 
a perfect system. Higher DQE values increase the ability 
to view small or low-contrast structures and are greatly 
valued in digital radiography systems.

Computed Radiography (CR) Image Receptors. Computed 
radiography PSP systems require regular erasure of the 
plates, as well as periodic inspection for cracks and surface 
markings. Erasure should be performed daily unless all 
PSPs are used every day. Visual inspection for cracks and 
surface markings should be performed semiannually (with 
any plates creating artifacts removed from use immediately 
in the interval). Semiannual performance of exposure tests 
is also recommended.

Display monitors
Digital imaging display monitors require regular quality 
assurance to ascertain image quality and to monitor phos-
phor decay. These factors are sometimes referred to as 
monitor degradation. Both spatial resolution and bright-
ness must be evaluated on a regular basis.

Spatial resolution is evaluated through the display 
of a standardized grayscale tool. The x- and y-display 
axes are evaluated by imaging spatial resolution test 
tools to evaluate point spread function (PSF), line spread 
function (LSF), and modulation transfer function (MTF). 
This measures the matrix and pixel size accuracy. These 
factors are discussed in detail in Chapter 28. As with all 
quality assurance, the change in results over time is the 
critical test. Consequently, it is important to maintain 
a log of the test results for each monitor and to use it 
to predict when calibration and replacement should be 
scheduled.

Brightness is evaluated through measurements of 
dynamic range with a luminance meter in unit of foot-
Lamberts (fL) or candela per square meter (cd/m2). 
Dynamic range is measured by setting the greatest vis-
ible black-and-white level by using the monitor contrast 
and brightness controls. Readings from both levels are 
obtained with a luminance meter.

Brightness uniformity is the difference between lumi-
nance measurements at the center of the display compared 
to the corner edges. The brightness uniformity specifica-
tion is 15 percent. When a workstation has more than one 
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the same location might indicate a barium or iodine stain 
on a grid or table. Once obvious problems are addressed, 
the data should be examined for unequal distribution of 
repeats. Tables 31-2 and 31-3 illustrate how distributions 
can be diagnosed.

The total rejected image rate is a valuable figure to 
monitor over long periods of time. It is calculated as a per-
centage of the total number of images produced during the 
period of the study. The total image figure can be extracted 
from institutional data in some cases or can be estimated 
by multiplying the number of examinations by the average 
number of images produced per examination. For example, 
a chest unit that produced 600 examinations in a week could 

rejected image analysis

The careful analysis of rejected images has proven a valu-
able aid in diagnosing the radiographic process. Rejected 
radiographs are also referred to as repeat, retake, or dou-
ble-dose studies. Even excellent rejected images studies 
need to take little time or effort to pinpoint conditions that 
may be easily corrected. Significant reductions in patient 
dose, radiographer time and effort, and resources can be 
achieved with properly executed rejected image analysis.

With the adoption of digital imaging systems, the 
physical evidence of rejected images is no longer pres-
ent. Radiographers could simply delete images or the 
rejected images would remain in the system until they were 
removed to free space, resulting in rejected images that 
were unaccounted for. Therefore, imaging departments 
realized that digital imaging systems require an innovative 
rejected image analysis. While early studies utilized man-
ual collection and tagging of images from acquisition sta-
tions, more sophisticated programs have become available. 
These server-based programs are advantageous due to their 
ability to automatically collect, parse, and analyze data.

Obtaining Data
A rejected image analysis involves retaining all rejected 
radiographs, regardless of cause, for analysis. Any image 
outside the acceptance limits should be included.

The most important rule when analyzing rejected 
images is to not discipline radiographers based on the infor-
mation obtained. The analysis must be used in a construc-
tive manner to improve working conditions and to point 
out areas where further technical training may be helpful. 
Radiographers must be informed of the intent of the study 
and asked to cooperate in a positive manner to improve 
both patient care and working conditions. Most radiogra-
phers are aware of numerous items they believe contribute 
to rejected radiographs and welcome an opportunity to find 
justification for their change. Incompetent radiographers 
should be disciplined through normal administrative pro-
cedures based on actual performance, not as a finding of a 
rejected image analysis. Failure by management to follow 
this suggestion may result in inaccurate rejected images 
data when images are not submitted for analysis.

Analysis of Data
The analysis of collected data begins with the classification 
and counting of images by cause of repeat, room, tube, and 
radiographer. Data should also be separated according to 
time (weekly is most common). The compiled data should 
be examined for obvious problems. For example, a large 
number of images from a single room with an artifact in 

 Table  31-2. Reject Percentage by Room

Room #

Reason  1  2  3  4  5

Overexposure  29  37  36  33  33

Underexposure  45  31  32  32  37

positioning  20  18  18  19  17

Centering  10  11  20   9   9

Motion   6   7   6   5   5

Other   8   6   7   7   6

total: 118 110 119 105 107

technique exposure 
chart error?

Collimator 
misaligned?

 Table  31-3. Reject Percentage by Technologist

Technologist #

Reason  1  2  3  4  5

Overexposure  35  31  32  30  43

Underexposure  32  31  31  34  30

positioning  20  18  18  30  17

Centering  13  12  11  12  11

Motion   5  11   4   4   4

Error  10   4   5   3   3

Other   5   7   6   6   7

total: 120 112 107 119 115

Tables 31-2 and 31-3 adapted from Analysis of Retakes: Understanding, 
Managing and Using an Analysis of Retakes Program for Quality Assurance [HEW 
Publication FDA 79-8097], 1979, Rockville, MD: U.S. DHEW, PHS, FDA, Bureau of 
Radiological Health.)

Need to be 
more careful?

Using long 
exposure times?

has difficulty with 
some exams?
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record Keeping
The total rejected image rates should be analyzed and 
documented monthly or at least quarterly. Documentation 
related to rejected image rates should be kept for the 
length of time required by applicable regulatory agencies. 
Additionally, corrective action in response to unusual 
rejected image rates should be documented, along with 
the observed results.

troubleshooting

Troubleshooting (locating problems when equipment mal-
functions) is a diagnostic process. The same reasoning 
process that a physician uses to diagnose a disease can 
be applied to radiographic equipment. Beginning with the 
symptoms, the radiographer can work step by step through 
a problem-solving procedure to eliminate possible prob-
lems until the source of trouble is isolated.

be calculated to have produced 1,200 images (PA + lateral × 
600). Rejected image rates may suffer from a start-up effect 
where data may not be reliable for the first three weeks due 
to unfamiliarity with the requirements of the study or various 
psychological phenomena from stress to hypermotivation. 
Data indicate that radiographer rejected image rates should 
be between 3 and 10 percent, with the average at 8 percent. 
One study demonstrated the student rejected image rates 
average to be slightly above 9 percent. Data also appear to 
indicate that when the rate drops below 3 percent, there is a 
problem in data collection or an extremely wide acceptance 
limit in effect. It is important to realize that rejected image 
rates are affected not only by processing equipment, x-ray 
equipment, patient condition, and radiographer competence, 
but also by the acceptance limits of the radiologists. In some 
instances, a high rejected image rate may indicate extremely 
high-quality standards in the institution, whereas the same 
rate may also indicate poor-quality radiographers. Caution 
in interpretation is essential, and all aspects of the analysis 
should be carefully studied before conclusions are drawn.

Quality assurance consists of activities that provide ade-
quate confidence that a radiology service will render 

consistently high-quality images and services. Quality assur-
ance includes evaluating activities such as interpretation of 
examinations, maintenance of equipment, performance of 
procedures, staff development, scheduling of examinations, 
and supply lines. The quality assurance process operates by 
identifying problems or potential problem areas, monitoring 
the problem, and then resolving it.

Quality control is the aspect of quality assurance that 
monitors technical equipment to maintain quality standards. 
The concept of quality control is rooted in the need to stabi-
lize the various equipment components of the radiographic 
imaging chain. From incoming-line current through x-ray pro-
duction to image processing, erratic equipment performance 
causes repeat radiographs and unnecessary patient exposure 
to radiation.

Equipment purchasing decisions should involve 
each member of the radiological team. Specific imaging 

requirements should be identified and equipment specifica-
tions should be developed. Once the equipment is selected, 
it is then installed and tested.

Monitoring equipment performance is an integral part of 
quality assurance. It involves the processing systems, as well 
as the external radiation beams. Ancillary equipment should 
also be checked.

External beam evaluations involve monitoring the 
diagnostic radiographic systems, digital imaging systems, 
fluoroscopic systems, tomographic systems, and automated 
exposure controls. Numerous tests on each of the systems are 
performed to ensure equipment accuracy. Ancillary equipment, 
such as digital image receptors and display monitors, are also 
evaluated. PACS system interface accuracy is also important.

A careful analysis of reject radiographs is also a valu-
able aid in diagnosing the radiographic process. Significant 
reductions in patient dose, radiographer time and effort, and 
resources can be achieved with properly executed rejected 
image analysis. ◾

summAry
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radiographed after a 
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Several special imaging systems deserve consideration 

to complete a basic foundation in the principles of  

radiographic imaging. These include the use of  

specialized diagnostic equipment for mobile radiography; 

fluoroscopy, the oldest and most common dynamic 

radiographic modality; and tomography and digital  

tomosynthesis (which is now used in digital 

mammography).

The specialized systems utilized in mam- 

mography, bone densitometry, and vascular  

imaging equipment are explored, as well as the unique 

design requirements of these fields of radiologic 

science. Most modern imaging modalities utilize 

computers to accomplish digital image process-

ing. Those that rely completely on digital pro-

cessing include computed tomography (CT) and 

magnetic resonance imaging (MRI), which, although rec-

ognized as specialty areas within radiologic technology, 

continue to serve as extensions of the radiographer’s 

knowledge.

Also within the scope of departments of radiology, 

the specialty modalities of nuclear medicine and 

molecular imaging, radiation therapy (oncology), and  

diagnostic medical sonography (ultrasound) are addressed 

in this text although they are recognized as separate 

established professional disciplines with their own  

accreditation and certification processes. Proper study 

of these professions generally requires a recognized 

educational program of one or more years in length 

encompassing the study of entire subjects beyond the 

realm of this text. 

A thorough study of the six units of this text—

Creating the Beam, Protecting Patients and Personnel, 

 32 Mobile Radiography  /  439

 33 Fluoroscopy  /  448

 34 Tomography and Digital  

Tomosynthesis  /  462

 35 Mammography  /  473

 36 Bone Densitometry  /  496
  Lisa King, RT(R)(M)(BD) CBDT

 37 Vascular Imaging Equipment  /  510

 38 Computed Tomography  /  519

 39 Magnetic Resonance Imaging  /  543
  Vesna Balac, MS, RT(R)(MR)

 40 Nuclear Medicine and Molecular  

Imaging  /  563
  Christina Truluck, PhD, CNMT, RT(N)

 41 Radiation Therapy  /  593
  Matthew Marquess, MBA, RT(T)

 42 Diagnostic Medical  

Sonography  /  611
  Sharon Barrows Lakia, MS, RT(R), RDMS, RVT

Special Imaging Systems 
and Modalities

Unit VI
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Digital Radiography, Analyzing the  Image, Comparing 

Exposure Systems, and Special Imaging Systems and 

Modalities—provides the thorough physical basis  

required of the radiologic or imaging sciences profes-

sional. Basic physical knowledge must be combined 

with an equally thorough and correlated knowledge 

in the sciences of anatomy, positioning, physiology, 

and pathology to form the complete basis of radiog-

raphy knowledge. Only when this basis is added to 

an elementary understanding of human interactions 

and combined with clinical experience does the true 

professional radiographer emerge.
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Come, come, and sit you down.

You shall not budge!

You go not till I set you up a glass

Where you may see the inmost part of you.

Shakespeare, Hamlet, III, iv, 18

Mobile Radiography
C H A P T E R  32

OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Determine factors that contribute to the difficulty of mobile 
radiography.

◾ Explain appropriate communication methods for mobile 
examinations.

◾ Describe items that must be considered when arranging a patient 
room for a mobile examination.

◾ Recommend methods for accomplishing acceptable variations of 
standard radiographic projections, especially chest examinations, for 
air-fluid levels.

◾ Assess the radiation protection rules for mobile radiography.

◾ Explain why technical factor selection is more difficult during mobile 
radiography.

◾ Identify advantages of standardizing mobile SID to one of 400 (100 cm), 
560 (140 cm), or 720 (180 cm).

◾ Determine appropriate grids for mobile examinations.
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care, surgery, or the emergency unit. The importance of 
other equipment must be considered, especially when 
it must be moved to make room for the x-ray unit. Care 
must be exercised to ensure that power supplies, oxygen 
tubes, catheters, intravenous lines, and so forth have 
enough slack to permit movement. Finally, the radiog-
rapher must take care not to bump the bed or other 
equipment when moving the mobile unit out of the way 
or when driving it into position. Although this seems to 
be an obvious consideration, it is easily overlooked when 
one’s mind is on the examination. Wall-suspended televi-
sion units are especially hazardous to both the x-ray tube 
and the radiographer’s head. Neither the radiographer 
nor the patient can afford to be in a hurry when prepar-
ing for a mobile examination. It is the radiographer’s 
duty to return all items to their original locations prior 
to leaving the area.

Positioning and Pathology
Patients requiring examinations with mobile equipment 
are often unable to assume standardized positions. 
Clinical experience and a thorough knowledge of 
acceptable positioning variants are required for this 
problem. For example, the inability of the patient to sit 
on the side of a bed requires an AP projection of the 
chest instead of the preferred PA projection. A patient 
in orthopedic traction may not be able to straighten the 
knee. Thus, a distal knee joint and mid-shaft and proxi-
mal hip exposure will be required to avoid gross distor-
tion and to satisfactorily demonstrate the entire femur 
from a single projection. However, routine positioning 
practices should still be carried out to the extent pos-
sible. For example, during chest radiography most 
cognizant patients are capable of moving the scapula 
from the lung fields by rolling their shoulders forward, 
as they would if the examination were performed on 
stationary equipment.

Even with difficult or uncooperative patients, chest 
radiography should be performed with the patient in a 
semi-erect position in the vast majority of instances. 
Patients who have been confined to a bed, especially 
when pathology is present, are prone to disease pro-
cesses that cause collections of fluid. Even elevating the 
thorax to the level of a pillow (perhaps only  10° from 
supine) may provide an opportunity to demonstrate a 
fluid level. Ideally, air-fluid level demonstration is best 
accomplished with the patient in a completely erect 
position, utilizing a horizontal beam (Figure 32-1). Dem-
onstration of air-fluid levels when a patient is unable 
to assume an erect position causes gross distortion of 
anatomical structures (Figure 32-2). This distortion may 
be great enough to render the image useless for normal 
chest diagnosis. When it is determined that air-fluid 

Mobile RadiogRaphy

The mobile radiographic examination is often the ultimate 
test of the radiographer’s competence and skill. Accom-
plishing an optimal-quality image without stationary equip-
ment on the most difficult patients is a prime achievement. 
An understanding of the special considerations involved 
in mobile examinations is important for the radiographer.

 SpeCial paTieNT  
CoNSideRaTioNS

Mobile examinations are more difficult to accomplish 
because there are so many additional variables—variables 
that would be constants with a stationary unit—when 
manipulating and positioning both patient and equipment. 
In many instances the reason an examination is requested 
at the bedside is to avoid transporting the patient because of 
his or her physical condition. Special adaptations of routine 
projections, imaginative equipment manipulation, and inno-
vative technical factor considerations are often required.

In surgery or the emergency unit, the stress of 
performing in a high-tension environment may be added 
to the patient problems. These situations often include 
limitations due to aseptic conditions and the presence of 
additional critical equipment (e.g., ventilators, multiple 
intravenous solutions, cardiac lines).

Communication
Although good communication with the patient is not a 
special consideration during mobile examinations, it is 
advisable for the radiographer to park the mobile unit 
outside a patient’s room before entering to establish the 
proper rapport. The patient’s permission must be obtained 
before proceeding with the examination, an explanation of 
the procedure should be given, and some rearrangement of 
equipment and room furnishings must usually be accom-
plished before bringing the mobile unit into the room.

The unconscious or incognizant patient requires the 
same explanation that a cognizant patient would receive. 
In many instances, conscious but incognizant patients will 
be more cooperative if they hear a kindly voice of explana-
tion prior to being touched. In surgery, the attending phy-
sician or operating room nurse must be consulted before 
entering, and this procedure should be followed even in 
an emergency suite.

Manipulating Equipment
Extreme care must be taken when manipulating equip-
ment in a high-technology environment such as intensive 
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Because the mobile examination is performed at the 
patient’s bedside, there is an increased possibility of arti-
facts, such as personal items (e.g., dropped hair pins, jewelry, 
etc.), layers of coverings (e.g., insulated blankets, several 
sheets, etc.), and medical equipment (e.g., nasogastric tubes, 
intravenous lines, catheters, electrocardiographic leads, 
clamps, etc.). A careful and tactful examination of the area of 
interest should be performed prior to exposure to locate and 
remove as many of these artifacts as possible. It is usually 
possible to carry out this examination during positioning, 
which also presents an opportunity to check for a necklace, 
bra, brace, and so on. Clamps holding various tubes and lines 
should be moved as far from the area of interest as possible. 
For example, intensive care unit chest radiography often 
requires movement of intravenous, respiratory, and cardiac 
lines from over the lung fields. A nursing staff member or 
physician should be consulted before moving any lines, espe-
cially venous and arterial. It is desirable to limit coverings to 
a single smoothed layer of gown or sheet.

demonstration is a priority, two projections may be nec-
essary: one for air-fluid levels and the other for a normal 
projection of the chest.

The radiographer must not assume that an  apparently 
well patient is able to be  transported to stationary equip-
ment. For example, an  ambulatory patient on whom a 
mobile chest examination is requested may in fact be under 
observation for  myocardial infarct and may be susceptible 
to the sudden onset of potentially serious symptoms.

The radiographer must also not assume that every 
mobile examination will result in a poorer image quality 
than examinations performed in the radiology department. 
The same myocardial infarct patient may be capable of 
providing a detailed history that makes delineation of the 
heart shadow the primary image quality goal of assuming 
an erect position on the edge of a bed and of holding an 
image receptor  to permit a 720 (180-cm) PA projection 
essentially identical in quality to an image produced with a 
stationary unit.

X-ray tube

A

Image receptor 

Coconut

FIGURE 32-1. Demonstration of air-fluid levels.  A coconut was used to demonstrate the effect of various positions and tube angles on air-fluid 
levels.  (A) Recumbent  AP projection with beam perpendicular to the air-fluid level.  (B) Upright AP projection with beam parallel to the air-fluid 
level. (continues)

X-ray tube

B

Coconut

Image receptor 
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FIGURE 32-1. (continued) (C) The image receptor was at a 45° angle to the plane of the floor, with the beam parallel to the air-fluid level and 
therefore parallel to the floor. (D) The image receptor was at a 45° angle to the air-fluid level, with the beam perpendicular to the image recep-
tor.  Note that the central ray must be parallel to the floor to demonstrate distinct air-fluid levels.

 SpeCial RadiaTioN pRoTeCTioN 
CoNSideRaTioNS

During a mobile examination the radiographer is bringing a 
radiation hazard into an area not designed for radiation pro-
tection. Professional responsibility for ensuring radiation 
protection becomes a fundamental operating procedure 
during all mobile radiography. This is a prime opportunity 
for radiographers to educate the public, health profes-
sionals, physicians, and other patients concerning proper 
radiation protection practices. A duty exists to protect the 
patient, health workers, the public, and oneself. The rules 
shown in Table 32-1 should never be violated. The mobile 
unit should not be used as a portable shield. When stand-
ing behind a mobile unit, a lead apron is required to ensure 
sufficient protection. Radiographers should also move to a 
maximum distance from the mobile unit by extending the 
exposure control cord prior to making the exposure. It is 
not unreasonable to ask others, especially patients shar-
ing a room, if they would prefer to leave the area for a few 
moments while the exposure is made.

FIGURE 32-2. A chest radiograph demonstrating distortion due 
to improper source-to-image-receptor alignment during a mobile 
examination. The central ray and image receptor were not perpen-
dicular to each other. 
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TYPES OF EQUIPMENT

X-ray units are available in a wide array of sizes and 
capabilities, many of which can be classified as mobile. 
Although often described as portable units (the truly por-
table unit can be hand carried), the proper description is 
mobile. The need for mobile x-ray equipment has been 
apparent from the earliest days of radiography; one unit 
was designed to fit in a suitcase. During World War I, the 
Picker Corporation developed a mobile unit that became 
popular for bedside radiography in hospitals and was 
emulated by other vendors.

Today mobile equipment operates on rechargeable 
batteries. In addition, mobile units come with built-in 
monitors and flat-panel detector systems for immediate 
display of the image. Detectors may be tethered to the 
unit or more commonly use wireless technology to send 
the exposure data to the unit for processing and display. 
This allows the radiographer to view the image at the bed-
side and to be sent to a PACS system for physician review 
(Figure 32-3).

Mobile units use batteries for a power supply and 
are recharged through 110- to 120-V wall outlets. There 
is circuitry that monitors battery strength, and normal 
maintenance procedures include periodic replacement of 
old batteries.

Generators in these units produce output that is 
essentially high frequency (Figure 32-4).

One advantage of a battery-powered unit is that 
power is available to drive the unit itself. The drive switch 
on a mobile unit should be of the dead-man type so that 
its release immediately disengages the power drive. The 
size and weight of a battery-powered mobile x-ray unit are 
considerable, and extreme care must be observed when 
piloting it. Patients and staff could be seriously injured by 
careless driving. Radiographers must be cautious in look-
ing ahead, especially at corners and intersections, just as 
when driving a car.

 SPECIAL TECHNICAL FACTOR 
SELECTION CONSIDERATIONS

Kilovoltage
Mobile units produce an x-ray beam with an average pho-
ton energy that is fairly similar to that of stationary equip-
ment. Full-power high-frequency units that are battery 
powered produce a waveform, as shown in Figure  32-4. 
Because this waveform has very little ripple, it is as effi-
cient as a stationary unit.

Milliampere-Seconds
In the past it was common to make adjustments when 
setting mobile exposure factors due to the low power of 
the units. It is no longer necessary to make changes such 
as using higher kVp to substitute for lack of mAs to obtain 
sufficient image receptor exposure.

1. Recognize a duty to protect your patient, health professionals, 
physicians, the public, and yourself.

2. Request the public, health professionals, physicians, and 
other patients to leave the immediate area prior to exposure. 
(Always inform these persons that you will be finished in a 
moment, request them to remain nearby, and inform them 
promptly when you are finished.)

3. Announce in a loud voice your intent to make each exposure 
and permit sufficient time for others to leave.

4. Carry at least two lead aprons: one for yourself, the other for 
your patient. If you have an assistant, he or she, too, must 
have an apron.

5. Never place your hand or any other body part within the 
primary beam.

6. Provide gonadal protection for your patient.

7. Achieve maximum distance from the patient (not the tube) 
immediately prior to exposure, in accordance with rules 
requiring the use of a 69 cord on mobile units.

8. Label and handle each image receptor carefully to avoid 
repeats.

 TABLE   32-1.  Radiation Protection Rules for  
Mobile Radiography

FIGURE 32-3. A typical full-powered mobile radiographic unit. 
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Distance
A primary cause of repeated mobile exposures is 
failure to measure distance. Every mobile procedure 
must have SID measured. Radiographers who estimate 
SID must be within  15  percent to avoid producing a 
significant exposure difference. A 720 (180-cm) chest 
image must be exposed between 610 (153 cm) and 830 
(208  cm) to produce an optimal exposure using 720 
(180-cm) factors.

Figure  32-5 illustrates common problems encoun-
tered in mobile chest radiography. The size of the room 
and the location of the bed and ancillary equipment 
may not permit a mobile unit to be manipulated into 

a position from which a standard 400 (100-cm) or 720 
(180-cm) projection can be obtained. Position A may be 
unobtainable because of tube height limitations. Posi-
tion B is usually obtainable but does not optimize infor-
mation because at an SID of 400 (100  cm) it magnifies 
the heart and, when the patient cannot sit erect, does 
not provide the geometry to demonstrate air-fluid lev-
els. Positions C and D may be obtainable when air-fluid 
levels are required, but position C causes magnification.

The most reliable method of eliminating exposure 
fluctuations due to distance is to use only the two 

Desired
kVp

kV
p

Initiate
exposure

Terminate
exposure

Time

FIGURE 32-4. Mobile unit generator waveform.

A

B

C D

FIGURE 32-5. Common distance problems during mobile chest 
radiography.

A B

 90°

 90° 64°

90°

26°

FIGURE 32-6. Alignment problems during mobile chest radiography. (A) A simple alignment problem correctly resolved. (B) A difficult alignment 
problem correctly resolved.
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FIGURE 32-7. Difficulty of angle estimation with an angled baseline.  
If a line is drawn from one of the numbers to the dot, which number 
would create a 90° angle? A 15° angle? A 37° angle? Record your 
answers for both tests A and B, and then look on page 447 for  
the correct answers. Do not tilt your head or the book when  
completing Test B.

standardized distances, 400 (100  cm) and 720 (180  cm), 
with the addition of 560 (140 cm) for mobile radiography. 
The 560 (140-cm) distance should be employed only when 
400 (100 cm) is undesirable because of magnification, yet 
720 (180 cm) is not possible due to room and/or equipment 
limitations. As seen earlier in Table 26-3, mAs conversions 
are provided to maintain exposure at these distances 
according to the rule of doubling or halving mAs with each 
distance change (i.e., 400 [100 cm] to 560 [140 cm] to 720 
[180 cm]).

Grids
Proper alignment to a grid is difficult when the patient 
is supine but the grid is on a soft bedding surface, which 
easily permits the grid to tilt, unless the patient’s weight 
is almost exactly distributed around the center of the 
grid. Proper alignment is even more difficult when the 
image receptor is at an angle other than parallel or 
perpendicular.

Figure  32-6 illustrates the problems created by this 
common situation. The radiographer must attempt to 
align the central ray and the image receptor perpendicu-
lar to each other. Although this is a relatively simple task 
when the relationships are as shown in Figure  32-6A, it 
becomes very difficult when the reference points are not 
parallel or perpendicular.

Most people can draw a simple angle, such as 45°, 
quite accurately, but accuracy becomes more difficult 
when the baseline is at an angle.  Figure 32-7 demonstrates 
this difficulty. Angling off-center to a focused grid by as 
little as 5° can  result in sufficient grid cutoff to visibly 
reduce image receptor exposure.

Grids that permit wide exposure and centering 
latitude assist in these problems. Lower ratio (6:1 to 8:1), 

higher frequency (178–200  lpi), short dimension, and 
wide focal range grids (400–720) are preferred for mobile 
radiography.

SUMMary

Mobile examinations are more difficult because there 
are so many additional variables—variables that 

would be constants with a stationary unit—when manipu-
lating and positioning both patient and equipment. In 
many instances, the reason an examination is requested at 
the bedside is to avoid transporting the patient because 
of his or her physical condition. Special adaptations of 
routine projections, imaginative equipment manipulation, 
and innovative technical factor considerations are often 
required. Good communication with the patient is a 

necessary part of all radiographic procedures. The uncon-
scious or incognizant patient requires the same explanation 
that a cognizant patient would receive.

Extreme care must be taken when manipulating equip-
ment in a high-technology environment such as intensive care, 
surgery, or the emergency unit. Care must be exercised to ensure 
that power supplies, oxygen tubes, catheters, intravenous lines, 
and so forth have enough slack to permit movement.

Patients requiring examinations with mobile equip-
ment are often unable to assume standardized positions. 
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 rEVIEW QUESTIONS

 1. Why are mobile procedures often more difficult than 
those performed using stationary units?

 2. What should the radiographer do before bringing 
mobile equipment into a patient’s room?

 3. What must be considered when manipulating mobile 
equipment in a high-technology environment?

 4. What must a radiographer do to adequately visualize 
air-fluid levels on a chest radiograph?

 5. What type of generator waveform is produced with a 
full-power battery-operated mobile unit?

 6. Why is it important to measure distance (SID) for all 
mobile procedures?

 7. What type of grid is preferred for mobile procedures?
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SUMMary (continued)

Clinical experience and a thorough knowledge of accept-
able positioning variants are required for this problem. 
Because the mobile examination is performed at the 
patient’s bedside, there is an increased possibility of 
artifacts, such as personal items, layers of coverings, and 
medical equipment. 

During a mobile examination the radiographer is 
bringing a radiation hazard into an area not designed for 

radiation protection. A duty exists to protect the patient, 
health workers, the public, and oneself.

Mobile units operate on rechargeable batteries, and 
many units come with built-in monitors and flat-panel detec-
tor systems for immediate display of the image. A number 
of factors should be considered when establishing exposure 
systems, including kilovoltage, milliamperage, distance, and 
grids. ◾
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Answers to Figure 32-7

 Test A Test B

 90° 5 15 90° 5 15

 15° 5 3 15° 5 4

 37° 5 8 37° 5 7
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Differentiate fluoroscopic examinations from static diagnostic 
radiographic examinations.

◾ Describe a typical basic fluoroscopic imaging chain.

◾ Explain the difference between the operation of a fluoroscopic and a 
diagnostic x-ray tube.

◾ Explain the difference between types of fluoroscopy equipment.

◾ Explain the functions and operation of the image intensification tube 
input screen, photocathode, electrostatic focusing lenses, and anode 
and output screen. 

◾ State the formula for brightness gain.

◾ Explain the basic function of a fluoroscopic automatic brightness control.

◾ Discuss the factors that affect fluoroscopic image contrast, resolution, 
distortion, and quantum mottle.

◾ Explain digital fluoroscopic image acquisition. 

◾ Differentiate between multiple-detector and single-detector flat-panel 
systems.

◾ Discuss various methods of reducing dose to the patient, the 
radiographer, and the radiologist during a fluoroscopic examination.

KEY TERMS

carriage 

detector display element (DEL)

fluoroscopic screen

fluoroscopy

flux gain

image intensification tube

minification gain 

pixel pitch

total brightness gain

Fluoroscopy
C H A P T E R  33

. . . in February, 1896, fantastic, vague, and startling reports emanated 

from the foreign press regarding a wonderful device “invented” by 

Professor Salvioni of Perugia, Italy, called the cryptoscope, that permitted 

instantaneous visualization of human, living, and moving bones. . . . At about 

the same time Professor McGie of Princeton University also developed a . . . 

skiascope. Edison also constructed a similar device about which extensive 

publicity soon developed. He named it the fluoroscope.

Arthur W. Fuchs, “Edison and Roentgenology,” reprinted with permission from the 

American Journal of Roentgenology
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Fluoroscopic Positioning 
Previewing
Fluoroscopy is not intended to be used as a preview to 
positioning. Radiographers spent two years or more learn-
ing how to position the patient properly. There should 
be no reason for a radiographer to use fluoroscopy as a 
positioning guide. This procedure would cause unneces-
sary patient exposure to ionizing radiation. Radiographers 
should obtain a satisfactory image 95 percent of the time, 
and this degree of expertise entails not just positioning but 
technical factors and equipment variations as well.

TYPES OF EQUIPMENT

The fluoroscopic x-ray tube and image receptor are 
mounted on a C-arm to maintain their alignment at all 
times (Figure 33-1). In the United States, federal regula-
tions prohibit the use of a fluoroscopic x-ray tube when 
the entire primary beam is not resulting in an image. The 
C-arm permits the image receptor to be raised and low-
ered to vary the beam geometry for maximum resolution 
while the x-ray tube remains in position. It also permits 
scanning the length and width of the x-ray table. There 
are two types of C-arm arrangements, both described 
by the location of the x-ray tube. Under-table units have 
the x-ray tube under the table, whereas over-table units 
suspend the tube over the patient.

The arm that supports the equipment suspended over 
the table is called the carriage. It typically includes an image 
intensification tube (on an under-table unit) or the x-ray 
tube (on an over-table unit), controls for power drive to the 
carriage, brightness (which regulates the tube mA), spot 
image selection, tube shutters, spot imaging and/or cine 
camera, video input tube, and other controls. Although it 
can be disengaged and pushed away from the table to gain 
access to the patient, exposure cannot commence until the 
carriage is returned to a full beam intercept position.

FLUOROSCOPIC X-RAY TUBES

Fluoroscopic x-ray tubes are very similar to diagnostic 
tubes except that they are designed to operate for lon-
ger periods of time at much lower mA. Where a typical 
diagnostic tube operates at 50–1,200  mA, the fluoro-
scopic mA range is 0.5–5.0  mA. The tube target must 
be fixed to prevent an SOD of less than 150 (38  cm). 
The fluoroscopic tube is operated by a foot switch, 
which permits the fluoroscopist to have both hands 
free to operate the carriage and position and palpate 

HISTORICAL DEVELOPMENT

The procedure called fluoroscopy (fluoro) is a dynamic 
radiographic examination, compared to diagnostic 
radiography, which is static in character. Fluoroscopy 
involves active diagnosis during an examination. For 
this reason, fluoroscopy is primarily the domain of the 
radiologist. The radiographer’s role becomes that of 
an assistant during the examination, although routine 
post-fluoroscopic radiography is the responsibility of 
the radiographer. 

The invention of the fluoroscope is credited to 
Thomas A. Edison in 1896, a few months after  Röntgen’s 
discovery of x-rays. There are also valid claims by Pro-
fessor Salvioni in Italy and McGie at Princeton as well. 
However, technically speaking, Röntgen discovered 
x-rays fluoroscopically when he noticed their ability to 
demonstrate skeletal anatomy as he brought a lead disc 
into the beam and observed the dynamic movement of 
his own fingers projected onto a fluorescent screen. 
Thus, fluoroscopic procedures have been a part of diag-
nostic radiography since its inception.

A fluoroscopic imaging chain consists of a spe-
cialized x-ray tube with an image receptor, called the 
fluoroscopic screen, that can be viewed during an x-ray 
exposure. The first fluoroscopes were held by hand in 
front of the patient and x-ray tube, and included a viewing 
hood to eliminate extraneous light. Later units attached 
the fluoro screen to the x-ray table. In both systems, the 
radiologist’s face and eyes received the full primary beam. 
A great number of the pioneers in radiology became mar-
tyrs of the science because of the design of early fluoro 
units. Once the biological hazards of radiation became 
apparent, the design of the fluoroscope was changed 
to permit viewing by an arrangement of mirrors. This 
arrangement shielded the primary beam in a leaded enclo-
sure while the mirrors transmitted the optical image to 
the viewer. An image intensification tube was developed in 
1948, and it resulted in video camera and monitor systems 
(see Figure 6-1) that began to replace mirror viewers. By 
2005, digital fluoroscopic systems began to predominate, 
with TFT matrices and post-processing capabilities.

FLUOROSCOPY USES

Although the fluoroscopic image was preferred 
originally, the need to document findings, coupled with 
immense improvements in the resolution capabilities 
of diagnostic radiography, not to mention reductions in 
the dose to the patient, caused fluoroscopy to become 
less popular.
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intensifiers were capable of increasing image brightness 
500–8,000 times.

A typical image intensifier is shown in  Figure  33-2. 
The primary x-ray beam exits the patient and strikes 
the input screen of the image intensifier tube, which is a 
vacuum tube with a cathode and an anode. The fluores-
cent screen is built into the image intensifier as its input 
screen. The fluorescent screen absorbs the x-ray photons 
and emits light photons, which immediately encounter the 
photocathode (the cathode of the tube) that is in contact 
with the input screen to prevent divergence of the light 
beam. The photocathode absorbs the light photons and 
emits electrons. The electrons are then accelerated from 
the cathode toward the anode and the output screen by 
the potential difference that exists between the cathode 
and the anode. At the same time, the electron beam is 
focused onto the output screen, which is much smaller 
than the input screen. Electrostatic lenses are used to 
accelerate and focus the electrons. The primary bright-
ness gain occurs from the acceleration and focusing of 
the electron beam. The acceleration of the electron beam 
increases its energy and its ability to emit light at the out-
put screen. The focusing of the electron beam intensifies 
the image into a smaller area. The output screen absorbs 
the electrons and emits light photons, which are then 

the patient. Care must be taken to not accidentally 
activate the foot switch when the unit is in operating 
mode before or after examinations. Fluoroscopic tubes 
are equipped with electrically controlled shutters that 
permit maintenance of close collimation from the fluoro 
carriage during both fluoroscopy and spot imaging.

IMAGE INTENSIFICATION TUBES

Early fluoroscopic screens were very dim. Dark adapta-
tion, a procedure in which light levels are reduced for a 
period of at least 10–15 minutes to permit the rods of the 
eye to become activated, was a time-consuming and irri-
tating part of the radiologist’s work routine. The exclusive 
use of the rod cells constituted a serious threat to diag-
nostic accuracy because visual acuity is controlled by the 
cones, which require daylight (photopic) levels of light in 
order to function. Photopic visual acuity is about 10 times 
greater than scotopic acuity. The brightness of the fluoro 
image was not raised to daylight levels until image intensi-
fication (II) technology was developed in 1948.

An image intensification tube was designed to elec-
tronically amplify the brightness of an image. Image 

FIgURE 33-1. C-arm alignment of fluoroscopic x-ray tube and image receptor.
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The phosphors then emit light photons vertically, in pro-
portion to the absorption, thus reducing the lateral spread 
of light photons that would reduce the image detail. As an 
example, a single 25-keV incident photon would typically 
produce over 1,500  light photons. This conversion effi-
ciency permits the fluoro system to function with minimal 
activation of the phosphors.

An extremely thin protective coating is applied 
to the input screen to prevent a chemical interaction 
with the photocathode. The photocathode material is 
composed of photoemissive metals, usually cesium and 
antimony compounds, which are applied to the protective 
coating. The two materials appear to be a single coating 
when examined. The photoemissive materials absorb the 
light photons and emit electrons in a process called pho-
toemission. The process is similar to thermionic emission 
except that the stimulation is light instead of heat.

Electrostatic Lenses
The electrostatic lenses are a series of charged electrodes 
located inside the glass envelope of the tube. Because the 
electrons are negative, the charge of the lenses accelerates 
and focuses the electron stream, which carries the fluoro-
scopic image. As with an optically focused image, the 
focal point reverses the image so the output screen image 
is reversed from the input screen image (right becomes 

available for viewing or further electronic processing by a 
video system. Note the changes in the quantity of photons 
and electrons in the image intensification tube at each 
stage of the intensification process.

The entire image intensification tube is encased in 
a lead-lined housing that effectively absorbs the primary 
beam while permitting the intensified light photon image 
to be transmitted to the viewer. An ion pump device called 
a getter is used to remove ions produced during operation 
and to maintain the vacuum within the tube.

Input Screen and Photocathode
The input fluorescent screen consists of a 0.1- to 0.2-mm 
layer of sodium-activated cesium iodide (CsI) phosphors 
coated onto the concave surface of the image intensifica-
tion tube. This surface may be made of glass, titanium, steel, 
or aluminum, and ranges from 60 (15 cm) to 23.30 (59 cm)  
in diameter, depending on the manufacturer and use. The 
screen is concave to maintain the same distance between 
each point on the input screen and its corresponding 
location on the output screen. Failure to maintain this 
distance would result in distortion of the image because 
points farther from the center would be more magnified. 
The CsI phosphors are packed together very tightly so 
they absorb about 66 percent of the incident beam, pro-
ducing a good conversion efficiency, or quantum yield. 

Output 
fluorescent 
screen

Anode

One 50 keV
photon

Glass 
envelope

Electrostatic 
lens

Electron
stream

Photocathode
and input
fluorescent
screen2,000

Light photons

200,000
Light 
photons

100
Photoelectrons

FIgURE 33-2. An image intensification tube. The quantity of photons and electrons in the image changes at each stage of the intensification 
process, with the output significantly greater than the input.
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to minification and flux gain and permits viewing of the 
entire primary beam field.

Anode and Output Screen

The anode is positively charged and is normally supplied 
with about 25 kV. This charge causes a tremendous attrac-
tion of the negative electrons from the photocathode. The 
anode is positioned inside the glass envelope, immediately 
in front of the output screen. It has a hole in its center 
that permits the accelerated electrons to pass through the 
anode field and onto the output screen.

The output screen is also a glass fluorescent 
screen. It is a silver-activated zinc-cadmium sulfide 
phosphor (ZnS-CdS:Ag) that was also used as the input 
phosphor in early tubes. The phosphor is extremely 
small (1–2  mm), and the output anode screen is very 
thin (4–8 mm) to produce high resolution (≈70 lp/mm). 
The electrons that strike the screen are converted 
into green light photons that exit the tube. Because 
all phosphors emit light isotropically, an opaque filter 
is used under the output phosphor layer to prevent 
most of the light emitted in that direction from return-
ing to the input screen, where it would degrade the 
image. Some newer intensifiers use a fiber-optic disc 
in place of the glass output screen. Fiber optics elimi-
nate the isotropic emission problem and are capable 

left and superior becomes inferior). The concave input 
screen reduces distortion by maintaining the same distance 
between all points on the input screen and their correspond-
ing locations on the output screen, regardless of the position 
of the focal point.

Magnification Tubes. The greater the voltage supplied to 
the electrostatic lenses, the greater the acceleration and 
the closer the focal point moves toward the input screen. 
Image intensification tubes can be designed to magnify 
the image electronically by changing the voltage on the 
electrostatic lenses. They are often called multifield, dual-
field, triple-field, or quad-field intensifiers.

Increased voltage focuses the electrons at a point 
closer to the input screen, and this causes the image to be 
magnified when it reaches the output screen (Figure 33-3). 
Magnification image intensifiers are capable of 1.5–4 mag-
nification, which is usually controlled at the fluoro carriage. 
Some tubes are capable of up to four different magnifi-
cations. Resolution can be increased from ≈ 4  lp/mm to  
≈ 6 lp/mm when the magnification mode is used. The tubes 
are described according to the diameter of the area of the 
input screen that will be imaged. For example, a 23/15 dual-
focus tube has a 90 (23-cm) input screen when operating 
normally and uses a 60 (15-cm) area when magnifying. The 
magnification factor is calculated as:

magnification
input screen diameter

diameter of
5

iinput screen

used during magnification

6″ Mode Focal point

Input 6″

9″ Mode Focal point

Input 9″

FIgURE 33-3. A magnification image intensification tube. Changes 
in the focal point produce the magnification.

EXAMPLE: What is the magnification for an image 
viewed with an image intensification tube with an 
input screen diameter of 90 (23 cm) that is using a 50 
(13-cm) diameter area during magnification?

Answer:

magnification =
input screen diameter

diameter of input screen

used during magnification

magnification =
9

5

0

0

magnification 5 1.8

The excess edges of the image are not transmitted by the 
output screen; therefore, the primary beam field should be 
collimated to the viewing field when these tubes are oper-
ated in magnification mode. Minimal magnification is used 
for most studies because it reduces contrast problems due 
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However, the original formula was:

brightness gain
intensity of output phosphor

int
5

eensity of Patterson B 2

fluoroscopic screen



A Patterson B–2 fluoro screen was chosen as the reference 
point because it was in common use at the time. This for-
mula has lost acceptance because the Patterson B–2 screens 
would vary from one batch to another and their deterioration 
was not linear.

Because the Patterson B–2 screen is no longer avail-
able, this standard is now obsolete. Although it appears 
that the term brightness gain will continue in use, its mea-
sure is a conversion factor that is the ratio of the intensity 
of the output phosphor to the input exposure rate.

conversion factor intensity of output phosphor
input exposure rate

5

Output phosphor intensity is measured in candelas (cd), 
the unit of luminous intensity.

conversion factor
cd/m

mR/sec
�

2

Typical values for modern image intensifier systems are

80 250
2

�
cd/m

mR/sec

This represents a gain of 8,000–25,000 times.

Brightness gain deteriorates as much as 10 percent per 
year because, just as with intensifying-screen phosphors, the 

The minification gain is simply an increase in brightness 
or intensity, not an improvement in the quality or number 
of photons making up the image.

Flux Gain. The flux gain is a measurement of the increase 
in light photons due to the conversion efficiency of the 
output screen. For example, if the output phosphor pro-
duces 50  light photons for each electron that strikes it, 
the flux gain would be 50. The flux gain does not take into 
account the conversion efficiency of the input screen. It 
deals only with the gain accomplished by the electron- 
to-light conversion at the output screen. The flux gain 
causes a decrease in image quality exactly as intensifying 
screens decrease resolution in diagnostic images as a result 
of the penumbral effect of individual phosphor crystals.

Total Brightness Gain. The total brightness gain can be 
calculated by several methods. As a function of the minifi-
cation and flux gain, the formula is: 

brightness gain 5 minification gain × flux gain

of transmitting the image some distance without loss 
of resolution.

Total Brightness Gain
The total brightness gain is a measurement of the increase 
in image intensity achieved by an image intensification 
tube. It is determined by two factors: minification gain 
and flux gain.

Minification Gain. The minification gain occurs as a result 
of the same number of electrons that were produced at 
the large input screen being compressed into the area of 
the small output screen. Most image intensification tubes 
have input screens of 60 (15  cm) or 90 (23  cm), although 
120 (30 cm) and larger tubes have been available for special 
applications. The typical output screen has a diameter of 
10 (2.5 cm). The minification gain is calculated as the ratio 
between the area of the input and output screens.

minification gain
input screen diameter

output
5

2

sscreen diameter2

EXAMPLE: What is the minification gain for an image 
intensification tube with an input screen diameter of 60 
(15 cm) and an output diameter of 10 (2.5 cm)?

Answer:

minification gain
input screen diameter

output
5

2

sscreen diameter

minification gain

minifica

2

2

2

6
1

5

ttion gain

minification gain

5

5

36
1

36

EXAMPLE: What is the total brightness gain for an 
image intensification tube with a minification gain of 
36 and a flux gain of 60?

Answer:

brightness gain 5 minification gain × flux gain

brightness gain 5 36 × 60

brightness gain 5 2,160
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tube itself. By raising the lowest IR exposure value, it 
decreases the total visible contrast. The overall effect is of 
reduced contrast. There is also a decrease in image contrast 
near the edges of the images.

Conventional Fluoro Resolution
The ability to resolve recorded detail in a fluoroscopic sys-
tem will vary depending on the geometrical factors, just as 
in static radiography. However, the geometrical factors are 
different, including minification gain. CsI image intensi-
fiers are capable of ≈2 lp/mm, whereas digital fluoroscopic 
systems often achieve 3 lp/mm or slightly higher. The reso-
lution of digital fluoro systems is better described by pixel 
pitch. Manufacturers use a formula that is given below (in 
section discussing digital resolution) that allows a rough 
translation into approximate lp/mm resolution data.

Distortion
Size distortion is caused by the same factors that affect 
static radiographic magnification, primarily OID. Although 
a magnified image often appears to have more distortion, 
the distortion is also present in the minified image. It is 
simply easier to detect when enlarged.

Shape distortion is caused primarily by geometric 
problems in the shape of the image intensification tube. 
Although the image intensifier input screen is concave, 
it does not completely eliminate edge distortion at the 
output screen. Electrons at the outer edges of the image 
tend to flare outward as they are electrostatically focused. 
Part of this problem is caused by the repulsion of electrons 
from one another due to their like charges. Figure  31-3 
illustrates the edge distortion problem in image intensifi-
cation tubes. This effect is called vignetting or pincushion 
distortion and may comprise 8–10  percent of the image 
area. Some of the vignetting effect is also caused by the 
effect of the divergence of the primary beam from the 
x-ray tube focal spot. Vignetting also causes image inten-
sity to be greater at the center of the image and less at the 
edges. Consequently, distortion is minimized and contrast 
is improved at the center of the fluoro image. This problem 
has been completely overcome in digital fluoroscopy sys-
tems with the use of TFT matrices, as they have uniform 
resolution across the entire surface of the detector array.

Quantum Mottle
Quantum mottle is a blotchy or grainy appearance caused 
by insufficient radiation to create a uniform image. Because 
the quantity of photons is controlled by the mA and time 
settings with static radiography, any mA and time combi-
nation can be used to accumulate sufficient radiation to 
create a uniform image. With fluoroscopy, the time factor 
is controlled by the length of time the eye can integrate, 

input and output screen phosphors age. Although difficult to 
measure, brightness gain can be evaluated by monitoring the 
radiation dose required to obtain a diagnostic image from a 
standard phantom, such as an abdomen or a pelvis.

Automatic Brightness Control
Various systems with different names are used to auto-
matically maintain satisfactory fluoroscopic image bright-
ness and contrast. Automatic brightness control (ABC) 
is the most common term, although automatic dose con-
trol (ADC) and automatic brightness stabilization (ABS) 
accomplish the same result. They maintain the brightness 
of the image by automatically adjusting the exposure fac-
tors as necessary according to subject density and contrast. 
Most ABC systems monitor the current flowing between 
the cathode and the anode of the image intensification tube 
or the intensity of the output screen. In all systems, the 
primary beam is changed when current and intensity fall 
below established levels. Regulation of the primary beam 
can be accomplished by varying kVp, mA, and pulse time. 
Most ABCs use combinations of these methods in a man-
ner similar to a stepped variable kVp technique system. 
For example, kVp is gradually increased to the maximum 
acceptable contrast level, then mA is doubled while kVp 
is stepped down to the lowest acceptable contrast level 
and the procedure is started over again. All ABCs have a 
relatively slow response time, which is noticeable during 
routine fluoroscopic scanning because the image bright-
ness adjustment lags a moment behind rapid changes in 
tissue density. Automatic gain control (AGC) is part of the 
video camera control system. It responds very quickly to 
input information but does not change the x-ray exposure 
factors.

IMAGE QUALITY

Because the imaging chain of a fluoroscopic system is so 
complex, there are more factors that affect each of the 
quality elements of the image than in static radiography. 
In addition to contrast, resolution, and distortion, quantum 
mottle must also be considered.

Contrast
Contrast is controlled by increasing the amplitude of the 
video signal, although it is affected by other factors. Digital 
fluoroscopic system can also use post-processing functions, 
especially window width and various filtering algorithms, 
to improve image contrast. Image intensified fluoroscopic 
contrast is not only affected by scattered ionizing radiation 
but also by penumbral light scatter in the input and output 
screens, and light scatter within the image intensification 
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Most digital fluoroscopic systems are capable of 
8-bit processing (which provides up to 256  shades of 
gray per pixel). 

pixelated unit with a photodiode connected to each pixel 
element. A unique feature of TFTs is that they are rela-
tively insensitive to x-ray photons. In fact, some manufac-
turers add a CsI scintillator element to the image receptor 
to increase sensitivity by adding back the x-ray photon 
energy. CsI phosphors absorb x-ray photons and emit 
light that can be recorded by the TFT. TFT limitations are 
primarily concerned with the electronic noise limits for 
flat-panel amplification. The gain at fluoro levels is around  
1–5 μR/frame, which adds a significant signal-to-noise 
ratio (SNR). Most digital fluoro manufacturers utilize 
a process called pixel binning by combining up to four 
pixels. This results in lower noise, which in turn provides 
a more accurate diagnostic  image. Details on the function 
of TFTs are part of Chapter 22, Digital Radiography.

Digital fluoroscopy resolution cannot be as high as 
in radiography because the clinical value is outweighed 
by patient exposure concerns. Consequently, digital 
fluoro pixels are between 200   μm and 400 μm (which 
translates to approximately 2–3  lp/mm), as compared 
to radiography pixels, which are 100–150   μm (which 
translates to approximately 10–12  lp/mm). Pixel pitch is 
the distance from the center of one pixel to the center 
of the next one in the display and is used as a measure-
ment of the resolution of the system. The formula below 
is utilized by manufacturers to translate pixel pitch into 
comparable lp/mm data for comparative purposes in 
radiologic imaging:

5
1/Pixel Pitch

2
resolution

This result can then be converted to lp/mm by multi-
plying by 1,000 (moving the decimal 3 places to the right).

or accumulate, light photons from the fluoro imaging 
chain. Because this period is 0.2 second, fluoroscopy must 
provide sufficient photons, through mA, to avoid mottle. 
Quantum mottle is also a large part of video noise and is 
a special problem during fluoroscopy because the units 
operate with the minimum number of photons possible to 
activate the fluoro screen. The factors that influence mottle 
are those that affect the total number of photons arriving at 
the retina of the eye. This includes radiation output, beam 
attenuation by the subject, the conversion efficiency of the 
input screen, minification gain, flux gain, total brightness 
gain, viewing system, and the distance of the eye from the 
viewing system. Increasing the efficiency of any of these 
factors can assist in reducing quantum mottle, but the most 
common solution is to increase the fluoro tube mA.

VIDEO VIEWING SYSTEMS

Increasingly, the most commonly used fluoroscopic 
viewing system is a flat-panel TFT system, although 
video capture and display systems are still widely used. 
Flat-panel systems dominate in interventional labs and 
trauma units.

Originally, video tubes were used to capture the 
image and transmit it to a cathode ray tube (CRT) moni-
tor for display. Video tubes were replaced in the 1980s 
by charge-coupled device (CCD) cameras that were 
capable of storing charges from light photons striking  
a photosensitive surface and then transmitting the image 
to a CRT monitor. CCDs had a much shorter lag time and 
were able to produce a more accurate real time image.

DIGITAL FLUOROSCOPY

Digital fluoroscopy is achieved through the use of a high-
power generator operating in a pulse progressive fluoros-
copy mode. Essentially, this technology pulses the x-ray 
production from the fluoroscopic x-ray tube in synchro-
nization with the detector signal, so that pulses of signals 
are received by the image processing unit. The length of 
time required for the generator to come on and achieve 
the necessary kVp and mAs levels is called the interroga-
tion time. The extinction time is that required to shut the 
generator down in preparation for the next pulse.

Thin Film Transistors (TFTs)
This technology is combined with a detector comprised 
of a thin film transistor (TFT) in contact with the image 
intensifier (II) output anode screen. The TFT replaces the 
image intensifier in nondigital fluoro systems. A TFT is a 

EXAMPLE: Calculate the resolution for a system 
with a pixel pitch of 148 microns.

Answer:

5

m
5

m
5

5

5

1/Pixel Pitch
2

resolution

1/148 m
2

resolution

0.00676 m
2

resolution

0.00338 resolution

3.38 resolution in lp/mm
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has gained such widespread acceptance with clinicians, 
particularly those expecting the highest image fidelity 
possible in interventional labs and trauma units.

The complexities involved to perform real-time 
fluoroscopy using TFT detectors are incredibly innova-
tive and highly advanced. To the fluoroscopist, it still 
performs much like traditional fluoroscopy unit with 
continuous “flicker-free” imaging at acquisition rates of 
25–30 images/second. Electronics are in place to ensure 
optimum image brightness, lowest possible dose, and 
optimum spatial resolution. 

Improvements in this technology enable the opera-
tor to use the magnification mode with no increase in 
patient dose as it is truly an electronic magnification 
and not based upon traditional image optics, as with 
image intensifiers. The broader dynamic range of TFT 
detectors for fluoroscopy has improved image visibility 
on the edges of patient anatomy, without the custom-
ary blooming or image white-out. This feature has been 
invaluable for clinicians trying to follow patient tubes 
or lines using fluoroscopy guidance. Additionally, the 

Digital fluoroscopic systems are capable of very 
good separation of acquisition and display, which pro-
duces much higher contrast. A common method of stating 
this is to say that digital fluoro has good low-contrast 
resolution. When combined with the post-processing 
capabilities of the fluoro units, this provides significantly 
improved imaging ability.

Other Functions
Last image hold is a common function on most digital fluo-
roscopic units (including mobile C-arm equipment). This 
function simply maintains the last real-time fluoroscopic 
image until it is replaced by the unit being activated again. 
This allows physicians to continue to work from the most 
recent image without exposing the patient to additional 
radiation.

Numerous post-exposure image processing func-
tions are also available with digital fluoroscopy. These 
include window level and width, filtering techniques 
(edge enhancement, temporal filtering, etc.), and digi-
tal subtraction technology (which can digitally remove 
background structures when a previous image is 
superimposed). See Chapter  37, Vascular Imaging 
Equipment, for more details on digital subtraction 
fluoroscopy.

Digital fluoroscopy reduces patient exposure con-
siderably with both dynamic and static images recorded 
at reduced doses. This reduction can be on the order of 
elimination of up to 90 percent of the patient exposure.

 FLAT-PANEL FLUOROSCOPY 
DESIGNS

The incorporation of digital flat-panel detector technol-
ogy into traditional fluoroscopic equipment has been 
ongoing since the early 1990s. The first use of TFT 
technology for fluoroscopy was with sophisticated, inter-
ventional angiographic systems, and is now considered 
a standard equipment design in these areas. An obvi-
ous improvement is replacement of the conventional 
image intensifier tube and video camera with a compact, 
streamlined flat-panel TFT assembly (Figure 33-4). This 
new design dramatically reduces the size and weight of 
the C-arm structure and improves positioning flexibil-
ity and maneuverability. Additionally, flat-panel fluoro-
scopic detectors do not have the inherent weaknesses 
that image intensifiers have such as vignetting, pincush-
ioning, blooming, peripheral falloff, or rotational anti-
gravity correction, a key trait when performing rotational 
digital subtraction angiography (DSA) studies. It is easy 
to understand why this solid-state fluoroscopic imaging 

FIgURE 33-4. (A) Digital R/F System with one DR detector for 
radiographic and fluoroscopic imaging. (B) Single R/F Detector in 
position for Fluoroscopy.
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A key consideration with the single-detector design 
and the x-ray tube above the patient deals with the scat-
ter radiation regions during fluoroscopy. This design is 
very similar to remote R/F systems in which operators, 
particularly radiologists, control all equipment functions 
remotely behind a control booth. Remote R/F systems, 
by design, are intended to reduce staff radiation expo-
sure and permit movement of the patient, fluoroscopic 
assembly, x-ray tube, and table angles through sophisti-
cated controls and commands. Remote fluoroscopic sys-
tems have existed in medical imaging for many decades, 
but have had limited popularity amongst radiologists. 
The most common complaint is centered around the 
radiologist’s desire to perform fluoroscopic procedures 
in close proximity to their patients. Remote systems 
naturally discourage this approach.

When using single-detector R/F systems, with the x-ray 
tube over the patient, it is important to remember that the 
scatter radiation exposure zones coming from the patient, 
are more intense above the patient, rather than below (Figure 
33-5). To the operator standing tableside, the greatest expo-
sure is now directed to the thorax, head, and neck areas. This 
is a considerable distinction compared to traditional R/F 
system designs and must be taken into account when doing 
fluoroscopy using these systems. Fortunately, vendors have 
designed pedestal-type remote control consoles, with all 
system commands and functionality. These remote consoles 
can be strategically placed in the exam room during proce-
dures to maximize distance from the patient, and moved 
around as exam needs mandate (Figure 33-6).

 RECORDING THE FLUOROSCOPIC 
IMAGE

Dynamic recording of fluoroscopic images can be 
achieved through the use of any recording media with 
adequate memory (e.g., flash drives). It is also possible 
to record static images from fluoroscopy with any digital 
recording device.

 MOBILE FLUOROSCOPIC 
EQUIPMENT

Mobile C-arm fluoroscopic units are extremely popular 
for surgical procedures (Figure 33-7). When coupled to 
a videodisc unit, both static and dynamic imaging can 
be instantly available. The units operate exactly as do 
stationary fluoroscopic units, although controls may 
have different labeling. All the cautions and adapta-
tions for mobile radiography are applicable to mobile 
fluoroscopy.

low-contrast detectability of these detectors permits 
improved visualization of very small guidewires, stents, 
and catheters. Spatial resolution is a function of the 
detector elements (DELs) and data grouping is used to 
optimize fine details, lower dose, and minimize image 
file sizes.

Flat-panel TFT digital fluoroscopic detectors even-
tually were added to conventional radiographic/fluoro-
scopic (R/F) system designs, taking advantage of this 
technology for routine fluoroscopic studies. There are 
two general designs currently available: multiple-detector 
models and single-detector models. 

Multiple-Detector Flat-Panel 
Systems 
Multiple-detector design looks and functions much like 
a traditional R/F system in that the fluoroscopic tube is 
located under the table top and the fluoroscopic detector 
is integrated into the carriage. Two additional detectors 
are incorporated into the equipment design to perform 
upright imaging and recumbent table radiography. When 
a fluoroscopic study is initiated, the detector switches 
electronics to the fluoroscopy mode and acquires images 
very rapidly. It is a three-step process involving image 
capture, readout of data along data lines, and clearing 
the DELs for the next capture of x-ray exposure. In order 
to expose a static image, the panel switches into a static 
radiographic mode and an image is acquired. In a mat-
ter of microseconds, the panel can resume fluoroscopy 
and electronically switch back and forth, as exam needs 
require. Given these capabilities, one can begin to appre-
ciate the sophistication of the electronics and computer 
processing power needed to perform fluoroscopy, using 
TFT technology.

Single-Detector Flat-Panel Systems 
The single-detector systems utilize an innovative approach 
to fluoroscopy in that a single TFT detector is used for all 
imaging, static as well as dynamic. Several vendors have 
promoted this design as it can be more cost-effective than 
the three-detector models. Single-detector systems require 
that a single x-ray tube perform both static and fluoroscopic 
imaging, and that the tube be mounted above the patient, 
rather than below the table top. These systems offer expand-
able SIDs to permit chest radiography, spine, and trauma 
imaging. Additionally, the longer SIDs offer reduced patient 
dose, improved spatial resolution, and greater anatomical 
coverage on a detector with a fixed area dimension. The 
detector is positioned just under the table top (Figure 33-4B), 
and during fluoroscopy, it integrates with the x-ray tube sup-
port column and moves as the fluoroscopic primary barrier. 
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an optical mirror viewing system and a video system. The 
entrance skin exposure for the patient is the surface closest 
to the source. With an under-table unit, the ESE is measured 
from the surface next to the tabletop. With an over-table unit, 
it is measured from the surface toward the fluoro carriage. 
The tabletop exposure rate should not exceed 10 R/min and 
for most units should range from 1 to 3 R/min. The minimum 

 RADIATION PROTECTION DURING 
FLUOROSCOPY

Various methods can be used to reduce the radiation dose 
to the patient, the radiographer, and the radiologist during 
a fluoroscopic examination.

The Patient
Fluoroscopic units operate with the minimum radiation out-
put possible for the efficiency of the imaging system. There 
is no appreciable difference in the patient dose between 
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FIgURE 33-5. An isodose curve for a typical fluoroscopic unit. The shape of the curve illustrates areas of lesser dose during fluoroscopic proce-
dures. (Adapted with permission from G.J. Wold, R. V. Scheele, and S. K. Agarwal, April 1971, “Evaluation of Physician Exposure During Cardiac 
Catheterization,” Figs. 3 and 4, p. 189, Radiology, 99(1), 188–190.)

FIgURE 33-6. Remote control on mobile pedestal

FIgURE 33-7. A mobile C-arm fluoroscopic unit. 
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the room during exposures, always keeping the front of 
the body with its lead apron facing the patient and tube. 
If the hands must be placed within the primary beam, lead 
gloves of at least 0.5 mm Pb/q must be worn.

The primary source of exposure to the radiographer 
and radiologist is the patient. It is worth noting that the 
highest energy scatter occurs at a greater than 90° angle to 
the incident beam (skewed toward the tube) and is great-
est at the entrance surface as compared to the increased 
depths because of the lower attenuation of the beam at the 
surface. It is also worth remembering that according to the 
inverse square law, a single step back from the patient will 
decrease the dose exponentially ( Figure  33-5). The slot 
immediately under the tabletop where the Bucky tray is 
positioned for diagnostic radiography is also at the gonadal 
level. Fluoroscopic units must have a 0.25 mm/Pb eq lead 
shield to cover this slot. However, it must be brought into 
position by moving the Bucky tray to the head or foot of 
the table prior to beginning fluoro. Strips of lead rubber, 
forming a drape (which should be 0.25 Pb), are positioned 
between the fluoroscopist and the patient to absorb the 
majority of the patient scatter. The radiographer has one 
advantage during fluoroscopy in that he or she may posi-
tion himself or herself behind the radiologist. This not only 
adds an additional lead apron, but the entire body of the 
fluoroscopist is there to protect the radiographer.

Others
The radiographer has a duty to require that anyone pres-
ent in the fluoroscopy room during an examination wear 
a lead apron. All persons, regardless of rank or authority, 
should be informed of this requirement. Fluoroscopy 
should not be initiated until everyone complies.

source-to-skin distance is 120 (30  cm) for mobile fluoro-
scopic equipment and 150 (38 cm) for stationary equipment.

In the United States, federal law requires an audible 
5-minute timer. Although it can be reset as many times as 
necessary to complete a procedure, it is intended to serve 
as a reminder to the radiologist of how much total expo-
sure time is being used. Fluoroscopy is interrupted when 
the 5  minutes have elapsed and the radiographer must 
reset the timer to continue the procedure.

Magnification image intensifiers cause increased 
patient dose because the automatic brightness control 
(ABC) will increase the tube output to compensate for the 
loss of electrons within the image intensification tube dur-
ing magnification. The x-ray tube should have the collima-
tion shutters closed to the viewing image size when in the 
magnification mode. When magnifying, the output screen 
of the image intensification tube does not receive the entire 
image from the input screen, so it is possible to irradiate 
tissue that cannot be viewed. Although these image intensi-
fiers may have interlocks that automatically collimate when 
magnifying, attention to this detail decreases patient dose.

The Radiographer and Radiologist
A lead apron of at least 0.5 mm Pb/eq must be worn by all 
persons (other than the patient) who are present in the 
fluoroscopic room during exposure. An apron designed to 
cover the front and sides of the body is usually sufficient, 
although a wraparound apron for both front and back 
should be considered if the radiographer is required to 
turn his or her back to the patient and x-ray tube during 
the procedure. Radiographers assisting during fluoros-
copy must develop the ability to back and sidle around 

SUMMARY

Fluoroscopy (fluoro) is a dynamic radiographic examination 
that involves active diagnosis during the examination. For 

this reason fluoroscopy is primarily the domain of the radiologist, 
the radiologist assistant, and the physician assistant. The radiog-
rapher’s role becomes that of an assistant during an exami-
nation. Fluoroscopy is currently used for studies that require 
observation of dynamic physiological functions, for example, the 
flow of barium through the gastrointestinal tract, swallowing, 
the injection of a contrast medium into the heart, and so on.

The fluoroscopic imaging chain consists of a specialized 
x-ray tube with an image receptor, called the fluoroscopic 
screen, that can be viewed during an x-ray exposure. The 
fluoroscopic x-ray tube and image receptor are mounted on a 

C-arm to maintain their alignment at all times. Fluoroscopic 
x-ray tubes are very similar to diagnostic tubes except that 
they are designed to operate for longer periods of time at 
much lower mA. During fluoroscopy, the primary x-ray beam 
exits the patient and strikes the input screen of the image 
intensifier tube. The fluorescent screen is built into the image 
intensifier as its input screen. The fluorescent screen absorbs 
the x-ray photons and emits light photons, which immedi-
ately encounter the photocathode (the cathode of the tube) 
that is in contact with the input screen to prevent divergence 
of the light beam. The photocathode absorbs the light pho-
tons and emits electrons. The electrons are then accelerated 
from the cathode toward the anode and the output screen by 
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SUMMARY (continued)

the potential difference that exists between the cathode and 
the anode. At the same time, the electron beam is focused 
onto the output screen, which is much smaller than the input 
screen. Electrostatic lenses are used to accelerate and focus 
the electrons. The primary brightness gain occurs from the 
acceleration and focusing of the electron beam. The bright-
ness gain is a measurement of the increase in image intensity 
and is determined by the minification gain and flux gain. The 
acceleration of the electron beam increases its energy and its 
ability to emit light at the output screen. The focusing of the 
electron beam intensifies the image into a smaller area. The 
output screen absorbs the electrons and emits light photons, 
which are then available for viewing or further electronic 
processing by a video system. The primary factors that affect 
the quality of the fluoroscopic image include contrast, resolu-
tion, distortion, and quantum mottle.

The incorporation of digital flat-panel detector technol-
ogy into traditional fluoroscopic equipment dramatically 
reduces the size and weight of the C-arm structure and 

improves positioning flexibility and maneuverability. Addi-
tionally, flat-panel fluoroscopic detectors do not have the 
inherent weaknesses that image intensifiers have. There 
are two general designs currently available: single-detector 
models and multiple-detector models. 

During fluoroscopy, it is possible to record either a dynamic 
or a static image. Fluoroscopic units operate with the minimum 
radiation output possible for the efficiency of the imaging sys-
tem. The entrance skin exposure for the patient is the surface 
closest to the source. The tabletop dose rate should not exceed 
10 R/min and for most units should range from 1 to 3 R/min.

A lead apron of at least 0.5 mm Pb/eq must be worn by 
all persons (other than the patient) who are present in the 
fluoroscopic room during exposure. The primary source of 
exposure to the radiographer and radiologist is the patient, 
with the highest energy scatter occurring at a 90° angle to 
the incident beam. The radiographer has a duty to require 
that anyone present in the fluoroscopy room during an 
examination wear a lead apron. ◾

Of course this is a snake, but can 
you tell if the last dinner is still 

within the GI tract?

Answers to the case studies can 
be found in Appendix B.  

(Reprinted by permission  
of Dr. Marion Frank.) 

The Case of the  
Last Dinner 
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 REVIEW QUESTIONS

 1. Why is fluoroscopy the domain of the radiologist, 
radiologist assistant, and physician assistant?

 2. What is the typical basic fluoroscopic imaging chain?

 3. How does a fluoroscopic x-ray tube differ from a 
diagnostic x-ray tube?

 4. What is the basic function of the fluorescent screen, 
the photocathode, the electrostatic lenses, and the 
output screen?

 5. What is the formula used for determining brightness 
gain?

 6. What is the purpose of the automatic brightness 
control?

 7. What are the factors that affect the fluoroscopic  
image quality?

 8. How does a single-detector flat-panel unit differ from 
a multi-detector flat-panel unit?

 9. What radiation protection practices should be  
adhered to by the radiographer during fluoroscopy?
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Objectives

Upon completion of this chapter, the student should be able to:

◾ Define tomography.

◾ Explain the tomographic principle.

◾ Explain the relationship of tomographic amplitude to exposure 
amplitude.

◾ Describe the effects of tomographic amplitude, distance from the  
fulcrum, distance from the image receptor, and the orientation of tube 
motion on image blur.

◾ Explain the function of the fulcrum.

◾ Correlate changes in exposure amplitude with their effect on section 
thickness.

◾ Describe a section interval.

◾ Describe the specialized tomographic techniques.

◾ Select appropriate exposure factors for a tomographic examination 
after a satisfactory preliminary scout radiograph has been produced.

◾ Explain the process of acquiring a digital tomosynthesis image.

◾ Explain how 3D mammography uses digital tomosynthesis to improve 
mammographic imaging.

Key terms

blur

digital tomosynthesis

exposure amplitude

focal plane

fulcrum

pantomography

section interval

section thickness

tomographic amplitude

tomography

Tomography and  
Digital Tomosynthesis

C h a p T E r  34

. . . there exists between (tube and plate), in space, a single fixed plane, 

in which each point always has a corresponding image point on the plate; 

hence, only the organs contained in this plane are in focus.

André-Edmund-Marie-Bocage, from “Method of,  

and apparatus for, radiography on a moving plate”
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Tomography is a radiographic technique that employs 
motion to show anatomical structures lying in a plane of 
tissue while blurring or eliminating the detail in images of 
structures above and below the plane of interest. It primar-
ily demonstrates coronal sections, although sagittal sec-
tions of most body parts and transverse sections of the 
head may be accomplished through positioning.

First developed in 1921, and long the premier investi-
gative procedure for removing superimposing structures, 
tomography is now used in only a few limited areas. Since 
the advent of modern computerized sectional imaging 
techniques (i.e., computed tomography and magnetic res-
onance imaging), its use has declined rapidly, although it 
is still considered of value for routine examination of the 
kidneys during intravenous urography. Tomography has 
also been found useful when computerized modalities 
are too costly or unavailable, and digital tomosynthesis 
is establishing its value as a routine diagnostic modality, 
especially in breast imaging, where it is sometimes called 
3D mammography.

Although many have claimed credit for the develop-
ment of tomography, only nine investigators actually had 
a part in its development, beginning with André Edmund 
Bocage (French dermatologist 1892–1953) and including 
the American radiographer Jean Kieffer. Tomography has 
been called planigraphy, stratigraphy, and laminography 
over the years, and it is still sometimes called body sec-
tion radiography.

The Tomographic principle

The principle of tomography is based on synchronous 
movement of two of the three elements in a tomographic 
system: the x-ray tube, the object, and the image receptor. 
Most tomographic units synchronize the movements of 
the x-ray tube and the image receptor in opposite direc-
tions around a stationary fulcrum (pivot point) during 
the exposure. Their alignment is maintained by a rigid 
attachment, such as a metal rod. The object to be exam-
ined is placed at the fulcrum (Figure 34-1). The result 
is a tomographic image in which the area located at the 
fulcrum is sharp because it has not moved in its relation-
ship to the tube and the image receptor during the expo-
sure (Figure 34-2). However, structures above and below, 
which would have been superimposed, are now blurred 
due to the motion.

Although tomography is a dynamic process, it can be 
understood by careful consideration of the tomographic 
concept. Oblique projections or tube angle projections are 
used to project objects away from one another. Tomography 
builds on this geometry in a dynamic manner (Figure 34-3). 

As the tube proceeds through the tomographic motion, the 
projected images are first at a severe tube angle, which 
gradually decreases to a perpendicular beam, which then 
increases to a severe tube angle in the opposite direction. 
The resulting projection of superimposed objects first to 
one side, then to the other, causes their projected image 
to be streaked, or blurred, across the length of the image 
receptor. The longer the blurring, the less opportunity to 
create a sharp image. The shorter the blurring, the sharper 
the image. Therefore, there is a direct relationship between 
distance from the fulcrum and blurring. The greater the 
distance from the fulcrum, the greater the blurring, and 
vice versa.

Those images that lie in the plane of the fulcrum will 
be projected onto exactly the same location on the image 
receptor because the image receptor is moving at exactly 
the proper rate to maintain their location. Objects located 
above and below the fulcrum will be projected onto varying 
locations on the image receptor as it moves, thus blurring 
their images. The farther the object is from the fulcrum, the 
greater the difference between its projected motion and 
the motion of the image receptor. This causes its image 
to be projected at various locations. The more its image is 
blurred, the easier it is to visualize sharp, unblurred struc-
tures through the blurring.

FiguRE 34-1. The tomographic principle—the interrelationships. 
The x-ray tube and image receptor are attached so they move in 
opposite directions while maintaining their alignment. The fulcrum, 
as the point around which the movement occurs, remains the single 
unmoving point. Objects placed at the fulcrum are imaged sharply, 
while all other objects are blurred.

Fulcrum
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Tomographic QualiTy

Tomographic quality is affected by the tomographic ampli-
tude, exposure amplitude, blur, phantoms, level of the ful-
crum, focal plane, section thickness, and section interval.

Tomographic Amplitude
The tomographic amplitude, arc, or angle is the total dis-
tance the tube travels (Figure 34-4). The x-ray tube does 
not have to be engaged in an exposure for the entire tomo-
graphic angle. However, the tomographic amplitude is 
always greater than or equal to the exposure amplitude. 
There is an inverse relationship between the tomographic 
amplitude and the section thickness, as discussed later.

Exposure Amplitude
The exposure amplitude, arc, or angle is the total distance 
the tube travels during the exposure (see Figure 34-4). The 
x-ray tube is engaged in an exposure for the entire expo-
sure angle. The exposure amplitude is always equal to or 
less than the tomographic amplitude.

Blur
Blur is the streaking or smearing that results in the loss of 
nearly all recorded detail of objects outside the focal plane. 
There is an inverse relationship between blurring and the 
image receptor exposure of objects. Increased blurring 
causes decreased exposure, thus making an object more 
transparent. This permits objects within the focal plane to 
be seen through the blurring. Blur is affected by the expo-
sure amplitude, distance from the fulcrum, distance from 
the image receptor, and orientation of tube motion.

Because the creation of a section of sharply defined 
tissue is similar to cutting slices out of the body for 
examination, terms such as cuts and slices have evolved. 
Because these phrases can easily cause immense dis-
tress when overheard by patients, the radiographer 
should strive to adhere to the term section, avoiding cut 
and slice.

FIgUre 34-3. The tomographic concept. The ball is projected to the 
right of the triangle as the exposure begins but is blurred completely 
across the triangle to appear at the left by the end of the exposure. 
Also note that the box goes through the same blurring, but in the 
opposite direction.

Fulcrum

Image receptor travel

Tube travel

FIgUre 34-2. A tomogram of the maxillary sinuses in an AP projection with the fulcrum (A) 19 cm from the table; (B) 20 cm; and (C) 21 cm.  
The structures that are sharp are located within the fulcrum focal plane. Structures above and below the focal plane are blurred. Note the  
opacification of the right maxillary sinus and the thickening of the mucosal wall in the inferior left sinus. (Radiographs courtesy of Arlene Adler  
and Richard R. Carlton.)

A B C
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Exposure Amplitude. The exposure amplitude has a direct 
linear relationship to blur width. As the exposure amplitude 
increases, blur increases in direct proportion. For example, 
doubling the exposure amplitude will double image blur.

Distance from the Fulcrum. The distance from the ful-
crum has a direct relationship to blur width. As the distance 
of an object from the fulcrum increases, blur increases.

Distance from the Image Receptor. The distance from 
the image receptor has a direct relationship to blur width. 
As the distance of an object from the image receptor 
increases, blur increases. For example, blurring of super-
imposed structures around a pulmonary lesion is greater 
when the affected side is positioned down for lateral decu-
bitus tomograms because this positions the unaffected lung 
farther from the image receptor.

Orientation of Tube Motion. The orientation of tube 
travel has a direct relationship to blur width. As the ori-
entation of tube travel approaches perpendicularity, blur 
increases. Figure 34-5 shows the difference between an 
image of a structure that is perpendicular to a linear tomo-
graphic motion and one that is parallel.

Phantoms
Phantoms are sometimes called blur edges or blur margins. 
They are images that do not correspond to existing struc-
tures. They are false images and, as such, are dangerous 
to the diagnostic process. Phantoms are produced during 
complex tomographic motions, especially circular, when 
the tube motion is parallel to the long axis of the struc-
ture (Figure 34-6). They are also caused by blur overlap 
(Figure 34-7) and displacement of blur margins due to the 

FiguRE 34-4. Tomographic and exposure amplitude, arc, or angle.

FiguRE 34-5. The effect of the orientation of tube motion on the 
long axis of the object. The tomographic phantom has a star pattern of 
wires. When the fulcrum is 1 cm below the wires, blurring occurs. The 
image was produced with a linear motion from the top to the bottom 
of the radiographic image. Arrows illustrate where the wire perpen-
dicular to the direction of motion is projected with maximum blurring. 
The wire parallel to the direction of motion is projected with no lateral 
blurring. (The linear motion causes blurring only as elongation at the 
ends of the wire.) The wires at 45° are projected with intermediate 
amounts of blurring. 

FiguRE 34-6. Phantoms caused by circular tomographic motion. 
Although the top and bottom of the circle produce motion that 
is perpendicular to the long axis of the object, the sides produce 
parallel motion. During the time the parallel motion occurs, the 
image blurring is decreased, thus producing a sharper and more 
dense image. This sharper and more dense image is the phantom, 
blur edge, or blur margin.
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466  uNiT Vi Special Imaging Systems and Modalities

angle is inversely proportional to section thickness. As the 
exposure angle increases, section thickness decreases. 
Conversely, as the exposure angle decreases, section thick-
ness increases.

Section thickness occurs in a plane parallel to the 
image receptor (Figure 34-9). Although there is an increase 
in magnification due to the increased OID of object C in 
Figure 34-9, as the x-ray tube moves to the left, there is also 
a corresponding increase in the SOD and SID. The ratio 
of SID to SOD, the magnification ratio, remains the same, 
as do the ratios for objects A and B. Therefore, although 
magnification has an effect on the detail and sharpness 
of tomographed objects, tomographic motion does not 
change the total effect from that seen in a static radiograph 
of the same area.

section interval
The distance between fulcrum levels is the section interval. 
During tomographic procedures, the section interval 
should not exceed the section thickness. Tomographing 
an object with section intervals greater than the section 
thickness creates gaps of unexamined tissue that may per-
mit misdiagnosis.

A procedure must be planned to establish appropri-
ate section intervals. At least one full section above and 
below the area of interest is required to prove comple-
tion of the sectioning. Careful consideration of section 
thickness permits the use of section intervals that create 
a slight overlapping of sections. For example, an expo-
sure amplitude that produces a 0.5-mm section thickness 
should be used with fulcrum changes of 0.4 mm to permit 
a 0.1-mm overlap (0.05 mm at the top and bottom of each 
section).

tomographic motion. For example, a dense bony structure 
may have its blur margin projected into a soft tissue area. 
Especially in cranial and chest tomography, the decreased 
blur density may simulate a pathological soft tissue condi-
tion. Reduced section thickness and increased exposure 
amplitude decrease phantom images.

Fulcrum
The fulcrum is the pivot point around which the motions  
of the tube and the image receptor are centered. It deter-
mines the focal plane and thereby controls the section level. 
The fulcrum may be fixed so that the patient is moved up 
and down to change the section level (the Grossman prin-
ciple). More commonly, the fulcrum is adjustable so that it 
moves up and down while the patient remains stationary.

Focal Plane
The focal plane is often referred to as the section, although 
the terms section level, layer height, object plane, and 
depth of focus have also been used. It is the region within 
which the image exhibits satisfactory spatial resolution  
and is controlled by the level of the fulcrum. The focal 
plane is not an exactly defined region. Objects located 
near the fulcrum are less blurred, whereas objects located 
farther from the fulcrum are more blurred. Consequently, 
gradually increasing spatial resolution eventually reaches 
a point where it is considered of diagnostic sharpness. This 
point defines the margins of the focal plane.

section thickness
Section thickness is the width of the focal plane and is 
controlled by the exposure angle (Figure 34-8). Exposure 

FiguRE 34-7. Tomographic blur overlap phantoms. (A) The sharp image of three wires produced by a static radiograph. (B) The blurred image 
of three wires produced by a small exposure amplitude. (C) The blur overlap that produces two phantom images from three wires imaged with a 
large exposure amplitude.

A B C
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Types of moTion

Tomography was first achieved with a linear motion. 
Although numerous motions to minimize section thickness 
were developed, only the linear and curvilinear motions 
remain in common use.

Linear tomography occurs when the movement 
of the tube and image receptor is along a straight line 
(Figure 34-10A). Linear motion has a major quality problem 
because the SID and OID change as the tube moves. Both 
SID and OID are greater at the extreme left and right posi-
tions than at the center position. During the tomographic 
motion, the distances are in constant fluctuation.

FiguRE 34-8. The effect of exposure angle on section thickness. 

FiguRE 34-9. The effect of tomographic movement on magnifica-
tion of objects in the focal plane.

Tube travel
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FiguRE 34-10. The two most common tomographic motions.
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DigiTal TomosynThesis

Digital radiographic tomography is called digital  
tomosynthesis because the computed radiographic images 
are manipulated by a post-acquisition algorithm to simu-
late tomographic exposures instead of actually producing 
additional images.

Digital tomosynthesis combines digital image capture 
and processing with simple tube/detector motion as used in 
conventional radiographic tomography. Although it is simi-
lar to computed tomography (CT), it is a separate process. 
Tomosynthetic processing requires about 10 exposures to 
establish an adequate image base from which reprocess-
ing can be done. Higher-resolution detectors are used, thus 
allowing very high in-plane resolution. Reconstruction 
algorithms for tomosynthesis are significantly different 
from conventional CT. Figure 34-12 explains the tomosyn-
thetic process in detail.

Flat-panel image receptors (as used in direct digital 
radiography) are best for tomosynthetic systems because 
they provide rapid readout. The image dataset is acquired 
by making about 10 static exposures at slightly different 
central ray angles through the region of interest (ROI). 
Post-acquisition image processing permits reconstruction 
of any desired plane through the exposed area. In addition, 
post-acquisition algorithms for modifying blur, contrast, 
and other quality factors can be used as necessary.

Tomosynthesis has proven its value in breast imag-
ing, musculoskeletal radiography (especially when 
hardware is present), chest radiography, and in rheuma-
toid arthritis progression studies. The primary interest 
in tomosynthesis is in breast imaging, as an extension 
to mammography, where it may offer better detection 
rates. 3D mammography is a term that is being used 
to promote the use of mammographic tomosynthesis. 
The primary advantage over film-screen tomography is 

Linear tomography also has a significant decrease in 
image quality because blurring is dependent on the orienta-
tion of the structure to the linear motion. Structures that 
are parallel to the motion are not so much blurred as they 
are streaked. Figure 34-5 illustrates the blurring of lines 
perpendicular to linear motion and streaking (elongating) 
of parallel lines. Linear streaking causes sharp images 
from structures as much as several centimeters away from 
the fulcrum. Elongated linear streaking is not a phantom 
image; it is the image of structural margins that were not 
blurred.

Linear motion places severe limitations on the total 
tomographic amplitude. Because the angle of the tube 
to the object and the image receptor has limits beyond 
which shape distortion is objectionable, the thinness of the 
tomographic section is also limited (Figure 34-11). Total 
tomographic arc is limited to 48°. The only method of 
decreasing section thickness is to develop complex tomo-
graphic motions that permit greater amplitude.

Linear tomography is an inexpensive addition to a 
diagnostic x-ray unit. It requires a rod to attach the x-ray 
tube and the Bucky tray, an adjustable fulcrum through 
which the rod may pivot, and a motor to drive the x-ray 
tube stand. All other tomographic motions require special-
ized units designed to provide the desired motion through 
complicated tracks, gears, pivots, and so forth.

Because the motion of the tomographic unit creates 
the tomographic sectional image, it is critical to maximize 
the motion. This is accomplished by aligning the long 
axis of the part of interest to the direction of the tube 
motion. Inability to accomplish this type of positioning 
for numerous areas of the body is a disadvantage of linear 
tomography.

Curvilinear tomography improves on the linear 
motion by maintaining SID and OID and reducing magnifi-
cation differences (see Figure 34-10B). It is still of limited 
value due to the single, linear direction of the motion.

FiguRE 34-11. Limitations to total linear tube amplitude due to excessive distortion produced at the extreme edges of large angles such as 120°.

A B

48°

120°
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exposure Factors
Choosing proper technique exposure factors for tomo-
graphy requires special attention to compensate for the 
time needed for the exposure amplitude.

Time. It is critical that the time be set first. The exposure 
time must match the length of time required for the x-ray 
tube to complete the exposure amplitude. An exposure 
time that is less than the amplitude will not permit full blur-
ring and will project erratic phantoms. An exposure time 
that is greater than the amplitude will increase the image 
receptor exposure at the final tube position, thus increas-
ing the spatial resolution while decreasing the blurring of 
structures outside the focal plane. Complex tomographic 
motions often require 3- or 6-second exposures.

Milliamperage. Dedicated tomography unit generators 
provide special stations below 100 mA to permit appropri-
ate mAs to be set with the long times required for com-
plex tomographic motions. Stations of 10, 15, 20, 25, 30, 
40, and 50 mA are extremely helpful in these situations. 
Approximately 30 percent more mAs is required for a 
wide-angle tomogram due to the loss of scatter caused 
by the air gap at the extremes of the tomographic motion. 
Zonographic tomograms, which are discussed later in this 
chapter, usually require the same mAs as static images.

that the resulting images can be manipulated as well as  
re-created in various planes without re-exposing the 
patient. Usually visualized as a series of blurred images 
with a sharp focus that migrates from one fulcrum focus 
level to another until the entire object has been viewed, 
digital tomosynthesis can produce a 3D series with the 
appropriate algorithm use. The great advantage over con-
ventional digital mammography is much higher spatial 
resolution with the same or lower radiation exposure 
to the patient. As a result, 3D mammography offers the 
potential to improve mammographic breast cancer sur-
veillance and diagnosis.

Tomographic proceDures

Tomography is most often used to localize objects that are 
difficult to see due to superimposed structures. Because 
the section thickness determines how much tissue is 
visualized for each section, each examination must be 
evaluated to determine an appropriate series of tomo-
graphic sections. Routine procedures often begin with a 
preliminary scout exposure for diagnostic comparisons. 
This image is also useful in establishing exact structural 
locations and verifying exposure factors.

FiguRE 34-12. Digital tomosynthesis. (Note: From The Essential Physics of Medical Imaging [2nd ed.], by J. Bushberg, J. Seibert, E. Leidholdt, and 
J. Boone, 2003, Philadelphia: Lippincott Williams & Wilkins. Reprinted with permission.)
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Kilovoltage. All fine exposure adjustments must be 
accomplished by variations of kVp because of the limita-
tions imposed by the fixed time settings. The 15 percent 
rule is a critical tool in determining these adjustments. It 
is also useful to recall that a 5 percent change in kVp is 
required to produce a visible exposure difference in most 
images. Because these adjustments tend to increase kVp, 
every possible device that will eliminate scatter radiation 
should be employed. These include maximum collimation 
(to the exact area of interest), lead masks at the tabletop, 
high ratio grids, and compression bands.

specialized techniques
Narrow-Angle Tomography (Zonography). Narrow-angle 
tomography (exposure amplitudes of less than 10°) is used 
when localization is necessary, because the exact loca-
tion of a structure is unknown, or when a survey is being 
performed, for example, on a lesion of the lung or on the 
kidneys. A small exposure amplitude is used to produce 
a thick section (Figure 34-13A). Narrow-angle tomogra-
phy has reasonable contrast but poor spatial resolution 
because of the thick section.

Wide-Angle Tomography. Wide-angle tomography is 
used when a lesion has been localized or a specific struc-
ture has been determined to require a more detailed 
examination. A series of thinner sections may then be 
used (see Figure 34-13B). Wide-angle tomography has 
inherently low contrast but a reasonable amount of spa-
tial resolution because of the thin section. It is useful in 
the examination of small bone structures, such as the 
inner ear, although computed tomography now has much 
to offer in this area of diagnosis.

Panoramic Tomography. Specialized equipment has been 
developed to permit slit scan radiography of the curved 
surfaces of the face and head, especially of the mandible 
(Figure 34-14). The terms pantomography, orthopantomog-
raphy, and panoramic tomography have been used to 
describe this type of x-ray unit. Slit scan radiography uses 
only the perpendicular photons of the primary beam by using 
a lead mask to collimate the beam to a narrow slit. Both the 
x-ray tube and the image receptor rotate past the slit during 
the exposure to lay out the structure of interest, much like 
rolling paint from a roller onto a wall (Figure 34-15).

FiguRE 34-13. The effect of exposure amplitude on section thickness. 
(A) A small exposure amplitude to produce a thick section for localiza-
tion or as a survey examination. (B) A larger exposure amplitude to pro-
duce thin sections for detailed examination. (Reprinted with permission 
from J. T. Littleton, [1976]. Tomography: Physical Principles and Clinical 
Applications. Baltimore: The Williams & Wilkins Co.)
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Tomography is a radiographic technique employing motion 
to show structures lying in a plane of tissue while blur-

ring or eliminating the detail in images of structures in other 
planes. It primarily demonstrates coronal sections, although 
sagittal sections of most body parts and transverse sections of 
the head may be accomplished through positioning.

The principle of tomography is based on synchronous 
movement of two of the three elements in a tomographic sys-
tem: the x-ray tube, the object, and the image receptor. Most 
tomographic units synchronize the movements of the x-ray 
tube and the image receptor in opposite directions around 
a stationary fulcrum during the exposure. Those images that 
lie in the plane of the fulcrum will be projected onto exactly 
the same location on the image receptor because the image 
receptor is moving at exactly the proper rate to maintain their 
location. Objects located above and below the fulcrum will be 
projected onto varying locations on the image receptor as it 
moves, thus blurring their images.

The tomographic amplitude, arc, or angle is the total 
distance the tube travels. The exposure amplitude, arc, or 
angle is the total distance the tube travels during the expo-
sure. The exposure amplitude is always equal to or less than 
the tomographic amplitude. Blur is the streaking or smearing 
that results in the loss of nearly all recorded detail of objects 
outside the focal plane and is affected by the tomographic 

amplitude, distance from the fulcrum, distance from the 
image receptor, and orientation of tube motion. Blur edges 
and blur margins are called phantoms.

The focal plane is often referred to as the section, 
although the terms section level, layer height, object plane, 
and depth of focus have also been used. It is the region within 
which the image exhibits satisfactory spatial resolution and 
is controlled by the level of the fulcrum. Section thickness is 
the width of the focal plane and is controlled by the expo-
sure angle. The distance between fulcrum levels is the section 
interval. During tomographic procedures, the section interval 
should not exceed the section thickness.

Digital tomosynthesis combines digital image capture 
and processing with simple tube/detector motion as used 
in conventional radiographic tomography. The primary 
interest in tomosynthesis is in breast imaging (where it is 
sometimes promoted as 3D mammography), as an exten-
sion to mammography, where it may offer better detection 
rates. The primary advantage over conventional digital 
mammography is improved spatial resolution with the 
same or lower radiation exposure to the patient. Choosing 
proper exposure factors for tomography requires consid-
eration of exposure time, milliamperage, and kilovoltage. 
Specialized tomographic techniques include  narrow-angle, 
wide-angle, and panoramic tomography. ◾

summAry

Can you identify this plant?

answers to the case studies can  
be found in appendix B.  

(reprinted by permission of  
Dr. Marion Frank.)

The Case of the  
Ghostly plants
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review QuestiOns

1. Define tomography.

2. How does a basic tomographic system operate?

3. What is the difference between tomographic ampli-
tude and exposure amplitude?

4. What factors affect tomographic blur?

5. What is the function of the fulcrum?

6. How is section thickness controlled?

7. Which of the tomographic motions alters distance 
during the exposure arc?

8. Why is it important to establish the exposure time 
prior to setting the other exposure factors for a 
tomogram?

9. Differentiate between the uses of narrow-angle and 
wide-angle tomography.

10. Explain how digital tomosynthesis operates.

11. What is the advantage of 3D mammography over con-
ventional digital mammography?
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Explain the development of the regulations and guidelines  
underlying the performance of mammography.

◾ Describe the unique aspects of the mammography x-ray  
generator.

◾ Describe the distinctive design and application of the  
mammography x-ray tube and its associated components.

◾ Specify the accessory components of the mammography  
machine, detailing their unique design and function in  
producing quality images.

◾ Assess the critical importance of specialized equipment in  
producing breast images.

◾ Explain the basic elements of digital mammography.

Whenever the art of medicine is loved, there is also love for humanity.

Hippocrates

KEY TERMS

bias focusing

digital mammography unit

effective target angle

molybdenum

reciprocity law failure

reference axis

reference axis target angle

rhodium
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HISTORICAL DEVELOPMENT

Mammography, today, has evolved into one of the most 
critical and demanding x-ray examinations performed. 
Every aspect of the examination has to be carried out 
with the utmost precision. The current technical and clini-
cal aspects of the procedure are guided by strict regula-
tions and specific guidelines. Mammography is presently 
the only radiography examination fully regulated by 
the federal government. Mammography requires a team 
approach. Several professionals are involved, including 
the radiologist, medical physicist, and, most important, 
an ARRT-registered radiographer, preferably with creden-
tials in mammography.

There is much attention and regulation placed on 
the technical and clinical aspects of mammography due 
to the following: The American Cancer Society estimates 
that 252,710 women will be diagnosed with new cases of 
invasive breast cancer and 63,410 will be diagnosed with 
breast carcinoma in situ annually. (about 1,900 men will 
be diagnosed also). 40,610 breast cancer deaths are esti-
mated annually. Approximately one out of eight women 
will develop breast cancer over a lifetime. Until recently, 
breast cancer was the leading cause of death from cancer 
among women. Lung cancer has now become the leader. 
Breast cancer is the leading cause of cancer deaths in 
females between the ages of 15 and 54. Most notably, the  
incidence of breast cancer, as a result of participation in 
screening, has increased 3–4 percent annually since 1982. 
The overall age-adjusted incidence rates are higher in 
white women compared with African American women. 
However, for African American women under age 50, the 
incidence is nearly three times higher. The size of the popu-
lation at risk for developing breast cancer is also growing 
every year.

It is well known that mortality from breast cancer 
can be reduced significantly through widespread partici-
pation in breast screening. For women whose cancers are 
detected when they are small and confined to the breast, 
the vast majority are alive and well 10  years later. The 
diagnosis of breast cancer is not easily made. The highest 
resolution and contrast attainable has to be brought out in 
the breast image—more than any other x-ray examination. 
Remember, from previous chapter readings, that very high 
resolution and contrast cannot occur in the x-ray image 
without a corresponding increase in radiation exposure. 
The risk from ionizing radiation, therefore, is always of 
concern in mammography.

Although radiation exposures in mammography are 
relatively safe today as a result of improvements in tech-
nology, and certainly due to stringent regulations, one 
has to recognize that patient exposure is still an impor-
tant consideration, and the exposure is relatively high in 

comparison to x-ray examinations of other body parts. The 
entrance skin exposure (ESE) for a 5-cm compressed 
breast is approximately 1,000 mR, and the ESE for a 21-cm 
lumbar spine AP projection is 220 mR.

1900s
Mammography has been performed since the early 
1900s. In those early years, it was not a technologically 
well-developed examination. The results were unpre-
dictable, and the technical quality of the images was 
very poor. Dr. Raul Leborgne of Uruguay was one of the 
first physicians to perform extended research on mam-
mography, and he published the first textbook on the 
topic in 1953.

1960
Research into mammography continued at a very low 
level until about 1960, when Dr. Robert Eagan, then at  
M. D. Anderson Hospital in Houston, first described the use 
of a high-mA, low-kVp exposure technique with direct expo-
sure industrial x-ray film. He introduced the technique of 
removing the aluminum filter from the port of the x-ray tube 
so the low-energy x-rays could exit. He also introduced the 
use of a cylindrical extension cone to reduce scatter radia-
tion. Mammography in the 1960s was performed using a 
conventional x-ray machine. The x-ray tube at that time had 
a tungsten anode, and a large 2-mm focal spot was common. 
Typical exposure techniques utilized 28 kVp and 300 mA, 
with exposure times up to 6  seconds (1,800 mAs). Direct 
exposure x-ray film was used without a grid. Unfortunately, 
the exposure to the patient was extremely high. Exposures 
during this era were between 50 and l00 times higher 
than exposures applied today. Early mammographers  
reported exposures greater than 50 R per projection. If 
repeat radiographs were performed, erythema of the skin 
would often occur. Eagan’s development of a special tech-
nique to optimize the x-ray equipment to image the breast 
prompted the beginning of widespread research into the 
use of mammography.

1967
In 1967, CGR (France) introduced the first dedicated 
mammography machine (Figure  35-1). The production 
model of this machine featured a molybdenum anode,  
0.7-mm focal spot, and a beryllium window port. In addi-
tion, the unit had a built-in device to compress the breast. 
As a result of these technical improvements, contrast and 
resolution in the breast image were greatly enhanced. 
However, exposure to the patient increased compared to 
Eagan’s technique because of the continued use of direct 
exposures on industrial x-ray film and because a higher 
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mAs was required due to the reduced x-ray output of the 
molybdenum anode. The radiography community during 
this time was discovering an uncomfortable tradeoff. 
High-resolution and high-contrast breast images could 
not be produced without introducing high exposure to the 
patient. It was during this time that the benefit-versus-
risk debates about mammography practice ensued.

Research continued, and in the early 1970s, Siemens 
(Germany), Philips (Netherlands), and Picker and General 
Electric (USA) also introduced dedicated mammogra-
phy machines. During the early 1970s, nearly every 
large radiology department in the world was performing 
mammography.

1971
In 1971, Xerox (USA) introduced a commercially 
available system of imaging the breast known as xero-
mammography. The Xerox dry process system utilized 
a conventional overhead x-ray tube with a tungsten 
anode. However, the filter had to be removed from the 
port and a low kVp of 40–50 set on the generator. The 
x-ray exposure was made on an electrically charged 
imaging plate instead of using screen and film. The 
imaging plate was then placed in a special development 
unit and the breast image came out on heavy paper in 
shades of blue. No film processors or viewboxes were 
needed. Although a dedicated x-ray machine did not 
have to be purchased, a special processing machine 

was needed. Xeromammography was extensively used 
until the mid-1980s because it produced high-contrast 
and high-resolution images (Figure 35-2). Radiation expo-
sures to the patient were lower than in Eagan’s technique. 
However, the exposure, which ranged from 2 R to 4 R per 
projection, was still relatively high. Continued research led 
to significant improvements in film-screen mammography 
and lower exposures. Major changes in the design and use 
of the dedicated mammography machine prompted a large 
decline in the use of xeromammography for breast imaging 
by the late 1980s.

1972
In 1972, during the intensive growth and research period in 
mammography, Du Pont (USA) introduced the first dedi-
cated film-screen system for mammography, Lo Dose I.  
The system utilized a single-emulsion film and a single-
emulsion calcium tungstate screen that was placed in a 
light-safe polyethylene bag and vacuum sealed. Utilizing 
a screen for the first time in mammography prompted a 

FIGURE 35-1. A 1967 Senograph, produced by CGR (France), 
became the first commercially available dedicated mammography 
machine. The unit contained the first molybdenum anode, 0.7-mm 
focal spot, beryllium window port, and compression device. 
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FIGURE 35-2. A 1978 xeroradiographic breast image. 
Xeromammography produced high contrast and high resolution at 
doses lower than direct x-ray film exposure. Images were obtained 
with conventional radiographic equipment, tungsten target, 
aluminum filter, and 45 kVp.
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major reduction in exposure time and a corresponding 
reduction in radiation exposure to the patient of nearly 
203. Use of a screen increased the very low inherent 
subject contrast of the breast in the image. Unfortunately, 
there was also a corresponding reduction in resolution 
when compared to direct x-ray exposure and xeromam-
mography. However, the combined effects of a dramatic 
increase in contrast, reduced motion unsharpness, and 
corresponding exposure reduction was so significant that 
film-screen mammography gradually became common-
place. During the 1970s, radiologists debated whether to 
use the Xerox process or film-screen imaging, and many 
departments chose to use both.

1975
In 1975, a significant event occurred when Kodak (USA) 
introduced its specially designed for mammography 
Min-R screen, film, and cassette system. The Min-R 
single-emulsion screen, which used the new green 
emitting rare-earth phosphor, gadolinium oxysulfide, 
was paired with an orthochromatic (green- and blue-
sensitive) single-emulsion film also called Min-R. The 
increased screen speed prompted an exposure reduc-
tion and there was very negligible loss of resolution. 
The screen was mounted in a specially designed low-
absorption cassette and the screen and film placed so 
they were as close to the breast as possible (Figure 35-3).  
Using the cassette saved darkroom time and problems 
associated with the polyethylene bags. Also during this 
time, Du Pont introduced an  increased-speed version of 
its film-screen—Lo Dose II.

1978
The most recent and technologically significant event in 
mammography occurred in 1978 when Philips (Nether-
lands) introduced a new generation of dedicated mam-
mography machines  (Figure  35-4). This new machine 
contained the first  reciprocating grid. It was also equipped 
with a foot pedal; power-driven breast-compression 
device; aluminum and molybdenum filter selection; auto-
matic exposure control (AEC); a microfocus focal spot; 
magnification capability; and a high-output generator. 
Although the introduction of the grid increased the radia-
tion exposure by a factor of 2–33, the high-contrast image 
that resulted from the reduction in scattered x-rays, in 
particular for large and dense breasts, was a dramatic 
improvement in image quality. Fortunately, at this very 
same time, Kodak introduced an increased-speed version 
of its Min-R film, Ortho-M, which reduced the radiation 
exposure by 50  percent, entirely offsetting the increase 
in exposure from the use of the grid. The modern era of 
mammography had begun.

FIGURE 35-3. A 1975 Kodak mammography cassette, the first 
cassette developed especially for mammography. It contained a Min-R 
rare-earth phosphor single-emulsion screen (black arrow) and green-
sensitive Min-R single-emulsion (white arrow) film. Design of the 
cassette allowed the screen and film to be placed close to the breast. 
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FIGURE 35-4. A 1978 Philips (Netherlands) dedicated mammog-
raphy machine containing the first reciprocating grid. Introduction of 
this generation of mammography machines ushered in the modern 
era of utilizing dedicated machines for mammography. 
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1985–1990
In 1985, a Nationwide Evaluation of X-ray Trends (NEXT) 
study discovered a wide variation in mammographic 
image quality and in radiation exposures to the patient. 
Independent studies done later supported the NEXT data 
and found similar and additional unacceptable variations 
in image quality. Citations found in the studies included 
poor processor performance, inexperienced operators of 
the equipment, improper physician interpretation, poor 
exposure techniques, and a general inability to perform 
the examination in a consistent manner.

Concern about the quality of mammography led to 
the development of the American College of Radiology 
(ACR) accreditation program in 1987. This voluntary 
program required mammography sites to meet qual-
ity standards to ensure that optimally exposed breast 
images were being produced at low radiation expo-
sures to the patient. Components of the ACR program 
included an assessment of both mammographic phan-
tom and actual clinical images for optimal resolution 
and contrast, measurement of the average glandular 
dose to the breast, and processor performance. In 1990, 
additional standards were set forth, which included spe-
cific aspects of the equipment and accessory devices, 
personnel, and the documentation of an effective 
quality control program. By June 1994, 66  percent of 
the mammography machines in the United States had 
passed the ACR voluntary accreditation. Of those that 
failed, the three most common reasons for failure, in 
descending order, were poor clinical images, failure of 
the phantom image to demonstrate appropriate con-
trast and resolution, and poor processor performance.

1991
In 1991, the American Registry of Radiologic Technolo-
gists (ARRT) implemented its first advanced-level exami-
nation specifically for mammography. The examination 
was designed to ensure that the radiographers who per-
form mammography have appropriate comprehension 
of exact positioning techniques, have knowledge of the 
broad spectrum of mammography projections, under-
stand technical factor selection, and know other specific 
technical, clinical, and affective aspects related to the per-
formance of the examination. Radiographers who pass the 
advanced-level mammography examination are formally 
recognized to perform mammography and use the initial 
(M) after their radiography credential RT(R).

1992–1994
In 1992, as a result of the American Cancer Society’s high-
visibility public relations campaign that all women over 
40 undergo screening mammography, and also because 

of federal legislation that provided reimbursement for 
screening mammography in women eligible for Medicare, 
the federal government enacted the Mammography Qual-
ity Standards Act (MQSA). The act was written because 
of lobbying from the ACR due to the great concern about 
the poor-quality mammography being performed. The 
act went into effect on October 1, 1994, and requires all 
sites (except VA facilities) that provide mammography 
service to meet quality standards and become certified 
for operation by the secretary of the Department of Health 
and Human Services (DHHS). Enactment of the MQSA 
marks the first time the use of an x-ray machine and a 
specific x-ray examination were regulated by the federal 
government.

1999
On April 28, 1999, the Final Rule of the MQSA went into 
effect after several years of public comments. MQSA 
is now officially known as Public Law 105-248. Today, 
dedicated mammography machines are produced by a 
variety of manufacturers. These machines are mechani-
cally and electronically designed to meet the stringent 
radiographic and positioning requirements of breast 
imaging, and they are used with specially designed 
screens, film, and cassettes. There are no xeromam-
mography systems in use today. Mammography equip-
ment is presently capable of producing extremely 
high-contrast images with very high resolution, and the 
radiation exposures to the patient are reasonably low. 
However, researchers continue to seek higher contrast 
and resolution for breast images and methods for low-
ering the exposure.

2000
In February 2000, the first digital mammography unit was 
approved for sale in the United States. The machine was 
the General Electric Senographe 2000 D. The U.S. Con-
gress passed legislation authorizing increased Medicare 
reimbursement for this technology, and digital mammog-
raphy has become the new gold standard.

2011
Digital tomosynthesis is a specialized tomographic unit 
used primarily for mammography. Development began in 
1997, but it was not until 2008 that the equipment and proce-
dures began being used in clinical practice in Europe. The 
U.S. Food and Drug Administration approved digital tomo-
synthesis for clinical use in 2011. The process combines dig-
ital image capture and processing with simple tube/detector 
motion as used in conventional radiographic tomography 
(Figure 35-5). Although there are some similarities to com-
puted tomography (CT), it is a separate technique.
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CT uses a source and detector combination that 
makes a complete 360° rotation about the subject. This 
obtains a complete set of data from which images may 
be reconstructed. By comparison, digital tomosynthesis 
acquires a small rotation angle (e.g., 40°) with a small 
number of discrete  exposures (e.g., 10). These data are 
processed to yield images similar to those of conventional 
tomo graphy but with a limited depth of field.  Because the 
image is acquired digitally, a series of sections at different 
depths and thicknesses can be reconstructed from the 
same acquisition.  Tomosynthesis cannot produce narrow 
sections, but higher-resolution detectors can be used, 
allowing high in-plane resolution, even when z-axis resolu-
tion is poor.

This chapter maintains a discussion of the technical 
aspects of both film-screen and digital mammography, 
although digital mammography now predominates. The 
reader should note that every component in the mammog-
raphy system is modified from conventional radiology. 
Each component is designed specifically to maximize 
contrast and resolution while at the same time engineered 
to keep the radiation exposure to the patient at minimal 

levels. Table 35-1 illustrates the primary technical differ-
ences between mammography and conventional x-ray 
machines. The light-weight (some weigh only 500  lbs.) 
entirely self-contained mammography unit, which can 
easily be pushed around a room and simply plugged in, 
is a relatively sophisticated x-ray machine. Its sole design 
and purpose is to image the human breast.

GENERATOR CHARACTERISTICS

Manufacturers of dedicated mammography machines use 
the new high-frequency generators (see Chapter  6) that 
were introduced by Siemens (Germany) in 1987. There 
are several reasons for using high-frequency generators in 
mammography. These generators virtually eliminate voltage 
regulation problems and allow very precise control of kVp, 
mA, and exposure time—important considerations in breast 
imaging. The linearity and reproducibility of the x-ray expo-
sures are excellent. High-frequency x-ray output waveform 
ripple is much lower than three-phase, 6-pulse ripple at usu-
ally less than 4 percent. The high frequency (100 kHz) allows 

FIGURE 35-5. Reconstructed tomosynthesis slices reduce or eliminate the problems caused by tissue overlap and structure noise in mammography 
imaging, offering improved diagnostic confidence and enhanced patient care. 
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more efficient x-ray production, and therefore produces 
a higher effective energy x-ray beam. The result is higher 
x-ray output for a given kVp and mA setting.

High-frequency generators do not require an auto-
transformer, line compensation circuit, or space-charge 
compensation circuit. This greatly reduces equipment 
bulk, cost, and space requirements. The high-frequency 
generator system is uniquely housed within the single-
standing mammography unit (Figure  35-6). These new 
generators operate on single-phase incoming-line power, 
which simplifies installation and greatly reduces cost. 
High-frequency generators can also be designed to oper-
ate from batteries for use in mobile mammography vans. 
Several manufacturers have designed the high-frequency 
generator and x-ray tube within the same housing.

kVp
A significant difference between mammography and 
conventional x-ray machines is the low kVp utilized. The 
kVp selections on the generator will range from 22  to 
40  kVp. The kVp commonly used in clinical practice 
varies between 25 and 28 kVp. The advantage of using 
low kVp is its ability to produce a very low-energy (soft) 
x-ray beam that produces high radiographic contrast. 
High contrast is desirable in breast images because the 
radiologist must be able to delineate clearly the normal 
and diseased structures of the breast tissue. Breast tis-
sue is considered soft tissue and it is entirely made up 
of glands, fibers, and fat, which have very low inherent 
subject contrast (Figure  35-7). The radiologist must 

 TABLE  35-1.  Technical Differences between  
Mammography and Conventional 
Radiography

 Mammography Conventional

Generator* 1φ high  
frequency

1φ, 3φ,  
capacitor  
discharge,  
falling load

Voltage frequency* >10,000 Hz 60 Hz

Voltage ripple <4% 4–100%

kVp† 25–28 50–130

mA† 20–160 100–1,000

Exposure time (s)† 0.4–4.0 0.01–2.0

Power rating 3–10 kW 50–200 kW

AEC 1 detector 3 detectors

Film density 
(OD)††

>1.30 1.10

Backup timer 
(mAs)

600 grid, 600 300  
non-grid

Focal spot  
size (mm)

0.1 or 0.3 0.6 or 1.2

SID (cm) 60–65 102–122

X-ray beam utilized Anode side only Anode and  
cathode side 
equally

Effective target 
angle‡

22°–24° 7°–17°

Reference target 
angle**

7.5°–12° 7°–17°

Anode Molybdenum  
or rhodium

Tungsten

Tube port Beryllium Glass

Filter Molybdenum or 
rhodium

Aluminum

HVL (mm AL) 0.3 (30 kVp) 2.3 (80 kVp)

Grid 4:1 or 5:1 6:1–16:1

Film-screen 
speeds‡‡

100–320 100–1,200

Resolution (lp/mm) 12–20 5–10

*   Some high-frequency generators are being introduced in conventional 
radiology.

†  Range used in clinical practice.

†† Mammography density measured on the ACR Plexiglas™ phantom.

  Conventional density measured on 21-cm Plexiglas™ phantom.

‡  Measured from the vertical central ray.

** Measured from the reference axis/center of image receptor.

‡‡  Relative speeds of mammography screens are slower than those of

  conventional screens with same number.
FIGURE 35-6. The Hologic M-IV film-screen mammography system. 
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have sufficient contrast available in the image to visual-
ize microcalcifications as small as 0.1–0.3 mm, and other 
subtle parenchymal structures. The major disadvantage 
of using  kVp in the 20s range is that there is a high 
absorption of the low-energy x-rays in the breast, which 
contributes significantly to patient dose.

Exposure Time, mA, mAs
Mammography generators also utilize low mA settings. 
Depending on the manufacturer, the mA can vary from 
about 2 to as high as 180. Generators typically will have 
a variable mA selection from 20  to 100, and many 
manufacturers design a single mA setting for the small 
focal spot (e.g., 20 mA) and one for the large focal spot 
(e.g., 80  mA). Low mA settings are necessary because 
of the power rating limitations placed on the smaller-
sized anode and the small focal spot sizes. The power 
ratings of mammography generators vary between 3 and 

10 kilowatts (kW) compared to 50–1,200 kW on conven-
tional x-ray generators.

In clinical practice, the specific mA selected is deter-
mined based on the principle of keeping exposure times 
short enough to decrease patient motion. However, the 
time should not be extremely short, which would cause 
grid artifacts (textured or structured patterns) to appear 
in the image. Because the mammography system produces 
a high-resolution image, grid lines have the potential of 
being prominently shown and will degrade image quality. 
Conversely, exposure times that exceed 1 second will result 
in reciprocity law failure. Typical exposure times in clinical 
practice will vary from 0.4 to over 1 second for standard 
projections. Exposure times for projections using the magni-
fication technique are much longer, varying from 2 to 4 sec-
onds due to the low mA used with the 0.l-mm focal spot. 
When performing magnification studies, mammographers 
must be very cautious, and explicit instructions must be 
given to the patient so motion is kept to a minimum during 
these longer exposures. Unfortunately, the screen response 
to the long exposure times that occur during magnification 
studies prompts reciprocity law failure, for which the radiog-
rapher must compensate. Additional exposure times from 
10 to 30 percent are required to maintain image receptor 
exposure at these long exposure times. Fortunately, high-
quality mammography machines have sophisticated built-in 
circuitry that will automatically compensate for reciprocity 
law failure so that repeat radiographs are kept to a minimum.

Automatic Exposure Control
Automatic exposure control (AEC) is an integral compo-
nent on every dedicated mammography generator. Like 
the AEC circuitry used on conventional radiography equip-
ment, its design and purpose is to provide consistent image 
receptor exposure for the various thickness and density 
compositions of breast tissues and for the range of  kVp 
used. Because of the high-contrast imaging environment in 
mammography, there is minimal exposure latitude in terms 
of image receptor exposure. Small variations in IR exposure 
will affect the contrast required to visualize the subtle breast 
tissue and to diagnose cancer.

Automatic control of exposure techniques is crucial 
in breast imaging because of the wide range of breast 
thicknesses and density compositions. A 4-cm compressed 
breast on a number of similarly aged women can cause a 
range of x-ray exposure times from 0.05  ms to over 
1 second! It is virtually impossible for the radiographer to 
determine the exact density composition of breast tissues; 
therefore, it is difficult to determine the exact exposure 
time required if AEC is not used. The introduction of AEC 
on dedicated mammography machines, in particular the 
current generation of machines, prompted a significant 
reduction in repeat rates for mammography.

FIGURE 35-7. Female breast made up entirely of glands, fibrous 
tissues, and fat. This creates low inherent subject contrast in the 
mammographic image.
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select a higher kVp setting for the repeat radiograph. The 
density compensation circuit should not be increased as is 
typically done in conventional AEC imaging. The primary 
reason backup time is reached in breast imaging is because 
of the inability of the low-energy photons to penetrate the 
breast. (This will usually occur on large or dense breasts.) 
A density compensation circuit increase will only prompt 
the backup timer to be reached again because the energy 
of the x-ray beam did not change; therefore, penetration 
of the breast will not occur. If the AEC system is left on 
during imaging of a breast with an implant in place, the 
backup time will also be reached. (Only manual exposure 
techniques should be used for implant imaging.)

Quality mammography generators have highly sophis-
ticated microprocessor-controlled circuits that provide 
accurate and reproducible film densities over the entire 
range of kVp settings required and for the different thick-
nesses and densities of breast tissue. Well-designed AEC 
circuitry can automatically compensate for reciprocity 
law failure during long exposures. Current machines may 
also contain circuits that can automatically adjust the kVp 
to a higher level during the actual exposure. This allows 
the film to be properly exposed and the backup time will 
not be reached if the breast is large or dense. The circuit 
adjusts the kVp by sensing the radiation intensity during 
the first 100 milliseconds of the exposure. If the current is 
too low, the kVp is automatically increased. 

X-RAY TUBE

Design
The most distinctive aspect of the mammography machine 
is the design and application of its x-ray tube and periph-
eral components. Each component described in this sec-
tion has a very novel design compared to its counterpart 
in conventional radiology. The specific design or use of 
some components will increase contrast, resolution, or 
radiation exposure. Other components counteract this 
and cause a decrease in contrast, resolution, or exposure. 
The production of a high-quality breast image involves 
many tradeoffs. Taken altogether, however, the x-ray 
tube design and the components are capable of achieving 
high resolution and high contrast at moderate radiation 
exposure levels. First and foremost, the mammography 
equipment must be engineered to provide the high con-
trast and resolution required to visualize microcalcifica-
tions and the subtle parenchymal structures of the breast. 
Achieving the right balance of contrast, resolution, and 
low radiation exposures is a formidable challenge in 
breast imaging.

The AEC system on most mammography machines 
utilizes a single radiation-sensitive detector located 
behind the IR. The detector is capable of moving toward 
the nipple, from its primary position at the chest wall, to 
allow for maximum variations in breast size and for criti-
cal magnification work (Figure 35-8). Most detectors will 
have 10 stops between the chest wall and the nipple. The 
AEC system should be capable of being calibrated for two 
different film-screen systems and also for non-grid, grid, 
and magnification options.

The optical density (OD) of the ACR  Plexiglas™ 
mammographic phantom image should not be less than 
1.20 and preferably about 1.30  OD. The film density, as 
measured using the ACR standardized exposure technique, 
should be within 6 0.15 OD for the range of kVps used and 
for phantom Plexiglas™ thicknesses from 2 to 6 cm. The 
generator must contain a density compensation circuit that 
contains at least two 1 and two 2 settings. Each setting, 
or step, should result in a 12–15  percent change in mAs, 
or approximately a 0.15 change in optical film density, to 
allow maximum flexibility for all imaging requirements. 
Mammography generators have a backup timer similar 
to conventional AEC systems. The backup timer for grid 
techniques must be set at 600 mAs, and for non-grid and 
magnification techniques, 300 mAs. If the backup time is 
reached during a breast exposure, the radiographer should 

FIGURE 35-8. General design of a mammography machine and 
its accessory components. Note vertical alignment of the chest wall 
edge of image receptor and compression paddle, straight portion of 
extension cone, and angle of the anode.
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FIGURE 35-9. Patient positioned on a mammography machine. 
Note the short SID of 60 cm, which produces a prominent heel 
effect. The cathode side of the x-ray tube is placed over the patient’s 
head and the anode side outward toward the nipple. This orientation 
allows the bulk of the x-ray tube housing to be placed away from 
the patient’s head for ease of positioning.

Heel Effect
The anode configuration in a mammography x-ray tube 
produces a prominent heel effect due to the short 
source-to-image-receptor distance (SID) and the use of 
a narrow target angle. Because the x-ray tube is aligned 
with the cathode placed directly over the chest wall area 
and the anode outward toward the nipple end, the heel 
effect fortunately can be used to maximum advantage 
(Figure  35-9). Recall that the cathode side of the x-ray 
beam has a significantly greater intensity of x-rays com-
pared to the anode side. A more uniform-density breast 
image can be produced because the more intense x-rays 
are at the chest wall where there is greater tissue thick-
ness (Figure 35-10). The primary reason the cathode end 
of the x-ray tube is placed directly over the chest wall 
edge of the image is to take advantage of the prominent 
heel effect of the anode.

Cathode
The cathode in a mammography x-ray tube consists of 
standard helical-shaped tungsten filaments in a focusing 
cup. Mammography tubes typically utilize a single filament 
wire for both the large and small focal spots. When the 
small focal spot is engaged, a negative voltage is applied to 

the focusing cup, which acts to reduce the size of the elec-
tron stream creating the smaller focal spot. This is called 
bias focusing (see Chapter  5). Some machines utilize two 
separate filaments for the small and large focal spots.

The high resolution needed in mammography requires 
substantially smaller effective focal spot sizes than those 
used in conventional radiography. In addition, the majority 
of mammography machines utilize a relatively short SID 
of only 60 –76 cm (24–30 inches), which necessitates the 
use of microsized focal spots to diminish the increased 
geometric unsharpness. A nominal 0.3-mm large focal 
spot is used for the routine contact images and a nominal 
0.1-mm small focal spot is used for magnification images.

In all x-ray tubes, the effective focal spot size varies 
in length along the cathode-anode axis at the plane of the 
film due to the line-focus principle. As a result, a larger 
focal spot size is always projected on the cathode side 
(Figure  35-11A). Because mammography tubes are ori-
ented with the cathode side placed over the chest wall, the 
focal spot shape and size phenomenon creates a serious 
dilemma: resolution is substantially decreased at the chest 

Chest wall

FIGURE 35-10. Mammography x-ray tube oriented with  
the cathode side placed over the chest wall area and the anode 
side placed outward toward the nipple end. Heel effect is used to 
maximum advantage with this orientation. Greater-intensity x-rays 
are placed over the chest wall area where the breast is thicker, 
producing a more uniform-density image.
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wall where many lesions are found. The phenomenon is 
more pronounced for magnification techniques. Another 
phenomenon that can complicate breast imaging occurs 
if the actual focal spot and central ray are positioned 
over the center of the image as in conventional radiology. 
Due to the short SID, several millimeters of posterosu-
perior breast tissue will not be imaged (Figure  35-11B). 
These two negative geometric properties associated with 
the focal spot in mammography are diminished via the 
off-center placement of the glass x-ray tube unit within 
the tube housing. The glass tube is moved maximally 
toward the chest wall so the focal spot on the anode and 
vertical central ray are positioned directly over the chest 
wall (Figures  35-12A and B). The geometric dilemma is 
diminished by eliminating the entire cathode side of the 
x-ray beam. Although the effective focal spot size remains 
larger at the chest wall, utilizing the anode half of the beam 
provides slightly greater resolution because the projected 
focal spot sizes at the image plane are smaller on this side. 
Therefore, a smaller effective focal spot is projected at the 
important chest wall area (see Figure 35-12A). Placing the  
x-ray tube off-center also enables the vertical central ray 
to enter straight in at the chest wall, eliminating the pos-
sibility of missing the posterosuperior breast tissue in the 

image (see Figure 35-12B). The heel effect continues to be 
advantageous because there remains greater intensity at 
the vertical central ray point than at the anode end. Recall 
that the x-ray intensity decreases gradually from the cath-
ode toward the anode.

This unique design prompts a change in the orienta-
tion of the mammography x-ray beam. Because the verti-
cal central ray is positioned at the chest wall, the x-ray 
directed to the center of the IR is actually the mid-portion 
of the anode half of the x-ray beam. This new angled cen-
tral ray is termed the reference axis in mammography (see 
Figure 35-12B).

The physical size of the focal spot in mammogra-
phy is determined and measured by the manufacturers 
at the reference axis point on the image receptor plane, 
not at the vertical central ray point as in conventional 
radiography. The target angle will measure smaller from 
the reference axis perspective, and therefore the focal 
spot will also measure smaller. The nominal 0.30-mm 
large and nominal 0.10-mm small focal spots measure 
this size in the center of the film at the reference axis 
point. Therefore, the projected length and overall size 
of the effective focal spot at the vertical central ray 
point and chest wall will be at least 2 3 larger. This 

FIGURE 35-11. (A) Conventional radiography x-ray tube with focal spot and vertical central ray positioned over center of the image receptor. 
Note that the focal spot length is projected larger in size toward the cathode end due to the line-focus principle. (B) Conventional focal spot and 
vertical central ray positioned over center of image receptor prompting posterosuperior breast tissue to be missed on the image.
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484  UNIT VI Special Imaging Systems and Modalities

the center of the x-ray beam as in conventional radiogra-
phy) is smaller, varying from 7.5° to 12°. The reference 
axis target angle is specified in mammography tubes 
because it defines the size of the focal spot as measured 
in the center of the image.

Most manufacturers prefer to use a narrow target 
angle, as measured from the vertical filament, because 
it allows greater anode heat capacity for a given effec-
tive focal spot size. However, to utilize a narrower angle 
and maintain x-ray coverage on the IR, the x-ray tube 
must be tilted (see Figure  35-13B). One manufacturer 
utilizes a unique design in which the anode is oriented 
with the stem placed in a vertical position and the x-ray 
tube steeply tilted. This allows the edge of the anode 
disk to be used as the actual target rather than the face 
of the anode (Figures 35-14A and B). The anode edge is 
designed with two distinct surfaces, one for each focal 
spot. This design allows radiation coverage of the film 
with the large focal spot, achievement of maximum 
anode heat capacity, capability of producing a small 
effective focal spot, and placement of the effective small 
focal spot closer to the chest wall, allowing greater reso-
lution. Designing the anode configuration to achieve a 
small effective focal spot size, allowing maximum x-ray 

geometric phenomenon results from the line-focus 
principle and cannot be overcome. The high resolution 
in the image is maintained, in part, via the use of very 
small focal spot sizes. This may appear to not be an ideal 
engineering design; however, a tradeoff must be made. 
Overall, it is more advantageous to have the cathode 
end over the more dense chest wall structures to take 
advantage of the heel effect. In  addition, this orientation 
allows the bulk of the x-ray tube housing to be placed 
away from the patient’s head for ease of positioning (see 
Figure 35-9).

Anode Configuration
Mammography tubes use rotating anodes to take advan-
tage of the increased tube loading. This is particularly 
important because it enables the use of a higher mA and 
allows exposure times to be maintained under 1 second.

The effective target angle (measured from the verti-
cal central ray point) is greater in a mammography tube, 
varying from 22° to 24°. The larger effective angle is nec-
essary so the x-ray beam will cover a 24-cm 3 30-cm image 
receptor at the 60- to 65-cm SID (Figures 35-13A and B). 
However, the reference axis target angle (measured from 
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FIGURE 35-12. Off-center placement of the x-ray tube within the tube housing. The cathode side of the x-ray beam is eliminated. (A) Focal  
spot and vertical central ray placed directly over the chest wall. (B) Vertical central ray placed directly over chest wall structure, allowing the  
posterosuperior breast tissue to be imaged. Note that the new central ray is termed the reference axis. The nominal focal spot size is measured 
at the reference axis point on the image receptor.
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coverage of the image receptor, and producing optimal 
resolution at a short SID are engineering challenges.

Anode Material
The anode in mammography x-ray tubes is made of 
molybdenum. Some manufacturers use a solid molybde-
num disk and others design the molybdenum anode with 
graphite backing similar to conventional radiography. In 
order to prevent anode surface roughness and pitting, 
which could ultimately decrease x-ray output, the molyb-
denum may be doped with about 3  percent vanadium. 
Like tungsten, molybdenum has a high melting point and 
conducts heat well.

Molybdenum is used as the anode material of choice 
over tungsten for several reasons. Studies indicate that 
x-ray energies ranging between 17  keV and 25  keV are 
required to differentiate the inherent low-contrast struc-
tures of all types of breasts. Specifically, x-ray energies 
between the narrow range of 17 and 20 are preferred. 
These specific x-ray energies must be present in the mam-
mography  x-ray beam to maximize subject contrast and 

visualize microcalcifications. If the x-ray beam contains 
energies higher than this narrow range, the x-rays will 
overpenetrate, scatter, and decrease radiographic contrast. 
A relatively large number of photoelectric absorption inter-
actions is needed to produce the high radiographic con-
trast that will improve the visibility of detail in the image. 
Low kVp is necessary to produce the 17–20 keV range of 
x-ray photons that will create the photoelectric interac-
tions. Unfortunately, this will introduce a higher radiation 
exposure to the patient. As in all areas of mammography, 
a tradeoff must be made. Without low-kVp x-rays and high 
photoelectric absorption, radiographic detail of the breast 
structures cannot occur.

The three primary breast tissues—adipose, fibrous, 
and glandular—have very low atomic numbers ranging 
from 6 to 8. Approximately 40  percent of cancers in the 
breast contain microcalcifications that have an atomic 
number of 20. Therefore, kVp settings around 25 are neces-
sary. One must set the generator kVp slightly higher than 
the atomic number of the tissues being imaged so there 
is adequate penetration. Figures  35-15A and B illustrate 
an x-ray emission spectrum for a conventional tungsten 

FIGURE 35-13. Mammography x-ray tube configurations. (A) Horizontal tube placement and 22° target angle. The large effective target  
angle of 22° allows x-ray coverage of the image receptor at a short SID. The reference axis target angle of 11° creates a 0.3-mm focal spot size 
in the center of the image. (B) Tilting the tube 6° allows use of a smaller target angle of 16° and prompts the same effective angle of 22° and  
reference axis of 11° as the horizontal tube. Tilting allows greater anode heat capacity due to the smaller target angle.
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anode x-ray tube and a molybdenum anode mammography 
tube operating at 26  kVp. Note that the tungsten anode 
will produce x-ray photons with energies in the preferred 
17- to 20-keV range. It also produces a high volume of pho-
tons above this range and a relatively large number below 
the range. The x-ray photons above the preferred mam-
mography range will produce Compton interactions that 
decrease contrast, and the x-ray photons below this range 
all will be virtually absorbed via the photoelectric process 
and only contribute to patient dose. The entire tungsten-
produced x-ray beam consists of bremsstrahlung x-rays.

The x-ray emission spectrum produced from the 
molybdenum anode has a drastically different shape. Note 
that the most prominent x-ray photons are characteristic. 
The characteristic x-rays are created from displacement 
of the K-shell binding electrons in the molybdenum atom 
(Table 35-2). Characteristic x-rays will account for approxi-
mately 30  percent of the total x-rays in the molybdenum 
beam at 30  kVp. Most important, there is an increased 
volume of characteristic x-ray photons produced at exactly 

17 and 20 keV in the preferred range, which creates a nearly 
perfect x-ray beam for breast imaging. When properly 
filtered, the molybdenum anode produces very few x-ray 
photons above the preferred mammographic energy range. 
The x-ray photons below this range are photoelectrically 
absorbed and aid in producing high subject contrast. Unfor-
tunately, they also contribute to dose. Many textbooks 
refer to the molybdenum x-ray emission spectrum as being 
essentially homogeneous due to the high concentration of 
x-rays in a very narrow range.
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FIGURE 35-14. Anode oriented with stem placed in a vertical position, a biangular anode disk end used as the target, and the tube steeply 
tilted. Circular inset shows anode end in true vertical position with a 0° lower edge and −9° upper edge. (A) Lower edge of anode disk used for 
large focal spot. Steep 22.5° tube tilt produces a 22.5° effective target angle to allow x-ray coverage of the image receptor and a 12° reference 
axis angle creates a 0.30 nominal focal spot. (B) Upper edge of anode disk used for small focal spot and magnification studies. The 22.5° tilt 
produces a 13.5° effective target angle, which allows adequate coverage for magnification images. The 7.5° reference axis angle creates a 0.10 
nominal small focal spot. The small focal spot is projected closer to the chest wall structure, allowing greater resolution. 

  TABLE  35-2.  Characteristic X-Rays from 
Mammography X-Ray Targets

Electron Shells
Molybdenum 

(Z-42)
Rhodium 

(Z-45)

keV*  

L to K 17 20

M to K 20 23
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The advantages of using molybdenum for the anode 
material in mammography tubes are as follows:

 ◾ An increased number of low-energy photons is 
produced.

 ◾ High radiographic contrast is achieved in the image.

 ◾ Specific x-ray energies required for breast imaging 
are produced.

The disadvantages of molybdenum are as follows:

 ◾ There is less x-ray photon output due to a lower 
atomic number—42.

 ◾ Increased mAs is required to maintain image 
receptor exposure.

 ◾ Increased dose to the patient results.

The higher-contrast image produced by the molybdenum 
target is illustrated in Figure 35-16.

Recently, a new anode material, rhodium, was intro-
duced for use in mammography. The slightly higher 
atomic number of rhodium, 45, creates higher-energy 
x-ray photons (see Table 35-2). The primary advantage of 
using rhodium is that the characteristic x-rays it produces 

have energies that are 2–3  keV higher than those of 
molybdenum. In the rhodium x-ray emission spectrum, 
the x-ray photon energies shift slightly to the right and 
the characteristic x-rays are prominent at 20 and 23 keV 
(Figure 35-15C). This provides better penetration of large 
breasts or those breasts that are very dense. Of signifi-
cance also is that rhodium’s higher average energy x-ray 
beam prompts a reduction in exposure time of approxi-
mately 25 percent. When used with the appropriate filter, 
use of a rhodium anode can decrease x-ray exposure by 
50 percent or more. The primary disadvantage of rhodium 
as an anode material is that its higher energy beam is not 
appropriate for use on small- to regular-sized breasts, or 
those breasts that are not dense. Therefore, it cannot be 
the sole anode material. To take advantage of the inherent 
properties of rhodium, one manufacturer has designed a 
biangular anode, similar to Figure 35-14, in which the same 
disk contains a track for molybdenum and a separate track 
for rhodium, selectable by the operator. The x-ray tube can 
be moved in one of two positions, one for each of the two 
focal spots. This allows both focal spot sizes to be avail-
able for each track. Interestingly, another manufacturer 
has recently introduced a dual-track anode that contains 

FIGURE 35-15. X-ray emission spectrums produced at 26 kVp. (A) Conventional tungsten target with aluminum filter. A high volume of photons 
is produced above the preferred mammography range of 17–20 keV and a high volume is produced below this range. Note that the entire x-ray 
beam is bremsstrahlung photons. (B) Mammography molybdenum target and molybdenum filter producing prominent characteristic photons at 
17 and 20 keV in the preferred energy range. Very few photons are produced above this range. (C) Mammography rhodium target and rhodium 
filter. The spectrum shape is identical to B but produces a higher-average-energy x-ray beam than molybdenum. Note the prominent characteris-
tic photons at 20 and 23 keV, which provide better penetration for larger or more dense breasts at a lower dose to the patient.
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molybdenum and tungsten, selectable by the operator 
also. The tungsten anode is used with a rhodium filter 
and, like the rhodium anode, is designed to be used on 
the larger or more dense breasts at a significantly reduced 
exposure. Although molybdenum is the primary anode 
material used, all machines will have either rhodium or 
tungsten as an alternate choice.

Filtration
The port of the x-ray tube in mammography is specially 
designed. Beryllium, with an atomic number of 4, is used 
in the port of all mammography x-ray tubes to allow the 
low-energy x-rays to exit. Glass cannot be used because it 
would attenuate most of the low-energy x-rays needed to 
produce the breast image.

Filtration must be used at the tube port on all mam-
mography machines. As in conventional radiography, the 
primary purpose of filtration is to attenuate the very low-
energy x-rays that are not needed to produce the breast 
image. Without filtration, a relatively large number of 5- to 
10-keV x-rays would exit the tube. In addition, a larger num-
ber of 20- to 30-keV x-rays at the higher-energy end of the 
spectrum would also exit. The 5- to 10-keV x-rays would all 
be absorbed in the breast and drastically increase the dose. 
The 20- to 30-keV x-rays would degrade image quality by 
decreasing radiographic contrast. A specific function of 
the filter in mammography, therefore, is to decrease most 
of the low- and some high-energy bremsstrahlung x-rays to 

maximize subject contrast. To accomplish this, mammog-
raphy filters are made of the same element as the anode 
material. For a molybdenum anode the filter is 0.03-mm 
molybdenum, and for the rhodium target, 0.025 mm rho-
dium. The x-ray emission spectrums for molybdenum and 
rhodium in Figure 35-15 show the effect of this filtration. 
Eliminating much of the high 20- to 30-keV photons pro-
vides a nearly perfect x-ray beam for breast imaging.

Many mammography machines provide a select-
able molybdenum or rhodium filter that can be used 
with the molybdenum anode. Selection of the rho-
dium filter with the molybdenum anode will produce 
an emission spectrum that lies halfway between the 
molybdenum and the rhodium configurations. The 
rhodium filter used with the molybdenum anode will 
produce a higher-energy x-ray beam that is more desir-
able for larger or dense breasts. Use of the rhodium 
filter will also reduce radiation exposure by about 
38  percent. Caution must be exercised to ensure that 
the rhodium filter is not used with small and regular-
sized breasts or non-dense breasts, because it will pro-
duce a lower-contrast image that would not provide the 
appropriate visibility of detail.

The half-value-layer (HVL) is an indirect measurement 
of the total filtration in the path of the x-ray beam. It is 
expressed in millimeters of aluminum (mm Al). In a mam-
mography machine, the HVL will include the attenuation 
properties of the beryllium window, molybdenum filter, 
mirror, and the plastic compression paddle. The minimum 
HVL is specified by government regulations and should not 
measure less than 0.30 mm Al at 30 kVp or 0.25 mm Al at 
25 kVp. This will ensure that adequate filtration is present 
in the x-ray beam, and the patient will not receive excessive 
radiation exposure. If the HVL is too high, image quality 
can be degraded. Excessive filtration, although it would 
reduce exposure, will decrease overall radiographic image 
contrast. Therefore, the HVL should not exceed 0.40 mm Al 
at 30 kVp. It is recommended that the HVL be maintained as 
close as possible to the minimal level to ensure that image 
contrast is maintained at a high level.

Magnification
Magnified projections of the breast are additionally 
requested when the visibility of detail in very small 
breast structures and when microcalcifications need to be 
enhanced. They are also requested when breast structures 
that lie close together and overlap have to be separated. 
As many as 10 percent of patients require additional pro-
jections using the magnification technique.

The magnification factor on the mammography 
machine varies slightly among manufacturers and is 
standardized between 1.53 and 1.83. Some manufac-
turers design their equipment with two magnification 

FIGURE 35-16. Craniocaudal projection of the same patient’s 
breast produced at 30 kVp, showing effect of molybdenum anode on 
radiographic contrast. (A) The tungsten anode produces suboptimal 
radiographic contrast. (B) The molybdenum anode produces 
significantly higher contrast and greater visibility of detail.  
(Images courtesy of C. Vyborny, MD, PhD.)
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selections—the second may be as high as 2.03. To mag-
nify the breast, a raised platform is placed on the image 
receptor holder unit and the breast is placed on top of the 
platform for the exposure (Figure 35-17).

Magnified projections of the breast provide the fol-
lowing enhancements:

 ◾ Increased resolution due to the small focal spot and 
reduced quantum mottle

 ◾ Reduction in scatter radiation reaching the IR due 
to the air gap

 ◾ Improved visibility of detail due to the larger field 
of view

Magnifying the breast will technically reduce  
resolution in the image due to an increase in geomet-
ric unsharpness. A magnification of 1.53 will reduce 
resolution by at least 50  percent from about 20  lp/mm 
to 10  lp/mm. To regain the lost resolution, a very small 
0.10-mm focal spot is utilized, which returns the reso-
lution to the 20-lp/mm level. This is the smallest focal 
spot size employed anywhere in radiology. Effective 
resolution may even be improved in magnified images 
due to a reduction in noise. Recall that noise is primar-
ily a product of the film-screen combination (quantum 
mottle). The film-screen combination typically is not 

FIGURE 35-17. Breast in position on a raised platform to produce 
a 1.53 magnification image. There is greater intensity of radiation 
at the breast when placed closer to the x-ray tube. Magnification 
technique requires the use of a 0.10 focal spot to maintain resolution. 
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changed for magnification techniques. Noise is therefore  
reduced by about 30  percent for 1.53 magnification 
because significantly more x-ray photons are used per unit 
volume of tissue to produce the image. This is due to the 
breast being placed closer to the x-ray tube where there 
is a higher volume of x-rays available to form the image. 
For 1.53 magnification, a given square of tissue covers 
approximately 2.253 more area on the IR compared to 
the contact image, and many more screen phosphors are 
utilized to form the image.

Scattered radiation is reduced somewhat as a result 
of the air gap between the IR and the breast. The reduced 
scatter increases radiographic contrast and, fortunately, a 
grid does not have to be used. The breast structures are 
seen much better when the magnification technique is 
used due to a combination of the microsized focal spot, 
the reduction in noise, and the reduction in scatter radia-
tion. When the breast structures are magnified, they are 
spread apart and the anatomical field of view is enhanced 
(Figures 35-18A and B).

Radiation exposure to the patient is a major 
concern in magnification radiography of the breast. 
Radiation to the breast can increase 2–33 during a 
single exposure, even without the use of a grid. This 
results from the breast being placed much closer to the 
x-ray source where the radiation intensity is greater. 
The exact exposure increase will vary among differ-
ent manufacturers’ units depending upon their spe-
cific design and magnification factor. The increase in 
radiation is due also to the additional exposure required 
because of reciprocity law failure. Use of the 0.10 focal 
spot requires that the mA be reduced considerably (e.g., 
100  mA to 25  mA) due to tube loading. The reduction 
in mA will prompt exposure times to be increased to 
2–4 seconds. The long exposure time will require the 

FIGURE 35-18. (A) Magnification image of calcifications in a 
PlexiglasTM breast phantom at 1.53 and 26 kVp. (B) Nonmagnified 
image of same phantom as A. (Image courtesy of Lynn Carlton.)
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mammographer to explain the procedure carefully and 
to watch the patient during the exposure so motion 
does not degrade image quality.

ACCESSORIES

Grids
Scatter control plays an important role in the production 
of a high-quality mammographic image. Scatter radiation 
is produced from the breast during the exposure, which 
contributes to the overall image receptor exposure, and 
the effect is a reduction in radiographic contrast. Scatter 
increases significantly for larger and more dense breasts 
and with higher kVp settings. With the introduction of the 
grid on dedicated mammography machines in 1978, scatter 
and secondary radiation reaching the image receptor has 
been reduced and high contrast maintained in the image. 
The grid will remove about 80–90 percent of the scatter. 
Use of a grid in mammography greatly improves radio-
graphic quality, and today grids are used for all mammo-
graphic images. The use of a grid will, however, increase 
radiation exposure to the patient by a factor of 2–33.

Mammography grids are the linear type with a very 
low ratio of 4:1 or 5:1. The grid frequency will range from 
30 to 50 lines/cm. The grid strips are made of lead as in 
conventional radiography. However, wood or carbon 
fiber is used as the inner space material instead of alumi-
num in order to keep the Bucky factor as low as possible. 
All mammography grids in use today are a moving type—
moving in one direction only. They do not reciprocate. A 
separate grid device is used for each of the two image 
receptor sizes used.

Grids are capable of producing artifacts in the 
image. Typically this occurs with the use of ultrashort 
exposure times that can be controlled by using an appro-
priate mA setting that will prevent short exposure times. 
Grids can also contain inherent artifacts. Upon purchase, 
mammography grids should be carefully checked before 
use to ensure they are free of artifacts. A basic quality 
control check can be performed by making a low expo-
sure with the grid stationary and another low exposure 
image with the grid moving. If artifacts appear on the 
image made with the moving grid, the grid should prob-
ably be replaced.

Compression Device
All mammography machines contain a compression device 
that is used to compress the breast (see Figures  35-8 
and 35-9). Improvements in breast compression technol-
ogy in recent years have greatly improved the visibility of 
detail in breast images. Appropriately applied compression 

is one of the critical components in the production of a high-
quality mammogram. The overall function of compression 
is to decrease the thickness of the breast, bring the breast 
structures as close to the image receptor as possible, and 
increase radiographic contrast (Figure  35-19). The specific 
advantages of this technique are as follows:

 ◾ Reduced magnification lessens geometric 
unsharpness and increases resolution.

 ◾ Reduced tissue thickness requires less kVp, 
prompting a reduction in scattered radiation and an 
increase in radiographic contrast.

 ◾ Reduced radiation exposure occurs because less 
exposure time is required due to the decreased 
tissue thickness.

 ◾ Reduced motion unsharpness occurs because the 
breast is completely immobilized.

 ◾ Improved visualization of breast structures occurs 
because the structures are spread out over a larger 
area. There is also less superimposition of overlying 
structures.

 ◾ More uniform image receptor exposure occurs due 
to the flattening effect of compression permitting 
optimal exposure of the entire breast.

FIGURE 35-19. Effect of compression on the breast image. The spot 
compression on half of the breast (arrow) shows excellent contrast 
and resolution. The noncompressed side (double arrows) shows 
decreased IR exposure due to a thicker breast when no compression 
is applied. Significantly increased technical factors would be required 
to penetrate and achieve appropriate image receptor exposure if com-
pression were not applied, and dose would be considerably higher. 
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The effect of scatter and contrast is dramatic. A 6-cm-
thick breast measuring 9  cm in diameter will have a 
scatter-to-primary ratio of about 0.8, or 80 percent of the 
exposure results from scatter. If the breast thickness is 
reduced to 3 cm with the breast area increased to 12 cm 
due to vigorous compression, the scatter-to-primary ratio 
is reduced to 0.4, or only 40 percent of the image recep-
tor exposure results from scatter. Radiographic contrast 
would increase two-fold (Figures 35-20A and B).

The compression device is made of a plastic that 
allows transmission of the low-energy x-rays. The device 
should have a straight chest wall edge to allow the com-
pression to grasp the breast tissues close to the chest wall 
edge. Compression is controlled by the radiographer and 

must be capable of being applied at 25–45 lb. of force. In 
addition to the standard compression device, a smaller 
“spot” device is used to compress localized areas. The 
device should be checked regularly to ensure that it is 
working properly and applying the correct amount of 
pressure.

Film-Screen Systems
Like many of the previously described components of the 
mammography unit, the cassettes and film-screen com-
bination used are also designed specifically to image the 
breast. Specially designed cassettes containing a single-
emulsion screen are used with a single-emulsion film.

Mammography cassettes are manufactured of plas-
tic or low-attenuation carbon fiber. Carbon fiber enables 
the maximum number of x-rays to reach the intensifying 
screen, thereby keeping exposures at minimum levels. 
The screen is mounted on a foam pressure pad, and 
when closed, is placed at the extreme top of the cas-
sette as close to the breast as possible (see Figure 35-3). 
The single screen is placed behind the film so there is 
high x-ray absorption of the screen phosphors closest 
to the film emulsion, thereby reducing the diffusion of 
light emitted from the screen (line-spread function). 
This arrangement prompts less image noise and greater 
resolution (Figure  35-21). The x-ray photons that exit 
the breast enter the top of the cassette and go through 
the film before reaching the screen phosphor.

Mammography screens are manufactured by a variety 
of companies and they are all very similar in design. Each 
company offers at least two different screen speeds—
typically one screen will be twice as fast as the other. The 
majority of manufacturers use green emitting gadolinium 
oxysulfide as the screen phosphor material. Mammography 
screens are much slower than those used in conventional 
radiography. A slow screen offers reduced noise and 
increased resolution. The disadvantage of using a screen 
is the decrease in resolution and increased image noise. 
However, a tradeoff must once again be made due to the 
unacceptably high radiation exposure from the direct expo-
sure technique. Uniformity of the speed of all the screens 
used is important. The difference between the minimum 
and maximum optical densities in all the screens shall not 
exceed 0.30 OD.

Mammography film is designed to be very high in con-
trast and resolution. Because the breast structures contain 
very low inherent subject contrast, a high-contrast film is 
needed to enhance the anatomical structures. Mammogra-
phy film, like the screen, is single emulsion and designed 
to be slow in speed. The slow speed prompts low image 
noise and high resolution. Mammography film is green 
sensitive to match the spectral characteristics of the green 
emitting screen. Manufacturers offer at least two different 

FIGURE 35-20. Breast compression. (A) No compression and 
scatter-to-primary ratio of 0.8. Note location of microcalcifications 
and lesion. (B) Compression decreases scatter-to-primary ratio to 
0.4; breast structures are brought closer to the film and spread 
out. Decreased tissue thickness and reduction in scatter radiation 
prompts greater radiographic contrast. Decreased magnification of 
structures creates greater resolution.
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mandated that consistent high-quality images be produced 
wherever mammography machines have met the MQSA stan-
dards. Mean glandular dose (MGD) provides the best indicator 
of risk to the patient instead of ESE. According to the federal 
government’s MQSA program, in 1997 the average MGD for a 
single film-screen grid study was 160 mRads (1.6 mGy). Dose 
data for digital mammography indicates a lowering of expo-
sure when compared to film-screen. Comparative MGDs per 
view have been reported at 2.37 mGy for film-screen mam-
mography versus 1.86 mGy for digital systems. The risk from 
mammography at these levels is low when compared to the  
decreased deaths that result through screening. The lifetime 
risk of death from mammography is 5  in 1  million. With 
doses at their current levels, image noise and resolution are 
greater considerations than dose.

DIGITAL MAMMOGRAPHY

In digital mammography, the film screen is replaced by a 
digital detector. The principal advantages of digital mam-
mography include the following:

 ◾ The capacity to manipulate the image’s contrast and 
IR exposure

 ◾ The capacity to transmit images for consultation, 
teaching, and so forth

 ◾ Archiving [picture and archiving communication 
system (PACS)] for simplified storage and ready  
access of images

film speeds and two films with different contrast levels. 
An antihalation coating is placed on the nonemulsion side 
of the film. The coating prevents screen light from going 
through the film and scattering back to the film, which 
would decrease resolution. Caution must be exercised so 
the nonemulsion side of the film (shiny side) is not placed 
in contact with the screen. The screen and film emulsions 
must always be in direct contact with each other.

The relative speed of a mammography film-screen 
combination should not be associated directly with a con-
ventional film-screen system. A 100-speed mammography 
system will typically be 50–75 percent slower than a 100-
speed conventional system. The stated speed will depend 
primarily upon the specific speed of the screen, the type 
and specific speed of film, and processing.

RESOLUTION

Dedicated mammography systems are capable of producing 
high image resolution. Digital mammography systems pro-
vide spatial resolution of at least 10 lp/mm. This results in 
a pixel pitch of 50 microns or less. Many components, used 
together, play a role in achieving high resolution, most nota-
bly the microsized focal spots, compression, and low kVp. 
Cancer and other pathology can be identified although 
magnification is often required to view the small structures 
in the images and to actually see the high resolution.

Mammography images provide very high spatial reso-
lution (Figure  35-22). Federal government regulation has 

FIGURE 35-21. Cross-section of mammography screen and film in cassette. A single screen is placed behind the film as a back screen. Single-
emulsion film is placed in contact with the single-emulsion screen. This design allows high absorption of x-rays in the screen phosphors closest 
to the film emulsion, which reduces diffusion of light emitted from the screen.
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amorphous selenium. X-rays absorbed by this material 
are converted into an electrical charge by a system of 
electrode pads (Figure 35-23). With these digital detec-
tor systems, except in computed radiography (CR), it 
is no longer necessary to have AEC sensors under the 
plate. The digital detector device acts as a multielement 
sensor. The traditional CR system is also used in digital 
mammography as a fourth type of digital system. With 
CR, removable imaging plates are used with the Bucky 
tray. After  exposure, the plates have to be transported 
to a reader device where the photostimulable phosphor 
in the plate is read by a laser light and converted into 
an electrical signal.

Images produced with digital mammography can 
be printed out in hard copy; however, one of the advan-
tages of digital systems is that the images can be stored 
in a PACS. For maximum efficiency and cost reduction, 
digital images should be read on the computer monitor 
in a specially designed viewing station. Storage of digital 
images continues to be a challenge. A four-view exam 
will require as much as 240 megabytes of space. A major 
advantage of using digital mammography is that the 
images can easily be sent electronically to other physi-
cians for interpretation, to other health care institutions 
the patient may go to, and to efficiently call back for 
comparison purposes.

One of the goals in mammography is to provide a 
high level of contrast between the lesion and the sur-
rounding tissue. Unfortunately, because the breast tissue 
has similar densities, the attenuation differences between 
normal breast tissue and cancer are small. In digital mam-
mography, the film-screen system is replaced by a detec-
tor, which produces an electric signal that is digitized and 
stored. Additional information about digital systems can 
be found in Chapter 22.

Various types of detectors are currently used 
by the current manufacturers of digital equipment. A 
phosphor flat panel system consists of a large-area 
plate that contains phosphors of thallium-activated 
cesium iodide (CsI) deposited onto photodiodes. In 
this system, the photodiodes detect the light emitted 
by the phosphor and create an electrical signal that 
is sent to the computer. A phosphor charge-coupled 
device (CCD) system is a second type of detector that 
also uses the CsI phosphor. Rather than using a large-
area plate, the detector is a narrow 1  cm 3 24  cm in 
size. The x-ray beam is collimated to match this detec-
tor and both are then scanned over the breast. With 
this design, the light of the phosphor is sent to a CCD, 
which converts the light into an electrical signal. A 
third system is the selenium flat panel. This system 
does not use a phosphor; instead, the x-ray absorber is 

FIGURE 35-22. Mediolateral oblique projection of the breast 
produced on a current-generation mammography machine.  
High-quality image demonstrates optimal resolution and contrast. 
Radiation dose is low.
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FIGURE 35-23. A digital direct conversion detector replaces the 
Bucky and film device. This digital detector is 24 cm 3 29 cm and 
contains an amorphous selenium detector. Note the absence of the 
Bucky/IR opening. 
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QUALITY CONTROL

The production of an optimal-quality breast image may 
be the most technically challenging of all radiographic 
examinations. Quality control tests are required under 
the rules of the MQSA to ensure that high standards 
of image quality are achieved daily. Some states may 
require additional tests. The ACR provides a quality 
control manual for medical physicists that contains a 
section for radiographers. The manual describes the 

quality control tests that should be carried out along 
with their frequency. The tests must be carried out 
accurately and at the minimum frequency stated. If 
problems occur in the production of images, the tests 
may need to be done more frequently. Regular quality 
control testing is the only means of ensuring that high 
image quality is always maintained. Slight changes in 
equipment performance, in particular the film proces-
sor and the accessory devices, can affect the contrast, 
resolution, or radiation exposure.

SUMMARY

Early detection of breast cancer depends on consistently 
reliable high-quality images. Image quality standards 

have been set forth by the American College of Radiology and 
the federal government’s Mammography Quality Standards 
Act. The imaging requirements needed for mammography 
are more demanding than for other x-ray examinations. 
Mammography requires very high radiographic contrast and 
resolution so microcalcifications as small as 0.1 mm or less 
can be visualized along with the inherently low-contrast 
breast tissues. It is essential to use an imaging system that 
produces low noise. The radiation exposures associated with 
the examination must be sufficiently low to ensure that there 
is minimal risk to the patient.

The high subject contrast needed for effective mam-
mography requires the use of low-kVp techniques along with 
a molybdenum anode and a molybdenum filter. The low x-ray 
energy range will enhance the breast structures and improve 
the visibility of detail. Two new options for imaging large and 

dense breasts have recently been introduced. These include 
the use of rhodium anodes with rhodium filtration and tung-
sten anodes with rhodium filtration.

Geometric unsharpness is minimized and resolution 
increased during mammography by using microfocus focal 
spots, uniquely designed x-ray tube configurations, the heel 
effect to advantage, low magnification, and firm breast 
compression. Although the breast structure is small and low 
energy is utilized, there is still a significant component of 
scatter radiation that can obscure contrast. Therefore, low-
ratio grids are required, along with breast compression, to 
reduce scattered radiation. 

Dedicated mammography systems produce high-
spatial-resolution images of 10  lp/mm or better. Digital 
mammography uses various types of detectors, including 
flat-panel systems, CCD systems, and CR systems. Quality 
control tests are required under the rules of the MSQA. ◾

 REVIEW QUESTIONS

 1. Discuss the advantages digital tomosynthesis has for 
mammographic applications.

 2. List two reasons why high-frequency generators are 
used in mammography.

 3. What is the kVp range for mammography?

 4. What is the AEC backup time for a grid technique?

 5. Which end of the mammography tube is placed over 
the chest wall area?

 6. What are two focal spot sizes used in mammography 
tubes?

 7. Which half of the x-ray beam, anode or cathode, is 
eliminated in mammography?

 8. What is the most common anode material used in 
mammography?

 9. List two reasons why x-ray tubes are tilted.

 10. What material is the port of the x-ray tube in 
mammography made of?

 11. List two advantages of producing magnified images 
of the breast.
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 12. State the two common grid ratios used in 
mammography.

 13. List three advantages of using breast compression in 
mammography.

 14. List three advantages of using digital mammographic 
systems.
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Describe x-ray, computed tomography, and ultrasound methods of 
obtaining bone densitometry data.

◾ Describe the process of bone remodeling.

◾ Explain risk factors associated with osteoporosis.

◾ Explain WHO diagnostic criteria.

◾ Discuss the difference between K-edge filtered and energy switching 
measurement systems.

◾ Describe the positioning details of three different bone compartments 
for BMD measurements.

◾ Explain the quality control measures that must be taken at the start of 
each day.

◾ List factors that adhere to ALARA concepts for BMD.

KEY TERMS

bone densitometry 

bone mineral density (BMD)

dual-energy x-ray absorptiometry 
(DXA)

dual-photon absorptiometry 
(DPA)

energy-switching system 

FRAX®

K-edge filter

National Osteoporosis 
Foundation (NOF)

osteoporosis

peripheral quantitative computed 
tomography (pQCT)

quantitative computed 
tomography (QCT)

quantitative ultrasound (QUS)

remodeling cycle

single-photon absorptiometry 
(SPA)

single x-ray absorptiometry (SXA)

T-score 

World Health Organization (WHO)

Z-score

Bone Densitometry
Lisa J. King, RT(R)(M)(BD) CBDT

C H A P T E R  36

Break the bone and suck out the very substance.

François Rabelais
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Bone Densitometry

Bone densitometry is a noninvasive procedure for the 
measurement of bone mineral density (BMD) and plays 
an important role in the early diagnosis of osteoporosis, 
monitoring therapy, and predicting fracture risk. Although 
its development began over 100 years ago, it has just been 
in the last 20 years that we have seen significant advance-
ments in the use of this technology.

History AnD oVerVieW

Early developments of this technology began in the field 
of dentistry with the use of plain radiographs of the man-
dible over 100 years ago. Plain radiographs have a limited 
ability in determining bone density because a bone loss of 
at least 40 percent must occur before it can be visualized 
by the unaided eye.

In the 1930s, pioneers reported their efforts of bet-
ter defining bone loss by the introduction of radiographic 
absorptiometry (RA). In this technique, a step wedge of 
known densities was imaged simultaneously with the 
extremity to more accurately quantify bone mass.

Researchers also began studying changes in actual 
cortical thickness to develop various grading and index-
ing techniques. The qualitative spinal morphometric 
technique utilized a unique grading system that was 
dependant on the study of plain spinal radiographs, 
which were examined for a loss of trabecular pattern 
and the appearance of the cortical shell. Another tech-
nique, known as the Singh Index, was developed for the 
proximal femur.

In the 1960s, radiogrammetry was introduced, which 
was applied to plain radiographs of the appendicular skel-
eton. In this method, the diameter of cortical thickness 
at the bone’s mid-diaphysis was compared to the total 
bone width to determine bone loss. The metacarpals were 
most often studied utilizing this technique, but other sites 
included the phalanx, distal radius, and femur.

Since that time, various other techniques 
have been developed utilizing both photon and x-ray  
absorptiometry and ultrasound, as follows:

 ◾ Single-photon absorptiometry (SPA) was the first bone 
densitometer to be used clinically. This device offered 
a single energy measurement and utilized a sealed 
radionuclide source (125I). Imaging was limited to 
the forearm only, which took about 15 minutes to 
perform.

 ◾ Single x-ray absorptiometry (SXA) was a modification 
of the SPA forearm scanner, but instead of a radio-
active source it used x-rays.

 ◾ Dual-photon absorptiometry (DPA) was the first dual-
energy bone densitometer that made possible the 
measurement of the hip and spine. It used a radioac-
tive source (Gd153) that naturally emitted photons of 
two different energies (40 and 100 keV).

 ◾ Dual-energy x-ray absorptiometry (DXA) uses two  
x-ray beams of different energy levels. Soft tissue 
absorption is  subtracted out and a BMD value is 
acquired from this data.

 ◾ Quantitative computed tomography (QCT)  
(Figure 36-1) is a special software applied to an  
existing CT scan to determine a true three- 
dimensional (3D) or volumetric (unit of measure  
g/cm3) measurement of bone density as opposed to  
the two-dimensional (2D) or areal (unit of measure 
g/cm2) provided by DXA. This allows for the separa-
tion of the values for cortical and trabecular bone 
compartments within the lumbar spine vertebral 
body. For this procedure, the patient lies on top 
of a phantom that contains known body composi-
tion values (bone/muscle/fat), and both the patient 
and phantom are scanned simultaneously. Some 
researchers use a smaller, dedicated CT unit for 
extremities only, in which case it is referred to as 
peripheral quantitative computed tomography (pQCT).

 ◾ Quantitative ultrasound (QUS) of the bone is a tech-
nique used in more recent years for determining 
the interrogation of bone. It is most commonly 
used at the heel, which is rich in trabecular bone. 
The bone density in QUS is based on values of 
the broadband ultrasound attenuation (BUA) and 
speed of sound [(SOS) – US]. The advantages of 
QUS over DXA is that it is less expensive and more 
portable. However, it does involve exposing the 
patient to x-rays. Even though QUS has proven to 
correlate with DXA results in predicting fracture 
risk in elderly women, studies have not proven it to 
be a reliable tool in the diagnosis of osteoporosis.

Of these technologies, the primary methods still in 
use today include DXA, QUS, and QCT. However, DXA is 
the most widely used and validated for clinical use in the 
diagnosis and treatment of osteoporosis.

Bone sCienCe

Cortical, or compact, bone is the extremely dense and 
protective outer portion of the bone. Making up 80 per-
cent of the skeletal mass, it is located along the exterior 
aspect and primarily the shaft of bone. The DXA mea-
sured anatomical sites with the highest concentration of 
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remodeling cycle lead to osteoporosis and increased frac-
ture risk (Figure 36-2).

osteoPorosis

Osteoporosis, as defined by the World Health Organization 
(WHO), “is a systemic skeletal disease characterized by low 
bone mass and microarchitectural deterioration of bone 
tissue, with a consequent increase in bone fragility and 
susceptibility to fracture” (Figure 36-3).

Osteoporosis is categorized into two basic types, pri-
mary and secondary. With primary osteoporosis, the loss of 
bone occurs within the bone itself, and no other recognizable 
causes are present. This is usually the result of an imbalance 
of the bone remodeling cycle.

Within the primary category, the condition is further 
defined as type I and type II. Type I osteoporosis is the title 

cortical bone are the forearm (100 percent at the 1/3 por-
tion) and proximal femur or hip (75 percent). Trabecular, 
or cancellous, bone, metabolically very active, provides 
the supportive inner aspect of bone, exhibits a spongy, 
lattice-work appearance, and contributes 20  percent of 
the body’s skeletal mass. The skeletal sites richest in tra-
becular bone are the spine (66 percent), greater trochan-
ter (50 percent), ultradistal (UD) radius (66 percent), and 
the calcaneus (95 percent).

At the cellular level of bone, osteoclasts and osteo-
blasts work together in maintaining a balance between 
bone growth and breakdown in what is called the 
remodeling cycle. Osteoclasts are responsible for the 
breakdown of bone, or resorption. The formation, or build-
ing, of bone is provided by osteoblast cells. A decrease in 
bone density occurs when the removal of bone (resorp-
tion) occurs too quickly or when the deposit (formation) 
of new bone occurs too slowly. Such imbalances in the 

Detectors

Source

Calibration element

FIgURE 36-1. Quantitative computed tomography.
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NOF suggests this would include a combination of a 
detailed history and physical, a BMD assessment, and 
the utilization of the WHO FRAX® 10-year fracture risk 
(in postmenopausal women and men aged 50 and older). 

used for post-menopausal osteoporosis, which is associated 
with the decrease in estrogen levels. Type II is another name 
for senile osteoporosis, where the only known cause is the 
process of aging.

Secondary osteoporosis occurs secondary to (or as 
a result of) a medical condition or a medication. Some 
examples of secondary causes are osteomalacia, hyper-
parathyroidism, hyperthyroidism, multiple myeloma, 
metastatic disease, or gluticocorticoid excess.

A patient’s likelihood of developing osteoporosis 
may be linked to a number of risk factors, though some 
patients may present with osteoporosis and have no 
risk factors at all (Table 36-1). Some risk factors can be 
changed, whereas others cannot.

Having a thorough understanding of these risk fac-
tors is important, however, the National Osteoporosis  
Foundation (NOF) recommends that clinical assessment 
alone does not accurately predict fracture risk, but that 
a more comprehensive approach be employed. The 

Resorption

Osteoclast

Bone

Osteoblast

New bone

Cavity made by
osteoclasts

Resorption complete

Formation

Resting phase

FIgURE 36-2. Bone remodeling.

 TABLE  36-1.   Risk Factors Associated  
with Osteoporosis

CANNOT change CAN change

Female gender Sex hormone deficiency

Increased age  Poor diet: Anorexia nervosa and/or poor 
calcium and vitamin D intake

Small body frame  Medications: Long-term use of glucocorti-
coids, some anticonvulsants, and certain 
other medications

Caucasian and Asian Sedentary lifestyle or immobilization 
ethnicity

Family history Cigarette smoking 
 Alcohol abuse
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advantages as a diagnostic tool over other bone measuring 
methods:

 ◾ Noninvasive

 ◾ Short scan times

 ◾ Measures critical central or axial skeletal sites, 
where early bone loss and fractures  
occur (hip and spine) 

 ◾ Offers high precision

 ◾ Low patient and operator dose

 ◾ Provides high-resolution imaging at low cost

 ◾ Primary test used to monitor therapy approved by the 
Food and Drug Administration (FDA)

 ◾ Stable calibration of equipment

DXA quantifies BMD by expressing the amount of min-
eralized tissue of the area scanned (g/cm2). The BMD results 
for an individual patient are related to databases contain-
ing the values of young, healthy adults at peak bone mass 
(20–29 years), ideally matched in terms of sex and ethnicity 
and applied clinically in the form of a T-score (Figure 36-4). 

FRAX® is a sophisticated risk assessment instrument that 
uses risk factors in addition to DXA measurements for 
improved fracture risk estimation. Osteoporosis often 
presents as a “silent disease” until a fracture occurs, 
most commonly in the spine, hip, or wrist. Fractures 
of the hip are the most severe and contribute the most 
to morbidity, mortality, and the cost burden of health 
care. Of patients who survive a hip fracture, as many as 
20 percent die within the first year following the fracture, 
and 50 percent experience a reduced ability to function 
in their daily tasks.

However, bone fragility can best be assessed by mea-
suring the BMD. Dual-energy x-ray absorptiometry (DXA) 
is considered the gold standard of noninvasive methods in 
the role of diagnosing osteoporosis, predicting fracture risk, 
and monitoring therapy. DXA uses two x-ray beams of differ-
ent energy levels, which once transmitted through the body 
part, provide differentiated data regarding bone and soft 
tissue.  The equipment’s software algorithm uses this data to 
calculate the patient’s BMD. In addition to having the ability 
to provide this important clinical data, DXA offers several 

Normal bone Osteoporotic bone

FIgURE 36-3. Osteoporosis.
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parameter to assist in the interpretation of BMD results.” 
The T-score marks how far a patient’s BMD is deviated 
from the mean of a sex-matched young adult population 
(ages 20–35) of individuals who have reached their peak 
bone mass. The WHO defines peak bone mass as “the 
amount of bony tissue present at the end of the skeletal 
maturation.”

A Z-score is conceptually similar to a T-score, 
except the reference population is matched by the 
patient’s age. The Z-score is recommended for use when 
reporting in pre-menopausal females and males of ages 
less than 50.

The WHO references any T-score of 21 or greater 
as normal bone mass. T-score values from 21.1 to 22.4 
are defined as low bone mass or osteopenia. Once a 
T-score is 22.5 or less, the diagnosis of osteoporosis 
can be made, and if the patient has incurred a fragility 
fracture (fracture involving little to no trauma) also, 
then he or she is considered to possess severe osteopo-
rosis (Figure 36-6).

Once a diagnosis of osteoporosis is made, DXA 
results can aid in monitoring the efficacy of therapy. When 
performing serial measurements in these patients, good 
precision becomes vitally important. Precision relates to 
the ability of the system to reproduce the same results 
in repeated measurements of the same object.  Accuracy 
describes the ability of the system to truly measure an 
object’s value (Figure 36-7).

Basically, the T-score, as defined by the WHO’s international 
reference standards, is applied in the diagnosis and treat-
ment of osteoporosis (see Figures 36-5 and 36-6).

WHo DiAGnostiC CriteriA

This T-score is related to the WHO international 
reference standards in the diagnosis and treatment 
of osteoporosis (Figure  36-5) and is a “widely used 

Normal

Distribution of bone mineral density in healthy
women aged 30–40 years

Proportion of population (%)

Bone mineral density (T-score)

0–6 15 50 85 >99

–4 –3 –2 –1 0 1 2 3 4

Osteopenia NormalOsteoporosis

FIgURE 36-4. T-score distribution of bone mineral density in 
healthy women aged 30−40 years.

Normal –1 or greater

Osteopenia Between –1 and –2.5

Osteoporosis –2.5 or less

Severe osteoporosis –2.5 or less and fragility
fracture

Classification T-score

Diagnostic classification

FIgURE 36-5. Diagnostic classification of T-scores.

Osteopenia

Normal

• BMD measured in
  grams/cm squared

• Computer compares
  results to a sex-matched
  reference population

Reference: L2-L4
YA T- ScoreBMD (g/cm  )2

1.32

1.20

1.08

0.96

0.84

0.72

0.60
20 30 40 50 60 70 80 90 100

2

1

0

–1

–2

–3

–4

–5

Age (years)

1.44
Normal

Osteopenia

Osteoporosis

FIgURE 36-6. BMD measured in grams/cm squared.
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DXA Technology
The principle behind the DXA technology is dependent 
on the attenuation coefficient on atomic number and 
photon energy. To differentiate soft tissue from bone, 
two different energy x-ray spectrums are required. 
Of the three primary DXA equipment manufacturers 
(Lunar, Norland, and Hologic), two different methods 
are used, including k-edge filtered x-ray source and 
energy-switching system.

K-Edge Filtered X-Ray Source. A rare-earth or 
K-edge filtered x-ray source is used by Lunar and Norland. 
With this technology, a primary beam with a peak energy 
of near 50 keV passes through the rare-earth filters, which 
causes the spectrum to then contain two different energy 
peaks (near 40 and 70 keV). This system also utilizes a spe-
cial pulse counting detector system and must be calibrated 
regularly with the use of an external phantom.

Energy-Switching System. Hologic uses a syn-
chronous energy-switching system that switches the 
kVp between 100 and 140 (Figure  36-9). The result is 
a primary beam with two different energy peaks (near 
40 and 80  keV). Calibration with this system occurs 
internally and continuously. As scanning occurs, the 
beam passes through a calibration wheel that contains 
three  sectors: air gap, soft tissue equivalent, and bone 
equivalent. This technique allows for a simpler detector 
system that does not  have to separate photons.

sCAn ACQUisition AnD AnALysis

DXA equipment is very versatile in that it allows for the 
scanning of peripheral and central sites of the patient. 
There are three principal sites of osteoporotic frac-
tures. These are called bone compartments or sites  
(Figure 36-10). Scanning of the patient is achieved through 
the selection of the appropriate collimator/detector 

 DXA PrinCiPLes AnD
 instrUmentAtion

While different types of DXA systems are available, 
they all operate on similar principle and have common 
components.

Machine Components
DXA equipment includes a workstation unit, quality con-
trol phantom and positioning aids, as well as an exam 
table and a c-arm.

Workstation. A typical workstation unit includes a 
computer, display monitor, printer, keyboard, and power 
module.

Quality Control Phantom and Positioning Aids. 
Each DXA unit requires various quality control (QC) 
phantoms and positioning aids, both of which are manu-
facturer specific.

Exam Table and C-Arm. Included with the exam 
table is a radiolucent table mattress for added comfort 
as the patient lies supine for the exam. Table move-
ment controls and a crosshair laser indicator light are 
useful when positioning the patient at the proper start 
point. The C-arm houses the x-ray source (below) and 
detector array (above), maintaining their alignment to 
each other. The x-ray beam passes through the patient 
before reaching the detector system and finally is pro-
cessed by the computer system (Figure 36-8).

Not accurate
Not precise

Accurate
Not precise

Accurate
Precise

Not accurate
Precise

FIgURE 36-7. Target images.

FIgURE 36-8. DXA system. 
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hyperparathyroidism, or when the patient is very obese 
(over the weight limit for DXA table).

FemUr

The most dependable method in predicting hip fractures 
lies in the measurement of the proximal femur (hip) 
BMD (Figure  36-11). Most commonly, the left hip or  
bilateral hips are selected, but this may be affected by the 
patient’s fractures and/or surgical history. Once this deter-
mination is made, scan parameters are selected accord-
ing to manufacturer recommendations. To aid in precise 
patient positioning, most manufacturers provide a foot 
positioning guide. This helps to ensure a proper internal 
rotation of 15–25  degrees of the femoral neck. The fol-
lowing image assessment criteria will help in determining 
proper patient positioning:

 ◾ The lesser trochanter is rotated to the posterior 
portion of the femur and will have limited to no 
visibility.

 ◾ The greater trochanter’s profile will be fully visible.

 ◾ The femoral neck will be fully visible, resulting in 
separation between the femoral head and greater 
trochanter.

 ◾ The femoral neck should be positioned parallel to 
the long axis of the table and appear straight on the 
reference image.

 ◾ Adequate separation between the ischium and 
femoral neck should be demonstrated.

The regions of the hip that are analyzed for BMD 
values include the femoral neck, trochanteric, inter-
trochanteric, Ward’s triangle (considered unreliable by 
some sources), and/or total hip.

(Table  36-2). The most commonly measured sites are 
the hip and spine. The forearm is the next most com-
mon site and should be measured when the hip and 
spine areas cannot be measured, when the patient has 
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FIgURE 36-9. Energy spectra (keV) for x-ray sources used in bone 
densitometry.

 TABLE  36-2.   DXA Collimator/Detector Types

Pencil Beam Fan (Array) Beam

Circular pinhole collimator Narrow “slit” collimator

Single detector Multi-element detector

X-ray beam moves in  X-ray beam moves in only one 
a serpentine (rectilinear) direction (length of patient) 
direction

Scan times 5–7 min Faster scan times < 1 min

Good resolution and Less resolution and  
reproducibility reproducibility than pencil beam

  C-arm permits for lateral  
lumbar spine to be performed

  Careful centering of pt necessary to 
avoid parallax (geometric  
distortion at outer edges)
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begin at about the middle of L5 at the bottom and extend 
up through the middle of T12, where the 12th ribs are 
attached. The spine should be centered and straight on the 
image, indicated by an even amount of soft tissue visual-
ized on each side of spine. The iliac crest is displayed in 
the lower, lateral aspects of the spine in the image.

Occasionally it is necessary to exclude indi-
vidual vertebrae from the analysis if the vertebrae are 
clearly abnormal or if there is more than 1.0  T-score  
difference between the vertebra in question and the adja-
cent vertebrae. Sometimes a lateral or vertebral fracture 
assessment (VFA) can aid in determining some causes of 
spinal BMD differences, such as spinal fractures, spurs, 
and calcified aorta.

sPine

The L1-L4 spine is used in measuring the spine’s BMD and 
is considered the optimum site in monitoring therapy due 
to its rich content of highly metabolic trabecular bone 
(Figure 36-12).

For the PA projection of the spine, the patient is 
placed on the table in a supine position, aligned straight 
and in the center of the table. The patient’s lower legs 
are elevated and should be placed on a large block pro-
vided by the equipment manufacturer. Scanning begins at 
10–20 below the iliac crest and ends when the 12th set of 
ribs is viewed in the scan image. The final image should 

Axial skeleton

Appendicular
skeleton

Bone compartments
Three principal sites of osteoporotic fractures

Wrist

Hip

Spinal vertebra

A

B

C

D

E

FIgURE 36-10. Bone compartments used in bone densitometry.
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FIgURE 36-11. DXA scan of proximal femur.
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FIgURE 36-12. DXA scan of spine.
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ForeArm

The distal forearm (radius and ulna) is the first site of 
choice involving the diagnosis of hyperparathyroidism 
because this disease is characterized by cortical bone 

loss and the 1/3 radius (33 percent) region is 99 percent 
rich in cortical bone (Figure  36-13). The other area of 
interest of the forearm is the ultradistal (UD) region 
of the radius and ulna (measured from a distance of 4 
or 5 percent of the overall ulnar length, as measured from 
the tip of the styloid process). This area is predominantly 
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QUALity ControL

It is important to implement and maintain strict quality 
control (QC) procedures in bone densitometry in order 
to ensure the generation of accurate and precise patient 
results. These practices greatly influence efficacy and 
integrity in managing patient bone health.

With DXA, a daily QC procedure is conducted to 
ensure that the system and software components are 
operational prior to scanning the first patient.

Upon installation, a spine phantom is scanned to 
establish bone and soft tissue baseline values, which 
then becomes the calibrated standard by which daily 
phantom scan data are compared (usually automatically 
by the software). This phantom is usually constructed 
of hydroxyapatite and an epoxy resin, which possess 
attenuation properties similar to bone mineral and soft 
tissue, respectively. The BMD values for a phantom 
never change, but the BMD values in humans change 
slowly over time. A daily phantom ensures the machine’s 

trabecular bone and is the site for pathological Colle’s 
fractures. Generally, the patient’s non-dominant fore-
arm is selected for scanning. Studies have proven the 
non-dominant arm to have the lowest BMD values  
(by 2–3  percent) and the databases used clinically to 
diagnose and predict fracture risk were developed using 
population studies where the non-dominant forearm was 
the standard.

For the forearm scan, the patient is typically seated 
in a chair with a back but no arms or wheels at a 
90-degree angle to the long axis of the table. The patient’s  
arm is abducted and the forearm is extended across the 
table to allow the elbow to form a 90- degree angle.

The resultant image should display the forearm 
centered (with adequate soft tissue and air on both sides 
of the forearm) and straight vertically. At the top of the 
image, the first row of carpal bones should be visible 
to ensure the inclusion of the entire shaft of the distal 
radius and ulna. The image should also be free of all 
artifacts, including motion, jewelry, surgical hardware, 
and old fractures.

FIgURE 36-13. DXA of forearm. 
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Distance limitations can be achieved through posi-
tioning the computer workstation at least 1 meter (3 feet) 
from the side of the scan table. Some facilities prefer to 
extend that distance to 3 meters (9 feet) when using fan 
beam or they may use a portable shield between the scan-
ner and the workstation. Additional room shielding or 
operator protection is not needed to comply with ALARA 
regulatory requirements.

scanning stability and thus the reproducibility of measure-
ments; the phantom must be scanned daily prior to the 
scanning of patients.

rADiAtion sAFety
      AnD ProteCtion

Compared to conventional radiography, the effective 
radiation dose for DXA is relatively low (Table 36-3).

The operator dose involved in DXA is approximately 
,0.1 mrem/hr for pencil beam, and ,0.3 mrem/hr for fan 
beam.

In view of the low doses involved with DXA, the 
application of the ALARA (as low as reasonably achiev-
able) principle is not that difficult to obtain. The ALARA 
protective methods for DXA are time, distance, and 
shielding.

Time limitations can be achieved through proper 
training of technologists to prevent unnecessary poor 
positioning and repeated scans, thus reducing scan times.

 TABLE  36-3.   Radiation Safety and Patient Dose

Annual Natural Background Exposure 240 mrem

Lateral Lumbar Spine X-Ray 70 mrem

Mammogram 45 mrem

Dental X-ray 10 mrem

Transcontinental Flight, Round Trip 6 mrem

Chest X-ray 5 mrem

One Week Ski Vacation 1.5 mrem

GE Lunar Prodigy AP Spine 3.7 mrem

SUMMARY

Bone densitometry is a noninvasive procedure for the 
measurement of bone mineral density (BMD) that plays 

an important role in the early diagnosis of osteoporosis. 
This disease affects more than 25   million people in the 
United States, and over 1.3  million fractures annually are 
associated with this disease. Osteoporosis is categorized 
into two types: primary and secondary. Primary osteoporosis 
is the loss of bone within the bone itself when no other 
recognizable causes are present. Secondary osteoporosis 

occurs secondary to a medical condition or a medication. 
Dual x-ray absorptiometry (DXA) is the primary method for 
diagnosing osteoporosis. It utilizes two x-ray beams of dif-
ferent energy levels. Soft tissue absorption data is detracted 
out and a bone value algorithm is used to provide the bone 
mineral density (BMD) value. It is likely that over the next 
several years, more emphasis will be placed on  applying the 
use of DXA in the prevention, detection, and treatment of 
osteoporosis. ◾
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 REVIEW QUESTIONS

 1. Which type of cell is chiefly responsible for bone 
reabsorption in the remodeling cycle?

 2. How much bone loss must occur before it can be 
seen on a plain radiograph?

 3. Identify the risk factors associated with osteo  - 
porosis.

 4. List the two methods used to obtain the two energy 
x-ray spectra required in DXA.

 5. Describe how osteoporosis is defined by the WHO.

 6. Explain the types of collimation used in DXA 
instrumentation.

 7. What are the two most commonly used sites in DXA 
when measuring a patient’s BMD?

 8. What regions are analyzed for BMD values when 
scanning the hip?

 9. Which site is considered the optimum site when clini-
cally monitoring therapy?

 10. Which region is the first site of choice when scanning 
a patient with hyperparathyroidism?

11. What ALARA methods are considered for DXA? 

12. What must be done at the start of each day to ensure 
quality measurements?

This computed tomography is of 
an animal found on the roadside 
near Jolly Beach, South Carolina. 

Look carefully at the bone 
structure to determine what it is.

Answers to the case studies can 
be found in Appendix B.

The Case of the  
Mysterious Mammal

Courtesy of Stephen I. Schabel, M.D., Medical University of South Carolina
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Describe the components of digital image acquisition.

◾ Differentiate among the modes of digital image acquisition.

◾ Identify various image post-processing functions.

◾ Describe the structure and function of the C-arm assembly.

◾ Describe the structure and function of the vascular table.

◾ Describe the structure and operation of contrast medium injection 
devices.

◾ Explain the various quality control measures taken with vascular 
imaging equipment.

KEY TERMS

contrast medium injection device

digital angiography

digital cineradiography

digital subtraction angiography

During World War I the demand for x-ray technicians in military hospitals 

was so great that a shortage of technical workers became acute at 

home. The value of the well-trained technician was emphasized, and the 

radiologist was no longer satisfied with someone who knew only how to 

throw the switch and develop films.

Margaret Hoing (the “first lady of radiologic technology”)

From a History of the American Society  

of X-Ray Technicians, 1952

Vascular Imaging 
Equipment

C H A P T E R  37
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VASCULAR IMAGING HISTORY

Image recording in the vascular imaging laboratory has 
changed quite drastically over the years. Historically, 
images were recorded on radiographic film using various 
devices that allowed for rapid sequence filming. Today, 
however, radiographic film is obsolete with the use of 
digital imaging.

The equipment in the vascular imaging laboratory 
is unique in nature. The imaging equipment must accom-
modate for rapid image acquisition while withstanding 
high amounts of heat inside the x-ray tube. In order for 
this to occur, special generators and x-ray tubes are 
required. The generators should offer high-performance 
capabilities to produce optimal images while reducing 
patient exposure. The x-ray tubes must work with the 
fluoroscopic and computer system to produce quality 
digital images for each particular exam. The x-ray tubes 
must accommodate different modes of digital image 
acquisition. Once the images are acquired, they are 
manipulated using a computer system. Additional equip-
ment, such as a contrast medium injector, is required 
to assist in the diagnostic process. A quality control 
program is implemented and maintained in order for 
high-quality image production to continue. This chapter 
highlights these key points as they pertain to vascular 
imaging equipment and procedures.

DIGITAL IMAGE ACQUISITION

The advent of digital image acquisition has improved 
the imaging ability of the vascular/interventional suite. 
Digital image acquisition involves using computers in 
conjunction with the imaging equipment to produce 
quality diagnostic digital images. These computers have 
increased the resolution of the image while reducing 
radiation dose to the patient. In  addition, there is a 
reduction in cost to the patient and institution. Digital 
images can be manipulated after acquisition, therefore 
decreasing the need for repeat exposures. For example, 
the contrast can be adjusted on an image that is too 
light. Digital images are easier to store than conven-
tional images because they take up less space and are 
easier to obtain when they are needed. These images 
can be stored in an archive system that can be accessed 
at any time. Digital image acquisition requires the use 
of specialized equipment in order to produce a digital 
image. This specialized equipment includes a high-
frequency generator, an x-ray tube, a flat-panel detector/
image intensifier, and an image processor (Figure 37-1).

Generator
High-frequency generators, usually in the multiphasic 
format, are selected for vascular imaging laboratories 
because of their high-performance capabilities. These gen-
erators allow for high mA stations, usually 800–1,000 mA, 
with relatively low kVp settings, usually 50–100  kVp. 
A high mA station with a low kVp setting will improve the 
visibility of the contrast medium against the surrounding 
soft tissue structures. In addition, using high mA stations 
allows for short exposure times.

The x-ray tube in the vascular imaging laboratory 
operates in the radiographic mode even during digital 
fluoroscopy. To prevent the x-ray tube from overheating, 
the high-frequency generator is switched off and on very 
rapidly, causing pulsing of the x-ray beam. This pulsing is 
known as pulse-progressive fluoroscopy. Interrogation time 
is the time required to prepare the x-ray tube for exposure—
in other words, the time needed for the x-ray tube to be 
switched on and reach the selected kVp and mA stations. 
Extinction time is the time required to stop the exposure 
or shut off the x-ray tube. Vascular imaging requires high-
frequency generators that allow for interrogation and 
extinction times of less than 1 ms.

X-Ray Tube
Vascular imaging x-ray tubes vary slightly from general 
imaging x-ray tubes in their ability to withstand high 
amounts of heat while providing optimal images. High 
heat amounts are produced by extended periods of fluo-
roscopy and rapid sequences of exposures made over a 
short period of time. Because heat production occurs at 
the anode, this will determine heat tolerance. Short-term 
loading ability is the amount of heat an anode can tolerate 

FIGURE 37-1. A vascular imaging laboratory.
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512  UNIT VI Special Imaging Systems and Modalities

Once images are acquired, the image processor can 
manipulate, export, or store these images (Table 37-1).

Digital Angiography
Digital angiography, also known as spot imaging, replaced 
traditional spot-film devices in the vascular imaging labo-
ratory. Digital angiography involves the production of one 
image, similar to the last fluoroscopy hold image. This 
mode of acquisition is generally used when only a few 
images are needed for a procedure. For example, a digital 
angiography image is taken post-insertion of a peripherally 
inserted central catheter (PICC) to check tip placement 
and as a record of the procedure.

Digital Subtraction Angiography
Digital subtraction angiography involves eliminating 
bone and soft tissue structures from an image so that 
only the contrast-filled vessels remain. In order for DSA 
acquisition to occur, three steps must be accomplished. 
First, a scout or mask image must be obtained. The 
scout image contains all of the anatomy of interest prior 
to the injection. Next, the injection process must occur. 
The resulting image, known as the native image, displays 
all of the anatomy, including the contrast-filled vessels. 
Finally, the mask image is laid over the native image. 
The computer then subtracts all of the like structures, 
leaving only the contrast-filled vessels in the image 
(Figure 37-2). However, if patient motion (voluntary or 
involuntary) occurs between the scout image and the 
injection, an artifact will appear on the resulting image. 
DSA is normally used when imaging vessels of the head, 
chest, and extremities.

Digital Cineradiography
The last mode of digital image acquisition, digital 
cineradiography, is used primarily for cardiac cath-
eterization. This type of acquisition involves taking 

for a sequence of exposures. Continuous heat-loading 
ability is the amount of heat the anode can tolerate during 
a fluoroscopic exposure. Overall, the heat-loading ability is 
determined by the size and construction of the anode disk. 
Larger-diameter anode disks, usually 15 cm or greater, are 
combined with a large target angle or focal spot size to 
accommodate for the increased heat production. A hicker 
anode disk, usually 5 cm or greater, constructed of molyb-
denum with a graphite backing, improves the heat-loading 
capacity of the vascular x-ray tube.

The heat capacity ability of the vascular x-ray tube is 
measured by the calculation of heat units generated at the 
anode. Heat units are calculated by multiplying the peak 
kilovoltage, milliamperage, time in seconds, rectification 
constant, and number of consecutive exposures together. 
The rectification constant is determined by the type of 
generator being used. A single-phase generator has a rec-
tification constant of 1, while the three-phase and multi-
phasic generators have a rectification constant of 1.35 and 
1.40, respectively. Vascular imaging requires an x-ray tube 
with a 1-MHU (mega heat unit) heat capacity in order to 
keep up with the daily imaging requirements.

Flat-Panel Detector/Image Intensifier
The incorporation of digital flat-panel detector technology 
into traditional fluoroscopic equipment has been ongoing 
since the early 1990s and slowly replacing image intensi-
fiers. Flat-panel detectors are discussed in greater detail 
in Chapter 33. 

Image Processor
The last part of the digital image acquisition system is the 
image processor. The image processor consists of image-
processing hardware and a computer. The image-processing 
hardware controls the speed of the imaging equipment. This 
hardware allows for real-time viewing of the images, mean-
ing images are seen as they are acquired. The computer 
controls the various components of the imaging system, 
including the generator, x-ray tube, image-processing hard-
ware, and image storage device. This computer allows for 
the different modes of digital image acquisition. In addition, 
the computer allows for manipulation of the digital images. 
Once manipulated, these images are stored as part of a 
picture archiving and communication system (PACS) or net-
work system. These images can also be printed using a laser 
printer or transferred to a compact disc or a videotape.

 MODES OF DIGITAL IMAGE 
ACQUISITION

Digital image acquisition can occur in three different 
modes: digital angiography (DA), digital subtraction  
angiography (DSA), and digital cineradiography (cine). 

 TABLE  37-1.    Modes of Digital Image Acquisition

 Number  
Mode of Images Use

Digital Single image When only a few images 
Angiography   are needed for the proce-

dure (e.g., interventional  
radiology procedures)

Digital  Numerous Carotid and cerebral 
Subtraction frames per angiography 
Angiography second Abdominal and peripheral 
  angiography

Digital Numerous Cardiac catheterization 
Cineradiography frames per  
 second
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IMAGE POST-PROCESSING

After image acquisition occurs, digital images are manipu-
lated or post-processed before they are permanently 
stored. Manipulating the images before they are stored 
helps eliminate the need for repeat exposures. The type 
of post-processing depends on the mode of digital image 
acquisition.

numerous exposures, known as frames, in a second of 
time. Typically, cardiac catheterization involves expo-
sure rates of 15, 30, or 60 frames per second. These 
high frame rates provide higher-resolution images as 
compared to general fluoroscopy. In fact, cineradiogra-
phy can demonstrate events that are normally too fast 
or cannot be seen by general fluoroscopy. However, as 
the number of frames per second increases, the patient 
dose also increases.

FIGURE 37-2. Digital subtraction angiography. This figure depicts the stages involved in digital subtraction angiography: (A) scout image;  
(B) injection image; and (C) resulting subtracted image. (Image Courtesy of Arlene Adler.)
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514  UNIT VI Special Imaging Systems and Modalities

function may be used to demonstrate a contrast-filled 
abdominal aorta from the celiac axis to the iliac bifurca-
tion. The final function, edge enhancement, is used to 
accentuate the edges of vessels or small structures so 
they can be seen (Figure 37-3). However, too much edge 
enhancement can cause distortion of the image.

C-ARM ASSEMBLY

The design of equipment in the vascular imaging labora-
tory is similar to the design of the portable radiographic 
equipment used during surgical procedures known as the 
C-arm assembly. Vascular imaging equipment, however, is 
much larger in size and is not portable.

A typical C-arm assembly consists of four parts: the 
x-ray tube, the flat-panel detector/image intensifier, the  
gantry, and the point of attachment (Figures 37-4 and 37-5). 
The x-ray tube is similar in construction to that of a tube 
found in a digital fluoroscopy room. The x-ray tube is 
mounted on the bottom of the C-arm assembly.

An analog image intensifier requires the use of a CCD 
and an analog-to-digital converter to digitize the image. 
A flat-panel detector acquires the image digitally so no 
special conversion equipment is needed. The flat-panel 
detector/image intensifier is mounted on the top of the 
C-arm assembly.

The final two parts of the C-arm work together to 
allow manipulation of the assembly. The gantry mounts 
the C-arm assembly to the floor or ceiling of the vascular 
imaging laboratory. The point of attachment connects 
the C-arm assembly to the gantry. The point of attach-
ment allows for 180° rotation of the C-arm assembly. This 

Windowing, annotation, zoom, and analytic functions 
can be used on any type of digital image acquisition. Win-
dow level involves adjusting the image brightness, while 
window width adjusts the contrast of an image. Images that 
are too light or too dark can be adjusted to make them diag-
nostic quality, providing the image has had adequate but 
not excessive exposure. The annotation function allows 
the user to dictate on the image itself. This allows the user 
to identify right or left sides for future viewers. In addition, 
the user can add comments to the image, such as the size 
and type of a particular catheter. Zoom allows the user to 
zone in on and magnify a particular area of interest. This 
function is useful when locating smaller structures such 
as aneurysms. The final function, analytic tools, involves 
using various methods to quantify distances, calculate 
degree of stenosis, and measure blood flow. These tools 
can be extremely helpful to vascular imaging personnel 
during and after the procedure.

The post-processing functions—remasking, pixel 
shifting, view tracing, and edge enhancement—pertain 
only to digital subtraction angiography. Remasking 
involves selecting another mask image in order to obtain 
the best subtracted image of the anatomy of interest. 
This function is used when there is a significant amount 
of patient motion after the initial mask image. Another 
post-processing function that compensates for patient 
motion is called pixel shifting. This function is used when 
the patient moves slightly from the mask image to the 
injection image. Pixel shifting allows the user to move  
the mask image to correspond to the patient movement. 
The next function, view tracing, involves combining 
numerous frames into one image to demonstrate a 
completely filled contrast structure. For example, this 

A B

FIGURE 37-3. Demonstration of edge enhancement: (A) normal image and (B) edge enhanced image. (Image Courtesy of Arlene Adler.)
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attachment also allows for craniocaudal and oblique angu-
lations needed to image the required anatomy for cardiac 
or vascular imaging procedures. Therefore, the patient 
never has to be moved during the procedure.

The most important feature of the C-arm assembly is 
the relationship of the x-ray tube and flat-panel detector/
image intensifier. In this design, the central ray of the x-ray 
tube is always perpendicular to the flat-panel detector/image 
intensifier and therefore at right angles to the body part.

VASCULAR IMAGING TABLES

Tables used in vascular imaging laboratories must meet 
three requirements. First, these tables must be easy to 
use and convenient for the vascular imaging laboratory 
personnel. The table must be able to provide support and 
comfort for the patient. Finally, the vascular imaging table 
must not degrade the diagnostic quality of the image.

A typical design of a vascular imaging table involves 
a table base and a table plate (Figures 37-6 and 37-7). The 
table base attaches to the floor while the table plate rests 
on the top of the table base. This design allows for the 

Point of
attachment

Gantry Positioner

X-ray 
    tube

Table

Flat-panel detector/
image intensifier

FIGURE 37-4. C-arm assembly.

FIGURE 37-5. C-arm assembly.
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FIGURE 37-6. Table assembly.

FIGURE 37-7. Table assembly. 
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516  UNIT VI Special Imaging Systems and Modalities

smaller vessels require lower injection pressures. Manufac-
turer insert information should be consulted for determining 
safe pressure limits for each specific catheter. Injection pres-
sure is measured in pounds per square inch (psi). The range 
for injection pressures is 100–1,200  psi. The last injection 
parameter, delay, can be either injection or x-ray in nature. 
An injection delay allows for image acquisition to begin 
before the injection occurs. This is useful in digital subtrac-
tion angiography where a mask image is required. An x-ray 
delay allows for the injection to occur before image acquisi-
tion occurs. This is useful when performing lower extremity 

capability of free floating of the table plate in all direc-
tions. In addition, table plate has the potential to be raised 
or lowered as needed. Sometimes the table plates can 
be interchanged according to the procedure being per-
formed. For example, a cerebral angiogram may require 
a table plate that is narrower at the head end to accom-
modate for lateral projections. The table plate allows 
for the attachment of various equipment needed for the 
procedure, such as manual controls, IV poles, restraining 
devices, contrast medium injection devices, lead shields, 
and hemodynamic monitoring devices.

Vascular imaging tables are equipped with a foam 
pad for patient comfort. This foam pad should be thin 
enough so image quality is not degraded but thick enough 
for patient comfort. In addition to the foam pad, arm 
boards are attached to the table to support the patient’s 
extremities during the vascular procedure.

The design material for the vascular imaging table 
should not degrade image quality. A low radiation-
absorbing plastic and carbon fiber material is the preferred 
material of composition. A low-attenuation table prevents 
degradation of the image quality, and it also lowers radia-
tion levels to the patient and the vascular imaging labora-
tory personnel.

 CONTRAST MEDIUM  
INJECTION DEVICES

Contrast medium injection devices allow for the safe deliv-
ery of a preset amount of contrast. These devices allow for 
large bolus injections that are too difficult to be performed 
by hand. Newer devices even allow for smaller bolus injec-
tions that previously could only be performed manually.

A typical contrast medium injection device consists 
of the control panel, syringe, warming device, and pressure 
mechanism (Figure  37-8). The control panel displays the 
injection parameters, which are manipulated by the tech-
nologist. The injection parameters include flow rate, rise, 
total volume, pressure, and delay. The flow rate is the rate 
at which the contrast medium is going to be injected. It is 
measured in cubic centimeters per second (cc/sec) and is 
dependent on factors such as catheter length, inner catheter 
diameter, number of catheter side holes, injection pressure, 
and viscosity of the contrast medium (Table 37-2). The rise, 
also known as linear rise, is the time it takes to reach the 
desired flow rate. Rise is measured in seconds. The total vol-
ume is the desired amount of contrast to be delivered. Total 
volume can be calculated by multiplying the flow rate by the 
injection duration (V 5 cc 2/sec 3 seconds). Total volume is 
measured in cubic centimeters. The injection pressure is the 
force needed for a specific dose of contrast medium. Injec-
tion pressure is dependent on the size of the vascular struc-
ture and the type of catheter used for the injection. Typically, 

 TABLE  37-2.   Factors Affecting Flow Rate

Viscosity Lower viscosity permits higher flow rates.

Catheter Length Shorter catheters permit higher flow rates.

Catheter Internal Larger internal diameters permit  
Diameter higher flow rates.

Injection Pressure Higher psi permits higher flow rates.

Catheter  The presence of sideholes in the catheter  
Sideholes permits higher flow rates.

FIGURE 37-8.  Contrast medium injection.
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parameter. A volume-limiting device prevents excessive 
amounts of contrast from being delivered to the patient. 
A pressure-limiting device prevents the injection pressure 
from exceeding a maximum pressure set prior to the injec-
tion. Acceleration regulators allow the electromechanical 
drive motor to accelerate over an exact duration of time 
to prevent whiplash of the catheter. Finally, the rate-rise 
control prevents an instant surge of injection pressure by 
gradually increasing the psi to the preset limit.

QUALITY CONTROL

Quality control programs in the vascular imaging 
laboratory are established by the organization to ensure 
that the vascular imaging equipment is operating prop-
erly and safely. In addition, they are established to 
ensure that the highest-quality image is produced while 
limiting the radiation exposure to the patient and ulti-
mately lowering the cost to both the patient and the 
organization.

Components of the quality control program should 
include periodic monitoring of the x-ray tube, image 
acquisition system, image manipulation and viewing 
systems, evaluation of the x-ray beam, and assessment 
of the ancillary equipment. X-ray equipment should be 
monitored to maintain high-quality images and prevent 
equipment malfunction. Ancillary equipment, such as 
the contrast medium injectors and cardiac monitoring 
device, should be inspected regularly to prevent mal-
functions during a procedure. In order for this to occur, 
scheduled maintenance should be established between 
the equipment manufacturer and the organization.

In addition to contracts for preventative mainte-
nance and service with the manufacturer, the organization 
should have members of the biomedical instrumentation 
department trained to monitor or correct faulty equip-
ment in case of an emergency. By utilizing the biomedi-
cal instrumentation department, the vascular imaging 
laboratory can produce high-quality images while reduc-
ing patient dose and lowering cost.

arteriography via a catheter in the abdominal aorta and only 
the vessels distal to the knee need to be visualized.

The contrast medium injector syringe is removable 
and disposable. The contrast syringe capacity can range 
from 40 to 260 cc. A new sterile syringe is loaded in the 
syringe-loading assembly prior to each case.

The warming device is a thermal sleeve placed over 
a preloaded syringe to maintain the contrast medium 
temperature at or near body temperature (37°C; 98.6°F). 
The warming device maintains temperature but does not 
increase it from room temperature to body temperature. 
Therefore, the contrast medium should be warmed prior to 
the syringe being filled.

The pressure mechanism is an electromechanical 
motor attached to a jackscrew that drives the piston into 
or out of the syringe. This piston movement causes the 
syringe plunger to move forward or backward as needed.

Contrast medium injectors are equipped with numer-
ous safety mechanisms to prevent damage to the catheter 
and danger to the patient (Table 37-3). Function-monitoring 
devices, such as a flashing light, audible tone, or writ-
ten message, are used to notify the technologist of any 
problems. The problem may be an injector malfunction 
or operational error such as an omission of an injection 

 TABLE  37-3.    Safety Mechanisms for Contrast 
Medium Injectors

Function-Monitoring A flashing light, audible tone, or written
Device  message used to notify personnel of any 

problems.

Volume-Limiting Prevents excessive amounts of contrast
Device  from being delivered to the patient.

Pressure-Limiting Prevents the injection pressure from
Device  exceeding a maximum pressure set prior to 

the injection.

Acceleration Allow the electromechanical drive motor
Regulators to accelerate over an exact duration of 
  time to prevent whiplash of the catheter.

Rate-Rise Prevents an instant surge of injection
Control  pressure by gradually increasing the psi to 

the preset limit.

The vascular imaging laboratory contains specialized 
radiographic equipment that produces high-quality 

images of contrast-filled structures within the body. Special 
high-frequency generators permit the use of high mA set-
tings, short exposure times, and relatively low kVp settings. 

The high mA stations allow for short exposure times, 
thus reducing patient exposure. In addition to the high-
frequency generators, specialized x-ray tubes are required 
for high-quality digital images. These x-ray tubes must 
work in conjunction with the flat-panel detector/image 

SuMMARY
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SuMMARY (continued)

intensifier and computer system for image acquisition. The 
x-ray tubes should allow for the different modes of digital 
image acquisition. Once the images have been acquired, 
the computer system allows the images to be manipulated 
as needed.

The vascular imaging laboratory also contains spe-
cialized ancillary equipment needed to produce high-
quality images of contrast-filled structures within the 
body. The most commonly used device is the contrast 
medium pressure injector. This equipment allows for large 
bolus injections that are too difficult to be performed by 

hand. Newer devices also allow for smaller bolus injec-
tions that were previously performed by hand.

For a vascular imaging laboratory to run success-
fully, it is very important that a quality control program be 
established and implemented. This program should include 
scheduled maintenance of the x-ray tube and image acquisi-
tion system, image manipulation and viewing systems, and 
ancillary equipment. The quality control program should 
be used to maintain safe and successful operation of the 
equipment, produce the highest image quality, and reduce 
exposure to the patient and imaging staff. ◾

 REVIEW QuESTIONS

 1. What determines the heat-loading ability of a vascu-
lar x-ray tube?

 2. What are the total heat units generated by a vascular 
x-ray tube for a series of 12 exposures using 600 mA, 
0.5 second, 89 kVp on a multiphasic unit?

 3. What is the purpose of the image processor in a digi-
tal image acquisition system?

 4. Describe the process of digital subtraction 
angiography.

 5. Which image post-processing function is used when 
there is a significant amount of motion in a digital 
subtraction angiography acquisition?

 6. What is the most important design feature in the C-arm 
assembly?

 7. What are the three requirements that a table must 
meet in order to be used in a vascular imaging 
laboratory?

 8. What is the total volume for an injection that has 
a flow rate of 15  cc/sec and injection duration of 
2 seconds?

 9. List the safety mechanisms that contrast medium 
injection devices are equipped with.

 10. List the components of a vascular imaging laboratory 
quality control program.
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Explain the invention of computed tomography.

◾ Describe typical gantry components.

◾ Explain the basic features of helical and multidetector computed 
tomography (MDCT) units.

◾ Compare the requirements for a CT x-ray tube with those of a routine 
diagnostic tube.

◾ Discuss the importance of detector alignment and calibration.

◾ Describe the major display features possible with advanced software.
◾ Describe the calculation and use of Hounsfield units.

◾ Explain reformatting image reconstruction.

◾ Explain how CT display image brightness and contrast are controlled.

◾ Describe the factors affecting resolution, including voxel, pixel, and 
matrix size.

◾ Discuss methods of reducing CT image noise and motion.

◾ Illustrate section shape and partial volume  
effect in relation to scanning procedures.

◾ Explain a variety of common CT artifacts.

◾ Discuss radiation protection of the patient and others during  
CT examinations.

KEY TERMS

collimator pitch

convolution

deconvolution

field of view

gantry

mask

multisection computed 
tomography (MSCT)

noise

pitch

projection

ray

scanogram

targeting

view

The physicians seem to be quite keen on it.

Allan Cormack upon being informed that he and Godfrey  

Hounsfield were to share the 1979 Nobel Prize for Medicine for  

the invention of computed tomography

Computed Tomography
C H A P T E R  38
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as have other antiquated radiologic terms (e.g., flat plate 
and wet reading). A modern CT unit includes a gantry, 
table, x-ray tube, detectors, computer, display console, 
and image storage units (Figure  38-2). From a clinical 
viewpoint, CT technology offers two primary traits that, 
prior to its development, were unknown: the clinical value 
of multiple views and the quantification of remnant x-ray 

 COMPUTED TOMOGRAPHY 
SCANNING 

Computed tomography (CT) produces a digital tomo-
graphic image from diagnostic x-rays. The basic principle 
of CT involves digitizing an image received from a slit scan 
projection of the patient’s body and then back-projecting 
the image through mathematical algorithms.

Although CT scanning is usually performed trans-
versely, digital processing of information can produce 
sagittal and coronal sections (Figure 38-1). Because the CT 
x-ray beam is confined to a slit, much scatter radiation is 
eliminated from the image. The combination of the trans-
verse sectioning procedure with slit scanning produces 
an image of significantly better quality than that available 
with other imaging methods that use ionizing radiation. 
Primarily the image differentiates various types of soft 
tissues (e.g., gray matter, white matter, blood, tumor, 
cerebrospinal fluid, etc.). When digital image data manip-
ulation is added, CT provides more diagnostic informa-
tion than any other ionizing radiation imaging modality.

As with other tomographic modalities, the terms cut 
and slice are used in clinical practice. Because these phrases 
can easily cause distress when overheard by a patient, the 
radiographer should strive to adhere to the term section, 
avoiding cut and slice.

 THE INVENTION OF COMPUTED 
TOMOGRAPHY

The invention of CT has been credited to  Godfrey  N. 
Hounsfield for his work in 1970–1971, although prelimi-
nary work was done by Oldendorf in 1961 and Cormack in 
1963, and all three based their work on the investigations of 
the Austrian mathematician J. Radon, who proved in 1917 
that an image of a three-dimensional object could be pro-
duced from its mathematical projections. Hounsfield was 
a research engineer with Electro-Musical Instruments Ltd. 
(EMI), the English firm that gained international renown 
as the Beatles’ music publishers during the 1960s. His orig-
inal scanner was built on a lathe bed and required 9 days 
to produce a single-section image. Although the company 
sold its CT business, it continues to operate American and  
British EMI. Hounsfield and Cormack were awarded the 
1979 Nobel Prize for Medicine.  Hounsfield’s invention 
parallels Röntgen’s discovery of x-rays as the two most 
outstanding contributions to medical imaging.

Early CT units were capable of only axial tomogra-
phy, and the term computerized axial tomography (CAT) 
scanning became popular. Modern CT units are capable 
of diverse modes much more complex than simple axial 
scanning. However, the term CAT scanning may endure, 

A

B

C

FIGURE 38-1. Computed tomography sections: (A) sagittal;  
(B) transverse; and (C) coronal.
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voltage to the x-ray tube to be supplied while the tube is in 
continuous rotation around the gantry (Figure 38-3). This 
permits scanning of the entire body in a helical pattern 
without stopping the tube. When the patient table is moved 
slowly during the x-ray exposure while the tube is in con-
tinuous rotation, data comprising a continuous helical 
scan of the patient is acquired. Both low- and high-voltage 
slip rings have been developed by different manufacturers.

The term spiral is a misnomer. A spiral is a circular 
motion with a decreasing or increasing diameter. The 
actual scanning motion has a set circular diameter, which 
is a helix. The data are acquired in a helical, not a spiral, 
motion (Figure 38-4).

The primary advantage of helical scanning is a much 
shorter total scan time (30–40 seconds for the entire abdo-
men). This in turn permits the use of less contrast media. 
Not only are patients at less risk of contrast media reac-
tion, but the throughput of patients is greatly increased. 
Another advantage is that for many patients the entire 
examination can be completed in one breath hold, elimi-
nating overlaps and missed areas due to variations in the 
amount of air in the lungs between scan sections. This 
also reduces the possibility of motion artifacts.

The primary disadvantage is that a full 360° set of 
data is not acquired for each section because the patient is 
continuously advancing through the gantry bore during the 
exposure. The sectional image is created from computer 

energy into a numerical value with an assigned gray shade 
that can be displayed as it is spatially acquired. These val-
ues are commonly referred to as CT numbers.

The value of many views of a patient’s anatomy, as 
the CT detector and x-ray tube rotate around the patient, 
provides countless opportunities for the x-ray beam to 
traverse human anatomy and consequently anatomical 
structures are ultimately in profile to the beam and likely 
visible on an image. Radiologists have long understood 
the value of more views of anatomy and the ability to 
see pathologies. In a single CT rotation about the patient, 
hundreds of views of the patient’s anatomy are acquired 
and reconstructed through computer processing, into 
a CT image. It is no surprise that for certain medical 
conditions, CT is the diagnostic Standard of Care, sim-
ply because of these two characteristics: views and CT 
numbers.

SCANNER GENERATIONS

Computed tomography technology advanced very rapidly 
after Hounsfield’s discovery. Scanners are sometimes 
described by their generation, with the original EMI head 
scanner considered to be the first. Descriptions of various 
computed tomography equipment refer to both rays and 
projections (also called views). A ray is a pencil-thin beam 
of radiation that strikes a single detector. A projection (or 
view) is composed of a set of rays striking a detector array 
(a group of detectors). 

Helical/Spiral CT
Helical (spiral) scanners were made possible by advances 
in slip ring connection technology. Slip rings consist of 
brushes that fit into grooves to permit the current and 

FIGURE 38-2. A computed tomography unit.
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FIGURE 38-3. A helical computed tomography scanner slip ring. 
The brushes are contained in the large unit at the center of the 
photograph. They fit into grooves in the ring underneath. As the 
x-ray tube rotates, the necessary electrical connections are main-
tained without interruption.
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FIGURE 38-4. Helical and MSCT/MDCT scan and pitch. (A) A single 
helical scan motion with a pitch of 2. (B) MSCT/MDCT collimator 
pitch of 1.

Pitch = 2

A

Pitch = 1

B

reconstructions of planar sections that approximate the 
acquisition of planar reconstruction data. Both the advan-
tages and disadvantages are detailed in Table 38-1.

Pitch. Because the patient table moves during the expo-
sure, a method to measure and reproduce this motion must 
be established. Pitch is the term that is used to define this 
extension or contraction of the helix. Pitch is simply the 
ratio of the distance the table moves (feed) during one 360° 
tube rotation to the total beam collimation (Figure 38-4). 
The formula for pitch is:

P
I
B

5

where: P 5 pitch
 I 5 table increment per 360°
 B 5 beam width in mm

EXAMPLE: If the table is moving at 15 mm/sec 
and a section thickness of 10 mm is being acquired, 
what is the pitch?

Answer:

P
I
S

P
15
10

1.5

5

5 5

 TABLE   38-1.    Advantages and Disadvantages of 
Helical (Spiral) Computed Tomography

Advantages

Requires less contrast media, resulting in decreased  
patient risk of contrast media reactions.

Eliminates overlap and missed areas due to variations  
in breathing for some patients and examinations  
where the entire scan can be completed in one breath hold.

Motion artifacts are reduced.

Faster scan time increases patient throughput.

Pitch settings can be set to oversample sections of  
interest.

Reconstruction section thickness can be smaller than the acqui-
sition section thickness.

Disadvantages

Full 360° projection data are not acquired for each  
section.

Sections are reconstructed to represent approximate  
acquisition of planar data.

EXAMPLE: If a pitch of 0.8 is being used and a sec-
tion thickness of 8 mm is being acquired, what is the 
proper table speed?

Answer:

5 5P
I
S

or I PB
  

    I 5 0.8 3 8 

    I 5 6.4 mm/sec

EXAMPLE: If the table is moving at 5 mm/sec. 
and a pitch of 1.0 is being used, what is the section 
thickness?

Answer:

P
I
B

or B
I
P

B
5

1.0
B 5mm

5 5

5

5  B 5 5 mm 

Collimator Pitch. Multidetector CT changes the way 
pitch is calculated because the beam is intercepted and 
acquired by multiple detectors instead of a single detec-
tor receiving the entire beam. The term collimator pitch, 
also known as pitch prime, refers to the pitch of a single 
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that permitted an array of thousands of parallel bands of 
detectors to operate simultaneously instead of the single 
bands of detectors that had been in use up until then. This 
permitted a single beam exposure to produce multiple sets 
of image receptor data. When this technology is combined 
with helical scanning, total examination time is reduced 
dramatically, with an entire chest or abdomen procedure 
completed in 15–20 seconds.

Because section thickness can be reduced with 
MSCT, resolution can be increased remarkably. Section 
thickness with single-section CT scanners is determined 
by the collimator size, not the width of the detector. 
Because MSCT scanners are exposing multiple detectors 
simultaneously, section thickness is determined by the 
width of the detector, even though the collimation of the 
beam is wide enough to expose several other bands of 
detectors (see Figure 38-6). For this reason, resolution in 
MSCT scanners is determined by the width of the detec-
tor, not the width of the collimator.

detector within an MDCT array of image receptors, not 
the total beam collimation. Table 38-2 includes both pitch 
formulas.

Increasing the pitch value permits a greater field 
of view (FOV) to be imaged in a shorter time. However, 
it is important to understand that pitch values less than 
1.0 imply data oversampling. Pitch values greater than 
1.0 imply that some data are being missed. The ability to 
set the pitch less than 1.0 and produce oversampling of 
areas of interest is also an advantage of helical scanning. 
Another major advantage is that image reconstruction 
can be set for smaller section thicknesses than those that 
were acquired.

Resolution. Image resolution in helical scanners (which 
includes multisection scanners as well) is vastly improved 
over older models. Resolution issues must be considered 
from two perspectives: the image matrix pixel size in both 
the x and y planes and the helical pitch (which forms the 
z-axis), as shown in Figure 38-5.

Increased resolution in the x and y planes is accom-
plished by technologies that decrease the size of the 
detectors. Both computer processing and display resolu-
tion far exceeds current detector acquisition technology.

Increased resolution in the z plane is accomplished 
by using the smallest detector size combined with a 
pitch ≤ 1.

MSCT
Computed tomography units with multiple detectors are 
known by several terms. Multisection or multislice com-
puted tomography (MSCT), multidetector computed tomog-
raphy (MDCT), and multiple detector array scanners (MDA) 
have all appeared in the literature to date. The most appro-
priate term to use is multisection computed tomography 
(MSCT) because the term slice is professional slang and just 
because a scanner has multiple detectors does not necessar-
ily indicate that multiple sections of data are being collected 
simultaneously.

Multisection CT units represent a major change in 
CT technology because multiple detectors are exposed 
simultaneously (Figure  38-6). At the turn of the century 
there were major advancements in detector technology 

 TABLE  38-2.  CT Pitch Formulas

Single Section Pitch or Multiple Section Pitch (Beam Width) P 5 I/B, where: P 5 pitch
  I 5 table increment per 360°
  B 5 beam width in mm

Multiple Section Pitch (Section Width) CP 5 I/S, where: CP 5 collimator pitch
  I 5 table increment per 360°
  S 5 section width in mm

X

Y
Z

FIGURE 38-5. Image resolution in helical and MSCT/MDCT scanner 
is improved in all three planes. Resolution is increased in the x and 
y planes by decreasing detector size. Resolution is increased in the z 
plane by using the smallest detector size and pitch ≤ 1.
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two 10-mm sections, or one 20-mm section. Nearly unlim-
ited choices in section thickness become available to the 
interpreting physician or radiologist assistant.

Some MSCT scanners allow users to set the pitch , 1 in 
order to increase the mAs/section available. This increases 
the quantity of data to each detector without overloading 
the x-ray tube. Some manufacturers only allow preset pitch.

All MSCT units use a helical scan system that pro-
duces extremely rapid scanning time while maintaining 
the advantages of higher resolution and reconstruction 
flexibility. Figure 38-6 illustrates how a four-detector-row, 
single-beam helical scan sequence would appear. MSCT 
units are rated according to the number of detector rows 
that can be exposed from a single beam collimation. The 
figure illustrates only four rows to demonstrate the con-
cept. Current CT units offer multiple section capabilities, 
up to 320  sections. These scanners produce thousands 
of images for each procedure and have created consider-
able concern over radiologist liability because questions 
have not yet been answered regarding reasonable stan-
dards for how many of these images should be viewed to  
provide an adequate diagnosis. Three-dimensional 
reformation also helps with the viewing of so many 
images. In the United Kingdom, graduate degree pro-
grams for radiographers have been developed to assist 
in screening huge quantities of images in collaboration 
with radiologists, and radiologist assistant programs have 
been developed in the United States that may provide 
some relief for this responsibility as well as additional 
career opportunities for highly qualified and motivated 
radiographers.

THE COMPONENTS OF A CT UNIT

The Gantry
The gantry is the movable frame of the CT unit. It contains 
the x-ray tube and detectors and is the most visible part  
of the unit. The gantry frame maintains the alignment of 
the tube and detectors and contains the equipment nec-
essary to perform the scanning movements. The gantry 
includes a 50–85-cm (200–340) aperture for the patient. 
Obese patients who exceed the tabletop weight limits 
must never be forced into the aperture. They may become 
stuck.

Most gantries can be angled up to 30° to permit 
positioning for partial coronal images. This is especially 
desirable in obtaining transverse scans perpendicular to 
the vertebral column. Table angulation can sometimes 
be used in place of gantry angulation. Scanners with the 
x-ray beam placed near the table side of the aperture 
permit more comfortable positioning of the patient and 

A

Collimator
beam width

Detector 
width

Isocenter

B

FIGURE 38-6.  Multisection computed tomography (MSCT) resolution. 
(A) Single-section CT resolution is determined by the width of the colli-
mator beam. (B) Multisection CT resolution is determined by the width 
of the detector.

The MSCT design is more efficient, reduces patient 
exposure, increases image resolution, and allows post- 
acquisition reconstruction at new levels as well. For exam-
ple, a 20-mm collimated beam width can be used to 
simultaneously expose an array of four 5-mm detector 
bands (as shown in Figure 38-6). The dataset that is acquired 
from this exposure can be displayed as four 5-mm sections, 

11067_ch38_hr_519-542.indd   524 11/20/18   6:44 PM



CHAPTER 38 Computed Tomography  525

in alternate pulses, for dual-energy scanning in which 
comparisons can be made between images at different 
kVp values. In addition, 0.5–5.0 million heat unit anodes 
of layered alloys, cylindrical anodes, and liquid-cooled 
and air-cooled tube housing designs have been developed. 
A CT tube may produce 30 exposures per examination. 
Because most CT units are scheduled for 10–20 examina-
tions per day, a tube may accumulate 10,000 exposures in 
a single month. It is not unusual for a CT tube to fail after 
several months. Only a few last a full year.

The radiation beam is double collimated, once at the 
tube exit and again at the detector entrance. This assists 
in eliminating scatter information. Collimation controls the 
voxel length. Collimation is variable from 1 mm to 13 mm 
and is usually controlled by the software program. The 
dimension of the collimation width determines the voxel 
length, or section thickness.

Detectors
Detectors must be capable of responding with extreme 
speed to a signal, without lag, must quickly discard the 
signal, and then prepare for the next signal input from 
the radiation exposure. They must also respond consis-
tently and be small in size. They are usually placed with a 
source-to-image-receptor distance of 440 (110 cm).

CT detectors should have high detector capture 
efficiency, high absorption efficiency, and high conversion 
efficiency. These three parameters are called the detector 
dose efficiency.

capture efficiency
absorption efficiency
1 conversion efficiency
dose efficiency

The capture efficiency is how well the detectors 
receive photons from the patient. It is controlled primar-
ily by detector size and the distance between detectors. 
Absorption efficiency is how well the detectors convert 
incoming x-ray photons. It is determined primarily by the 
materials used (e.g., the scintillation crystal or the gas) as 
well as the size and thickness of the detector. Conversion 
efficiency is determined by how well the detector con-
verts the absorbed photon information to a digital signal 
for the computer.

CT detectors should also have high stability, fast 
response time, and a wide dynamic range. Stability is con-
trolled by how often the detectors must be recalibrated to 
meet quality control standards. Response time is the speed 
with which the detector can react to recognize an incom-
ing photon and recover for the next input. The dynamic 
range is the ratio of the largest signal that can be measured 
to the smallest. Typical modern scanners are capable of 
dynamic ranges of 1,000,000–1.

may permit coronal or sagittal scanning of some body 
parts, especially of the head. Both magnetic resonance 
imaging and CT reconfiguration software may be used in 
place of positions designed to achieve coronal or sagittal 
sections.

Positioning lights are usually mounted on the gan-
try as well. Intense white halogen lights and low-power 
red laser lights are used for positioning. The body part 
of interest must be properly centered to the aperture 
because the extreme edge of the scanning field produces 
a severely degraded image. There are often three posi-
tioning lights for accurate sagittal, coronal, and trans-
verse centering.

Table
The CT table may be either flat or curved. It is usually made 
of carbon graphite fiber to decrease beam attenuation. 
Because the top must extend beyond the table to move 
the patient into the gantry aperture, it must be capable of 
supporting the entire weight of the patient without sagging 
when fully extended. Tabletops are rated for maximum 
weight, and it is critical that the CT Technologist make sure 
that this weight is not exceeded. Extensive damage to the 
table may result when attempts are made to examine very 
large patients who exceed the tabletop weight limit. Physi-
cians must be informed if the CT unit cannot move obese 
patients into the aperture for examination. Examinations of 
patients over the weight limit may remove the CT unit from 
clinical use for all patients for a considerable time while the 
top is replaced. The top is motor-driven to permit the patient 
to be moved the exact desired distance between sections. 
Section intervals may be controlled automatically by a pro-
gram initiated at the control console. The table must also be 
capable of vertical movement, both for positioning within 
the aperture and for ease of patient transfer.

X-Ray Tubes
The rapid sequential exposures required to produce CT 
images produce massive amounts of heat in the x-ray 
tube. Most CT x-ray tube difficulties have revolved around 
attempts to solve this problem. The early scanners used a 
stationary anode with a 2 mm 3 16 mm focal spot operat-
ing at 120 kVp and 30 mA. This reduced image resolution 
significantly. However, since first-generation images were 
usually displayed on an 80 3 80 matrix, the x-ray tube was 
not the problem in this system.

As matrix size increased to 512 3 512, rotating anode 
tubes with focal spots as small as 0.6 mm 3 1.2 mm came 
into use. Small-focal-spot scanners use a pulsed beam to 
reduce the heat load. Modern pulsed scanner tubes oper-
ate at 120 kVp, 1–5-msec pulses, and up to 1,000 mA. Some 
units permit 80 and 140  kVp to be selected, sometimes 
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Scintillation Crystals and Photomultiplier Tubes. 
Early detectors consisted of a scintillation crystal in 
contact with a photomultiplier tube. This system was 
used in nuclear medicine for many years prior to the 
advent of CT. A sodium iodide (NaI) crystal absorbs 
an x-ray photon and produces light flashes (scintilla-
tions) in proportion to the energy of the photon and at 
the exact location where the photon struck within the 
crystal. These light photons are then amplified (mul-
tiplied) by the photomultiplier (PM) tube. The light 
photons strike the cathode of the PM tube, where they 
are converted into electrons. The electrons are then 
amplified by a series of dynodes as they move through 
the tube. Each dynode has a higher voltage, thereby 
increasing the number and voltage of the electrons as 
they move toward the anode. Upon striking the anode, 
the electrons are converted into a digital signal that can 
be processed by the computer.

Xenon Ionization Chambers. Some CT scan ners used 
xenon-gas-filled ionization chamber detectors. They oper-
ated on the same principle as an ionization chamber. 
Essentially, they measured ionization in air by attracting to 
an electrode the ions created by x-ray photons in the air. 
The electrodes were usually thin tungsten plates spaced 
1.5  mm apart. The electrodes were alternately charged 
with positive and negative voltages. The quantity of ionic 
charge at the electrode was proportional to the energy 
of the photons detected between the electrodes. The 
detected energy comprised a digital signal that was sent 
to the computer. Xenon ionization chambers are no longer 
commonly used.

Solid-State Detectors. All modern helical and MSCT 
scanners use solid-state detectors. They are similar to the 
detectors used in digital radiography systems but with dif-
ferent performance requirements.

Solid-state detectors combine a calcium tungstate 
(CdWO

4 
), yttrium, or gadolinium ceramic scintillator 

with a TFT layer (Figure 38-7). The scintillator is bonded 
to the top of the photodiode to assure accurate pickup 
of the emitted photons. When the incoming x-ray beam 
photon activates the scintillator, light photons are emit-
ted isotropically in proportion to the intensity of the 
incoming light. A major advantage of the scintillator is 
that it has a large acceptance angle for incoming x-ray 
photons. This greatly increases the sensitivity of the 
detector by allowing the incoming x-ray beam to be a 
diverging fan shape. In other words, the detector does 
not have to be positioned directly under the perpendicu-
lar central ray of the x-ray beam. This allows the entire 
array of bands of detectors to operate simultaneously. 
The TFT layer collects the signal from the scintillator 
and converts it to electrons, which are digitized and 
processed by the CT computer. However, they require a 

small gap between adjacent detectors to avoid crosstalk 
between one another. This limits how close together the 
detectors can be placed and this impacts the resolution 
of the scanner.

CT solid-state detectors used in MSCT scanners are 
typically 1.0 mm 3 1.5–15 mm. Digital radiography systems 
use detectors that are much smaller (typically 0.1–0.2 mm 
on each side). One reason CT detectors are so much 
larger is because the CT signal must be very low noise in 
order to achieve the 20-bit grayscale depth necessary for  
effective diagnosis.

Because the crosstalk between adjacent detectors 
is related to the angle of the incoming x-ray beam, some 
scanners are designed with more narrow detectors at 
the isocenter of the x-ray beam where the incoming 
x-ray photons arrive at near 90° angles (Figure  38-8). 
A typical setup might include 1.0-mm wide detectors 
at the isocenter with gradually increasing widths of  
1.5-, 2.0-, or 2.5- to 5.0-mm wide detectors at the outer 
edges of the collimated beam. Back illumination of 
photodiodes has allowed closer placement of detec-
tor cells at the isocenter. Together these innovations 
have allowed manufacturers to achieve submillimeter 
detection widths at the center of the beam. It must be 

Photodiode Electrical signal

Large 
acceptance 

angle

Isotropically 
emitted light

X-ray beam

X-ray

FIGURE 38-7. Solid-state detector. A scintillator is bonded to the 
top of the photodiode. When the incoming x-ray beam activates the 
scintillator, light photons are emitted, which are detected by the 
photodiode and converted into an electrical signal. Note the large 
acceptance angle of the scintillator. This accounts for the vastly 
increased sensitivity of solid-state detectors and permits the incom-
ing x-ray beam to be a diverging fan shape.
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remembered that submillimeter resolution is not avail-
able across the entire MSCT helically scanned beam. It 
is possible only at the isocenter.

Additional techniques for decreasing detector 
crosstalk include both pre- and post-patient collima-
tion. The post-patient collimator is a set of lead shields 
immediately in front of the detectors. Septal collima-
tors are also being used as high-resolution collimators 
between detector rows in multiarray MSCT scanners 
(Figure 38-9). CT detector elements are arranged in an 
array and are available in an assortment of array dimen-
sions from 16 to 64 and as many as 320. These larger 
arrays provide for greater anatomical coverage per rota-
tion, and currently are as large as 40 mm along the z axis 
of acqusition.

There are also innovative post-acquisition algorithms 
that show promise of additional increases in resolution by 
correlating information from overlapping sets of binned 
detectors.

Detector Calibration. Tube and detector alignment is 
critical in CT because of the tight collimation of the tube 
and the collimator mask at the detector. The slightest 

misalignment may produce a concentric ring artifact image 
that completely overrides clinical information.

The calibration field of view (also called the scan 
field of view, or SFOV) is the area within the gantry from 
which the raw data for calibration will be acquired. Most 
CT units offer a number of fields and vectors for calibra-
tion. It is important to choose an appropriate field and 
vector (i.e., 25 mm for head calibration). Once the SFOV 
has been selected, the detector calibration program can 
be run. It is also important to realize that the field of view 
(FOV) (also called the display field of view [DFOV], target, 
or zoom region) comprises the maximum data compila-
tion area. The calibration performed on the SFOV is only 
valid for smaller DFOVs.

Rotating anode tubes are aligned with their long axis 
perpendicular to the scanning plane. This prevents the 
anode heel effect within the useful beam while eliminating 
the gyroscopic effect on the rotating anode.

Detectors must remain in close calibration at all 
times. Scanner software does this automatically during 
scanning operations. Detectors that are out of calibration 
may cause artifacts that destroy image quality.

FIGURE 38-8. Multiple-array solid-state detector. When multiple detectors are arrayed in bands, a wide variety of image acquisition modes is 
possible. For example, although the collimated beam covers 20 mm and includes four 5.0-mm detectors, there are many options for binning 
detectors. A single detector can be used or combinations of two or four detectors can be binned together. 
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Computer
The CT computer is designed to control data acquisition, 
processing, display, and storage. The CT console provides 
the CT technologist with access to the software program 
that controls data acquisition, processing, and display. 
Remote consoles may also be linked to the system to per-
mit display and storage functions. Control of data storage 
may be available at the control console, remote worksta-
tions, or at the storage units themselves.

A systems program is used to start up the CT unit. This 
program turns on and performs quality assurance checks 
on numerous components in both the x-ray equipment 
and computer hardware systems, warms up the x-ray tube, 
and so forth. It also permits the CT technologist to record 
various problems that need the attention of the service 
engineer. One of its main functions is to perform calibration 
checks on the detectors, although this may be an ongoing 
process during scanning. A diagnostics program with spe-
cific quality assurance tests is used by service engineers to 
troubleshoot the systems.

The CT console operates from a menu or index 
directory of operations. The CT technologist simply uses 
a keyboard, mouse trackball, or other input device to 
indicate the desired operation. At the beginning of each 
examination, patient information, such as identification, 
history, and the like, is entered or input via a radiology 
(RIS) or hospital (HIS) data system. This information per-
mits retrieval of the images at a later date and will also be 
displayed adjacent to each image.

The data acquisition program controls a variety of 
operations, including tube and detector collimation (pixel 
size), matrix size, gantry angle, tabletop entrance into 
the gantry aperture, section increment movements of the 
tabletop, x-ray tube voltage and amperage, scan speed, 
pitch, detector/resolution, and the direction of detec-
tor signals to the digital image processing section of the 
computer.

Display Console
The processing and display program controls the digital 
image production process, including the series of mathe-
matical formulas (algorithms) that compile the image and 
the display parameters, such as window level and width, 
reconstructions, and enhancements.

The display console is often part of the main con-
sole and appears as a separate flat screen with controls 
(Figure  38-10). Also available are separate reporting 
workstations that permit radiologists to display images 
and electronically report the results, and independent 
consoles that contain their own CPU to retrieve and dis-
play images from the memory storage units and to receive 
images from examinations in progress.

Most CT display units permit a wide range of display 
features to enhance diagnosis. These vary by manufac-
turer but often include the following.

FIGURE 38-9. Solid-state detector septal and post-patient collimators. A single row of detectors makes up an array as shown. The gray plates 
on each side represent the post-patient collimator. The gray strips down the length of the detector row represent the thin septal collimators that 
divide each row of detectors in order to reduce crosstalk and increase resolution.

FIGURE 38-10. CT main console.
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Annotation. Text may be added to images for descrip-
tions or anatomical labeling.

Histograms. A histogram is a bar graph that may provide 
useful diagnostic data in some instances. Software is 
available to produce these graphs by Hounsfield units and 
by time versus motion. Volumetric analysis is possible 
with some histographic data.

A histogram of the Hounsfield units along a line drawn 
between two cursor points may be useful in some diagno-
ses. Histograms of various motions versus time may also 
be displayed for diagnosis of vascular flow or heart motion. 
These histograms are of limited value in CT because other 
modalities, especially ultrasonography and nuclear medi-
cine, produce more accurate information.

Three-Dimensional Imaging. Software is available that 
will reconstruct CT data into three-dimensional images 
(Figure 38-11) that can be manipulated in all three dimen-
sions. The image can be rotated, tumbled, or tilted to 
demonstrate structures that would otherwise be hidden. 
Images can be adjusted to various degrees of translucency 
and can be divided. For example, an image of the head 
may have soft tissue density reduced to 25 percent, bone 
density reduced to 50  percent, and the right half of the 
image removed to permit viewing of the left side of the 
sella turcica.

CT NUMBERS (HOUNSFIELD UNITS)

The true linear attenuation coefficients of the tissue voxels 
are not exactly represented by the data received by the CT 
computer. Therefore, a series of tissue density values has 
evolved for CT measurements. Originally named computed 
tomography numbers, they were renamed Hounsfield 
units (HUs) after the Nobel Prize was awarded to Godfrey 
Hounsfield in 1979. These numbers are calculated by com-
paring the linear attenuation coefficient of each pixel to 
the linear attenuation coefficient of water, according to 
the following formula:

CT Number 1.000 p w

w

 


5



where: 
p
 5  linear attenuation coefficient  

of measured pixel, and


w
 5 linear attenuation coefficient of water.

Therefore, the HU of water is always 0, average bone 
11,000, and air 21,000. Table  38-3 illustrates the HU of 
other tissues. The CT unit can display the HU of any given 
volume of tissue. Most units use a cursor to delineate 
the pixels to be measured and then display the HU on 
the screen next to the image. Radiologists may use HUs 
occasionally to assist in diagnosis even though the original 

Scanogram/Sinogram. A localization image scanogram or 
sinogram is often displayed as the first image of an examina-
tion. It is displayed prior to the examination by slit scanning 
as the tabletop moves the patient through the tightly colli-
mated primary beam. The resolution of the image is affected 
by the speed of the scan and the exposure output of the tube. 
The poorer the scan, the less the patient dose. Because these 
images are used primarily for localization, image quality is 
seldom important. The CT technologist should advocate the 
highest-speed scan and the lowest-exposure output possible. 
The addition to the slit scan of dotted lines corresponding to 
the section intervals provides a convenient reference guide 
when viewing the sectional images. The scanogram can serve 
as a diagnostic tool in radiation therapy treatment planning 
by using a cursor to delineate the margins of a tumor on a 
series of transverse sections. The scanogram can then com-
pile the cursor delineations to provide a coronal and sagittal 
outline of the tumor. The scanogram is sometimes called by 
one of a number of trademark names.

Grid Application. A grid pattern may be added to any 
image. CT technologists use the grid to confirm exact 
centering of the patient; radiologists use the grid pattern 
to describe precise structural locations.

Cursor. A cursor can be used to outline an area of inter-
est. The area can be recorded on film and the Hounsfield 
unit mean or standard deviation can be displayed for the 
tissue within the marked area. Hounsfield units (HUs) 
are discussed in the later section titled “CT Numbers 
(Hounsfield Units).” A line can be drawn between any 
two cursor locations, displaying the area’s measurement 
within the patient. A cursor can also be used by itself to 
mark an area of interest. Mapping and volume estimates 
are achieved through cursor guidance as well.

Density contouring software is available that permits 
selection of a single point by a cursor, with the program high-
lighting all pixels of matching HU. This feature can be used to 
outline a tumor or other object to compile volume estimates.

Special software is also available to facilitate radia-
tion therapy treatment planning through the use of cursors 
and integration with dosimetric data from a dosimetry 
computer.

Reverse Display. Reverse display is available to reverse 
the image from left to right and/or reverse the grayscale dis-
play so that blacks appear white and whites appear black.

Magnification. Although nearly unlimited magnification 
may be accomplished, distortion usually becomes objec-
tionable beyond 33.

Suppression. Originally designed to suppress the infor-
mation from surgical clips, this feature permits a prob-
lem area, such as a surgical clip, to be outlined and then 
deleted from the reconstruction data.
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Fourier transformation or a combination of convolution 
and back-projection) of the digitized information received 
by the computer.

The programs used by CT scanners compensate for 
numerous intrinsic and extrinsic factors, including the emis-
sion spectrum of the beam, and weighting factors for the 
geometrical aberrations caused by beam divergence and 
semicircular detector arrangement. Reconstruction often 
requires up to 30 seconds. However, when an array proces-
sor is used, reconstruction time can be decreased to less 
than 1 second, which is desirable for dynamic studies.

hope of defining HUs for specific pathologies has not been 
realized. The attenuation data received by CT detectors is 
accurate 60.2 percent; therefore, HUs are accurate 62.

IMAGE RECONSTRUCTION

The detectors send information proportional to the attenu-
ation coefficient of the voxel of tissue lying between the 
detector and the x-ray tube. The CT image is then recon-
structed using a mathematical algorithm (usually based on 

A B

FIGURE 38-11. Three-dimensional CT reconstructions. (A) Pelvis, (B) spine, (C) carotid arteries, and (D) coronary arteries. (Courtesy of Toshiba 
America Medical Systems, Inc.) 

C D
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The information received by the image receptors 
can be processed through a variety of mathematical for-
mulas (often referred to as algorithms or kernels). The 
Fourier algorithm is a fundamental formula used in image 
reconstruction.

It is based on algebraically adding several sets of 
incoming data from the image receptor. For example, in 
Figure 38-13, the top two waveforms have been combined 
to produce the bottom wave. Figure 38-14 illustrates how 
several different additions would change to combined 
waveforms. Finally, Figure  38-15  shows how numerous 
additions would produce a square waveform. Various 
mathematical algorithms can change or transform the 
amplitude and time domain to the frequency domain, and 
vice versa. This transformation process is called a Fourier 
transform or fast Fourier transform (FFT).

The inverse Fourier transformation can be used to 
mathematically back-project an image of the structures 
that produced the attenuation coefficients, as demon-
strated in Figure 38-16.

Convolution and Deconvolution
It is sometimes useful to modify the value of each pixel to 
enhance or suppress a visual characteristic of the image. 
This process is actually mathematical filtering. Convolution 
is the process of modifying pixel values by a mathemati-
cal formula. It is sometimes called a mask because a set 
of mathematical operations is placed over each pixel, the 
pixel value is changed, the mask is then applied to the next 
pixel, and so on. The total process is one of sliding the mask 

Fourier Transformation  
and Back-Projection
The primary mathematical method used in the creation of 
computerized medical images is the Fourier transforma-
tion. Transformations are simply conversions of data to 
more useful forms, as when radiation doses are changed 
from rems to mSv. Visual transformations can also be use-
ful, as when a decubitus abdomen radiograph is viewed 
horizontally to facilitate detection of air-fluid levels.

Fourier’s mathematics accomplishes transformations 
of extremely complex functions into separate but simpler 
functions. For example, a Fourier transform can be applied 
to separate music into functions of varying amplitudes, fre-
quencies, and timing phases. This data can then be recorded 
for use in a CD player. The Fourier transform permits the 
reconstruction of portions of the data when the other por-
tions and their relationships are known. It is also possible 
to use the inverse Fourier transform to change back to the 
original data.

In digital imaging, the Fourier transform is used on 
data representing image intensities at specific locations. 
For example, Figure 38-12 demonstrates different attenu-
ation coefficients at specific image receptor locations.

 TABLE   38-3.   Hounsfield Units (HUs) (CT Numbers)  
of Various Tissues

Bone, petrous 1 3,000

Bone, average 1 1,000

Bone, cortical 1 800

Blood, clotted 1 55–75

Spleen 1 50–70

Liver 1 40–70

Pancreas 1 40–60

Kidney 1 40–60

Aorta 1 35–50

Muscle 1 35–50

Brain, white matter 1 36–46

Cerebellum 1 30

Brain, gray matter 1 20–40

Blood 1 13–18

Cerebrospinal fluid 1 15

Tumors 1 5–35

Gallbladder 1 5–30

Water  0

Orbits 2 25

Fat 2 100

Lungs 2 150–400

Air 2 1,000

FIGURE 38-12. Image receptor data correlated to specific spatial  
locations. 

Intensity

Intensity

Projection 2

Projection 1

Re
pr

in
te

d 
fro

m
 C

om
pu

te
rs

 in
 R

ad
io

lo
gy

, G
. B

. G
re

en
fie

ld
, &

 L
. H

ub
ba

rd
 

[1
98

4]
 w

ith
 p

er
m

is
si

on
 fr

om
 E

ls
ev

ie
r.

11067_ch38_hr_519-542.indd   531 11/20/18   6:44 PM
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FIGURE 38-13. Basic Fourier algorithm. The top two waveforms 
have been combined to produce the bottom wave. 

FIGURE 38-14. Basic Fourier algorithm. Several different  
additions changed to a combined waveform. 

FIGURE 38-15.  Basic Fourier algorithm. Numerous additions  
producing a square waveform. 

over all the pixel data and then displaying the modified 
image. Deconvolution is the process of returning the pixel 
values to their original level by a reverse process.

Helical Interpolation
Helical scanning occurs in a pattern that is at an angle 
to the perpendicular plane that is desired for imaging. 
To “straighten up” the sectional image, it is necessary to 
apply post-acquisition algorithms to the dataset. This 
process is called interpolation. Figure 38-17 shows how 
these algorithms function. Essentially, the raw dataset 
is projected, or interpolated, forward or backward into 
a theoretical perpendicular section. It is possible to 
use these algorithms to create a wide variety of sec-
tions that are reconstructions of data, not additional 
radiation exposure to the patient.

Reformatting
Reconstruction software is available that permits refor-
matting the information from a series of sectional images 
to produce an image of a section not actually scanned. For 
example, the extracted coronal image could be formed 
by reconstruction of only the appropriate voxels from 
each of the transverse sections. A typical reformatted 
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interest to be selected for reformatting. The reformatting 
process reconstructs the image data in a smaller pixel 
size to permit magnification with less distortion. This 
technique is used for regions in which extremely fine 
detail is necessary, such as the inner ear.

IMAGE QUALITY

Computed tomography image quality is primarily con-
trolled by resolution and noise considerations. Detector 
exposure and contrast, as with any digitized image, can 
be manipulated by the computer. The prime consider-
ation of the CT technologist when making decisions 

CT image is shown in Figure 38-18. It is also possible to 
reconstruct images through an interactive process that 
accesses the raw data set to re-create other perspectives 
of the information.

Reformatting may also be used for a magnification 
technique called targeting, which permits an area of 

FIGURE 38-16. Image receptor data correlated to specific spatial locations. 

Reconstruction 
plane

Raw data
point interpolated
to reconstruction

 plane

Helical scan 
acquisition

Selection 
thickness

FIGURE 38-17.  Helical scanning interpolation. The red line 
represents the theoretical perpendicular section into which the true 
helical raw data set is projected (whether forward or backward). This 
theoretical perpendicular section forms the image that is displayed. 
The section thickness is controlled by the pitch of the raw helical 
scan acquisition.

FIGURE 38-18.  A reformatted CT image. The upper image is a 
coronal reconstruction from data acquired during axial transverse 
scanning of the cervical spine. Note the square bone fragment from 
the fracture. It is against the left side of the circular dense of C-2 at 
the center of the image.
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534  UNIT VI Special Imaging Systems and Modalities

with 10  mm representing the voxel width. The 20  per-
cent additional tissue volume of a 13-mm voxel requires 
60 percent more radiation exposure to produce an image 
of comparable quality. Therefore, patient dose consider-
ations in CT are similar to those in diagnostic radiography.

Interface Artifacts. Depending on the mathematical 
algorithm used, imaging aberrations displayed as den-
sity differences may occur when two objects have more 
than a 60 percent difference in attenuation coefficients. 
These artifacts are called undershoot and overshoot. 
Any object of greatly different contrast, such as metallic 
surgical clips, bullets, an old contrast medium, and air, 
is likely to cause a star pattern artifact. The effect can be 
somewhat modified by using a larger matrix. However, 
different reconstruction algorithms that mathematically 
filter or compensate for the effect have been designed 
for various body parts. For example, a soft tissue algo-
rithm is useless during examination of the inner ear. A 
special bone algorithm is required to produce useful 
information when numerous small bony structures are 
in close proximity to one another.

Magnification. The display or reconstruction field of view 
(FOV) is different from the scan field of view (SFOV). True 
CT magnification is achieved by choosing a smaller display 
field of view. This produces an image with less tissue per 
voxel, which in turn provides higher resolution and a larger 
image of a smaller area of interest. Magnification of the 
matrix field size has no effect on image resolution. When a 
CT image matrix is magnified it may be possible to perceive 
individual pixels. This causes the image to appear less sharp. 
Therefore, most radiologists prefer to diagnose from images 
of a smaller size that are sharp.

Noise. All digital images have noise problems. Noise on a 
CT image is directly related to the amount of data collected 
by the detector. It appears as quantum mottle (best seen 
in an image of a water phantom) and normally comprises 
3–5 percent of the image. Most CT image noise is a result 
of statistical fluctuation in the information recorded by the 
detector, not a result of computer reconstruction math-
ematics. The amount of noise controls the low-contrast 
resolving ability of the CT unit. A standard CT quality 
assurance measurement is a daily noise evaluation that is 
done by imaging a phantom and using a cursor to read the 
HUs for control areas. Each reading should average at least 
100 pixels (10 3 10 matrix).

Motion. Motion on a CT image is a function of exposure 
time, just as in diagnostic radiography. The exposure 
time in CT is controlled by the quantity of data detected. 
Because insufficient data results in a poor-quality image, 
motion during a CT scan is displayed as a series of very-
poor-quality images. For example, a rib that moves is 

regarding how to perform a particular CT examination 
must involve obtaining the necessary resolution while 
limiting noise.

Display Brightness and Contrast
Display brightness and contrast differences are varied with 
window level and width controls. Most CT images can 
demonstrate contrast differences of as little as 0.4 percent 
(4  HUs), as compared to a minimum of 10  percent for a 
diagnostic radiograph. Appropriate CT window widths are 
shown in Table 38-4.

Resolution
The resolution of the CT image depends on pixel, voxel, 
and matrix size. High-contrast objects 1.5  times the pixel 
size or larger can be imaged reliably. For example, a pixel 
size of 0.5 mm can resolve an object 0.75 mm in size. Low-
contrast objects may require a larger pixel size to permit 
the detectors to provide sufficient data to reach a visible 
difference between the attenuation coefficients. Therefore, 
low-contrast objects may actually be seen better with a 
larger pixel size, although the total resolution is reduced. 
The current spatial resolution possible is about 0.35 mm, as 
compared to 0.25 mm and better with diagnostic radiogra-
phy. However, this resolution is not possible under routine 
scanning conditions.

Voxel, Pixel, and Matrix Size. Discussion of CT imaging 
detail must consider voxel, pixel, and matrix size. It is 
possible to have pixels and matrix size equal yet the voxel 
width may have a considerable effect on image quality. 
Matrix sizes offered on CT units have included 256 3 256, 
320 3 320, 360 3 360, and 512 3 512. Because most CT 
images are processed and displayed with a circular field, 
the actual number of image pixels is less than if the matrix 
were square. For example, a 512 3 512 circular field 
matrix has slightly over 200,000 pixels.

Voxel width may be varied between 8 mm and 13 mm. 
A common voxel size might be 1 mm 3 1 mm 3 10 mm, 

 TABLE   38-4.     Appropriate Computed Tomography 
Window Widths

Area of Interest Window Width (HU)

Head 70–200

Spine 350–750

Orbits 350–700

Heart 250–350

Abdomen 250–450

Thorax for lungs 1,200–1,400

Inner ear 2,000–4,000
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recorded in a series of locations due to the movement 
instead of in a stationary location as would result if respi-
ration had been suspended. Each of the movement images 
is of poor quality because the detector received too little 
data to permit reconstruction of a normal-quality image 
(Figure  38-19). Helical and MSCT scanners can perform 
interrupted or skip-scanning to compensate for patient 
breathing motion.

SCANNING PROCEDURES

Section Interval and Thickness
The section interval is the distance between scan sections. 
The section thickness is the width of the volume of tissue 
being examined (the voxel). Section thickness is usually 
slightly less than voxel width because of the divergence of 
the beam. Both the section interval and the thickness are 
affected by the section shape.

Although section thickness is equivalent to voxel width, 
or slightly less, a section does not have parallel sides due to 
the divergence of the x-ray beam. Figure  38-20 illustrates 
the section shape problem that either overlaps or excludes 
tissue between sections. One author has described the total 
scan volume as more like a stack of frisbees than a stack of 
coins (Figure 38-21). The scanning procedure must take this 
geometry into account. Overlapping, which occurs with sec-
tion intervals equal to voxel width, is desirable. For example, 
a voxel width of 13  mm should use section intervals of 
13 mm. In most procedures it is important that no sections 

FIGURE 38-19. Computer correction of motion: (A) motion artifacts 
obscuring information; (B) separate images for each third of the scan 
time reveal all the motion that occurred during the final third of the 
scan; and (C) reconstruction using only the first two-thirds of the scan 
time produces a diagnostic-quality image.
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FIGURE 38-20.  Section shape due to divergent beam geometry.  
(A and B) The first scan produces a wedge-shaped volume of 
scanned tissue. (C) The final scan produces a concave volume of 
double-scanned tissue with a convex volume of single-scanned  
tissue at the edges. 
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FIGURE 38-21. The total scan volume is more like a stack of  
frisbees than a stack of coins. 

of tissue miss examination. Overlap and exclusions must be 
considered when designing the section interval sequence for 
the scanning procedure. Most CT unit programs have stan-
dardized scanning procedures for the various examinations, 
although they can be modified to fit specific circumstances 
and institutional requirements.

Exposure Factors
Most CT scanning is performed at a set kVp. Time is not a 
factor, as it must be controlled by the scanning program 
to provide sufficient exposure to the detectors. The CT 
technologist can vary the mA to control the primary beam. 
However, dual-energy scanning units require scanning 
with different kVp values, usually 80 kVp or 140 kVp.

Algorithms
As discussed earlier under image reconstruction tech-
niques, the proper reconstruction algorithm must be 
used to mathematically filter unwanted artifacts. The CT 
console often combines the proper algorithm with the 
scanning procedure. High-pass and low-pass filters and 
other mathematical manipulations can also be performed 
to improve image quality.

Scan Field of View (SFOV) Size
The SFOV is set to accommodate the size of the part under 
examination. The smaller the scan field size, the better the 
image resolution and the faster the scan time. Common 
field sizes are 25 cm for the head and magnification of the 
spine, 35 cm for small bodies, and 48 cm for large bodies.

ADVANCED CT APPLICATIONS

These applications include CT perfusion studies of the 
brain for stroke assessment and management, CT cardiac 
perfusion. Scan times are now as fast as 0.275 second and 
generally acquisition is done within a single heart beat. It 
uses a 16-cm FoV with a continuous pulse scan acquisition 

technique with doses as low as 5 mSv. Other organs stud-
ied with this technique include liver, lung, and kidneys.

ARTIFACTS

Motion
Motion is a problem in CT because it produces streak 
artifacts through the image (Figure 38-22). The algorithm 
faults when it receives the changes in attenuation that 
occur at the edges of the moving part. This produces 
blank pixels, which appear as streaks in these regions.

Metal or Star
The presence of metallic materials in the patient also 
cause streak artifacts but may also produce star artifacts 
(Figure 38-23). The metal objects attenuate nearly 100 per-
cent of the primary beam, which produces an incomplete 
projection. This may produce a star artifact if the recon-
struction algorithm has been unable to create a full set of 
surrounding projections to smooth the edges of the object. 
Some CT units have software algorithms designed to 
reduce and partially correct for these artifacts.

Beam Hardening
Beam hardening artifacts are a result of the attenuation of 
the beam as it passes through the patient. The CT number 
of a posterior structure may be much different from that 
of a similar anterior structure because the beam reach-
ing the posterior structure has already been significantly 
attenuated. Beam hardening artifacts are often described 
as broad dark bands or streaks known as cupping artifacts 
(Figure  38-24). A capping artifact occurs when the algo-
rithm overcompensates for the beam hardening artifact. 

FIGURE 38-22. A typical computed tomography motion artifact. 
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large structures to be hidden when they comprise only 
a small percentage of the total section. This is a com-
mon concern during CT of the vertebral column when a 
section interval happens to produce a section where an 
intervertebral disc comprises a small percentage of the 
total section volume (Figure  38-25). This is called the 
partial volume effect. It may obscure any object that is 
smaller than the voxel width (section thickness) when 
that object is scanned by two sections. Compensation 
for the partial volume effect may be overcome in some 
instances by slightly overlapping sections.

Cupping artifacts have lower CT numbers than expected, 
whereas capping artifacts have higher CT numbers than 
expected. Software algorithms are available to reduce or 
partially correct for their effect on the image.

Partial Volume Effect
Because the data from an entire section thickness is 
averaged together to form the image, the exact location 
of a section may cause small structures or portions of 

FIGURE 38-23.  A typical computed tomography metal or star artifact. 
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FIGURE 38-24. A typical computed tomography cupping or beam 
hardening artifact. 
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FIGURE 38-25. (A) A typical computed tomography out-of-field artifact 
demonstrating a severe partial volume averaging effect. (B) A graphic 
illustration of the partial volume effect.
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Ring Artifacts
When a single detector goes out of calibration and does 
not properly record incoming attenuation data, the pro-
jection (or view) includes a detector error, as shown in 
Figure  38-26A. When this error is multiplied during the 
scan, an annular or ring artifact, such as that illustrated in 
Figures 38-26B and C, is produced.

Numerous artifacts are unique to computed tomog-
raphy. The more common include motion, metal, beam 
hardening, partial volume effect, and ring artifacts.

RADIATION PROTECTION

Various methods can be used to reduce the radiation dose 
to the patient and others during a computed tomography 
examination. 

Patient Dose and Dose 
Management
Patient dose during computed tomography was origi-
nally measured according to the concepts of diagnostic 
radiology. Because the CT scan irradiates tissue via a 
tightly collimated beam that is moved over the patient, 
it became necessary to find a new method to measure 
patient dose during CT examinations. In 1981 the U.S. 
Food and Drug Administration (FDA) Bureau of Radio-
logical Health (BRH), now known as the Center for 
Devices and Radiological Health (CDRH), developed the 
computed tomography dose index (CTDI) and the mul-
tiple scan average dose (MSAD). The CTDI measures the 
radiation dose to the patient as measured within the pri-
mary beam of the CT scanner. The MSAD represents the 
average dose a patient receives during an examination, 
which would include numerous individual scans (or in 
the case of a helical scanner, a moving scan). These 
are actual tissue doses, not the entrance skin exposure 
that is often used to describe diagnostic radiography 
examinations.

Example MSAD readings for a head scan vary 
from 4–8  rads (4–8  cGy). This is much greater than 
the typical entrance skin exposure for a single skull 
radiograph, which may range from 0.105 to 0.24  rad 
(0.105–0.24 cGy). Of course, the comparisons are some-
what absurd as the CT examination provides vastly 
more information than a single radiograph, or even the 
entire series of exposures that would comprise a full 
skull examination.

Filtration is used in CT in a manner similar to 
that in diagnostic radiography, although CT uses much 
greater amounts of filter. A special bow tie filter has 

Ring artifact

Detector error

A

B

C

FIGURE 38-26. A typical tomography ring artifact. (A) The effect of a 
defective detector cell on a single projection. (B) The sum effect of the 
multiple projections that comprise the entire image. (C) An example 
scan with a ring artifact.
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been developed for CT that matches the beam diver-
gence and shape of the patient’s body in transverse 
section. These filters are composed of Al, Cu, and Sn 
(Figure 38-27).
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The Alliance for Radiation Safety in Pediatric Imag-
ing recommends the following practices for reducing 
doses to children:

 ◾ Significantly reduce, or child-size, the amount  
of radiation used

 ◾ Do not overscan:
 ◾ Scan only when necessary
 ◾ Scan only the indicated region
 ◾ Scan once; multiphase scanning (pre- and post-

contrast, delayed exams) is rarely helpful
 ◾ Be a team player:

 ◾ Involve medical physicists to monitor  
pediatric CT techniques

 ◾ Involve technologists to optimize scanning

Dose Modulation
Dose modulation is generally kVp optimized and the mA 
will modulate based upon patient thickness and density in 
order to maintain optimum signal-to-noise ratio and image 
quality. Much of this is computer driven but can be over-
ridden by the CT technologist as required.

Iterative Reconstruction 
Techniques (IRT)
Iterative reconstruction techniques can reduce CT dose 
by as much as 50–70 percent and dose management in 
CT is now a function of the clinical task. This means 
that patient exposure dose can be optimized at reduced 
levels based upon the specific clinical expectation (the 
clinical task).

Dose to Others
Dose to other persons in the scanning room results 
primarily from scatter from the patient, as during fluo-
roscopy. Lead aprons and other appropriate protective 
equipment should be used by anyone in the scanning 
room during examinations. A routine scan might pro-
duce a scatter dose of 2–5 mrads per section at 1 meter 
from the patient. Unless absolutely necessary, no one 
should be present in the scanning room while the unit is 
in operation. When someone must be present, he or she 
should remain as far from the patient as possible to take 
best advantage of the inverse square law. Standard radia-
tion protection procedures should be followed. The most 
desirable person to stay with a patient is a relative, then 
a nonradiology staff member. A radiology department 
member is the last to be considered. Although use of a 
remotely controlled power injector is preferred, persons 
who must manually inject a contrast medium during 
scanning procedures should stand behind a lead shield, 
as far from the gantry as possible.

FIGURE 38-27. A CT bow tie filter.

Filter
configuration

Detectors

SUMMARY

Computed tomography (CT) produces a digital tomographic 
image from diagnostic x-rays. The basic principle of CT 

involves digitizing an image received from a slit scan projec-
tion of the patient’s body and then back-projecting it through 
mathematical algorithms.

A modern CT unit includes a gantry, table, x-ray tube, 
detectors, computer, display console, and image storage 

units. The gantry is the movable frame of the CT unit. It con-
tains the x-ray tube and detectors and is the most visible part 
of the unit. The gantry frame maintains the alignment of the 
tube and detectors and contains the equipment necessary 
to perform the scanning movements. CT tables are usually 
made of carbon graphite fiber to decrease beam attenuation 
and must support the entire weight of the patient without 
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SUMMARY (continued)

sagging when fully extended. They are rated for maximum 
weight. Modern pulsed scanner x-ray tubes operate at 
120 kVp, 1–5-msec pulses, and up to 1,000 mA. Modern CT 
scanners use solid-state detectors.

The CT computer is designed to control data acquisition, 
process and display, and storage. The CT console operates from 
a menu or index directory of operations. The CT technologist 
uses a keyboard, light pen, or other input device to indicate 
the desired operation. The data acquisition program controls 
a variety of operations, including tube and detector collima-
tion (pixel size), matrix size, gantry angle, tabletop entrance 
into the gantry aperture, section increment movements of the 
tabletop, x-ray tube voltage and amperage, scan speed, and 
direction of detector signals to the digital image processing 
section of the computer. The processing and display program 
controls the digital image production process. The display 
console permits a wide range of display features, including 
the scanogram, grid pattern, cursor, density contouring, 
radiation therapy planning, reverse display, magnification, 
suppression, annotation, histograms, and three-dimensional  
imaging. Hounsfield units (HUs), or CT numbers, represent 
the tissue density values for each pixel.

Computed tomography image quality is primarily 
controlled by resolution and noise considerations. Image 

brightness and contrast, as with any digitized image, can be 
manipulated by the computer and are varied with window 
level and width controls. The resolution of the CT image 
depends on pixel, voxel, and matrix size. 

The section interval is the distance between scan sections. 
Its determination is effected by the section shape and the partial 
volume effect. Section thickness is equivalent to voxel width, or 
slightly less. Because the data from an entire section thickness 
is averaged together to form the image, the exact location of a 
section may cause small structures or portions of large structures 
to be hidden when they comprise only a small percentage of the 
total section. This is called the partial volume effect.

Numerous artifacts are unique to computed tomography. 
The more common include motion, metal, beam hardening, 
partial volume effect, and ring artifacts.

Because of the strictly collimated primary beam, most 
CT examinations have a patient dose much greater than 
that of the same part in diagnostic radiography examina-
tions. Filtration is used in CT in a manner similar to that in 
diagnostic radiography. Dose to other persons in the scan-
ning room results primarily from scatter from the patient, 
as during fluoroscopy. Lead aprons and other appropriate 
protective equipment should be used by any one in the 
scanning room during examinations. ◾

 REVIEW QUESTIONS

 1. Who invented CT?

 2. What are the major components of a modern MSCT 
unit?

 3. What is the gantry?

 4. Describe CT x-ray tube requirements. 

 5. What is the purpose of the detectors in a CT unit?

 6. What operations are controlled by the data acquisi-
tion program?

 7. What is a scanogram?

 8. How are Hounsfield units (HUs) (CT numbers) 
calculated?

 9. How is a CT image reconstructed? 

 10. How are display brightness and contrast controlled?

 11. What does the resolution of the CT image depend on?

 12. What method could be used to reduce motion on a 
CT image?

 13. What is partial volume effect? 
 14. What causes beam hardening? 
 15. Explain how a ring artifact is produced.
 16. How does patient dose in CT compare to the doses 

for routine radiography?
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Describe the source of the magnetic fields within the body that are 
used during MRI.

◾ Describe the properties of proton precession as used in MRI.
◾ Define T1, T2, TR, TE, and TI.
◾ Explain the functions of x, y, and z gradient coils in spatial encoding.
◾ Describe the use of RF pulses in the various MRI pulse sequences.
◾ Describe the components of an MRI unit, including the magnet, gradient 

and RF coils, table, and computer consoles.
◾ Explain how MR image contrast is controlled.
◾ Describe the use of paramagnetic contrast agents.
◾ Discuss methods of reducing MRI image noise.
◾ Discuss safety measures for protection of all persons who approach the  

MRI unit magnetic field.

KEY TERMS

chelate

cryogen

gradient

gyromagnetic ratio

Larmor frequency

precession

radiofrequency (RF)

specific absorption rate (SAR)

tesla

time of inversion (TI)

time of repetition (TR) 

time to echo (TE)

T1

T2

We are dealing not merely with a new tool but with a  

new subject, a subject I have called simply nuclear  

magnetism . . . the history of ordinary magnetism . . . has been rich 

in difficult and provocative problems, and full of surprises. Nuclear 

Magnetism . . . is like that too.

Edward M. Purcell, from his Nobel Lecture, December 11, 1952

Reprinted from Edelman, 1990, Clinical Magnetic Resonance Imaging, with 

permission from Elsevier.

Magnetic Resonance 
Imaging

Vesna Balac, MS, RT(R)(MR)

C H A P T E R  39
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HISTORY

Magnetic resonance imaging (MRI) had its beginning 
as nuclear magnetic resonance (NMR). Primarily used 
by chemists, its basic principles date back to the days 
of Nikola Tesla, who discovered the rotating magnetic 
field in 1892 in Budapest, Hungary. Sir Joseph Larmor 
(1857–1942) developed an equation (now known as the 
Larmor Equation) that shows the relationship between the 
resonant (precessional) frequency of nuclei and an exter-
nally applied magnetic field. In 1937, Professor Isidor I. 
Rabi discovered the phenomena dubbed “nuclear magnetic 
resonance” based on the interaction of magnetically active 
nuclei in a strong magnetic field. Felix Bock (Stanford Uni-
versity) and Edward Purcell (Harvard University) received 
the Nobel Prize for Physics for their work in developing 
the instruments to measure the magnetic resonance in 
materials such as liquids and solids. This represented 
the birth of NMR spectroscopy. Beginning in the 1970s, 
Dr. Raymond Damadian (Downstate Medical Center, New 
York) demonstrated relaxation time differences between 
normal and abnormal tissues. In 1973, Paul Lauterbur 
(University of Illinois) described a technique he termed as 
zeugmatography, which utilized gradient magnetic fields 
to produce two-dimensional images using back-projection. 
In 1975, Richard Ernst described two-dimensional NMR 
using phase and frequency encoding along with Fourier 
transform for image reconstruction (as opposed to back-
projection). In 1977, Dr. Damadian published an image 
through the human chest acquired using a technique he 
termed FONAR.

Beginning with the first commercial scanners 
installed during the 1980s, magnetic resonance imaging 
(as it is now known) has become a major method for 
imaging not only anatomic structures but also physiologic 
functions of the human body.

MRI uses the magnetic properties of hydrogen (1H) 
to produce images of the body. It requires the patient to 
be exposed to a strong external magnetic field in order 
to magnetize the tissue. The radiofrequency (RF) coils pro-
duce a pulsed magnetic field (radio waves) to rotate the 
magnetic field induced in the tissues and induce a voltage 
in a receiving RF coil, which constitutes the MR signal. 
Additional coils within the MRI system produce gradient 
magnetic fields (magnetic fields that vary in intensity), 
which are utilized to spatially encode the detected signals. 
The acquired signals are processed to produce an image. 
Currently, the most widely used technique for MR image 
formation is the fast Fourier transform (FFT).

The contrast of the resultant MR images is a function of 
the particular type of technique or sequence used to acquire 
the data and the type and timing of the RF pulses. Contrast 
agents based on materials with magnetic properties can be  

utilized to enhance visualization of structures and/or 
lesions.

It is not the purpose of this chapter to teach in detail 
the concepts and clinical applications of MRI but rather to 
provide the reader with an overview of this marvelous and 
useful tool for imaging the human body.

INSTRUMENTATION

Given that MRI does not utilize ionizing radiation to 
produce images of the body, as with CT, very different 
hardware and electronics are required. The main compo-
nents of an MRI unit include: the main magnet, the radio-
frequency subsystem, and the gradient coil subsystem 
(Figure  39-1). As with most digital imaging modalities, 
there is a patient couch (or table), an operator console, 
and the computer subsystem (Figure 39-2).

Magnet
The main magnet produces the externally applied static 
magnetic field, referred to as the B

0
 field. The purpose of the 

B
0
 field is to magnetize the tissue. The strength of field pro-

duced by the system magnet (field strength) is expressed 
in units of tesla and is measured at isocenter (the precise 
center of the main magnetic field). One tesla (1 T) equals 
10,000 Gauss. Current MR systems used for clinical imaging 
range in field strengths from 0.2 T to 7.0 T. As a point of 
reference, the earth’s magnetic field is approximately 0.5 G. 
A 3.0-T system (30,000 G) is therefore approximately 60,000 
times stronger than the earth’s magnetic field. The higher 
the field strength of an MR system, the greater the tissue is 
magnetized, and therefore, the greater the available signal 
from the tissues being imaged. Increasing the available 
signal from the tissue is important, as this provides greater 
flexibility in acquisition techniques—primarily by allowing 
either for shorter acquisition times or higher spatial resolu-
tion, both of which improve image quality.

There are primarily three types of magnet designs 
used for MR systems: permanent, resistive, and supercon-
ducting, as discussed next.

Permanent Magnets. Permanent magnets, as the name 
implies, are constructed of permanently magnetized mate-
rials in the shape of bricks. They are arranged such that 
the systems have a magnet above and below the patient 
table. The magnets are supported by an iron frame that 
also serves to retain the field within the bore of the magnet. 
Given the design, the magnetic field direction is oriented 
along the y-axis of the patient, resulting in a vertical field. 
Many have referred to these types of systems as open MRI. 
This term, however, is a marketing-derived term and should 
not be applied only to these types of magnets, as, in truth, 
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all magnets are open in some respects. The field strength 
typical of various permanent MRI systems ranges from 
approximately 0.2 T up to approximately 0.35 T.

Resistive Magnets. Another method for the creation of 
the magnetic field is with electricity. Resistive MRI sys-
tems utilize electromagnets (discussed in Chapter 4) to 
create the magnetic field. When direct current is passed 

through a wire, a static magnetic field is created around 
the wire. If these wires are configured in the shape of a 
coil or a “Slinky”TM, this is known as a solenoid electro-
magnet. Solenoid electromagnets are lighter than per-
manent magnets, are low in field strength, and require a 
power supply. The use of electromagnets results in high 
resistance, which is why these systems are known as 
resistive systems. Although they are low in field strength, 
these systems can be turned off when not in use (unlike 
other MRI systems). The field strength typical of various 
resistive MR systems ranges from approximately 0.2 T up 
to approximately 0.7 T.

Superconducting Magnets. Permanent and resistive MR 
systems are limited with respect to how strong a magnetic 
field can be produced using those technologies. In order to 
obtain a higher field strength, superconducting materials are 
utilized. Because the property of resistance is temperature 
dependent, reducing temperature will reduce resistance. 
Therefore, to create a system without resistance, the super-
conducting coil constructed from an alloy of niobium and 
titanium is submerged into a cryogenic liquid. The cryogen 
most commonly used in superconducting MRI systems is 
liquid helium (He). The temperature of liquid He is 4 Kelvin 

FIgURE 39-1. A typical magnetic resonance imaging unit.

Gradient coils

Stationary magnet

RF coil

FIgURE 39-2. An MRI system.
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(K), or 2452° Fahrenheit (F). This resistance-free system is 
known as a superconducting system. Currently, most MR 
systems in clinical use are superconducting systems.

The main magnetic field is located within the bore 
of the magnet, but also extends out and around the 
bore regardless of the magnet type. This field (located 
outside the bore) is known as the fringe field or stray 
field. In order to confine the fringe field, magnetic field 
shielding is used. Magnetic field shielding can be applied 
either passively or actively. Passive shielding is similar 
to the shielding used in radiography, whereby the imag-
ing room walls are lined with metal. In x-ray this metal 
shielding is lead; in MRI the passive shielding (for the 
static field B

0
) is iron. (Bear in mind that MR systems 

are also shielded for RF, which will be discussed in the 
radiofrequency section.) Another method for shielding 
in MRI is known as active shielding. The term active 
implies activity or current. For MRI, active shielding uses 
additional electromagnets to confine the fringe field.

The magnetic field inside the bore of the magnet 
is not perfectly homogeneous. The shim system is used 
to improve magnetic field homogeneity. Homogeneity is 
expressed in units of either parts per million (ppm) or Hertz 
(Hz). Shimming can be accomplished actively or passively 
(like shielding). Passive shimming is accomplished with the 
use of metallic plates, strategically placed around the main 
magnet, known as shim plates. Active shimming is accom-
plished by shim coils. Shim coils are an additional set of 
electromagnetic coils, whereby current is added as needed.

Radiofrequency (RF) Subsystem
The RF subsystem consists of a transmitter and one or 
more receiver coils. The RF transmitter is used to pro-
duce RF energy required for excitation of the hydrogen 
protons. The RF transmitter coils use alternating current, 
and therefore produce an oscillating magnetic field known 
as the secondary magnetic field (B

1
). The frequency of RF 

signals is expressed in units of megahertz (MHz). There is 
a specific frequency that is associated with each magnetic 
field strength, known as the Larmor frequency. In most MR 
imaging systems, there is a transmitter coil located within 
the scanner itself. In other systems, the transmitter coil is 
positioned onto the patient during image acquisition. The 
RF receiver coil and its associated electronics are used to 
provide a means for detection of MR signals. Some RF coils 
both transmit and receive while others may receive only. 
The determination of the type of coil configuration that is 
used is primarily a vendor preference.

In general, larger coils are uniform with regard to 
transmission, whereas smaller coils are more sensitive 
with regard to reception. Most MR systems have mul-
tiple types and shapes of RF coils designed for specific 
body parts. In general, one would select the RF coil that 

best fits the body part being imaged. Figure 39-3 shows 
various MR coils.

The main issue with MR coils is that we want the 
higher signal-to-noise ratio (SNR) provided by the smaller 
coils but often need the coverage provided by a larger coil. 
The current solution is referred to as multi-channel or 
phased-array coils. A typical coil array contains multiple 
small elements. Within the system electronics are multiple 
coils and multiple receivers (receiver channels). As an 
example, in an eight-channel MR system, there would be 
eight receiving channels. This would allow for up to eight 
coil elements to be utilized as separate and independent 
receiving coils. The overall coverage would be equal to the 
total area covered by the elements but the SNR would be 
related to the size of each individual element in the array 
(the smaller the RF coil, the better the SNR). Multi-channel 
coils are instrumental in providing the high SNR required 
for high-spatial-resolution images or rapid data acquisition 
techniques. MR manufacturers continue to increase the 
number of receiver channels available for MR systems.

RF Shielding. Given that MRI utilizes radiofrequencies in 
TV and FM radio ranges, RF shielding is required to shield 
the sensitive receivers from detecting extraneous RF sig-
nals from the outside environment. This is done by lining 
the entire MR scan room with copper, effectively creating 
a Faraday cage (Figure 39-4).

Gradient Coils. Within the magnet enclosure (or bolted 
to the face of vertical field systems) are the gradient coils. 
The word gradient can be defined as expressing a slope or 
a rate of increase or decrease. The gradient magnetic field 
produced by the gradient coils is just that—a magnetic 
field that increases or decreases (slopes) over distance. 
The gradient fields are superimposed over the main 
magnetic field (B

0
). The main purpose of the gradient 

magnetic fields is to spatially encode information in the 
received MR signals. This is required for the production 
of images.

There are three sets of gradient coil windings 
within the coil itself (Figure 39-5). They produce a gra-
dient magnetic field along the three orthogonal planes 
or directions of the body. They are annotated based on 
the direction in which their respective gradient field 
is produced. The coil that produces a gradient field 
along the head-foot direction of the patient/magnet is 
annotated as the z-gradient coil. The coil that produces 
a gradient field along the right-left direction of the 
patient/magnet is annotated as the x-gradient coil. The 
coil that produces a gradient field along the anterior-
posterior direction of the patient/magnet is annotated 
as the y-gradient coil. Gradient coils are powered by 
gradient amplifiers, which are most likely located in 
an equipment room adjacent to or nearby the MR suite.
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systems, particularly higher-field systems, this noise is 
significant (i.e., greater than 99 dB) and hearing protec-
tion is required for the patient or anyone else in the 
scan room.

During the scan, the gradient coils are turned 
on and off rapidly by the scanning software and, as 
a result, vibrate within their housing/enclosure. This 
results in the sounds heard during the scan. In many 

FIgURE 39-3. MR coils.

FIgURE 39-4. Copper RF shielding Faraday cage being built into an 
MRI room.

FIgURE 39-5. Gradient coil windings within the magnetic enclosure.
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the scanner, the tissue magnetization will be aligned 
parallel with B

0
, and will be illustrated as being along 

the z-axis of the three-dimensional Cartesian graph. 
Magnetization along this direction (z) is referred to as 
longitudinal magnetization. Longitudinal magnetiza-
tion cannot be measured (or sampled). In order to mea-
sure an MR signal, the tissue’s net magnetization must 
be “tipped” into the x-y or transverse plane. Only mag-
netization in the transverse plane can be measured or 
sampled. In order to do this, a secondary magnetic field 
is briefly applied. This is the RF field, which is utilized 
as a pulsed magnetic field (the B

1
 field).

The hydrogen protons precess about the direction of 
B

0
 in much the same fashion as a top wobbles as it spins 

(Figure  39-7). The rate at which the hydrogen protons 
precess is dependent upon the strength of B

0
. This pre-

cessional or resonant frequency is known as the Larmor 
frequency, ω

0
:

ω
0
 5 γB

0

where γ is the gyromagnetic ratio and B
0
 is the strength 

of the applied magnetic field.
The symbol γ (gamma) is a constant known as the 

gyromagnetic ratio. For the hydrogen proton, its value 
is 42.6  MHz/tesla. As an example, if B

0
 is 1.5  T, then  

the resonant or Larmor frequency is approximately 
64 MHz (1.5 T 3 42.6 MHz/T). In reality, at thermal equi-
librium, the individual protons do not precess in phase 
(i.e., not at the same frequency). One reason is that the 
magnetic field is not uniform (homogeneous), particu-
larly after the patient is placed in the magnetic field. 
Additionally, hydrogen protons in water molecules 
precess at a slightly higher frequency than those in fat 

FIgURE 39-6. Alignment of net magnetization. The vertical axis  
of the graph is annotated with the letter “Z” while the horizontal  
(or transverse) axis is annotated with the letters “X and Y.”

Z

Y

X

The gradient coils vary in intensity/strength not 
only over distance but also change over time. For this 
reason the field they produce may also be referred to as a 
time-varying magnetic field. As previously mentioned, 
the gradient coils are essential for encoding the MR sig-
nals required for the production of images.

MRI PHYSICS

Early in the evolution of the modality, the term nuclear 
magnetic resonance, or NMR, was widely used. In 
reality, it is still used in relation to chemical analysis.  
However, for medical imaging purposes, the term mag-
netic resonance imaging, or MRI, has been adopted. 
The term nuclear does not refer to radioactivity but 
rather to the nucleus of atoms.

Certain nuclei have properties that cause them 
to exhibit magnetic characteristics—that is, having an 
odd number of particles (protons and neutrons) in their 
nucleus. The sum of the nuclear particles is known as 
the atomic mass number, and these nuclei are consid-
ered to be magnetically active. The nuclear elements in 
these magnetically active nuclei are often referred to as 
spins. They exhibit a magnetic field known as a magnetic 
moment. In MRI, we utilize the magnetic properties of 
the hydrogen nucleus. Hydrogen has a single proton in its 
nucleus. Additionally, it is nearly 100  percent abundant 
in the human body, meaning that nearly all tissues and 
substances within the body contain hydrogen in their mol-
ecules. The hydrogen protons (or spins) behave as tiny 
bar magnets. A bar magnet has two poles and is referred 
to as a dipole.

Normally, the magnetic moments of the hydrogen 
protons are randomly aligned. However, when placed in a 
strong externally applied magnetic field (B

0
), their magnetic 

moments align either with (parallel) or against (anti-parallel) 
the direction of B

0
. In reality, they assume one of two energy 

levels or spin states. The low-energy state is represented 
by the parallel alignment and the high-energy state is repre-
sented by the anti-parallel alignment. After a few seconds, 
a slight majority of the spins will align their magnetic 
moments parallel with the externally applied magnetic field 
(B

0
). As a slightly higher number of the spins are in the low-

energy state (parallel alignment), the tissue will exhibit a 
bulk or net magnetization vector aligned parallel with the 
direction of B

0
. This state is known as thermal equilibrium.

The alignment of the net magnetization is most 
often illustrated using a three-dimensional Cartesian 
coordinate system (Figure  39-6). The vertical axis of 
the graph is annotated with the letter z, and the hori-
zontal (or transverse) axis is annotated with the letters 
x and y. When the patient is placed in the magnet of 
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molecules. This difference in frequency based on the 
chemical environment is known as chemical shift. The 
difference in hertz between the frequency of hydrogen 
in water compared to fat depends on the field strength 
(B

0
). Increasing B

0
 increases chemical shift.

The B
1
 or RF field used in MRI is much weaker than 

B
0
. In order to tip the tissue’s net magnetization from the 

longitudinal and into the transverse plane, the frequency of 
the RF pulse (B

1
 field) must be centered about the Larmor 

or resonant frequency of the spins. If it were not tuned to 
the specific Larmor frequency, the net magnetization of the 
tissues would not be affected. When tuned to the Larmor 
(or resonant) frequency of the spins, there is a very efficient 
transfer of energy to the spins. The spins begin to precess 
in phase. At the same time, some of the spins in the low-
energy state absorb energy from the RF field (B

1
) and move 

from the low- to the high-energy state. As a result, the net 
magnetization rotates and tips outward toward the trans-
verse plane. The greater the amount of RF power applied, 
the farther the net vector tips away from its longitudinal 
alignment and into the transverse plane (Figure 39-8).

For our purposes, we will assume that an RF pulse 
of sufficient energy and duration is applied to tip the tis-
sue net magnetization 90 degrees (fully into the transverse 
plane). The actual amplitude and duration of the RF pulse 
will vary with the specific sequence being performed. 
However, the duration of the RF pulse is generally only 
around 8  milli  seconds (8  msec). Once the RF pulse is 
removed (stopped), the net magnetization is now precess-
ing through the transverse plane. Our receiver coils are so 

designed that the net magnetization vector of the tissue 
is now precessing through a loop of conductive material 
(copper). Faraday’s Law of Induction states that if a mag-
netic field moves through a loop of conductive material, 
it will induce a current in that conductor. In this way, 
the patient’s magnetization induces the MR signal in the 
receiver coils. The receiver electronics (A/D converter) 
sample or measure the MR signal.

Upon removal of the RF pulse, however, the spins 
will begin to relax back to where we began, at thermal 
equilibrium. This relaxation process consists of two 
simultaneous yet independent pro cesses: T2- and T1-relax-
ation. T

2
-relaxation occurs due to an exchange of energy 

among the spins (hydrogen protons) and is referred to as 
spin-spin interaction. This exchange of energy results in 
the spins losing phase coherence. Additionally, field inho-
mogeneities and chemical shift further increase the loss 
of coherence among the spins (i.e., spins do not precess 
in phase). The result is an exponential decrease in detect-
able transverse magnetization and thus an exponential 
decrease in detectable MR signal. The rate of transverse 
magnetization decay varies with tissue type. Fat pro-
tons dephase much more quickly than water protons. 
Therefore, the signal from fat decays more quickly than 
that of water. The rate at which T

2
-relaxation occurs for 

any given tissues is expressed by the T
2
-relaxation time. 

Given that T
2
-relaxation is exponential, the T

2
-relaxation 

time for a given tissue is defined as the time it takes 
63  percent of the transverse magnetization to decay. 
T

2
-relaxation times for all tissues are relatively quick and 

are expressed in milliseconds (msec). Although it is not 
necessary to remember T

2
-relaxation times of tissues, as 

this is not used clinically, for purposes of understanding, 
the T

2
-relaxation time of fat is approximately 50 msec at 

1.5 T and water is approximately 200 msec at 1.5 T. The 
field strength is mentioned, as T

2
-relaxation times are 

slightly affected by field strength.
If we were to look at the rate of decay based on 

T
2
-relaxation alone, our signal decay would appear 

FIgURE 39-7.  A spinning top illustrates how the hydrogen protons 
precess about the direction of B0.
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somewhat as shown in Figure  39-9. However, once 
the RF pulse is removed, inhomogeneities in the mag-
netic field and chemical shift (frequency differences 
between water and fat protons) immediately begin to 
affect the spins, and this results in a more rapid decay 
of transverse magnetization. The rate of decay based on 
T

2
-relaxation (i.e., spin-spin interaction) and these off-

resonance effects (inhomogeneities and chemical shift) 
is known as T

2
* (pronounced: T

2
-star), as is illustrated 

in Figure 39-10. We can choose to correct for a majority 
of the off-resonant effects, or not, by way of selecting a 
certain type of imaging (or pulse) sequence. This will be 
discussed in more detail later.

At the same time as T
2
-relaxation is occurring, but 

independently, some of the spins in the high-energy state 
will lose their energy to their molecular lattice. This 
results in the tissue’s net magnetization regrowing along 
the longitudinal or z-axis and is known as T

1
-recovery. 

This recovery of longitudinal magnetization is also expo-
nential and is defined as the time it takes 63  percent 
of the longitudinal magnetization to recover. As with 
T

2
-relaxation times, T

1
-relaxation times vary with tis-

sue type. Fat protons have a short T
1
-relaxation time of 

approximately 150  msec at 1.5  T. Water-based protons 
have a relatively long T

1
-relaxation time of approximately 

2,000  msec (2  seconds) at 1.5  T. T
1
-relaxation times 

are very much affected by field strength (more so 
than T

2
-relaxation times). As field strength increases, 

T
1
-relaxation times of tissues lengthen. It is not, however, 

a linear relationship. For example, doubling B
0
 does not 

double the T
1
-relaxation time of a tissue. T

1
-relaxation 

times are also dependent on temperature. Again, it is not 
important to memorize T

1
- and T

2
-relaxation times of tis-

sues. It is necessary to remember that fat protons have 
short T

1
- and T

2
-relaxation times, while water protons 

have long T
1
- and T

2
-relaxation times, as this is important 

for understanding image contrast.
Most pathology is associated with an increase in water 

content. Therefore, generally speaking, when tissue becomes 
diseased, the T

1
- and T

2
-relaxation times increase (assuming 

an increase in water content related to the pathology). The 
differences and changes to the T

1
- and T

2
-relaxation times of 

the tissues are major mechanisms by which we can visualize 
contrast between tissues on MR images.

MRI

MRI has a number of critical imaging factors. These 
include image contrast, spatial resolution, signal-to-noise 
ratio, and scan time. In addition, there are several tech-
niques that are used for improving image quality. These 
include motion reduction, suppression techniques, and 
flow compensation.

Critical Imaging Factors

MR Image Contrast. The properties of tissues within 
the body that can affect the contrast of an MR image 
are referred to as intrinsic parameters. They include: 
T

1
-relaxation, T

2
-relaxation, proton (or spin) density, flow, 

diffusion, perfusion, and magnetization transfer. The 
parameters selected by the operator at the MRI console 
to control the contrast of the MR image are referred to as 
extrinsic parameters. These include: time of repetition (TR), 
time to echo (TE), time of inversion (TI), flip angle, b-value, 
and velocity encoding (VENC).

Also key to the contrast of an MR image is the pulse 
sequence selection. Pulse sequences are the acquisition 
techniques by which the protons are excited and the 
resultant signals are measured (sampled). As the name 
implies, they are specially programmed sequences of RF 
pulses and gradient field applications that excite the pro-
tons and spatially encode the MR signals. The operator 
will select the overall sequence type and set the timing 
parameters specific to that sequence. These selections 

FIgURE 39-9. Rate of decay for T2 relaxation alone.

T2 Decay

FIgURE 39-10. Rate of decay for T2* relaxation.

T2

*T2 
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will affect the contrast weighting, spatial resolution, and 
signal-to-noise ratio of the resultant MR image. Generally 
speaking, radiologists working with the MRI technologists 
will have predefined the particular sequences and general 
timing parameters required for the particular patient  
and/or MRI exam. However, it is not uncommon for the 
MRI technologist to make modifications to the sequence 
and its parameters to optimize the acquisition based on 
the patient’s needs or condition.

There are two main types of pulse sequences utilized 
in MRI, spin echo (SE) and gradient echo (GRE). GRE 
sequences are often utilized for very rapid acquisition tech-
niques. When using GRE sequences, images can be acquired 
while a patient holds his or her breath. This is useful for 
examinations of the body (in particular with abdominal 
imaging) as well as cardiac studies (Figures 39-11 and 39-12). 
Flowing blood normally appears hyperintense (bright) 
relative to surrounding tissues when using GRE sequences. 
Therefore, GRE is often used for so-called MR angiograms 
(MRA) without the need for the injection of contrast  media 
(Figure  39-13). Contrast media (in particular gadolinium-
based MR contrast agents) are sometimes required for 
MRA studies. In these contrast-enhanced MRA studies, the 
images are generally acquired using GRE sequences due 
to their ability to acquire data rapidly during a breath-hold 
and while contrast media are in the blood vessels of inter-
est. Due to the way the MR signal is produced in a GRE 
sequence, there is high sensitivity to inhomogeneities in the 
local magnetic field within the tissues making this sequence 
susceptible to artifacts. In the brain and spinal cord, hem-
orrhagic lesions are well visualized using GRE sequences 

due to the iron-based components in blood (hemosiderin) 
and the disruption to the local magnetic fields caused by 
its presence (Figure 39-14). Sensitivity to inhomogeneities 
is due to presence of T

2
* effects. As a result, T

2
 weighting is 

termed T
2
* weighting.

There are various types of GRE sequences. They 
will vary system to system depending on the vendor and 
model of the MRI system. Additionally, although all GRE 
sequences are essentially the same, vendors use differ-
ent acronyms or names for their particular sequences. 
This can be a source of confusion for the technologists 
and radiologists. However, regardless of the type of GRE 
sequence chosen, the main parameters that control the 
image contrast are TR, TE, and flip angle.

FIgURE 39-11. Abdominal GRE image following IV injection of 
Gd-based contrast media.

FIgURE 39-12. A balanced GRE cardiac image.

FIgURE 39-13. MRA of the Circle of Willis acquired using a GRE 
technique without the use of injected contrast media.
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Regardless of the type of sequence used to acquire 
the MR data, the MR imaging process consists of several 
steps repeated over the course of the scan. After placing 
the patient in the external magnetic field to magnetize the 
tissue, the process begins as the protons are excited with 
an RF pulse; the resultant MR signal that is induced in 
the receiver coil is sampled. The tissue’s magnetization is 
allowed to recover for some time period, at which point the 
process beginning with the excitation pulse is repeated. TR 
stands for time of repetition. It represents the time period 
between repetitions of the excitation pulse. TE stands for 
time to echo, and it represents the time period between 
excitation and sampling of the induced signal. The flip 
angle affects the magnitude (or power) of the RF excita-
tion pulse. With a gradient echo sequence, both the TR and 
flip angle will affect the T

1
- weighting of the image. The TE 

will determine the amount of T
2
*-weighting in the image. 

T
2
* is the term used when a GRE sequence is utilized (this 

will be further explained in the next section dealing with 
spin echo sequences). Again, the particular type of GRE 
sequence selected as well as the particular parameters 
(TR, TE, flip angle) depend on the type of contrast weight-
ing desired.

A spin echo (SE) pulse sequence utilizes two RF 
pulses prior to sampling the MR signal (the echo). A SE 
sequence begins with a 90° RF pulse (excitation pulse) and 
is followed by a 180° RF pulse (sometimes referred to as 
a refocusing pulse). In an SE sequence, the TE is the time 
between the 90° RF pulse and the center of the resultant 
echo. The 180° pulse will be applied halfway between the 
90° pulse and the echo. The purpose of the 180° RF pulse 
is to correct for local inhomogeneities and slight resonant 
frequency differences between water-based protons and 
fat-based protons (chemical shift). These off-resonant 
effects are responsible for the main contrast differences 
one sees between images acquired with GRE sequences, 

which does not utilize the refocusing pulse, as opposed 
to SE sequences, which do. When producing images using 
an SE sequence, the TR will affect the T

1
-weighting of the 

resultant image and the TE will determine the T
2
-weighting 

of the image. You will note that in the GRE section, the term 
T

2
* was used as opposed to T

2
. This is because in a GRE the 

off-resonance effects are not corrected for, which results 
in a more rapid decay of the MR signal over time. T

2
* is 

the result of T
2
-decay plus the off-resonance effects (inho-

mogeneities and chemical shift). For this reason, small 
hemorrhagic lesions are often not visualized as well with 
SE sequences as opposed to GRE sequences (Figure 39-14). 
However, larger areas of inhomogeneities such as those 
produced by metallic implants or devices are less problem-
atic with SE sequences (Figure 39-15). In general, SE scan 
times are longer compared to GRE. There are, however, 
fast versions of SE sequences known as fast spin echo 
(FSE) or turbo spin echo (TSE). These versions of the SE 
sequence, introduced clinically in the early 1990s, resulted 
in dramatic reduction of scan times when using SE. In fact, 
FSE sequences have almost completely replaced conven-
tional SE in clinical imaging today.

FSE sequences require the selection of an additional 
parameter, the echo train length (ETL). The ETL represents 
the number of differently encoded echoes sampled per TR 
period. Scan time decreases as the ETL increases. The TE 
selected with an FSE sequence is more correctly referred 
to as the effective TE (effTE). The effective TE will be 
encoded for the portion of the MR raw data that will have 
the greatest effect on the resultant image contrast. When 

FIgURE 39-14. Hemorrhagic lesion well visualized through a GRE 
sequence.

FIgURE 39-15. The SE sequence shown on the left displays less 
magnetic susceptibility artifact resulting from surgically placed wires 
as opposed to the GRE image on the right.
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an appropriately chosen TI, one can null the signal from 
CSF. This type of IR sequence is termed FLAIR (fluid 
attenuated inversion recovery). The acronym FLAIR 
is somewhat misleading in that CSF is what is null, 
as opposed to all fluid Depending on the TR and TE 
selected, FLAIR sequences can be acquired with primar-
ily T

2
-weighting or T

1
-weighting. In both instances, the 

signal from CSF is nulled (Figures 39-16–39-18).

Spatial Resolution. Spatial resolution can be defined 
as the ability to distinguish two structures as separate 
and distinct from each other. In any digital image, the 
smallest component is the pixel. The pixel size is deter-
mined by the selection of the field of view (FOV) and 
the acquisition matrix. Together this will determine the 
in-plane resolution. Based on the method currently used 
to reconstruct the MR image (fast Fourier transform), 
the acquisition matrix is often referred to by the two 
directions of encoding: phase and frequency. Phase 
encoding involves spatially encoding signal along the 
short axis of anatomy, while frequency encoding locates 
signal along the long axis of anatomy. When the number 
relating to the acquisition  matrix is increased (e.g., going 
from 256 3 256 to 512 3 512), the pixel size is reduced 
(assuming the FOV is unchanged). The smaller pixel size 
results in improved spatial resolution. The FOV affects 
the pixel size in two dimensions. Changes to the FOV 
dramatically affect the spatial resolution of an MR image.

MR images, however, represent “slices” of acquired 
anatomy, which have depth. The voxel is the three-
dimensional element of the digital image, with the third 
dimension being represented by the slice thickness. As 
the slice thickness is reduced, the spatial resolution is 
increased. To summarize, the spatial resolution of an MR 

acquiring FSE sequences with short effTE times, a short 
ETL is generally selected. Although it may vary with the 
system and its capabilities, for T

1
-weighted FSE sequences, 

an ETL of 2–3 is generally selected. For T
2
-weighted images, 

a much higher ETL may be selected. While increasing the 
ETL results in shorter scan times, it is not without penalty. 
Increasing the ETL can, and often does, result in blurring in 
the image. This blurring is more obvious when a short effTE 
time is selected. Improvements to MR system hardware, in 
particular the gradient coil’s electronics, have allowed for 
the use of higher ETLs with minimal FSE blurring.

Spin-echo-based sequences that begin with a 180° 
inversion pulse are known as inversion recovery (IR). 
The purpose of using a sequence that begins with an 
inversion pulse is to null (or suppress) the signal from a 
particular tissue or substance. Because hydrogen exists 
primarily in fat and water, IR sequences are most often 
utilized to null the signal from fat or water. The time 
period between the 180° inversion pulse and the 90° 
excitation pulse in an IR sequence is most often referred 
to as TI (time of inversion). Selecting a TI time that is 69 
percent of a tissue’s T

1
-relaxation time will result in null-

ing the signal from that tissue.
The TI period is sometimes annotated by the Greek 

letter tau. Based on the value of the TI period, when using 
an IR sequence to null the signal from fat, the sequence is 
referred to as STIR (short tau inversion recovery). STIR 
sequences are most useful in imaging the musculoskeletal 
(MSK) system due to the high presence of fat, which may 
obscure water-based pathology.

In the brain, pathology is often best visualized 
using T

2
-weighted sequences. However, the high signal 

from CSF in such images may obscure or limit the visu-
alization of pathologic fluid. Using an IR sequence with 

FIgURE 39-16. STIR image of a pelvic infection from a 3-T MR unit.
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image is controlled by the voxel size. The voxel size is 
affected by the in-plane resolution (FOV and acquisition 
matrix) and slice thickness.

In general, operator-selectable MRI parameters are 
closely interrelated. Reducing the acquired voxel volume 
reduces partial volume averaging (individual signal intensi-
ties are averaged together and not represented as distinct), 
and therefore increases spatial resolution. However, given 
that the tissues in the voxel are the source of the MR sig-
nal, reducing the voxel volume so as to improve spatial 
resolution results in a reduction in MR signal (reduced 
signal-to-noise ratio). Additionally, due to the use of 
Fourier mathematics for image reconstruction, increasing 
acquisition matrix to improve spatial resolution will result 
in a direct increase in scan time.

Signal-to-Noise Ratio. MR signal-to-noise ratio (SNR) is, 
as the name implies, a ratio of the signal received to the 
average amplitude of the noise in an acquired voxel. As 
previously mentioned, the size of the acquired voxel affects 
the signal. Doubling the voxel volume by doubling the slice 
thickness, as an example, will result in a two-fold increase 
in MR signal. This will, however, result in reduced spatial 
resolution. Given that the FOV affects the voxel volume in 
two dimensions, changes to the FOV dramatically impact 
the SNR. For example, a 20 percent reduction in the FOV 
will result in a 40 percent reduction in the SNR. The use of 
higher matrix values improves spatial resolution but also 
results in reduced SNR.

MR signal is directly proportional to the strength of 
the external field (B

0
). Increasing B

0
 increases the number 

of protons preferentially aligned parallel to the direction of 
the main magnetic field and therefore increases the magni-
tude (strength) of the tissue’s net magnetization. Increased 
SNR is a major advantage of a higher magnetic field 

strength. Although it is a very complex issue as there are 
other factors influencing SNR, doubling the field strength 
(going from 1.5  T to 3.0  T as an example) while keeping 
all other factors constant results in a two-fold increase in 
available MR signal.

It should also be noted that improvements in receiv-
ing coil technology, in particular the increased number of 
elements and receiving channels available for multi-coil 
systems, greatly improves their efficiency. This increased 
coil efficiency directly improves overall SNR.

Noise contribution is complex, as there are several 
sources of noise. Noise can come from the environment. 
For this reason, it is imperative that the RF shielding of the 
scan room be optimally designed and maintained. Devices, 
such as those used for patient monitoring, must be specifi-
cally designed for safe and effective use in an MR environ-
ment. Additional lighting systems not designed for an MR 
environment can be significantly detrimental to SNR.

System electronics can also contribute to the overall 
noise level. Technology improvements such as the use 
of digital RF, fiber optics, and improved receiving coil 
technology have resulted in significant reductions in MR 
system noise.

With regard to the MR acquisition parameters, those 
that affect the time spent sampling or collecting MR sig-
nal affect noise. In general, the less time spent sampling 
or collecting MR signal, the higher the noise level. While 
MR signal is at the Larmor frequency, noise is random 
and occurs across all frequencies. As a result, MR noise 
is related to the square root of sampling time. There are 
several techniques and options that will not affect the voxel 
size but simply relate to the time spent sampling and col-
lecting data. The exact techniques and options depend on 
the capabilities of the individual MR systems. However, the 
one that is common to all systems is the number of signal 

FIgURE 39-17. T2 FLAIR image. FIgURE 39-18. T1 FLAIR image.
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averages (NSA). As with some other user-selectable param-
eters and options, NSA may be referred to by other names 
depending on the system manufacturer.

The NSA is essentially the number of times the data 
required for a complete image is sampled and collected. 
It is somewhat analogous to the number of coats of paint 
applied when painting a wall. If one doubles the NSA, the 
data for the image will be sampled and collected twice, 
effectively doubling the scan time. Given that the NSA 
affects noise and not signal, increasing the NSA by a fac-
tor of two will increase the SNR by a factor of the square 
root of 2 (1.41). In order to double the SNR by increasing 
the NSA, one would have to increase the NSA by a factor 
of 4 (square root of 4 equals 2), which would also result in 
a four-fold increase in scan time.

A major limitation of a two-dimensional Fourier trans-
form (2D-FT) technique is poor SNR when thin slices are 
desired for high spatial resolution. Additionally, gap between 
slices is necessary to minimize interference between the 
slices. This so-called “cross-talk” results in reduced signal 
and tissue contrast. These limitations can be overcome 
by acquiring the data using a three-dimensional Fourier 
transform (3D-FT), or volume acquisition technique. In a 
3D-FT acquisition, slices are not selectively excited but 
rather reconstructed by partitioning the acquired volume 
by means of an additional phase encoding applied along 
the slice direction. The benefits of a 3D-FT acquisition are 
tremendous. In general, 3D-FT acquisitions provide for high 
SNR yet very thin slices are possible. If the acquired voxel 
is equal in all dimensions (isotropic voxel), slices may be 

retrospectively reformatted to produce high-quality images 
in any plane.

As MRI techniques continue to evolve toward more 
rapid data acquisition capabilities for physiologic imag-
ing, it is important to understand the impact on MR SNR. 
In essence, all advanced MR techniques are “signal- 
to-noise starved” due to the rapid data collection tech-
niques required. This highlights the importance of higher 
field strength and improved receiving coil technology to 
offset the SNR impact of rapid scanning techniques.

Scan Time. The time of an MRI acquisition (or scan) 
depends on the acquisition method utilized. In general, MR 
data may be acquired using a 2D-FT technique or a 3D-FT 
technique (Figure 39-19). For a 2D-FT acquisition, the scan 
time is calculated by the following formula: TR 3 Phase 
Encodings 3 NSA. With this type of acquisition technique, 
changes to any of the parameters will result in changes to the 
overall image appearance and quality. Reducing the NSA in 
order to shorten scan times results in a reduction in the SNR. 
Reducing the number of phase encodings (phase matrix) 
will reduce the spatial resolution. The frequency matrix does 
not affect scan time. Therefore, it is not uncommon to use a 
higher-frequency matrix compared to a phase matrix.

Reducing the TR will alter the image’s contrast. Limi-
tations with regard to the TR are more problematic when 
using spin-echo-based sequences (SE and FSE). Gradient 
echo sequences allow for selection of the flip angle in addi-
tion to the TR in order to control the contrast-weighting of 
an MR image. Using a reduced flip angle allows for the use 

FIgURE 39-19. A 3D-FT (Fourier transform) technique.
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of very short TR times, highlighting one of the advantages 
of GRE sequences. In addition to overall scan time, the TR 
determines the number of slices one can acquire within a 
given acquisition, or scan. The number of slices allowed 
will decrease as the TR is reduced.

As previously mentioned, fast spin echo (FSE) 
sequences acquire more data per TR than conventional 
SE techniques. The parameter that determines how many 
phase encoding steps are acquired in a given TR period 
is the echo train length (ETL). The scan time for a 2D-FT 
FSE acquisition is determined by the standard scan time 
formula (TR 3 Phase Encodings 3 NSA). For a 2D-FT FSE 
technique, that value is divided by the ETL. As an exam-
ple, a conventional SE acquisition that takes 12 minutes to 
acquire would take only 1 minute using an FSE sequence 
with an ETL of 12. This illustrates why FSE rather than 
conventional SE is utilized, particularly with acquisitions 
requiring a long TR (T

2
-weighted and PD-weighted).

In a 3D-FT acquisition, slices are not selectively excited 
but rather reconstructed by partitioning the acquired volume 
by means of an additional phase encodings applied along 
the slice direction. Therefore, with a 3D-FT acquisition, the 
number of slices will also affect scan time. For a 3D-FT 
acquisition, scan time is calculated as  follows: TR 3 Phase 
Encodings 3 NSA 3 No. of Slices. Fast scanning sequences, 
such as short TR GRE or FSE sequences with high ETL 
values, are utilized when acquiring data in a 3D sequence in 
order to obtain reasonable scan times.

There are various techniques often utilized to reduce 
acquisition time. However, it is important to remember 
that reducing the time of the acquisition more often than 
not results in a reduction in spatial resolution or SNR.

The quality of the images is controlled by many 
factors. The main considerations that determine image 
quality are contrast, spatial resolution, signal-to-noise 
ratio, and scan time. The scan time is the time spent 
sampling or collecting data. The greater the time spent 
sampling for a given voxel volume, the lower the noise 
(increase in SNR). The interrelationships of the various 
scanning parameters affecting image contrast, spatial 
resolution, and SNR are very complex. It should be fairly 
obvious that knowledge and skill is required of the MRI 
technologist to balance these parameters so that opti-
mal image quality is obtained.

Image Improvement Techniques
Motion Reduction Techniques. Conventional MRI tech-
niques acquire data in such a fashion that motion (whether 
voluntary or involuntary) becomes problematic. Motion 
can be divided into two major categories: periodic and 
aperiodic. Aperiodic refers to random motions such as peri-
stalsis and is somewhat difficult to eliminate, particularly 
with conventional MR techniques. Periodic motion (such 

as respiratory and cardiac motion) is more easily compen-
sated because it occurs at fairly regular intervals and can be 
monitored and detected (Figure 39-20).

To reduce or eliminate aperiodic motion, increas-
ing the NSA can be an effective tool. However, the NSA 
directly affects scan time and longer scan times can result 
in general patient motion. Scanning very rapidly so that 
the images are acquired during a breath-hold is common. 
Additionally, imaging the patient in the prone position 
and/or using anti-spasmodic drugs such as glucagon can 
also be effective means of reducing such motion.

Respiratory and/or cardiac motion can be effectively 
managed by the use of triggering techniques. Cardiac trig-
gering may be accomplished by the use of ECG monitoring 
or pulse oximetry. The system software times the scan 
sequence such that data is acquired either when there is 
minimal or no motion or data are acquired at the same 
point in time within the cardiac or respiratory cycles. The 
exact techniques utilized will depend on the system’s capa-
bilities as well as manufacturer preferences.

Suppression Techniques. In MRI, the term saturation 
refers to a condition in which longitudinal magnetiza-
tion is not allowed to recover between excitations. The 
greater the saturation, the lower the detected signal 
from that tissue. There are two main types of saturation 
techniques commonly used in MRI: spectral and spatial 
(Figure 39-21).

Spectral saturation techniques are based on the fact 
that hydrogen protons in water and fat have different 
resonant frequencies (chemical shift). Using spectral satu-
ration techniques, one can “tune” RF pulses to specific 
frequencies so that the magnetization, and therefore sig-
nal contribution, is reduced or eliminated from either fat-
based or water-based hydrogen protons. These techniques 
are often referred to as fat saturation or water saturation. 
Frequency-based fat saturation techniques are often used 
after the injection of gadolinium-based contrast agents, 
particularly when fat-containing structures would mask 
gadolinium-enhanced water protons.

FIgURE 39-20. The effect of patient motion on MR image quality.
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Spatial presaturation techniques apply an additional 
RF pulse in a particular location. This may be either out-
side or within the imaging slices or volume. When used 
outside the imaging slices or volume, it is most often used 
to reduce artifacts caused by blood flow, effectively elimi-
nating the signal in vessels with flowing blood. Placing the 
saturation pulse within the imaging volume will reduce or 
eliminate the signal from moving tissues or structures in 
that area, effectively reducing motion artifacts.

Flow Compensation. In certain instances, high signal 
from flowing blood is desired. This is somewhat problem-
atic given that the blood protons are moving. It is further 
complicated by the fact that blood protons are moving in 
the presence of gradient magnetic fields. In this situation, 
an imaging option known as gradient moment nulling or 
simply flow compensation may be utilized. This option 
compensates for signal loss from flowing protons and 
results in high signal from those protons (flowing blood). 
Flow compensation only compensates for constant veloci-
ties, and works best for slower flow and when short TE 
times are selected. Accelerated and/or turbulent flow is not 
compensated.

MR Contrast Agents
Various types of materials, such as air and fluid, can act as 
contrast agents in MR. There are also contrast agents that 
are iron-based. Most contrast agents currently used clini-
cally in MRI are gadolinium-based agents. They will be the 
focus of this section.

Gadolinium-based contrast agents (GBCAs) work by 
altering the relaxation times (T

1
, T

2
, and T

2
*) of tissues. The 

majority of these agents are extracellular fluid (ECF) agents. 
These agents, following their injection (IV), disperse to the 
extracellular fluid spaces. They do not remain in the blood 
system. A blood-pool agent, on the other hand, will exhibit 
a temporary binding to protein in the albumin and therefore 
remain in the blood stream for an extended period of time 
(several hours). Most GBCAs are excreted via the kidneys. 
Assuming normal renal function, the half-life for the renal 
excretion of an ECF agent is approximately 1.5 hours. Some 
of the ECF agents have dual excretion pathways being 
eliminated by the biliary system. These agents allow for the 
acquisition of images in the hepatobiliary phase. The time 
one would wait for the delayed hepatobiliary phase depends 
on the amount of biliary excretion and the patient’s liver 
function (Figure 39-22).

Gadolinium is a heavy metal (lanthanide). It is not a 
trace element found normally in the body. As with any such 
metal, it is highly toxic to humans if injected in its pure form, 
since free gadolinium is not excreted by the kidneys but 
rather is deposited in the liver and bone marrow. In order 
for the gadolinium to be eliminated by the kidneys (or liver 
as the case may be), the gadolinium ion (Gd31) is bound to 
a chemical known as a chelate. The word chelate comes 
from a Greek word that translates “claw.” It should be rather 
obvious that it is desirable to have a gadolinium agent with 
a very strong bond between the gadolinium ion and its che-
lating agent. Current agents fall into two major categories 
of molecule structure, macrocyclic or linear. Macrocyclic 
agents are a rigid ring-like design and are the most stable. 
Linear agents have fewer binding points and are generally 

FIgURE 39-21A.  Coronal abdomen with fat saturation.

FIgURE 39-21B.  Breast with fat saturation.
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less stable. However, if the liner design molecule is nonionic, 
it has even lower stability. Concerns about the safety of the 
use of gadolinium contrast agents and their link to nephro-
genic systemic fibrosis (NSF) have affected how GBCAs are 
administered clinically. Nephrogenic systemic fibrosis (NSF) 
is a rare but debilitating disease first described in 1997. This 
fibrosing disease is primarily seen in the skin and subcutane-
ous tissues, most often in dependent extremities. It has also 
been found in other organs, such as the lungs, esophagus, 
heart, and skeletal muscles. In 2006 the first scientific papers 
were published linking NSF to patients in stage 4 and 5 renal 
disease who had received certain gadolinium-based contrast 
agents. It was also noted that in most cases, the patients 
had received high doses and repeat doses of the agents 
with lower-stability constants. As a result, the Food and 
Drug Administration (FDA) has required the manufacturers  
of some of the agents to change their package insert infor-
mation to reflect that they are contraindicated in patients 
in stage 4 or 5 renal disease. When renal disease is known 
or suspected, patients should have their renal function 
assessed prior to the administration of a gadolinium-based 
MR contrast agent. Currently, the lab test most commonly 
used to assess a patient’s renal function is eGFR (estimated 
glomerular filtration rate).

Recently, evidence has emerged that suggests that 
gadolinium can be retained in patients’ bodies, including 
brain, for months to years after these drugs are adminis-
tered. The U.S. FDA started requiring a new class warning 
and other safety measures for all GBCAs. Even though 
retention of gadolinium has not been directly linked to 

adverse effects in patients with normal kidney function, 
actions have been established to alert healthcare profes-
sionals and patients about this potential issue. In addition, 
the FDA concluded that the benefit of utilizing approved 
GBCAs still outweighs any potential risks associated with 
their use.

As with any contrast media, there is a small risk of an 
adverse event (AE), also known as an allergic-like reaction. 
GBCAs are no exception. Although not as frequent as AEs 
associated with iodinated contrast media, there is a slight 
risk.  According to the published literature, the AE rate of all 
currently available GBCAs is similar for all types of “allergic-
type” reactions; this ranges from 0.07 to 2.4  percent. For 
the most commonly observed AEs (hives, nausea with or 
without vomiting), the rate is between 0.04 and 0.07  per-
cent. Severe and even fatal events are rare but do occur 
(0.001–0.01 percent). It has been shown, however, that some 
patients are at an increased risk for an adverse event. This 
would include patients who are asthmatic, who have a sig-
nificant history of allergies, or who have had a previous AE 
following an injection of an iodinated contrast agent (as high 
as 3.7 percent). Additionally, it has been shown that patients 
who have experienced a previous AE following the injection 
of a GBCA are approximately eight times as likely to experi-
ence another AE that may be more severe than the first. One 
should therefore always closely monitor patients following 
the injection of a contrast agent and always be prepared to 
respond to and treat an adverse event. As with iodinated 
contrast media, GBCAs should not be injected without a 
physician immediately available to treat an adverse event.

As previously mentioned, GBCAs work by short-
ening the relaxation rates of water-based hydrogen 
protons. The relaxation rate of tissues is, in large part, 
based on the rate at which the molecules tumble. The 
larger the molecule, the slower the molecular tumbling 
rate; the smaller the molecule, the faster the molecular 
tumbling rate. Larger molecules, such as fat, have a 
relatively slow molecular tumbling rate and therefore 
exhibit rapid relaxation rates (T

1
 and T

2
). The much 

smaller water molecule has a very rapid molecular tum-
bling rate and therefore exhibits longer relaxation times. 
Gadolinium has seven unpaired electrons and, as such, is 
paramagnetic. Paramagnetic substances become magne-
tized when in a magnetic field. Given that the gadolinium 
ion is bound to the chelate, this results in a large, slow-
tumbling magnet. When the gadolinium molecule gets 
within 3  angstroms of a water molecule, the molecular 
tumbling rate of the water molecule is reduced. This 
results in a shortening of the relaxation times of the 
water-based hydrogen protons. 

When acquiring T
1
-weighted images, any tissues/ 

substances with short T
1
-relaxation times will exhibit high 

signal. Therefore, water-based protons whose T
1
-relaxation 

time has been shortened by the paramagnetic effects of the 

FIgURE 39-22.  Bilateral neurofibromas post Gd injection.
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gadolinium-based MR contrast agent will appear as high 
signal on T

1
-weighted images, compared to unenhanced or 

background tissue. The higher the relaxivity of the agent, 
the greater the contrast between the lesion and surround-
ing tissue. In the event the decision is made to reduce the 
dose, due to the patient’s renal function, the use of an 
agent with higher relaxivity has been shown to mitigate the 
reduction in dose.

In general, the use of a GBCA improves the detec-
tion of disease by increasing sensitivity and improving 
the ability to fully identify the extent of disease. This is 
particularly important as treatment and surgical options 
for patients increase. Increased specificity is realized by 
way of evaluating the patterns of enhancement. As MR 
data acquisition speeds increase, contrast agents allow 
for the demonstration of pathophysiology by way of their 
perfusion and clearance. As more efficient and unique MR 
contrast agents are developed, the diagnostic power of 
MRI will undoubtedly increase.

MR SAFETY

Static Magnetic Field (B0)
The heart of an MRI system is the magnet itself. The 
magnetic field generated is very powerful. For exam-
ple, the magnetic field generated by a 1.5-T magnet is 
30,000  times that of the earth’s magnetic field. A 3.0-T 
magnet generates a field 60,000 times that of the earth’s 
magnetic field. The magnetic field of the MRI system 
is always on. Any loose ferromagnetic objects can be 
drawn into the magnet with tremendous speed and force. 
As an example, a paper clip can have a terminal veloc-
ity of over 40 miles per hour in a 1.5-T field. Therefore, 
access to the MRI scan room should be tightly controlled 
and loose ferromagnetic objects should never be brought 
into an MRI scan room. In 2001, a 6-year-old child died 
as a result of the trauma of being struck in the head by 
a ferromagnetic oxygen tank that was brought into the 
scan room.

Additionally, the magnetic field of the MRI scanner 
may adversely affect or inhibit the operation of certain 
implants or devices in patients. Rigorous screening of all 
persons entering the scan room is always required.

Gradient Magnetic Fields
The gradient magnetic fields, used primarily to provide 
spatial encoding of the detected MR signals, are switched 
off and on very rapidly during the MRI process. The rapid 
switching of these gradient magnetic fields can induce cur-
rent in loops of conductive materials (based on Faraday’s 
Law of Induction). This can result in rapid and significant 

heating, which could result in a fire or a patient burn. As 
such, the formation of large loops with the wires associated 
with surface coils and/or leads used for cardiac triggering 
is always to be avoided. Some sequences, particularly the 
most rapid scanning techniques, may result in the patient 
experiencing peripheral nerve stimulation (PNS). This 
would present as a tingling sensation. Although not usu-
ally painful, it could be uncomfortable. As such, having 
patients not cross their hands in front of them or cross 
their ankles minimizes the likelihood of PNS.

Radiofrequency Field (B1)
The pulsed RF fields used in MRI can result in heating 
in both conductive materials and patients. With regard 
to metals, even though the material may not be ferro-
magnetic, it may still be conductive. Exposure to RF at 
the proper frequency can induce significant heating in 
conductive materials. The increase in temperature can 
be very rapid, resulting in a significant burn in a matter 
of seconds.

Patients should be positioned so as not to touch 
the sides of the MR system’s bore. The RF coil is just 
inside the covers. There should be space between the 
patient and the bore or insulating padding should be in 
place. Additionally, skin-to-skin contact should also be 
avoided. Severe burns have occurred when these precau-
tions are not followed.

The amount of RF power absorbed by the body is 
described by the specific absorption rate (SAR). It is expressed 
in units of watts per kg of body weight. Current FDA guide-
lines limit SAR to 4  W/kg averaged over the whole body 
and 3.2  W/kg for the head. The body dissipates the RF 
energy by cooling. When the power input is greater than 
the output, heating occurs. Patient cooling is influenced 
by several factors, such as ambient room temperature and 
humidity, air flow rate through the bore, perspiration, and 
blood flow. Patients taking certain medications such as 
beta-blockers or those with certain medical conditions 
such as congestive heart failure are unable to efficiently 
dissipate heat, thus affecting their ability to tolerate a ther-
mal challenge. Careful monitoring of SAR levels and the 
patient’s comfort is therefore important.

Device Labeling
The ASTM Standard F2503 established labeling for objects 
and devices relative to MRI. The MR-Safe labeling means 
the object or device is completely safe in any MR environ-
ment and would pose no hazard whatsoever regardless of 
the field strength of the magnet. MR-Unsafe labeling means 
the object or device is unsafe in all MR environments and 
should never be allowed into the MR scan room under any 
circumstances. MR-Conditional labeling means the object 
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MRI is a very powerful diagnostic tool. The many 
unique intrinsic contrast mechanisms of tissues along with 
various imaging techniques provide us with many ways to 
image and diagnose our patient’s diseases. Although no ion-
izing radiation is used, there can be significant safety issues 
that must be considered.

or device can safely be used in, or will safely and effectively 
function in, an MR environment under certain well-defined 
conditions. These conditions may include limits on the 
static magnetic field, maximum spatial field gradient, SAR, 
and/or type of coil. Implanted devices that are electronic in 
nature will most likely have the most conditions.

SUMMARY

Magnetic resonance imaging (MRI) had its beginning as 
nuclear magnetic resonance (NMR), which was primar-

ily used by chemists. Felix Bock and Edward Purcell (Harvard 
University) received the Nobel Prize for Physics for their work 
in developing the instruments to measure magnetic resonance, 
and Raymond Damadian and Paul Lauterbur were the first to 
produce two-dimensional images using back-projection. Begin-
ning with the first commercial scanners installed during the 
1980s, magnetic resonance imaging (as it is now known) has 
become a major method for imaging not only anatomic struc-
tures but physiologic functions of the human body.

MRI uses the magnetic properties of hydrogen (1H) to 
produce images of the body. It requires the patient to be 
placed within a large externally applied magnetic field in order 
to magnetize the tissue. Radiofrequency (RF) coils produce a 
pulsed magnetic field (radio waves) to rotate the magnetic 
field of the tissues through a receiving coil (antenna), inducing 
an MR signal. Currently, the most widely used technique for 
MR image formation is fast Fourier transform (FFT). The con-
trast of the resultant MR images is a function of the particular 
type of technique or sequence used to acquire the data and 
the type and timing of the RF pulses. The main components 
of an MRI unit include the main magnet, the radio frequency 
subsystem, and the gradient coil subsystem.

Most pathology is associated with an increase in water 
content. Therefore, generally speaking, when tissue becomes 
diseased, the T1- and T2-relaxation times increase (assuming 
an increase in water content related to the pathology). The 
differences and changes to the T1- and T2-relaxation times of 

the tissues are major mechanisms by which we can visualize 
contrast between tissues on MR images.

MRI imaging has a number of critical imaging factors. 
These include image contrast, spatial resolution, signal- 
to-noise ratio, and scan time. In addition, there are several 
techniques that are used for image improvement. These 
include motion reduction, suppression techniques, and flow 
compensation. Various types of materials, such as air and 
fluid, can act as contrast agents in MR. There are also iron-
based contrast agents. Most contrast agents currently used 
clinically in MRI are gadolinium-based agents.

The heart of an MRI system is the magnet itself. The 
magnetic field generated is very powerful. Currently, the 
most commonly utilized field strength is 1.5  tesla. This 
equates to 15,000 Gauss. The magnetic field generated by 
a 1.5-T magnet is 30,000 times that of the earth’s mag-
netic field. A 3.0-T magnet generates a field 60,000 times 
that of the earth’s magnetic field. The magnetic field of the 
MRI system is always on. Any loose ferromagnetic objects 
can be drawn into the magnet with tremendous speed and 
force. Therefore, access to the MRI scan room should be 
tightly controlled and loose ferromagnetic objects should 
never be brought into an MRI scan room. Additionally, the 
magnetic field of the MRI scanner may adversely affect 
or inhibit the operation of certain implants or devices in 
patients. Rigorous screening of all persons entering the 
scan room is always required. Although no ionizing radia-
tion is used in MRI, there can be significant safety issues 
that must be considered. ◾
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 REVIEW QUESTIONS

 1. What is the source of the magnetic fields within the 
body that are used during MRI?

 2. What is precession?

 3. What is TI? TR? TE? T
1
? T

2
?

 4. How are gradient coils utilized to select an image 
section?

 5. What is accomplished by an RF pulse during a pulse 
sequence?

 6. What is the most common pulse sequence?

 7. How can MR image noise be reduced by improving 
the SNR?

 8. How is MR image contrast increased? decreased?

 9. Describe appropriate safety measures for protection 
of all persons who approach the MRI unit magnetic 
field.
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KEY TERMS

attenuation correction

dose calibrator

effective half-life (Te)

fluorodeoxyglucose (FDG)

gamma camera

gas-filled detectors

Geiger-Mueller counter

hybrid imaging

isotopes

molecular imaging

PET

PET/CT

PET/MRI

physical half-life (Tp)

radioactivity

radionuclide generator

radiopharmaceutical

scintillation detector

SPECT

SPECT/CT

technetium

OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Define the term radioactivity and give examples of isotopes.

◾ Differentiate physical, biological, and effective half-lives.

◾ Explain the synthesis of radioisotopes in radionuclide generators.

◾ Explain why technetium-99m might be described as the “ideal 
radionuclide.”

◾ List the currently available PET radiopharmaceuticals.

◾ Give examples of scintillation detectors and gas-filled detectors.

◾ Describe the creation of a nuclear medicine image from scintillation to 
image matrix.

“He had me put my hand around a Geiger counter,” recalled Oppenheimer, 

“and gave me a glass of water in which part of the salt had radioactive sodium 

in it. For the first half minute all was quiet, but about fifty seconds after I 

drank, there was a great clattering of the Geiger counter. This was supposed to 

show that in at least one complex physiochemical system, the salt had diffused 

from my mouth through my bloodstream to the tip of my fingers and that the 

time scale for this was fifty seconds.”

An early experiment using radiotracers in a human subject. Performed at 

Berkeley in 1935 by Ernest O. Lawrence on his friend and colleague J. Robert 

Oppenheimer.

Cited in: George L. Voelz and Donald Petersen, 1995, “Tracer Studies at Los 

Alamos and the Birth of Nuclear Medicine.” 

Los Alamos Science, 23, 257–279.
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OBJECTIVES (continued)

◾ Discuss the similarities and differences between 
SPECT and PET.

◾ Describe practical methods for reducing radiation 
exposure to staff and public in the nuclear medicine 
department.

◾ Explain the utility and role of nuclear medicine and 
compare to other diagnostic imaging modalities.

◾ Explain why PET/CT is such a successful modality and 
list the limitations of the technique.

◾ Describe the potential advantages of PET/MRI and 
the technical challenges involved in developing the 
instrumentation.

NUCLEAR PHYSICS

Nuclear Stability
Nuclear stability means that a nucleus has an optimal 
neutron-to-proton ratio. The stable ratio is 1:1 for lighter 
elements and greater than 1:1 for mid-weight elements. 
This ratio is frequently displayed as the nuclear line of 
stability.

Stable (nonradioactive) nuclei exist for all elements 
with atomic (Z) numbers up to 83 (bismuth), except for 
technetium (Z 5 43) and promethium (Z 5 61).

Isotopes, Isotones, Isobars,  
and Isomers
Isotopes are atoms of the same element. They have the 
same number of protons (Z), but different numbers of 
neutrons (N). Thus, their atomic masses (Z 1 N) are dif-
ferent. Iodine-123, iodine-125, and iodine-127 are exam-
ples of isotopes. Isotones are atoms of different elements. 
They have the same neutron number, but different num-
bers of protons. Silicon-31, phosphorus-32, and sulfur-33 
are examples of isotones. Isobars are atoms of different 
elements that have the same atomic mass, such as potas-
sium-45, calcium-45, and scandium-45.

Isomers are atoms of the same nuclide that are iden-
tical in atomic structure. One isomer has more energy 
compared to the other and is said to be excited. The 
excited state is termed “metastable” (m), and can exist 
for a short (but measurable) duration before decaying 
by gamma emission or internal conversion to the lower-
energy state, an isomeric transition. Technetium-99 and 
technetium-99m are examples of isomers.

RADIOACTIVE DECAY

Nuclear Instability
An unstable nuclide, termed a radionuclide, will try to 
become stable by undergoing radioactive decay. This 
involves emission of electromagnetic radiation or charged 
particles by alpha decay, beta decay, positron decay, 
electron capture, isomeric transition, gamma decay, and 
internal conversion.

Nuclear medicine imaging is the process by which 
some of these energetic particles and photons are 
detected.

Radioactivity Units
Radioactivity (or activity) is defined as the number of 
nuclear disintegrations per unit time. In Système Interna-
tional (SI) units, the unit of radioactivity is the becquerel 
(Bq). A becquerel is defined as the radioactivity of a 
sample that is decaying at a rate of 1 disintegration per 
second (dps):

 1 Bq 5 1 dps
 1 KBq 5 103 dps

1 MBq 5 106 dps
 1 GBq 5 109 dps

In the United States, in clinical nuclear medicine, it 
is still common to use the older CGS (centimeter-gram-
second) system of units, where the unit of radioactivity is 
the curie (Ci). A curie is defined as the radioactivity of a 
sample that is disintegrating at a rate of 3.7 3 1010 disinte-
grations per second:

 1 Ci 5 3.7 3 1010 dps
 1 mCi 5 3.7 3 107 dps
 1 μCi 5 3.7 3 104 dps
 1 nCi 5 3.7 3 10 dps

1 pCi 5 3.7 3 10-2 dps

It is useful to be able to convert between units of bec-
querels and units of curies. The following conversion is 
particularly valuable in the clinical nuclear medicine labo-
ratory, given the usual magnitude of radiation dosages:

1 mCi 5 37 MBq

Half-life (T½)
Radioactivity is a random phenomenon. It is not possible 
to predict exactly when a radioactive atom will decay, and 
atoms within a sample of a radionuclide will all decay at 
slightly different times. However, it is possible to predict 
the average behavior of a radionuclide sample containing 
billions of atoms.
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Half-life (T½) is defined as the time it takes for 
half of the atoms to decay. The time taken for half of 
the remaining atoms to decay is also T½. After multiple 
subsequent half-lives, the radioactivity of the sample is 
close to zero. The progressive replacement of radioac-
tive atoms by stable atoms produces an exponential 
decay curve. Each radionuclide has its own unique 
half-life.

Decay Equation
Mathematically, the average behavior of a sample of radio-
active atoms can be described by the decay equation:

A A et
t� �

0
�

where A
0
 is the initial number of radioactive atoms, A

t
 is 

the number of radioactive atoms remaining at time t, t is 
the elapsed time, and l is the decay constant and is unique 
for each radionuclide.

Tables of decay factors (e−lt) have been compiled 
for many radionuclides and may be used to simplify 
calculation of A

t
.

Biologic Half-life (Tb)
The half-life of a radionuclide (T½) should more correctly 
be called the physical half-life (Tp). As previously stated, 
it is unique to each radionuclide, and cannot be altered by 
any physical, chemical, or biological means.

In nuclear medicine, we are concerned with the 
behavior of a radionuclide inside the human body, a 
living system, and must consider how the body handles 
the radionuclide. The term biologic half-life (Tb) refers 
to any material within the body, radioactive or not, and 
is defined as the time required for half of the material 
to be excreted from the body, or from an organ of the 
body.

Effective Half-life (Te)
The term effective half-life (Te) is a combination of 
physical half-life (Tp) and biologic half-life (Tb), and 
is defined as the time required for half of the initial 
radioactivity to disappear from an organ or body by a 
combination of excretion and physical decay. The effec-
tive half-life is always shorter than either the physical 
half-life or biologic half-life and can be calculated as 
follows:
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 RADIOCHEMISTRY AND 
RADIOPHARMACEUTICALS

History and Development
The earth has been radioactive ever since its formation 
into a solid mass, over 4½ billion years ago, but we have 
only known about radiation and radioactivity since 1895, 
when Wilhelm Roentgen discovered x-rays. Shortly after, 
in 1896, Antoine Becquerel was the first person to dem-
onstrate the spontaneous emission of radiation from a 
substance without an external source. This was termed 
“radioactivity” by Marie Curie, in 1898.

Shortly after, Ernest Rutherford discovered that 
there were two types of natural radioactive emissions—
alpha and beta—and Paul Villard described a third type: 
“rays non-deviable in character, but of very great penetrat-
ing power,” gamma radiation.

One of the earliest radiotracer experiments appears 
to have been in 1911, by George de Hevesy, a Hungarian 
radiochemist, who suspected that his landlady was recy-
cling leftover food. He supposedly added a radioisotope 
of lead to some meat pie on Sunday and proved that it 
showed up again in a meal on Wednesday.

In the early 1930s, following the discovery of arti-
ficial radioactivity by Irene and Frederic Joliot-Curie, 
Ernest Lawrence built the first cyclotron and began pro-
ducing artificial radioisotopes of great value to biomedical 
science.

In 1941, Enrico Fermi built Chicago Pile 1, the 
world’s first nuclear reactor, in an unused squash court 
under the old Stag Field at the University of Chicago. He 
achieved the first controlled nuclear chain reaction in 
1942. Soon, reactor-produced radionuclides were plenti-
ful and cheap.

A major development in nuclear medicine was the 
discovery of technetium in 1937 by Carlo Perrier and 
Emilio Segré. Technetium was the first element to be 
artificially produced, and was shown, in 1939, by Glenn 
Seaborg and Segré to have “an excited state  .  .  . which 
reverts to the ground state by the emission of conversion 
electrons and gamma rays with a half-life of 6 hours.” This 
isotope of technetium (Tc-99m) possesses the character-
istics of an ideal radiopharmaceutical. Following inven-
tion of the radionuclide generator at Brookhaven National 
Laboratory in 1957, Tc-99m became conveniently and eco-
nomically available on a daily basis, and nuclear medicine, 
as we know it today, was born.

Over the intervening years, there has been a steady 
development in radiopharmaceuticals, allowing a very wide 
range of disease processes to be investigated. Gamma 
detection instrumentation has taken an evolutionary path 
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of its own, culminating in the SPECT (single photon emission 
computed tomography), PET (positron emission tomogra-
phy), and integrated PET/CT, SPECT/CT, and PET/MRI scan-
ners in contemporary nuclear medicine laboratories.

Synthesis of Radionuclides
Currently, more than 2,700 radioisotopes have been 
artificially produced in reactors, cyclotrons, linear accel-
erators, and generators. Radionuclides used in nuclear 
medicine are mostly artificial, produced in cyclotrons, 
reactors, or generators (Table 40-1).

The radionuclide generator was developed for efficient 
and convenient production of short-lived radionuclides. 
A radionuclide generator makes use of the decay–growth 
relationship between a long-lived parent radionuclide and 
its short-lived daughter radionuclide. The parent radionu-
clide is loaded inside the generator and allowed to decay 

to the short-lived daughter, which is chemically  separated 
from the parent and removed from the generator.

The Mo-99/Tc-99m generator for producing the 
technetium-99m daughter from a  molybdenum-99 parent 
is invaluable in modern nuclear medicine. It is transport-
able, relatively inexpensive, and easy to operate, and 
occupies a key position in many institutional nuclear 
medicine radiopharmacies (Figure 40-1).

The difference between the half-lives of the parent 
(66 hours for Mo-99) and the daughter (6 hours for Tc-99m) is 
such that the relative quantities of each inside the generator 
exist in transient equilibrium. Tc-99m activity builds up until 
it reaches approximately 90 percent of the Mo-99 activity in 
the generator, then Tc-99m appears to decay at the same rate 
as its parent. By fortuitous coincidence, maximum activity of 
Tc-99m occurs after four half-lives (approximately 24 hours), 
meaning that the maximum yield of Tc-99m can be removed 
from the generator at the start of every business day.

 TABLE   40-1.   Half-Lives, Gamma Energies, Production Methods, and Usages of Radionuclides in Nuclear Medicine

  Gamma Energy  Production 
Radionuclide Half-life (KeV) Method Usage

Carbon-11 20.4 min 511 Cyclotron PET

Cesium-137 30 y 662 Reactor Sealed sources

Cobalt-57 270 d 122 Cyclotron Sealed sources and in vitro NM

Fluorine-18 110 min 511 (ß1) Cyclotron PET

Gallium-67 78 h 93, 185, 296 Cyclotron Diagnostic NM

Gallium-68 68 min 511 (ß1) Generator PET

Indium-111 70 h 173, 247 Cyclotron Diagnostic NM

Iodine-123 13 h 159 Cyclotron Diagnostic NM

Iodine-125 59.4 d 35 Reactor In vitro NM

Iodine-131 8.06 d 364 (ß2) Reactor Diagnostic NM and radionuclide  
    therapy

Krypton-81m 13 s 190 Generator Diagnostic NM

Molybdenum-99 66 h 740, 780 Reactor Mo/Tc generators

Nitrogen-13 10 min 511 (ß1) Cyclotron PET

Oxygen-15 2 min 511 (ß1) Cyclotron PET

Phosphorus-32 14.3 d none (ß2) Reactor Radionuclide therapy

Phosphorus-32 14.3 d none (ß2) Reactor Radionuclide therapy

Radium-223 11.4d negligible, (a, b2) Reactor Radionuclide therapy

Rubidium-82 76 s 511 (ß1) Generator PET

Samarium-153 46.3 h none (ß2) Reactor Radionuclide therapy

Strontium-89 50.6 d none (ß2) Reactor Radionuclide therapy

Technetium-99m 6 h 140 Generator Diagnostic NM

Thallium-201 73 h 135, 167 Cyclotron Diagnostic NM

Xenon-133 5.27 d 81 Reactor Diagnostic NM

Yttrium-90 2.7 d none (ß2) Reactor Radionuclide therapy
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The process of removing Tc-99m from the Mo-99/
Tc-99m generator is known as elution. The eluting sol-
vent (eluant), sodium chloride solution, is drawn through 
the system using a vacuum, and the eluate (Tc-99m) is 
extracted in the form of sodium pertechnetate (Na99mTcO

4
) 

solution. Before use in patients, or for making Tc-99m–
labeled radiopharmaceuticals, the eluate must undergo 
quality control testing.

Diagnostic Radiopharmaceuticals
A radiopharmaceutical is a radioactive prescription drug. It 
is internally administered, and may be intended for use in 
diagnosis and/or treatment of disease. The term includes 
nonradioactive radiopharmaceutical reagent kits, as well 
as radionuclide generators. It does not include sub-
stances containing trace quantities of naturally occurring 
radionuclides or sealed sources used for radiotherapy.

Technetium. Technetium is the most commonly used 
radionuclide for nuclear medicine gamma imaging. With 
atomic number 43, it is a transition metal, possessing 
properties similar to those of manganese and rhenium. 
There are no stable isotopes of technetium. Sixteen radio-
isotopes exist, with mass numbers ranging from 92 to 107, 
but only one, technetium-99m (Tc-99m), is suitable for 
clinical use.

Advantages of Tc-99m include its half-life, decay 
mode, and gamma energy. At 6  hours, the half-life is 

sufficiently short to minimize radiation exposure to 
patients, and long enough to be a good match to natural 
clearance times in many metabolic processes. Tc-99m 
decays by isomeric transmission, with a gamma energy 
of 140 KeV, which is ideal for imaging. The gamma ray 
energy is high enough that there is minimal photoelectric 
absorption within the body, but low enough to be effec-
tively shielded by lead.

Tc-99m can be manufactured quite cheaply and 
conveniently in a chemical generator by decay from 
molybdenum-99. The product, Tc-99m, is in the chemical 
form of sodium pertechnetate (Na99mTcO

4
). It can be manip-

ulated chemically to form a wide variety of different radio-
pharmaceuticals and serve many applications (Table 40-2).

Due to their short-lived nature, and for ease of 
preparation, many technetium radiopharmaceuticals 
are manufactured in kit form. Kits contain the phar-
maceutical ligand and any required reagents (reduc-
ing agents, stabilizers, buffers, etc.) as a lyophilized 
(freeze-dried) powder that is reconstituted by adding 
sodium pertechnetate. Some kits require simple pro-
cessing steps, such as boiling or filtering. All radiophar-
maceuticals must undergo quality control testing before 
use in patients.

Other Commonly Used Radionuclides. There are several 
other commonly used radionuclides in diagnostic nuclear 
medicine.

B

Eluting
solvent

Evacuated
vial

Eluted
activity

Glass
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Parent and
daughter
activity

Lead
shield

A

FIGURE 40-1. Radionuclide generator (A) and schematic (B). An evacuated vial is used to draw the eluting solvent through the column.  
The solvent selectively washes off the daughter isotope and carries it into the evacuated vial. The parent isotope remains on the column for  
further decay.
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 TABLE   40-2.   Technetium-99m–Labeled Radiopharmaceuticals and Their Uses

Radiopharmaceutical Chemical Name Major Imaging Application

Tc-99m MDP Methylene diphosphonate Skeletal system

Tc-99m MAA Macroaggregated albumin Regional lung perfusion

Tc-99m Sestamibi Methoxyisobutylisonitrile Myocardial perfusion, parathyroid   
  adenoma, breast tumors

Tc-99m SC Sulfur colloid Reticuloendothelial system, gastrointestinal  
  motility, sentinel lymph node location

Tc-99m IDA Iminodiacetic acid Hepatobiliary system

Tc-99m DTPA Diethylene triamine pentaacetic acid Renal system, regional lung ventilation

Tc-99m MAG3 Mercaptoacetyl triglycine Renal system

Tc-99m HMPAO Hexamethylpropylene amine oxime Regional cerebral perfusion

Tc-99m ECD Ethyl cysteinate dimer Regional cerebral perfusion 

Tc-99m–labeled RBCs Labeled red blood cells Cardiac blood pool,   
  gastrointestinal bleeding

Tc-99m–labeled WBCs Labeled white blood cells Inflammations and infections

Iodine-123, iodine-125, iodine-131. Iodine is a 
reactive halogen, found naturally in many biological mol-
ecules. The radioiodination of molecules is a relatively 
simple process, and there are several radioisotopes of 
iodine from which to select. Iodine-123 is a pure gamma 
emitter, with a gamma energy of 159 KeV and a half-life of 
13 hours. Although its physical characteristics are compat-
ible with gamma imaging, use is limited because produc-
tion requires particle bombardment in a cyclotron, which 
is expensive.

Iodine-125 is also a pure gamma emitter. However, 
its long half-life (59  days) and very low gamma energy 
(35 KeV) render it unsuitable for use in gamma imaging. 
It does have some nonimaging, or in vitro, applications.

Iodine-131 (I-131) has a half-life of 8  days and 
decays by a combination of beta and gamma emission. 
The gamma energy is 364 KeV, which is considered high 
energy and means that I-131 is difficult to collimate and 
images may be of suboptimal quality. The high-energy 
gamma coupled with beta particle emission limits 
the permissible activity dosage and compounds the 
problem of suboptimal image quality. Notwithstand-
ing these disadvantages, I-131 has been used since the 
earliest days of nuclear medicine to label radiopharma-
ceuticals for diagnostic and therapeutic applications 
(Table 40-3).

Thallium-201. Thallium-201 (Tl-201) is cyclotron-
produced and decays by electron capture, emitting gamma 
rays with energies of 135  KeV and 167  KeV and mercury 
characteristic x-rays of 68–80 KeV. Its half-life is 73 hours. 
Tl-201 is used to synthesize Tl-201 thallous chloride. After 
intravenous injection, Tl-201 thallous chloride accumulates 
in viable myocardium in a manner analogous to that of 

potassium; thus it has been used since the 1970s to evaluate 
myocardial perfusion (Table 40-3).

Gallium-67. Gallium-67 (Ga-67) is cyclotron-produced 
and decays by electron capture, with a half-life of 78 hours 
and emitting gamma rays with energies of 93, 185, 296, and 
388 KeV. Ga-67 is used to synthesize Ga-67 gallium citrate, 
which, after intravenous injection, attaches to iron-binding 
serum proteins for transportation around the body, and 
accumulates in certain tumors, infections, and inflamma-
tions (Table 40-3).

Indium-111. Indium-111 (In-111) is cyclotron- 
produced and decays by electron capture, with a half-life 
of 67 hours and emitting gamma rays with energies of 173 
and 247 KeV and cadmium characteristic x-rays of 26 KeV. 
In-111 can be used to synthesize several clinically useful 
radiopharmaceuticals (Table 40-3).

Positron-emitting 
Radiopharmaceuticals

Fluorine-18. Fluorine-18 (F-18) is one of the most 
commonly used isotopes in PET imaging. F-18 is a positron 
emitter and has a half-life of 110 minutes. It is manufactured 
in a cyclotron. The most common use for F-18 is synthesis 
of F-18 fluorodeoxyglucose (FDG), used to demonstrate 
glucose metabolism in the heart, brain, and oncologic 
processes. More recently, F-18 has been used to synthesize 
F-18 flurbetapir (Amyvid) and other similar radiophar-
maceuticals that assist in the evaluation of patients with 
Alzheimer’s disease by identifying amyloid plaque in the 
brain (Table 40-4).

Gallium-68. Gallium-68 (Ga-68) is produced in a ger-
manium-68/gallium-68 radionuclide generator. It decays by 
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from a strontium-82 parent. It is used, in conjunction 
with pharmacologic stress testing, to acquire myocar-
dial perfusion PET images in patient with suspected 
coronary artery disease. The extremely short half-
life of Rb-82 (76 s) may impose technical challenges  
(Table 40-4).

Oxygen-15. O-15 is cyclotron-produced and has a 
half-life of 2 minutes. O-15 labeled water can be used for 
PET imaging of blood flow to the brain and myocardium. 
However, since O-15 water is freely diffusible, myocardial 
images are subject to contamination with activity in the 
cardiac blood pool, and subtraction imaging is necessary 
(Table 40-4). 

positron emission, with a half-life of 68 minutes. Ga-68 is 
used to synthesize Ga-68 dotatate, which, after intravenous 
injection, can be used for PET imaging of somatostatin 
receptor positive neuroendocrine tumors in adult and pedi-
atric patients (Table 40-4).

Nitrogen-13. N-13 is cyclotron-produced and has a 
half-life of 9.97 minutes. It can be used to synthesize N-13 
ammonia, which is used, in conjunction with pharmaco-
logic stress testing, to produce high-resolution myocardial 
perfusion PET images in patients with suspected or existing 
coronary artery disease (Table 40-4). 

Rubidium-82. Rubidium-82 chloride is syn-
thesized in a radionuclide generator (Cardiogen-82) 

 TABLE   40-3.   Non-Tc-99m Radiopharmaceuticals and Their Uses

Radiopharmaceutical Chemical Name Imaging/Therapeutic Application

I-123 NaI Sodium iodide Thyroid imaging and uptake measurement

I-131 NaI Sodium iodide  Thyroid uptake measurement, hyperthyroidism treatment, 
metastatic thyroid carcinoma survey, differentiated thyroid 
carcinoma treatment

I-125 HSA (RISA) Human serum albumin In vitro measurement of blood and plasma volumes 
 (Radioiodinated serum albumin)

I-123/131 MIBG Metaiodobenzyl guanidine Sympathomedullary tumor imaging

I-123 DaTscan Ioflupane Confirmation of Parkinson’s disease

I-125 Glofil Iothalamate In vitro measurement of glomerular filtration rate

Tl-201 Thallous chloride Myocardial perfusion and viability

Ga-67 Gallium citrate  Tumors (lymphoma, hepatoma), infectious/inflammatory processes  
(sarcoidosis, osteomyelitis)

In-111 WBCs Indium oxine labeled  Infectious/inflammatory processes (inflammatory bowel, white blood 
cells vascular/orthopedic prostheses)

In-111 DTPA Diethylene triamine   Communicating hydrocephalus, normal pressure pentaacetic acid  
hydrocephalus, CSF shunts, CSF leakage

In-111 Octreotide Indium pentetreotide Somatostatin receptor positive neuroendocrine tumors

In-111 ProstaScint Capromab pendetide Occult and metastatic prostate cancer

Xe-133 Xenon gas Regional dynamics of lung ventilation

In-111 Zevalin Ibritumomab  Uptake and distribution mapping in patients with B-cell lymphoma 
prior to treatment with Y-90 Zevalin

 TABLE   40-4.   Radiopharmaceuticals used for PET 

Radiopharmaceutical Chemical Name Imaging application 

F-18 FDG  Fluorodeoxyglucose  Glucose metabolism of tumors, brain, myocardium,  
infections, and inflammatory diseases

F-18 Amyvid  Flurbetapir  Localization of amyloid plaque in brain

F-18 NaF  Sodium fluoride  Malignant and benign skeletal pathologies   

N-13 Ammonia Ammonia  Myocardial perfusion 

Rb-82 (Cardiogen-82)  Rubidium chloride  Myocardial perfusion 

O-15 Water  Water  Myocardial and cerebral blood flow 

Ga-68 NETSPOT Dotatate  Somatostatin receptor positive neuroendocrine tumors
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Other PET radiopharmaceuticals. Other PET 
radiopharmaceuticals labeled with radionuclides includ-
ing fluorine-18, carbon-11, gallium-68, and copper-64 are 
under development. A particular area of interest is tumor 
proliferation and metastatic spread, where tumor char-
acteristics such as amino acid and lipid metabolism, 
nucleic acid activity, imaging of apoptosis, hypoxia, and 
angiogenesis are all under investigation. Research into 
tumor receptors, including somatostatin receptors and 
sex hormone receptors is underway, as is imaging based 
on reporter gene expression.

Therapeutic Radiopharmaceuticals
Some radionuclides emit particulate radiation such as 
alpha and beta particles. This property can be used to 
directly destroy or ablate malignant disease processes. 
Some therapeutic radiopharmaceuticals and their applica-
tions are shown in Table 40-5.

Quality Control Testing  
of Radiopharmaceuticals
Quality control testing is carried out by commercial manu-
facturers of radiopharmaceuticals, and this is sufficient 
for those radiopharmaceuticals that have been purchased 
in a ready-to-use formulation. However, most institutional 
radiopharmacies (“hot labs”) prepare radiopharmaceuti-
cals for human use on an as-needed basis, at least occa-
sionally. Therefore, nuclear medicine technologists must 
be competent at testing in-house preparations (Table 40-6).

Nuclear Pharmacy
Design of a Nuclear Pharmacy. Design of a nuclear phar-
macy (radiopharmacy, “hot lab”) should take into account 
protection of personnel and general public from radiation 
hazard, avoidance of contamination of work area and instru-
mentation, and disposal of radioactive waste (Figure 40-2).

Design features include the following:

 ◾ Situation out of main traffic area, with  
minimal access by public and patients.

 ◾ Designated areas for compounding/ 
dispensing and radioactive waste storage/disposal.

 ◾ Use of materials that are easy to decontaminate  
after radioactive spills.

 ◾ Lead-lined storage areas and waste receptacles 
(Figures 40-4A and B).

 ◾ Deep, stainless steel sink for dilution and cleanup.

 ◾ Exhaust fume hood for storing and dispensing  
volatile radiopharmaceuticals.

 ◾ Eyewash station and shower in case of major body 
contamination.

Nuclear Pharmacy Equipment. Nuclear pharmacy equip-
ment includes the following items:

 ◾ Dose calibrator (Figures 40-3A–C) for measuring 
various types and quantities of radioactivity dur-
ing radiopharmaceutical preparation and before 
dispensing.

 TABLE   40-5.   Radiopharmaceuticals Used for Radionuclide Therapy

Radionuclide Chemical Form Therapeutic Applications

I-131 Sodium iodide Treatment of hyperthyroidism (Graves’ disease) and differentiated  
  thyroid cancer

I-131 Metaiodobenzylguanidine Treatment of neuroendocrine tumors

I-131 Tositumomab Treatment of B-cell non-Hodgkin’s lymphoma

Lu-177  Dotatate  Treatment of neuroendocrine tumors

P-32 Sodium phosphate  Treatment of polycythemia vera, palliation of painful bone  
metastases

P-32 Chromic phosphate  Palliation of joint pain (radiosynoviorthesis), intracavitary treatment of  
malignant peritoneal and pleural effusions

Ra-233 Radium chloride   Treatment of symptomatic bone metastases in patients with  
castration-resistant prostate cancer

Sr-89 Strontium chloride Palliation of painful bone metastases

Sm-153 Samarium EDTA Palliation of painful bone metastases

Y-90 Ibritumomab tiuxetan Treatment of B-cell non-Hodgkin’s lymphoma

Y-90 Dotatoc Treatment of neuroendocrine tumors

Y-90 Coated microspheres  Treatment of hepatocellular carcinoma or liver metastases from  
primary colorectal cancer
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 TABLE   40-6.   Radiopharmaceutical Quality Control Tests

Physical characteristics  Visual inspection for color and clarity of solution. Particle number and particle size of colloidal or  
aggregated preparations measured using hemocytometer. Checked by manufacturer and technologist.

pH and osmolality  Checked by manufacturer and maintained by technologist by adherence to guidelines for reconstitution  
of kits and dilution of doses.

Radionuclidic purity  Measurement of contamination of Tc-99m radiopharmaceutical with other radionuclides, which may alter  
biodistribution, dosimetry, and image quality. Checked by manufacturer and technologist by spectroscopy  
or using molybdenum shield.

Radiochemical purity  Measurement of contamination of Tc-99m radiopharmaceutical with other radiochemical forms of Tc-99m,  
which may alter biodistribution, dosimetry, and image quality. Checked by manufacturer and technologist by 
instant thin-layer chromatography.

Chemical purity  Measurement of contamination of Tc-99m radiopharmaceutical with other (nonradioactive) chemicals, which may 
alter biodistribution, dosimetry, and image quality. Checked by manufacturer and technologist by colorimetry.

Sterility  Absence of viable bacteria or microorganisms. All radiopharmaceuticals for human use must be sterilized by 
autoclaving or by membrane filtration. Sterility checked by manufacturer and maintained by technologist by use 
of sterile techniques.

Apyrogenicity  Absence of fever-inducing proteins and polysaccharides (pyrogens) produced by metabolism of microorganisms. 
Checked by manufacturer by observing febrile response in test rabbits, or by use of limulus amoebocyte lysate 
test kit. Manufacturers and technologists endeavor to maintain apyrogenicity by maintaining sterility.

Toxicity  Toxic effects and safe dosage of radiopharmaceutical are established by manufacturer before FDA grants  
approval for manufacture and use.

FIGURE 40-2.  A radiopharmacy (“hot lab”) should be laid out for optimal workflow and minimal personnel exposure. There must be shielded 
areas for compounding, storing, and dispensing radiopharmaceuticals, as well as for storage of radioactive waste while it decays to background.
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storage and use of 
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emergency eyewash
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Dose 
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management 
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shielded area for 

radiopharmaceutical 
preparation and 
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and glass
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11067_ch40_hr_563-592.indd   571 11/20/18   7:15 PM



572  UNIT VI Special Imaging Systems and Modalities

 ◾ Radiation survey meters (Figures 40-3D and E) 
for daily exposure rate surveys and contamination 
detection.

 ◾ Scintillation detector with multichannel analyzer 
for detecting radionuclidic contaminants in 
radiopharmaceuticals.

 ◾ Well-type scintillation counter (Figure 40-3F) for 
counting samples and wipe test swabs.

 ◾ Lead bricks and barrier shields for protecting  
personnel from exposure.

 ◾ Lead-lined refrigerator for storing kits and 
radiopharmaceuticals.

 ◾ Water-bath for heating radiopharmaceuticals during 
preparation.

 ◾ Lead vial and syringe shields (Figures 40-4C–E) 
for shielding radiopharmaceutical kits and doses 

FIGURE 40-3. Nuclear pharmacy instrumentation. Dose calibrator used to measure (assay) the activity of radiopharmaceuticals in syringes and 
vials during compounding and before dispensing to patients (A, B, C). Geiger-Mueller counters with thin-end window (D) and pancake probe  
(E). Single-well counter for measuring activity of samples contained in test tubes (F).

A

D E F

B C

A

A

C

DEB

FIGURE 40-4. Nuclear pharmacy equipment. Lead and lead-lined storage containers and waste receptacles (A, B). Lead vial shields  
(C) and lead/lead-glass syringe shields (D, E).
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enough Tc-99m for daily needs (Figure 40-6). Quality con-
trol testing must be performed on eluate before using it to 
prepare radiopharmaceuticals.

Preparation of radiopharmaceuticals. Tc-99m–labeled  
radiopharmaceutical kits can be reconstituted as needed 
according to the patient schedule for the day. Kit manu-
facturers provide package inserts including instructions 
for preparing, quality control testing, and dispensing 
each radiopharmaceutical. The simplest preparations just 
require addition of the eluate and dilution with isotonic 
saline (Figure 40-7).

Dispensing radiopharmaceuticals. Radiopharmaceuti-
cals may be administered to patients only after receipt of a 
written prescription specifying a particular nuclear medi-
cine study on a named patient. The indicated radiophar-
maceutical is drawn from the kit vial (Figure 40-8), and the 
activity must be assayed carefully before administration.

Radioactive waste disposal. In the nuclear medicine 
clinic, most radioactive waste products have short half-
lives and can be disposed of by decay-in-storage in appro-
priately labeled, leak-proof containers. When the radiation 
exposure rate from the waste is indistinguishable from the 
background radiation level, the waste container can be 
disposed of in the same way as nonradioactive waste.

IMAGING INSTRUMENTATION

Gamma Camera
Modern-day gamma imaging is performed using a 
gamma camera, also known as an Anger camera, named 
for the inventor, Hal Anger. Contemporary gamma 
cameras (Figure  40-9A) feature one, two, or three 
large field-of view scintillation detectors arranged in 
various configurations and can be used for planar and 
SPECT (single photon emission computer tomography) 
acquisitions. Each camera is composed of a scintilla-
tion detector (crystal and photomultiplier tube assem-
bly), a collimator, and a hardwired logic circuit for 
position-sensitive photon counting and energy analysis 
(Figure 40-9B).

Scintillation Detection. The term scintillation detector 
refers to the combination of a scintillation crystal and 
photomultiplier tubes that are capable of detecting scintil-
lations (light flashes) and converting them into an electric 
signal, from which a digital image can be constructed.

Gamma photons from a patient containing a radio-
pharmaceutical exit the patient’s body and strike the face 
of the scintillation crystal. Depending on the energies of 
the incident gamma photons, photoelectric effect and 

during storage, transportation, handling, and 
administration.

 ◾ Basic laboratory equipment—glassware, pipettes, 
centrifuge, balance, and calculator.

 ◾ Radiation warning labels and signage (Figure 40-5) 
for labeling radioactive items and areas.

 ◾ Equipment for quality control testing of 
radiopharmaceuticals.

 ◾ Personal protective equipment—lab coats,  
disposable gloves, and safety glasses.

 ◾ Nuclear pharmacy management software package for 
radiopharmaceutical inventory and recordkeeping—
shipments, radiopharmaceutical preparation, and dis-
pensing, waste disposal, survey and wipe test results, 
patient data, quality control test results.

 ◾ Exhaust fume hood for storing and dispensing 
volatile radiopharmaceuticals. 

 ◾ Eyewash station and shower in case of major 
body contamination.

Nuclear Pharmacy Operations. Each nuclear pharmacy 
has a variety of operations that must be performed. These 
operations are described next. Facilities compounding, stor-
ing, and dispensing radiopharmaceuticals must be in compli-
ance with the standards of the U.S. Pharmacopeia, Chapter 
797 (Pharmaceutical Compounding—Sterile Preparations) 
and Chapter 823 (Positron Emission Tomography Drugs for 
Compounding, Investigational, and Research Uses).

Instrument calibration. Calibration and operations 
checks of all instrumentation that will be used for detecting 
or measuring radioactivity must be performed daily—dose 
calibrators, survey meters, well counters, and rate meters.

Elution of Mo-99/Tc-99m generator. This is routinely 
performed early in the morning and usually provides 

A B

FIGURE 40-5.  Radiation warning labels and signs.
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Compton scattering will take place in the crystal, result-
ing in production of visible light photons of 2 eV. The light 
photons pass through the crystal to the photocathodes of 
an array of photomultiplier (PM) tubes bonded to the back 
of the crystal.

Each 2-eV light photon is converted at the photo-
cathode into a 2-eV electron, which is then drawn along a 
series of 10 dynodes before collection at the anode at the 
far end of the PM tube. At each dynode, the electron cur-
rent is amplified. The electric current passing out of each 
PM tube has been amplified by a factor of 510, and is in the 
magnitude of millivolts.

Scintillation Crystal. The scintillation crystal is a single 
crystal sheet, typically 10 mm thick and 30–50 cm across. 
For most nuclear medicine applications, the crystal is 
thallium-activated sodium iodide, NaI(Tl).

Choice of scintillator material involves a trade off 
between sensitivity for detection and decay time of the 
scintillation. NaI(Tl) is chosen for the efficiency with 
which it converts an ionization event into visible light, 
its long decay time, and high light output. Also, there is 

a linear relationship between the energies of the gamma 
photons striking the crystal and the amount of visible light 
produced, which allows for energy discrimination by the 
detector and results ultimately in a less noisy image.

Collimator. The most commonly used collimator is called 
a parallel-hole collimator. It is a lead plate, approximately 
2–3  cm thick, covering the entire surface of the crystal. 
The lead is pierced by thousands of parallel-oriented 
holes, each less than 1 mm in diameter. Each hole must be 
at least 10 times as long as it is wide.

The collimator is positioned between the radioac-
tive source (patient) and the detector crystal, to reduce 
the number of gamma photons incident on the crystal. 
Collimator transmission is typically in the order of 
0.1 percent of incident photons. The collimator defines 
a line of sight. The tubular holes through the parallel-
hole collimator only allow through those photons 
travelling close to the axis of the hole, perpendicular 
to the crystal face. Photons traveling at oblique angles 
are absorbed by the lead septa forming the walls of the 
collimator holes.

FIGURE 40-6. Eluting the radionuclide generator. The evacuated vial is placed inside a specially designed shield that fits onto the elution needle 
projecting from the top of the generator. After a few minutes, the vial can be removed and will contain the generator eluate ready for quality 
control testing and patient use.
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FIGURE 40-7. Preparing a radiopharmaceutical kit. (A) Cold kit vial. 
(B) Drawing up solvent. (C) Adding technetium-99m to the kit vial.

A B

C

FIGURE 40-8. Drawing up a radiopharmaceutical dose.
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FIGURE 40-9. (A) A dual-head gamma camera. (Courtesy of GE Healthcare.) (B) Schematic of gamma imaging. Gamma rays from the 
patient pass through the holes in the collimator and interact in the NaI(Tl) crystal. The scintillations are picked up at the photocathodes of  
the photomultiplier tubes and pass back to the anode, being multiplied at each dynode. The electric current leaving each PM tube passes 
through positioning logic circuitry for plotting of x, y coordinates, and a pulse height analyzer for energy discrimination. The resulting image is  
a map of count distribution displayed in a matrix.
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Several different collimator designs are available for 
various special applications: converging, diverging, fan 
beam, slant hole, and pin hole.

Collimators can be categorized according to sensi-
tivity or spatial resolution: high sensitivity, all-purpose, 
and high resolution. An appropriate collimator must be 
selected according to the energies of the gamma photons 
of the radionuclide in use. Low-energy collimators are suit-
able for use with 0- to 200-KeV gammas, medium-energy 
collimators for 200- to 400-KeV gammas, and high-energy 
collimators for 400- to 600-KeV gammas.

Output Analysis. In order to produce a meaningful image, 
the electronic signals from the PM tubes must be pro-
cessed to determine the XY location of each scintillation 
in the crystal, which results in the location of each count 
in the corresponding pixel of the digital image matrix. 
This is performed by positioning circuitry, sometimes 
known as Anger logic (named for the inventor, Hal Anger).

Recall that the back surface of the NaI(Tl) crystal is 
connected to PM tubes—60–90 PM tubes in most modern 
cameras—closely packed and covering the entire surface 
of the crystal. Visible light from a scintillation within the 
crystal will be received at all PM tubes making up the 
array, but the PM tubes closest to where the light flash 
occurred will receive the most light. Each PM tube is con-
nected to four amplifiers, X1, X2, Y1, and Y2, which 
sum the outputs from all PM tubes and scale it according 
to the tube’s position. The X and Y positions of the scintil-
lation can be estimated to within about 5 mm.

In addition to XY positioning, the PM tube outputs 
also undergo Z summing and pulse height analysis. The 
electrical currents from all the PM tubes in a detector 
are summed together into one Z pulse, which passes to 
the pulse height analyzer (PHA) for inspection. Z pulses 
that correspond to the preset gamma energy of inter-
est are accepted by the PHA. Operation of the PHA is 
controlled by adjusting high voltage, gain of the ampli-
fier, peak energy setting, and energy window width. A 
 multichannel analyzer (MCA) permits selection of 2 or 3 
gamma rays of different energies simultaneously.

Digital Image. For each Z pulse that is accepted by the 
pulse height analyzer, a count is added to the pixel of the 
image matrix corresponding to its XY location determined 
by the positioning circuitry.

The technologist can select the matrix configuration 
and number of pixels: 64 3 64, 128 3 128, and 256 3 256 
are examples of square matrices, and the numbers refer to 
how many columns and rows of pixels there are in each 
matrix, the product of which is the pixel number. A 64 3 
64 matrix contains 4,096 pixels. A 256 3 256 matrix contains 
65,536 pixels. The greater the number of pixels, the smaller 
each pixel is and the better the resolution of the image.

For highly detailed static images, a small pixel size 
should be used. For whole-body images, the image matrix 

is typically 128 3 512. For rapid dynamic images or gated 
images, where a lot of counts are collected in a very short 
time, larger pixel size should be used (64 3 64).

Image Acquisition
A gamma camera can be used for planar imaging or for 
SPECT.

Planar Imaging. Planar static imaging (Figure 40-10A) 
involves counting gamma photons while keeping the 
camera in a fixed position and orientation relative to the 
patient. The image is a two-dimensional projection of all 
the activity throughout the entire thickness of that part 
of the patient’s body in front of the camera. The camera 
is usually preset to acquire counts until a certain time 
has elapsed or a certain number of counts has been col-
lected in the image matrix.

Whole-body images (Figure 40-10B) are planar images 
acquired by moving the gamma camera at a slow, steady 
speed (10–15  cm/min) along the length of the patient’s 
body. Most commonly, whole-body imaging is performed 
using a dual-headed gamma camera, operating with one 
camera above and one camera below the imaging table so 
that anterior and posterior views of the patient are acquired 
simultaneously.

Dynamic imaging (Figure 40-10C) refers to multiple, 
rapid, sequential images used to record changes in distri-
bution of radiopharmaceutical in the body over a period 
of time. Each frame in the imaging sequence may last for 
less than 1 second or up to 30 seconds.

Gated images (Figure 40-10D) are a type of dynamic 
imaging used with rhythmically moving organs, generally the 
heart. The heart is imaged continuously for 500–600 beats, 
and the data is coordinated with the heart beat, recorded by 
an ECG machine. The heartbeat (R-to-R interval) is divided 
into a number of equal time frames and each time a new R 
wave occurs, collection of new set of data frames begins. 
The R-to-R image sets from 500–600 heart beats are summed 
to create a composite image cycle. The images from each 
time frame of the R to R demonstrate different phases in 
contraction of the heart.

Single Photon Emission Computed Tomography 
(SPECT). During SPECT, the gamma camera is rotated 
around the patient’s body, taking a sequence of two-
dimensional (2D) projections that are then processed 
mathematically to create a cross-sectional view of the 
organ of interest.

For 360° coverage of the patient, a single-headed cam-
era must rotate 360°. Each head of a two-headed camera 
system will only need to rotate 180°, and each head of a 
three-headed system only 120°. Two-headed systems are 
most common, and are available with fixed (parallel config-
uration) or adjustable (perpendicular configuration) heads 
for additional versatility.
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Operational parameters to consider when acquiring 
SPECT projections include the acquisition arc, number of 
projections, time per projection, type of angular motion, 
and orbit of rotation. These parameters are selected 
by the operator and are specific to the body part being 
imaged, radiopharmaceutical and activity administered, 
features of the scanner, and body habitus of the patient.

Data Storage
Projection data storage is in the form of a sinogram, which 
is a stack of slices of projection views. When an acquisi-
tion is complete, and before dismissing the patient, the 

sinogram should be carefully inspected for signs of patient 
motion. Small amounts of motion can be improved using 
corrective algorithms, or repeat acquisition may be needed.

Data Reconstruction
There are two methods of reconstruction commonly used 
for transforming SPECT projection data into transaxial 
(transverse) slices.

Filtered Back-Projection. Due to the random nature of 
radioactivity, projection data is very noisy. Also the process 
of (unfiltered) back-projection introduces a star-shaped 
artifact into reconstructed data. Therefore, the projection 

A

B D

C

FIGURE 40-10. Image acquisition modes. (A) Planar static image. Palmar view of the wrists and hands showing left radial fracture. 
Radiopharmaceutical is Tc-99m methylene diphosphonate (MDP). (B) Planar whole-body scan. Anterior and posterior views of patient with 
metastatic pancreatic cancer. Radiopharmaceutical is In-111 pentetreotide. (C) Planar dynamic images. Cardiac first-pass study demonstrating 
chambers of the heart. Radiopharmaceutical is Tc-99m diethylene triamine pentaacetic acid (DTPA). (D) Planar gated imaging. Cardiac study 
showing ventricular function. When viewed in cine mode the study shows movement of the blood volume inside the left ventricle due to con-
traction of the myocardium. Radiopharmaceutical is Tc-99m–labeled autologous red blood cells.
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data must be filtered before reconstruction. Filtering is a 
mathematical technique applied to improve the appearance 
of the images. During filtered back-projection, a high-pass 
(Ramp) filter is used to reduce the star artifact.

After filtering, back-projection is performed by pro-
jecting each 2D projection back in the direction from 
which it came and into the pixels of a blank matrix.

Iterative Reconstruction. The computer starts out with 
an estimate of the data to produce a set of transaxial 
slices. These slices are used to create a second set of 
projection views, which are compared to the original ones 
acquired from the patient.

The computer estimate is tweaked and modified, 
and recompared to the original patient projections. This 
process is repeated multiple times, until the difference 
between the estimated views and original views is below 
a predetermined threshold.

The two most common mathematical techniques for 
iterative reconstruction are maximum likelihood expecta-
tion maximization (MLEM) and ordered subsets expecta-
tion maximization (OSEM).

Pre- and Post-reconstruction Filtering. Use of filters 
pre- and post-reconstruction depends on the characteris-
tics of the data and the preference of the user. Low-pass 
filters, such as Butterworth, Hann, and Hamming filters, 
remove noise, creating smoother, but less-detailed images. 
High-pass filters, such as Ramp filters, can be used to 
remove blur, creating noisier, “grainy” images.

Attenuation Correction. Gamma photons originating 
deep within the body are more likely to be scattered or 
absorbed before reaching the camera than gamma pho-
tons originating near the surface of the body. Attenuated 
parts of the body will show reduced counts in images, 
which may be mistaken for pathology.

Attenuation correction can be performed by two 
methods:

 ◾ Calculated attenuation correction

A correction factor is applied, which takes into 
account tissue thickness and tissue attenuation coeffi-
cients. This technique is inaccurate for body parts such 
as the chest, which contains a variety of tissue types of 
different densities.

 ◾ Transmission attenuation correction

For each SPECT acquisition, a matrix of correc-
tion factors is created using a transmission image of the 
patient acquired using an external gamma source or a 
computed tomography (CT) scan.

Image Processing and Display. Following construction of 
the transaxial (transverse) images, image processing can 
be performed and additional images generated. Commonly, 

2D tomograms are displayed in sagittal, coronal, and 
oblique views (Figures 40-11A–D). Cardiac images are dis-
played in horizontal long axis, vertical long axis, and short 
axis views (Figures 40-11E–H). The 3D volume image can 
be manipulated to enhance certain features, for example, 
surface rendering or volume rendering.

 POSITRON EMISSION 
TOMOGRAPHY (PET)

Positron emission tomography (PET) is a modification 
of gamma imaging that detects annihilation photons. The 
positron emitted from the nucleus of a proton-rich radio-
nuclide atom travels a short distance from the point of 
emission before encountering an electron and being anni-
hilated. Annihilation results in the simultaneous creation 
of two annihilation photons, each of 511 KeV, traveling in 
opposite directions.

The PET scanner employs the technique of coin-
cidence detection. With the patient encircled by a ring 
of detectors, a true event is defined as two interactions 
occurring simultaneously in two detectors on opposite 
sides of the ring. The line joining these two detec-
tors represents a line of response (LOR) through the 
patient, somewhere along which the annihilation took 
place. Many pairs of events are detected at all angles 
around the patient, so that the site of annihilation can 
be determined.

PET Scanner
The most common PET scanner design features a tubular 
array of detectors inside which the patient is positioned 
for scanning. Individual crystal scintillation detectors, 
3–4  mm in cross section, are grouped into blocks, each 
backed by four photomultiplier (PM) tubes. The blocks 
are arranged into rings and the rings are stacked into a 
cylinder.

The NaI(Tl) crystal used in gamma cameras is gener-
ally considered too low density for adequately stopping 
511-KeV annihilation photons, so denser materials such 
as lutetium orthosilicate (LSO), gadolinium orthosilicate 
(GSO), and bismuth germinate oxide (BGO) are used. The 
role of the PM tubes in the PET scanner is the same as that 
of those in a gamma camera.

In planar or SPECT gamma imaging the line of sight 
for the projection images is established using collimators. 
In PET, the line of sight is established by coincidence 
detection, and collimators are unnecessary. However, 
ring-shaped septa of lead or tungsten are sometimes posi-
tioned between the rings of detector blocks to decrease 
gamma ray scatter and improve resolution.

11067_ch40_hr_563-592.indd   578 11/20/18   7:15 PM



CHAPTER 40 Nuclear Medicine and Molecular Imaging   579

Advantages of PET over SPECT
High Sensitivity. Because a PET scanner does not require 
a collimator, it is 100 times more sensitive than a SPECT 
scanner, and has a higher count rate for similar quantities 
of radioactivity.

PET data are stored as sinograms, reconstructed 
using iterative reconstruction, and displayed as sagittal, 
coronal, and transaxial (transverse) slices. Attenuation 
correction is usually performed by means of transmission 
images.

FIGURE 40-11. SPECT image display planes (A): coronal (B), sagittal (C), and transverse (D) slices through the spine on a bone scan using 
Tc-99m methylene diphosphonate (MDP). (http://www.vhlab.umn.edu/atlas/anatutorial/anatutorial1.shtml) SPECT planes used for the heart. 
SPECT myocardial perfusion slices (E): short axis (F), horizontal long axis (G), and vertical long axis (H). Radiopharmaceutical is Tc-99m sestamibi. 
(http://www.med.yale.edu/intmed/cardio/imaging/techniques/spect_anatomy/index.html)
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of the challenges inherent to operating PET/SPECT and MRI 
scanners in close proximity to each other. The earliest work-
ing prototypes were small animal scanners. A clinical PET/
MRI for brain scanning only was developed in 2007, and 
the first clinical PET/MRI scanner for whole-body imaging 
debuted in 2011. SPECT and MRI are more technically chal-
lenging to integrate since the MRI scanner will not tolerate 
any moving parts, such as rotating gamma cameras. Also, 
the presence of lead collimators would give rise to eddy 
currents and create image artifacts. At the time of writing, 
clinical SPECT/MRI scanners are not in existence, although 
there are several small animal scanners and there is a design 
under development for a brain SPECT insert for use in an 
MRI scanner.

Hybrid PET/CT and SPECT/CT 
Scanners
Early hybrid PET/CT and SPECT/CT scanners consisted 
of existing PET or SPECT scanners minimally integrated 
with two- or four-slice CT scanners, making use of a single 
imaging table and, usually, a single gantry. The same 
basic design is used in modern scanners; the CT and PET/
SPECT detectors are arranged in tandem and the acquisi-
tions are sequential.

After a scout or topogram CT image to set the scan 
area, a noncontrast CT scan is performed. This is fol-
lowed by a PET or SPECT image of the same body part. 
The CT image is used to generate a matrix of attenuation 
coefficients, which is then used for attenuation correc-
tion of the PET/SPECT data. The attenuation-corrected 
PET/SPECT and CT images are fused. Following acquisi-
tion of the PET or SPECT, an optional CT with contrast 
can be performed. 

PET/CT and SPECT/CT scanner design has evolved to 
keep pace with improvements in CT and PET and SPECT 
performance (Figures 40-12A and B). Contemporary scan-
ners are available with high-speed CT and dose-modulated 
CT. SPECT and PET photon detection is faster and more 
efficient. Algorithms are available to optimize image resolu-
tion, enhance sensitivity, and reduce image artifacts. Some 
scanners are configured to appeal to the cardiology market, 
incorporating CT with up to 128-slice capacity. Other scan-
ners are optimized for the radiotherapy market, offering 
larger field-of-view sizes and wider, flat imaging tables that 
can accommodate patient positioning devices.

Limitations in PET/CT  
and SPECT/CT Imaging
Limitations in PET/CT and SPECT/CT imaging include 
motion artifacts, contrast agent artifacts, and high radia-
tion doses.

High Resolution. Recall that true coincidence events 
are defined as simultaneous interactions in two detec-
tor crystals joined by a line of response. Sometimes two 
random or single photons may strike crystals simulta-
neously and be misinterpreted as coincidence events. 
Scatter and random events are undesirable because 
they cause a reduction in image contrast. Modern PET 
scanners may make use of time of flight (TOF) techno-
logy to enhance detection of only true  coincidence 
events, although this often results in reduced spatial 
resolution.

PET Radiopharmaceuticals. Positron-emitting isotopes 
can be synthesized for a large number of low-atomic- 
number elements and can be incorporated into many bio-
logically useful compounds and used for demonstrating 
very specific physiologic properties of organs and tissues. 
For example, glucose metabolism can be imaged with 
F-18 fluorodeoxyglucose.

HYBRID IMAGING

PET and SPECT imaging have the advantage over CT 
and MRI of very high sensitivity, with the ability to detect 
picomolar amounts of radiopharmaceutical. However, 
spatial resolution of PET and SPECT is low and interpre-
tation of PET and SPECT images can be difficult because 
they contain few anatomical landmarks. The arrival of 
hybrid imaging also heralded the introduction of the term 
molecular imaging, referring to the capacity of nuclear 
medicine to image body processes at the molecular and 
cellular level.

Coregistration or fusion of PET or SPECT with CT 
or MRI acquired in separate imaging sessions has been 
used as a method of providing anatomical context to 
functional/metabolic images. Until the late 1990s, soft-
ware fusion was used, with a limited amount of success. 
Unless patient positioning was identical on the two scans, 
the images would not match up exactly when fused, and 
the anatomical location of functional abnormalities was 
incorrectly determined.

In the late 1990s, David Townsend, Ronald Nutt, and 
colleagues developed a hybrid PET/CT scanner in which 
the patient stayed on the same imaging table and underwent 
PET and CT in the same session, within minutes of each 
other. This resulted in considerably more successful image 
fusion and improved patient outcomes, particularly in the 
field of oncology. This was beginning of the hybrid imaging 
era. The impact of PET/CT image fusion has been so great 
that standalone clinical PET scanners are no longer manu-
factured and sold in the United States. 

Development of scanners integrating MRI with PET or 
SPECT also started in the 1990s. Progress was slow because 
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Motion Artifacts. Performance of the CT scan and the 
PET or SPECT without moving the patient in between 
has led to a considerable reduction in the frequency 
of motion artifacts on fused images. However, certain 
internal organ motion cannot be controlled. The big-
gest problem is respiratory motion. Conventionally, 
chest CT is acquired with the patient in breath-hold, 
whereas PET or SPECT requires the patient to breathe 
normally. Fusion of these images can result in serious 
misalignment of the lungs, diaphragm, and liver. To 
overcome this problem, some imaging departments 
instruct patients to breathe normally for both the CT 
and the PET/SPECT. Other institutions may employ 
respiratory gating techniques and innovative software 
to reduce imaging blur.

Contrast Agent Artifacts. Use of contrast agents (intra-
venous and oral) can increase the diagnostic value of 
the CT and also improve anatomic localization of PET 
or SPECT abnormalities. However, because contrast 
agents are dense by nature, they can alter the attenuation 
coefficients in contrast-containing areas of anatomy, and 
result in uptake artifacts on attenuation-corrected PET or 
SPECT images. Therefore, it is often recommended that 
CT with contrast, if required, should not be acquired until 
after non-contrast images for attenuation correction.

Radiation Dose. The effective radiation dose to a 
patient from a SPECT/CT or PET/CT scan is the sum of 
the dose of the PET/SPECT scan and the dose of the CT 
scan. According to the American College of Radiology, 
this is approximately 14 mSv for a whole body (skull 
base to thighs) F-18 FDG PET/CT scan. It is possible to 
reduce the dose by minimizing the radiopharmaceuti-
cal activity dosage administered and by manipulating 
CT acquisition parameters, for example, decreasing the 
kVp, tube current, and exposure time and using auto-
matic tube current modulation.

HYBRID PET/MRI
Hybrid imaging techniques that incorporate MRI are 
attractive for several reasons. MRI images have very 
high spatial resolution and excellent soft tissue con-
trast, and a variety of image sequences, advanced tech-
niques, and contrast agents are available for selective 
enhancement of morphologic and functional aspects 
of pathology. In certain areas, MRI out-performs CT 
for soft-tissue characterization, and, additionally, does 
not use ionizing radiation, so patient radiation dose is 
reduced.

Development of clinical PET/MRI scanners has been 
slow because of the technical challenges incumbent to 
maintaining optimal performance of both the PET and 
MRI systems in the face of the mutual interference of the 
PET detectors and MRI magnetic fields. One change that 
has been made to address this incompatibility includes 
use of magnetic field insensitive solid-state avalanche or 
silicon photodiodes in place of the traditional photomulti-
plier tubes in PET detectors. 

Three clinical PET/MRI scanner designs exist. One 
scanner design provides a sequential imaging option, 
with the MRI and PET gantries in alignment and sepa-
rated by a common imaging table on a rotatable platform 
(Philips Healthcare). This design minimizes interference 
between the two imaging systems and optimizes image 
quality of each. Another design uses a common imaging 
table and shuttles the patient between a PET/CT scanner 
in one room and an MRI scanner in the adjacent room  
(GE Healthcare). This is advantageous because the CT 
can be used for attenuation correction of the PET data, 
and also, some patients need both PET/CT and MRI scans 
for optimal disease management. 

A third scanner design involves full integration of 
PET and MRI by placing the PET detectors inside the bore 
of the MRI magnet (Siemens Healthcare) (Figure 40-12C). 
True, simultaneous imaging is possible. Optimal image 

A B C

FIGURE 40-12. Hybrid scanners. (A) PET/CT unit. (Courtesy of GE Healthcare.) (B) SPECT/CT unit. (Courtesy of GE Healthcare.) (C) PET/MRI unit. 
(Courtesy of Siemens Medical Imaging.)
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registration is achievable, and there is the potential for 
MRI-guided enhancement of the PET data, such as motion 
correction and spatial resolution optimization. This design 
provides the unique opportunity for imaging transient/
dynamic phenomena with both PET and functional MRI 
(fMRI) or magnetic resonance spectroscopy (MRS).

Limitations in PET/MRI Imaging. Limitations in PET/MRI 
imaging include lengthy image acquisition time, suitability 
of patients, and difficulties with MRI-derived attenuation 
correction.

Acquisition time. Due to the need for various MRI 
techniques, such as diffusion-weighted imaging (DWI), 
fluid-attenuated inversion recovery (FLAIR), T1 and T2 
weighted acquisition, and volumetric interpolated breath-
hold examination (VIBE), oncologic and neurologic PET/
MRI scanning sessions commonly last approximately  
1 hour. Sequential PET/MRI involves longer scan 
acquisition times than simultaneous PET/MRI. This is 
considerably longer than a comparable PET/CT study, 
but shorter than PET/CT plus separate MRI. Given the 
purchase price of a PET/MRI system and the associated 
expenses for annual maintenance and staffing, some clin-
ics may find that their patient load is insufficient for them 
to break even on the cost. This is confounded by the fact 
that, at the time of writing, there is no formal reimburse-
ment route for PET/MRI scans. 

Patient screening. Comprehensive patient screen-
ing is necessary to ensure that there are no contraindi-
cations for either the MRI or the PET. For example, for 
MRI, patients must be checked for metallic implants and 
pacemakers. Contraindications for PET may include preg-
nancy, breast-feeding, and poor blood glucose manage-
ment. Additional care should be taken to deal with patient 
claustrophobia and to address patient comfort during 
lengthy imaging sessions.

Attenuation correction. In the absence of an X-ray 
or gamma photon source to provide a map of the attenu-
ation coefficients, attenuation correction of PET data 
acquired in a hybrid PET/MRI scanner must be per-
formed indirectly. The currently available methods rely 
on segmentation of  the acquired MRI images into tissue 
categories (such as air, fat, and soft tissue), which have 
fixed associated attenuation coefficient values. This pro-
cess has proven to have limited accuracy for clinical use. 
Notably, there is no fixed attenuation coefficient for bone 
tissue, so attenuation models will ignore bone, obviously 
creating error. Similar problems exist with attenuation 
coefficients for metallic implants and scanning hardware 
such as radiofrequency coils. Workarounds are in place, 
but the overall accuracy of PET attenuation correction 
using MRI is lacking compared to PET attenuation correc-
tion using CT.

Quality Control Testing
It is extremely important to follow a quality control (QC) 
testing routine in order to detect changes in imaging system 
performance that may adversely affect the interpretation of 
clinical studies. Table 40-7 explains the basic quality control 
requirements for planar, SPECT, and PET imaging systems. 
Images of common QC tests are shown in Figure 40-13.

NONIMAGING INSTRUMENTATION

Several other important pieces of instrumentation are 
found in the nuclear medicine department and are not 
used for imaging. Some are based on the same scintilla-
tion detector technology as gamma cameras. Others are 
gas-filled detectors, specifically ionization chambers.

Geiger Counter
A Geiger-Mueller counter, commonly called a Geiger coun-
ter or GM meter, is a portable ionization chamber (see 
Figure 40-3D). It consists of a gas-filled cylinder attached 
to a readout meter and a battery pack. A wire protrudes 
into the center of the cylinder. Electrical current from the 
battery establishes a potential difference, such that the 
wire becomes a positively charged anode and the wall 
of the chamber becomes a negatively charged cathode. 
The end of the cylinder is closed with a mica window and 
mesh screen.

Photons pass through the window into the cham-
ber and ionize the argon gas inside. Positively charged 
ions are collected at the cathode and negatively charged 
ions are collected at the anode. The meter readout is 
proportional to the number of photons entering the 
chamber. In the nuclear medicine clinic, Geiger coun-
ters are used to monitor areas for radiation and detect 
contamination of items and people. The meter must be 
calibrated regularly to ensure proper function.

Dose Calibrator
The dose calibrator is a tabletop ionization chamber. The 
shape of the cylindrical chamber has been modified into 
that of a deep, open well. A dipper is used to lift vials and 
syringes in and out of the well (see Figures  40-3A–C).

The dose calibrator is used to measure the activity of 
radiopharmaceuticals before administration to patients. 
For ease of use, the chamber is connected to a digital read-
out meter with an array of buttons precalibrated to the 
energies of all the commonly used radionuclides. The dose 
calibrator must be calibrated at installation and undergo 
regular quality control testing for accuracy, constancy, 
linearity of response, and effect of sample geometry.

11067_ch40_hr_563-592.indd   582 11/20/18   7:15 PM



CHAPTER 40 Nuclear Medicine and Molecular Imaging   583

 TABLE   40-7.    Quality Control Testing of Imaging Instrumentation

PLANAR Photopeak Daily check to center range of acceptable photon energies

 Uniformity  Uniform source should produce uniform image. Check daily using sheet source for extrinsic  
uniformity (collimator on); point source for intrinsic (collimator off). (Figure 40-13)

 Spatial resolution  Check weekly using bar phantom and uniformity source. Visually assess images  
for resolution degradation. (Figure 40-13)

 Spatial linearity  Check weekly using bar phantom and uniformity source. Visually assess images  
to make sure lead bars appear as straight, unbroken lines. (Figure 40-13)

SPECT Uniformity  A small nonuniformity in the flood field on planar imaging can become a serious bull’s-eye 
artifact on reconstructed SPECT images, so it is very important to acquire good quality, 
high count flood uniformity correction data.

 Center of rotation  SPECT performance depends on a match between the electronic center of the path of orbital rota-
tion and the mechanical center, and assumes that the camera heads will rotate in a perfect circle 
(or ellipse) and that the heads will remain precisely aligned opposite each other. Deviation from 
the above is seen as a displacement of the center of rotation (COR) and degrades image quality.

 Lucite phantoms  SPECT phantom is a lucite cylinder containing different sized lucite rods, cylinders and cones, 
for example, a Jaszczak phantom. It is filled with water containing a small amount of radioac-
tivity and used to perform acceptance testing and routine evaluation of system performance.

PET Blank scan  A daily quality control procedure. performed using transmission source without patient in the 
scanner. Data are displayed as sinograms. Visually inspect to locate defective detectors.

 PM tube gain  Output from each PM tube checked daily or weekly to assure uniform response across all, and 
no fluctuations due to temperature and humidity.

 Normalization  Performed quarterly to adjust PM tube gain.

 Absolute calibration  Performed quarterly so that a certain number of counts within a pixel can be converted to 
average activity concentration for that pixel. Necessary calibration for using quantitative  
measurement of radiopharmaceutical uptake, e.g., standard uptake value (SUV).

FIGURE 40-13. Gamma camera quality control testing. Flood source in place for acquisition of extrinsic uniformity test (A). Bar phantom for 
spatial resolution and linearity tests (B). Uniformity flood image (C). Bar phantom image (D).
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Uptake Probe
The uptake probe is a scintillation detector (Figure 40-14). 
It consists of a scintillation crystal and cylindrical (flat field) 
collimator. Behind the NaI(Tl) crystal is one photomulti-
plier tube, the output from which passes to a preamplifier, 
amplifier, and pulse height analyzer to a digital readout. 
The probe is mounted on a stand with an adjustable arm 
for versatility of positioning. The most common use for the 
uptake probe is measurement of radioactive iodine uptake 
in the thyroid gland. The probe must be calibrated regularly 
to ensure proper functioning.

Well Counter
The well counter is a scintillation detector in which the 
NaI(Tl) crystal has been drilled out to contain a cylindrical 
well into which a vial or test tube can fit (see Figure 40-3F). 
The well counter is connected to a digital readout. Some 
well counters are designed to handle multiple samples. In 
the nuclear medicine laboratory, a well counter is com-
monly used for looking for radioactive contamination on 
swabs used for wipe testing. It can also be used to measure 
the radioactivity of body fluid samples. The well counter 
must be calibrated regularly to ensure proper function.

RADIATION PROTECTION

Radiobiologic Effect
In terms of radiobiologic damage, different types of ion-
izing radiation are more or less damaging depending on 
whether they are outside the body or taken internally.

Alpha and beta radiation possess charge and mass. 
They cause ionizations in tissue and are non-penetrating. 
We make use of these properties for radiation therapy 
using internalized radionuclides. However, alpha and 
beta sources external to the body are relatively safe 
(depending on their energy) because they are unable to 
penetrate the body’s layer of dead skin cells. Gamma and 
x-rays have no electrical charge or mass. Therefore, they 
are penetrating, although they cause fewer ionizations in 
tissue and are less damaging.

Regulation of Radioactive 
Materials
To minimize radiation hazards, international and national 
organizations have been established to set guidelines for 
safe handling of radioactive materials. The International 
Commission on Radiological Protection (ICRP) provides 
recommendations and guidance on all aspects of protec-
tion against ionizing radiation. The National Council on 
Radiological Protection and Measurements (NCRP) dis-
seminates information, guidance, and recommendations 
on radiation protection and measurements that represent 
the consensus of leading scientific thinking.

The U.S. Nuclear Regulatory Commission (NRC) 
protects the health and safety of the public and the envi-
ronment by licensing and regulating the civilian uses of 
source material (uranium and thorium), special nuclear 
material (enriched uranium and plutonium), reactor by-
product material and accelerator-produced radionuclides 
(Table 40-8). Under certain conditions, the NRC enters 
into agreements with state governors that authorize indi-
vidual states to regulate their own use of specific radioac-
tive materials used in medicine and industry.

FIGURE 40-14. Uptake probe.
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Radiation Protection Principles
The ALARA (as low as reasonably achievable) concept 
was instituted by the NRC to reduce radiation exposure 
to individuals to a minimum. Techniques, equipment, and 
procedures should all be evaluated critically. ALARA action 
levels indicate high occupational exposures that merit 
investigation and/or corrective action. Variables associated 
with radiation dose exposure in a nuclear medicine facil-
ity include time, distance, shielding, and contamination 
control.

Time. The total radiation exposure to an individual is 
directly proportional to the time of exposure to the radia-
tion source. Keep exposure ALARA by spending no more 
time than necessary near radiation sources. In the nuclear 
medicine clinic, the injected patient is the greatest source 
of exposure to personnel. Consider ways to reduce expo-
sure by becoming fast and efficient at radiopharmacy 
procedures such as eluting the generator and preparing 
doses. Reduce time spent in proximity to injected patients 
by careful selection of a study protocol and by explaining 
the procedure to the patient before he or she is injected.

Distance. The intensity of a radiation source, and thus 
radiation exposure, varies inversely as the square of the 
distance from the source to the point of exposure (i.e., 
the inverse square law). Keep exposure ALARA by stay-
ing as far away as possible from the radiation source. 
Consider where a radiopharmaceutical injection will be 
performed, where patients will wait during uptake, and 
try to monitor patients from a distance.

Shielding. Penetrating ionizing radiation such as gamma 
photons requires shielding with high-atomic-number 
materials such as lead, which will absorb the radiation by 
photoelectric effect. In order to keep exposure ALARA, 
gamma-emitting radionuclides should always be stored 
in lead containers and injected using syringe shields.  
Radioactive waste should be stored until it decays to 

background in lead-lined waste bins. Pure beta-emitting 
radionuclides should be stored in containers of low-
atomic-number materials, such as plastic or aluminum; 
otherwise, they will produce highly penetrating brems-
strahlung radiation.

Contamination Control. It is difficult to optimize the effects 
of time, distance, and shielding and maintain an ALARA 
environment if there are unidentified areas of radioactive con-
tamination. Therefore, a nuclear medicine facility should follow  
NRC guidelines for routine measurement of ambi-
ent radiation levels and spot checking (wipe testing) for 
removal contamination. Personnel should survey them-
selves regularly for contamination of their hands, feet, and 
clothing. If items and/or personnel are found to be con-
taminated, the recommended procedures for restricting 
spread of contamination and decontamination should be  
followed, under the guidance of the institutional radiation safety 
officer.

NRC-Mandated Radiation Safety 
Procedures
There are several mandated NRC safety procedures 
required in nuclear medicine, as described next.

Measurement of Ambient and Area Exposure 
Rates. Using a GM meter, perform daily surveys of all areas 
where radiopharmaceuticals are prepared or administered, 
and weekly surveys of all areas where radiopharmaceuti-
cals or radioactive waste are stored (Figures 40-15A and B).

Wipe Testing. Wipe 100-cm2 areas with absorbent swabs 
and count swabs in well counter. Perform weekly testing 
of all areas where radiopharmaceuticals are prepared, 
administered, or stored (Figures 40-15C and D).

Dose Calibrator Calibration. Using certified sealed 
sources of long-lived radionuclides, perform a yearly 
accuracy test and a daily constancy test (Figure 40-15E). 

 TABLE  40-8.   Highlights of NRC Regulations Pertaining to Operation of a Nuclear Medicine Facility; Title 10 of 
the Code of Federal Regulations, Part 20 Addresses Radiation Protection Requirements; Part 35 
Addresses Medical Uses of Byproduct Material

          10CFR20            10CFR35 
Radiation Protection Requirements Medical Uses of Byproduct Material

Dose limits for radiation workers and general public Licensing requirements

Exposure limits for individual workers  Training of personnel (radiation safety officer, medical physicist, nuclear  
pharmacist, and authorized user)

Monitoring and labeling radioactive materials Survey instruments (possession, use, and calibration)

Posting signs in and around radiation areas Use of unsealed byproduct material

Reporting theft or loss of radioactive material Use of sealed sources

Penalties for not complying with NRC regulations Recordkeeping
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Using Tc-99m, perform a quarterly test for linearity of 
response. All tests must be performed, including a test for 
the effect of sample geometry, when a dose calibrator is 
installed or after it is sent out for service or repair.

Survey Meter Calibration. The survey meter used must 
be capable of detecting exposure rates from 1 μSv/hr 
(0.1  mrem/hr) to 1  mSv/hr (100  mrem/hr). Using certi-
fied sealed sources of long-lived radionuclides, the meter 
should be calibrated annually. Perform a daily calibration 
check using the long-lived sealed source on the meter.

Signs, Symbols, and Labels. Radiation warning signs 
and labels with magenta/black symbols and writing on 
a yellow background should be used to warn people of 
possible danger of radiation exposure. Signs indicating 
the potential exposure level must be posted on doors, and 
labels must be used on all containers of radioactive mate-
rial. Specific U.S. Department of Transportation (DOT) 
labels are used when transporting radioactive materials 
(see Figure 40-5).

Receipt of Radioactive Packages. Received pack-
ages of radiopharmaceuticals must be unpacked and 
attended to as soon as possible after delivery. Each 
package must be visually inspected for damage and 
leakage. The external exposure rate of packages should 
be measured using a GM meter and the package surface 
and contents should be wipe tested for detection of 
removable contamination. The contents of the package 
must be logged into the inventory and stored behind 
lead in a secure area.

Recordkeeping. Records must be maintained for 
receipt, storage, use, and disposal of all radioactive 
materials, and for activities performed in the nuclear 
medicine department, including elutions, kit preparation, 
dose administration, instrumentation calibration and 
quality control, inventory checks, sealed sources, ambi-
ent surveys, wipe tests, written directives, therapeutic 
administrations, accidents, and medical events. The NRC 
is specific on the exact contents of each type of record 
and the length of time that each must be kept.

CLINICAL APPLICATIONS

The clinical nuclear medicine repertoire includes diag-
nostic studies for just about every major body organ and 
system. Additionally, nuclear medicine includes radionu-
clide therapy applications and some nonimaging (in vitro) 
diagnostic tests. Procedural details are beyond the scope 
of this book chapter, but a short explanation of the most 
common techniques is appropriate.

Skeletal Imaging
Uptake of Tc-99m MDP (methylene diphosphonate) 
reflects bone metabolism and blood flow, and allows 
functional analysis of bone turnover (Figure  40-16A). A 
bone scan can detect lesions such as bone metastasis and 
neoplasia, metabolic bone diseases (e.g., Paget’s disease), 
bone infections and inflammations (e.g., arthritis, osteomy-
elitis), and bone fractures.

Lung Imaging
In nuclear medicine, the term V/Q scan is used to refer to 
a diagnostic study including a lung ventilation scan (V) 
and a lung perfusion scan (Q). During a lung ventilation 
scan, a radioactive gas or aerosol is inhaled, demon-
strating regional pulmonary ventilation. During the lung 
perfusion scan, Tc-99m MAA (macroaggregated albumin) 
is trapped in the pulmonary alveolar microcirculation, 
demonstrating regional pulmonary blood flow. A V/Q scan 
is used most often to diagnose and evaluate pulmonary 
emboli (Figure 40-16B).
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B

FIGURE 40-15. Contamination surveys. Daily check with GM meter 
of all areas where radiopharmaceuticals are prepared or administered 
(A). GM meter read out (B). Wipe test for removable contamination 
(C). Measurement of used swab in well counter (D). Calibration of 
dose calibrator with long-lived sources of radioactivity (E).
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Thyroid Studies
Radioactive iodine uptake measurement refers to the use 
of I-123 or I-131 sodium iodide, administered as a cap-
sule, to evaluate thyroid function in terms of iodide trap-
ping and organification. A thyroid scan (Figure 40-16C) 
can be performed using I-123 sodium iodide or Tc-99m 
pertechnetate to evaluate morphology and function of 
the thyroid gland. Together, the uptake and scan are 
commonly used to evaluate thyrotoxicosis and plan 
dosimetry for thyroid ablation.

Brain Imaging
After intravenous injection, Tc-99m HMPAO (hexamethyl 
propylene amine oxime) and Tc-99m ECD (ethyl cysteinate 
dimer) are retained predominately in the gray matter of the 
brain, reflecting regional cerebral blood flow (Figure 40-16D). 
Both can be used to enhance detection of brain dementias 

(e.g., Alzheimer’s disease), localize seizure foci, and evaluate 
cerebral ischemia, trauma, and brain death.

Kidney Imaging
Dynamic renal scintigraphy (renography) is used to dem-
onstrate renal perfusion, tracer uptake, and excretion. 
The term renogram refers to a time-activity graph that 
is used to quantify and compare left and right kidney 
function (Figure 40-16E). Tc-99m MAG3 (mercaptoacetyl 
triglycine) and Tc-99m DTPA (diethyl triamine pentaace-
tic acid) are used for renal clearance and function assess-
ment. Tc-99m DMSA (dimercapto succinic acid) is used 
to show renal parenchymal morphology and function.

Hepatobiliary Studies
After intravenous injection, Tc-99m HIDA (hydroxyimi-
nodiacetic acid) and Tc-99m DISIDA (diisopropyl 

FIGURE 40-16. Clinical applications: (A) Tc-99m MDP (methylene diphosphonate) whole-body scan showing widespread focal areas of 
increased uptake indicative of skeletal metastases. (B) Lung perfusion scan using Tc-99m MAA (macroaggregated albumin). Large wedge-shaped 
defects in both lungs are highly suspicious for pulmonary embolism. (C) Pinhole image of thyroid gland using Tc-99m pertechnetate shows toxic 
multinodular goiter. (D) Regional cerebral perfusion scans using Tc-99m HMPAO (hexamethylpropylene amine oxime). Normal perfusion (left). 
Typical appearance of Alzheimer’s disease—atrophied cerebral cortex, decreased uptake in bilateral temporal and parietal lobes (right).  
(E) Renography using Tc-99m DTPA (diethylene triamine pentaacetic acid) showing decreased perfusion, uptake, and excretion of both kidneys.
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iminodiacetic acid) are taken up by hepatocytes, incorpo-
rated into bile, and secreted through the biliary tree into 
the duodenum (Figure  40-17A). A hepatobiliary scan is 
commonly performed to differentiate between acute and 
chronic cholecystitis, and to evaluate bile leaks.

Gastrointestinal Studies
To evaluate functions such as transit time in various parts 
of the gastrointestinal tract, Tc-99m radiopharmaceuticals 
can be added to foods or drinks for patient consumption. 

A common example is the gastric emptying study, where 
Tc-99m SC (sulfur colloid) is mixed into scrambled eggs, 
and its passage is tracked from the patient’s stomach into 
the small intestine (Figure 40-17B).

MUGA Scan
A MUGA (multiple gated acquisition) makes use of 
Tc-99m–labeled autologous red blood cells to image 
the blood pool inside the heart. Image acquisition is 
synchronized to the heart beat (i.e., gated), and shows 

FIGURE 40-17. Clinical applications: (A) Hepatobiliary scan using Tc-99m DISIDA (diisopropyl iminodiacetic acid), showing complete  
obstruction of the common bile duct. (B) Normal gastric emptying study. Patient was dosed with Tc-99m SC (sulfur colloid) in a scrambled egg 
and toast sandwich. Images were taken at 0, 15, and 30 minutes after ingestion of the dose, and show passage of the stomach contents into 
the small intestine. (C) Normal MUGA scan. Tc-99m–labeled red blood cell gated images show left ventricle at end diastole and end systole 
(top), pixel-by-pixel analysis of left ventricular contraction phase and amplitude (middle), global left ventricular ejection fraction of 61 percent, 
and regional left ventricular ejection fraction and wall motion (bottom). (D) Myocardial perfusion scan using Tc-99m sestamibi—short axis 
(top), horizontal long axis (middle), vertical long axis (bottom). Images demonstrate ischemia of the anteroapical wall of the left ventricle.  
(E) Infection imaging with In-111-oxine–labeled white blood cells, shows osteomyelitis of the great toe of the right foot.
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dynamic blood volume count rate changes, enabling 
left and right ventricular blood volume quantitation 
(Figure  40-17C). Analysis of ventricular wall motion, 
systolic-diastolic function, and ejection fraction have 
application for evaluation of coronary artery disease 
(CAD), risk stratification, and monitoring of cardiotox-
icity in chemotherapy patients.

Myocardial Perfusion Scan
Tc-99m sestamibi, Tc-99m tetrofosmin, and Tl-201 thallous 
chloride accumulation in the myocardium depends on blood 
flow and cellular metabolism. Uptake reflects regional 
perfusion and, in the case of Tl-201, myocardial viability. In 
the evaluation of a patient with suspected or known CAD, a 
stress test is performed. Myocardial perfusion images of the 
heart under conditions of maximum stress are compared 
with images of the myocardium at rest. Areas of myocar-
dial ischemia and infarct can be identified and localized 
(Figure 40-17D).

Infection and Inflammation 
Imaging
Autologous white blood cells labeled with Tc-99m HMPAO 
or In-111 oxine can be used to localize and evaluate sites 
of infection and inflammation (Figure  40-17E). Typi-
cal indications include abdominal (e.g., colitis, Crohn’s  
disease), pulmonary (e.g., sarcoidosis, pneumonia), 
musculoskeletal (e.g., osteomyelitis, joint prostheses), 
abscesses, fevers of unknown origin, and opportunistic 
infections.

Tumor Imaging
Many radiopharmaceuticals are available for diagnosing 
and evaluating tumors (Figure 40-18). The list includes:

 ◾ I-131 sodium iodide for papillary/follicular thyroid 
carcinoma

 ◾ Tc-99m sestamibi for parathyroid adenoma

A

F G H
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FIGURE 40-18.  Tumor imaging: (A) I-131 sodium iodide scan showing metastatic thyroid carcinoma. (B) Ga-67 gallium citrate scan showing 
lymphoma. (C) In-111 capromab pendetide (ProstaScint®)—a radiolabeled antibody against prostate cancer. (D) F-18 FDG (fluorodeoxyglucose) 
PET scan showing metastatic melanoma. (E) I-131 MIBG (metaiodobenzyl guanidine) scan showing pheochromocytoma. (F) Tc-99m sestamibi 
scan showing parathyroid adenoma. (G) Tc-99m SC (sulfur colloid) scan showing sentinel lymph node in patient with breast cancer. (H) In-111 
pentetreotide scan showing gastrinoma. 
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FIGURE 40-19.  Hybrid imaging: (A) I-131 sodium iodide SPECT (a and b), CT (c), and fused SPECT/CT (d) of patient with differentiated thyroid 
cancer. Metastatic lesion in left pelvis is located in colon. (B) Tc-99m sestamibi SPECT (a and b), CT coronary angiography (c), and fused SPECT/CT 
(d). Patient has stenosis of left anterior descending artery (LAD) at bifurcation of second diagonal branch. Myocardial ischemia corresponds with vas-
cular territory of second diagonal branch, while stenosis of LAD is not hemodynamically significant. (C ) F-18 flurodeoxyglucose (FDG) PET (a and d), 
CT (b), and fused PET/CT (c) of patient with squamous cell carcinoma of right tonsil and metastatic right cervical lymph nodes. (D) F-18 FDG PET (a), 
axial e-thrive MRI with gadolinium enhanced lesion (b left), axial T2 TSE MRI (c left), fused FDG PET/e-thrive MRI (b right) and fused FDG PET/T2 TSE 
MRI (c right) in patient with right breast invasive ductal carcinoma and ipsilateral axillary lymph node involvement.
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 ◾ I-123 or I-131 MIBG (methyliodobenzyl guanidine) 
for adrenergic tumors

 ◾ Ga-67 gallium citrate for lymphoma, hepatoma, 
bronchogenic carcinoma, and osteosarcoma

 ◾ F-18 FDG for PET of multiple cancer types

HYBRID IMAGING

SPECT/CT is used across a wide variety of applications 
and the addition of CT for attenuation correction and 
for anatomic localization of SPECT findings has been 
shown to improve the contrast and diagnostic accuracy 
of SPECT. SPECT/CT is being successfully used to 
evaluate tumors, orthopedic pathologies, infections and 
inflammations, pulmonary function, endocrine pathol-
ogy, and many other conditions (Figure 40-19). A partic-
ularly important application of SPECT/CT is myocardial 
perfusion imaging, usually in conjunction with cardiac 

stress testing. The benefits of myocardial SPECT/CT 
compared to conventional SPECT are two-fold; first, use 
of CT attenuation correction of SPECT data improves 
the sensitivity, specificity, and diagnostic accuracy of 
myocardial perfusion SPECT. Second, SPECT perfu-
sion data can be correlated with CT coronary calcium 
scoring, again increasing the sensitivity for detection of 
coronary artery disease (Figure 40-19).

The most common PET/CT application is whole-body 
F-18 fluorodeoxyglucose (FDG) PET/CT for oncologic 
applications. FDG is a radioactive form of glucose and is 
taken up in the tissues of the body in relation to the degree 
of glucose metabolism. Since many types of tumors have 
increased numbers of glucose transporter proteins and 
rapid turnover of glucose, they exhibit increased FDG 
uptake in FDG PET scans and show up as “hot spots.” 
However, many normal tissues and benign pathologies also 
metabolize significant amounts of glucose and show up 
on FDG PET scans. Anatomic localization of lesions seen 
on FDG PET by fusion with CT is extremely important for 
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SUMMARY

Nuclear medicine involves the administration of a radio-
pharmaceutical—a carrier substance labeled with a 

radioisotope. The radiopharmaceutical is dispersed through-
out the body and concentrates preferentially in a designated 
target organ or particular disease process by participation in 
local metabolic processes.

The most common clinically used radioisotope is 
technetium-99m (Tc-99m), which possesses many qualities 
that make it ideal for imaging nuclear medicine applications. 
Other frequently used radioisotopes include iodine-123 and 
iodine-131, indium-111, thallium-201, and gallium-67. For 
positron emission tomography (PET), fluorine-18 is most 
often used.

The possession, usage, and disposal of radioactive 
materials is carefully controlled by the U.S. Nuclear Regu-
latory Commission (NRC) and/or agreement states. Every 
procedure performed in nuclear medicine must follow recom-
mended protocols and be documented to ensure maximal 
protection of the patient, the general public, and the staff.

The radioisotope used emits gamma rays that pass 
out of the body and can be collected by a gamma camera, 
which incorporates a scintillation detector, photomultiplier 
tubes, amplifiers, and positioning and energy discrimination 
circuitry. The resulting image is a map of the distribution of 
the radioisotope throughout the patient’s body. Images may 
be limited to a particular body part, may show the whole 

body, or may be tomographic (SPECT). PET systems include 
modifications for detection of annihilation photons. Addi-
tional radiation counting and measuring equipment in the 
nuclear medicine department, such as dose calibrators and 
survey meters, employs scintillation or gas-filled detection 
technology. All equipment needs to undergo regular quality 
control testing.

In contrast with computed tomography and magnetic 
resonance imaging, nuclear scintigraphy has relatively poor 
spatial resolution and low signal-to-noise ratio. The amount 
of radioisotope injected, and hence the gamma photon flux, 
is limited by the radiation dose conferred on the patient. 
This results in a considerable amount of noise in the images, 
which is confounded by the absorption and scatter that the 
gamma rays are subjected to as they pass out of the patient 
and into the detector.

Nuclear medicine does not attempt to compete with 
high-spatial-resolution imaging (CT and MRI). Rather, its 
utility is its ability to image metabolic processes with very 
high sensitivity. Hybrid imaging, combining functional 
imaging by PET or SPECT with anatomical imaging by CT 
or MRI, has been shown to increase the accuracy of lesion 
detectability, sometimes beyond the accuracy or either 
imaging technique alone. Some radioisotopes, emitters of 
particulate (alpha or beta) radiation, have a role in radio-
nuclide therapy. ◾

elimination of false positives. FDG PET/CT has become an 
established imaging modality for all aspects of oncologic 
patient management from initial diagnosis and staging, 
through monitoring response to therapy, and identification 
and localization of recurrence (Figure 40-19).

Whole-body F-18 FDG PET/MRI is being used as a 
lower radiation dose alternative to PET/CT and SPECT/CT, 
to provide anatomic localization of lesions seen on nuclear 

images (Figure 40-19). However, the scope of applica-
tion for hybrid PET/MRI goes far beyond this, especially 
for those scanners that are capable of true, simultaneous 
hybrid imaging. Researchers have the unique ability of per-
forming temporal correlation of functional data from two 
distinct modalities, imaging two molecular probes simulta-
neously, or even designing novel imaging probes visible to 
both imaging technologies.

 REVIEW QUESTIONS

 1. In the molybdenum-99/technetium-99m generator 
system, which is the parent radioisotope and which 
is the daughter?

 2. What is the usual method in a nuclear pharmacy for 
disposing of radioactive waste materials?

 3. What is the appropriate shielding material to use for:

(a) Gamma-emitting radionuclides?

(b) Pure beta-emitting radionuclides?

(c) Positron-emitting radionuclides?

 4. What is meant by the term pulse height analysis?

 5. What is the purpose of wipe testing?
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 6. What type of phantom is used for testing the spatial 
resolution of a gamma camera?

 7. What is the role of a high-pass filter in SPECT image 
analysis?

 8. What are the two uses for the computed tomography 
(CT) scan acquired by a hybrid SPECT/CT or PET/CT 
scanner?

 9. Name two advantages of myocardial SPECT/CT com-
pared to myocardial SPECT.

 10. Name two types of image artifacts seen in PET/CT 
and SPECT/CT.

 11. Which currently available hybrid imaging technique 
employs true, simultaneous imaging?

 12. Name:

(a)  A Tc-99m radiopharmaceutical that can be used 
for cardiac imaging.

(b)  A PET radiopharmaceutical used for tumor 
imaging.

(c)  A radiopharmaceutical used for thyroid cancer 
therapy.

 13. What property makes some radiopharmaceuticals 
suitable for therapeutic use?

 14. Name three potential advantages of PET/MRI imag-
ing compared to PET/CT imaging.
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Explain the historical development of the use of radiation for 
therapeutic purposes.

◾ Describe how a treatment plan is created.

◾ State the goals of simulation.

◾ Explain the relationship of the machine isocenter and patient isocenter.

◾ Differentiate between gross tumor volume, clinical target volume, and 
planning target volume.

◾ Describe the difference between portal imaging and image-guided 
radiation therapy.

◾ Define the major components of a linear accelerator.

◾ Distinguish between image fusion and hybrid imaging.

◾ Describe various specialized units and treatment methods.

KEY TERMS

clinical target volume (CTV)

cone beam CT (CBCT)

contouring

gross tumor volume (GTV)

image fusion

image-guided radiation therapy 
(IGRT)

isocenter

linear accelerator

planning target volume (PTV)

portal radiograph

proton therapy

stereotactic irradiation

tumor board

Once you choose hope, anything’s possible.

Christopher Reeve

Radiation Therapy
Matthew Marquess, MBA, RT(T)

C H A P T E R  41
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HISTORICAL OVERVIEW

The use of x-rays for therapeutic purposes started only 
a few months after Roentgen’s great discovery. The 
first therapeutic treatments were used mainly for non- 
malignant conditions such as ringworm of the scalp, 
which was quite common in Victorian cities, or certain 
skin conditions. Some superficial lesions were also 
treated, but it wasn’t until after Coolidge tubes were 
invented that deep-seated tumors could be reached. 
Coolidge tubes allowed the delivery of higher-kilovoltage 
x-rays that could penetrate tissues. In the United States, 
a medical student in Chicago, Emil H. Grubbe, was 
one of the first documented individuals to treat cancer 
with therapeutic x-rays. Grubbe treated a woman’s left 
breast in 1896; though it was not successful, he was the 
first to shield healthy parts of the patient’s body. He did 
this remembering the dermatitis he experienced on his 
hands from working with x-rays. It wasn’t until 1956 at 
Stanford University that Dr. Henry Kaplan and his staff 
of physicists created the first linear accelerator. The 
machine stood 6 feet high, weighed 2 tons, and was har-
nessed from the ceiling. The first patient treated was a 
2-year-old boy who was diagnosed with retinoblastoma. 
The boy had already lost sight in one eye due to the 
disease, so the first goal for radiation therapy treatment 
was to preserve the boy’s sight and destroy the growing 
tumor. Day after day for 6 weeks they positioned a lead 
block that had a pinhole drilled through it. The block 
was so heavy they borrowed an automobile jack from a 
local garage to position the block so that the rest of the 
delicate eye was shielded except for the tumor. Treat-
ment was successful. The boy’s sight was saved and he 
went on to live a long full life.

The invention of computers and new technology 
has helped researchers create sophisticated machines 
used to treat cancer. Clinical trials have helped research-
ers create a language and a history for every type of 
malignancy. Working with others and being part of 
new therapies has allowed great increases in cancer 
survival rates and lower morbidity. In 1962, radiation 
therapy became a separate specialization with its own 
professional society and registration and accreditation 
agencies. The goals of radiation therapy are to protect 
healthy tissue as much as possible, preserve function of 
the structure or structures surrounding the tumor, eradi-
cate the tumor, and minimize side effects. These goals 
take a network of trained, educated medical profes-
sionals who all have the patients’ best interest in mind. 
Figure 41-1 illustrates the processes involved in treating 
a patient in a radiation therapy department.

CONSULTATION

Most patients are in the radiation oncology department 
for a malignancy and are typically referred to the radia-
tion oncologist by surgeons, neurologists, urologists, 
primary care physicians, or medical oncologists. The 
first step for a patient in the radiation oncology depart-
ment is to meet with the physician for consultation. 
Before the consultation, the physician has reviewed the 
patient’s medical chart, his or her history and physi-
cal, all diagnostic examinations, pathology reports, 
and other procedure reports and consultations. This 
review, performed in conjunction with pathologists, 
medical and radiation oncologists, radiologists, and 
other members of the health-care team is known as 
the tumor board. From this information, a decision will 
be made to determine if the patient is a candidate for 
radiation therapy. The patient then undergoes a CT 
simulation. This is followed by the creation of a radia-
tion treatment plan that is specific for each individual 
patient. To create this plan, the oncology team uses 
all of the patient’s medical information, research from 
clinical trials, and the team members’ expertise. The 
foundation of this radiation treatment plan is called 
the prescription. The prescription is precise, detailed, 
serves as the physician’s orders for treatment, and must 
include the physician’s signature. It must include:

 ◾ Anatomic site to be treated

 ◾ Total radiation dose

 ◾ Individual treatment dose (fractionation)

 ◾ Time over which the total dose is delivered 
(protraction)

 ◾ The treatment technique being used

 ◾ Number of treatment fields

 ◾ Treatment field angles

Other components that may be included are the beam 
energy, treatment field sizes, and beam modifiers. Dose is 
written in gray (Gy), which is the SI equivalent of the rad 
(radiation absorbed dose). The gray is defined as 1 joule 
of energy absorbed per kilogram of absorbing material, 
with 1 Gy 5 100 (cGy 5 100 rad). Once the patient agrees  
on radiation therapy, consent for treatment is discussed 
and signed. For an informed consent to be valid, it must 
have four areas covered:

 ◾ It must describe the procedure, treatment, and 
disease.

 ◾ It must state the outlook of the recommended treat-
ment and the chances of success.
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FIgURE 41-1. The processes involved in treating a radiation therapy patient.
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• Simulation
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 ◾ It must also have alternatives to treatment and the 
likely outcome in the absence of treatment.

 ◾ It must state known risk factors, such as side  
effects that could be possible with this form of 
treatment

Once the patient signs the consent, he or she is scheduled 
for a simulation.

TREATMENT PLANNING

Simulation
Simulation is the first step in the treatment planning 
process and can be done using a CT simulator or a con-
ventional simulator. Because the main purpose for radia-
tion therapy treatment is to give a dose of radiation to 
malignant tissue and reduce the dose to normal tissue, 
accuracy and reproducibility are the two main goals for 
simulation. A conventional simulator (Figure  41-2) is a 
replica of the treatment machine or linear accelerator 
with the same mechanical, geometrical, and optical opera-
tions as the treatment machine. The difference between 
a conventional simulator and a linear accelerator is that 

the conventional simulator is only capable of producing 
diagnostic-level ionizing radiation.

A conventional simulator has all of the same com-
ponents that make up a linear accelerator, which will be 
discussed later, plus two other features to help with the 
simulation process: field defining wires (Figure 41-3) and 
an image intensifier system (Figure  41-4). Field defining 
wires are located in the gantry head, and define the treat-
ment field borders that are established by the radiation 
oncologist. There are four thin wires, two for the x axis 
and two for the y axis. They can move dependently or 
independently of each other. The image intensifier system 
is located on the opposite side of the arm that is con-
nected to the gantry head. The image intensifier unit can 
house a cassette for hard-copy films as well as be used for 
fluoroscopic purposes. The intensifier has its own inde-
pendent movement for optimal image quality. It can move 
on a vertical, longitudinal, and lateral axis.

A CT scanner is used for CT simulation, and whether 
the department uses a conventional simulator or a CT 
scanner, the same set of information needs to be obtained. 
To achieve reproducibility the patient needs to be immo-
bilized; this allows for the therapists on the treatment 
machine to set the patient up using the same immobi-
lization device (Figure  41-5) every day to help confirm 

FIgURE 41-2. A conventional radiation therapy simulator. This unit is designed to replicate a linear accelerator treatment machine. This unit  
produces radiation in the kilovoltage range, not in the megavoltage treatment range. 
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accuracy and consistency. This is critical because patients 
receive multiple radiation treatments. For palliative intent, 
10–20 treatments are usually given, and for curative intent, 
30–40 treatments are typical. Immobilization devices 
depend on the area of the body that is being treated as 
well as the patient. The second goal of simulation is 
accuracy. The tumor needs to be localized. To create an 
accurate treatment plan, the area of the tumor needs to 
be identified, including the volume, extent, and lymphatics 
or regional involvement. For conventional simulation, this 
is done with fluoroscopy; for CT, a CT scan is performed. 
After the area is localized, the simulation therapist creates 
a coordinate system on the patient’s external surface for 
reproducibility and accuracy during treatment.

Marking the coordinates on the patient is necessary 
for both CT and conventional simulation, but they are 
performed at different times in each scenario. The coor-
dinate system is a series of marks that are placed on the 

patient that are references to the radiation therapist to set 
the patient up accurately on the treatment machine. They 
are created from a laser system that is installed in every 
simulation and treatment room. Lasers are placed on both 
sides of the machine to line the body longitudinally (supe-
rior, inferior) and vertically (anterior, posterior). A laser is 
also placed on the ceiling, which helps line the body lon-
gitudinally again and laterally (right, left). All lasers meet 
at one center, which is called the isocenter. The isocenter 
is the point where all three rotational axes intersect from 
the simulator and for the treatment machine. Great care 
is given each day to make sure that the laser coordinate 
system intersects at the isocenter. These reference points 
for conventional simulation are usually made after an 
immobilization device is created and the tumor is local-
ized under fluoroscopy. Marks are either permanent or 
non-permanent at this point. For CT, simulation marks are 
made prior to a CT scan and small metal BBs are placed 
on the marks for treatment planning purposes. Once these 
preliminary marks are made the physician needs to estab-
lish where the isocenter will be inside the volume being 
treated. This process can be done during simulation or 
during the treatment planning process. Once the patient 
has been marked, immobilized, and images have been 
created for tumor localization, the simulation therapist 
records parameters associated with the patient’s setup, 
photographs are taken to ensure proper setup, charges are 
made, and documentation of the procedure is completed. 
The patient is then given a return appointment time to 
start the first day of treatment and is asked not to remove 
the temporary marks. The CT scan is then transferred 
to a treatment planning computer system. Radiographs 
and a physical contour of the patient’s body are given to 
the medical dosimetrists. Whether images are obtained 
using a conventional simulator or a CT scanner, they are 
used to create the patient’s unique treatment plan and are 
referenced throughout the treatment process. In modern 
radiation therapy departments in the United States, the 

FIgURE 41-4.  Receptor unit for a simulator.

FIgURE 41-3.  Defining wire used for patient setup.

FIgURE 41-5. A radiation therapy immobilization device. 
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CT scanner is the primary mode of simulation.  Very few 
departments utilize conventional simulation today.  The 
CT simulation provides more accurate patient contours as 
well as localization of tumors and other critical structures.  
It also allows a radiation therapy department to perform 
more simulations per day because of the decreased time 
required for the procedure.

Image Fusion
The development of positron emission tomography (PET) 
in the 1990s has provided oncologists the information to 
metabolically trace malignancies and more accurately 
manage their treatment. Single photon emission computed 
tomography (SPECT) and PET use specific radiotracers to 
create functional images that display physiologic images. 
This new insight has allowed radiation oncologists to more 
accurately define the tumor volume, lymph node involve-
ment, and detect metastases at an early stage. The disad-
vantage to functional images is that they lack the structural 
framework of the patient. The patients’ anatomy is best 
represented in magnetic resonance imaging (MRI) and 
computed tomography (CT).

A process called image fusion (Figure 41-6) integrates 
structural images, MRI or CT, with functional images, PET 
or SPECT. The images are essentially fused together to cre-
ate another series of images and display characteristics of 
each. This has been very beneficial in radiation oncology. 
These images are fused together through a process called 
registration. There are many methods that can be used 
to register these fused images; one of the most advanced 
forms is through hybrid imaging. Hybrid imaging uses a 

multimodality unit such as PET/CT or PET/MR. The scans 
are performed during the same visit, with the patient stay-
ing on the table. The advantage to hybrid imaging is the 
accuracy of the registration process. With minimal patient 
movement along with the creation of the data sets during 
the same visit, the margin for error is diminished with 
hybrid imaging. Staging of disease, surgical and radiation 
therapy planning, and assessment of tumor response are 
some of the benefits of image fusion. These image fusion 
techniques allow the radiation oncologist to more accu-
rately localize tumors and diseased lymphatics, which con-
sequently aides the treatment planning process. The result 
is less dose delivered to healthy tissue which in turn allows 
the oncologist to deliver higher doses to affected tissues.

Treatment Planning Systems
Treatment planning is the primary responsibility of the 
medical dosimetrist. Under the physician’s direction, the 
dosimetrist identifies an isocenter, the volume of tissue to 
be treated, radiation beam arrangements, and creates an 
acceptable isodose distribution. These four tasks are accom-
plished by reviewing the physician’s prescription, viewing 
other diagnostic imaging studies, and using the simulation 
data. There are a number of treatment planning (TP) sys-
tems commercially available, as well as oncology centers 
that have created their own unique systems. All TP systems 
have different features but ultimately achieve the same goal, 
to create a treatment plan that is designed for a particular 
patient.

Once the dosimetrist reviews all materials and finds 
the coordinate metal BB points, an isocenter needs to be 
placed and a treatment volume needs to be defined. The 
process of contouring is used to achieve these first two 

FIgURE 41-6. A PET scan fusion image. 
FIgURE 41-7. A contouring image that is used to determine the 
isocenter and treatment volume prior to beginning treatment. 
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goals. Contouring (Figure 41-7) is a tracing of the shape of 
the tumor volume as well as structures near the tumor vol-
ume that the radiation dose will affect. Depending on the 
treatment planning system and the type and extent of dis-
ease, this task can take from a few seconds to a few hours.

To establish the volume of tissue (Figure  41-8) that 
will be irradiated, a contour of the gross tumor volume (GTV), 
clinical target volume (CTV), and planning target volume (PTV) 
must be created. Also, any structure that is in the path of 
radiation either before entering the GTV, CTV, or PTV or 
after needs to be contoured to calculate how much radiation 
dose the patient will be receiving. The gross tumor volume, 
or GTV, is defined as the palpable or visible growth of the 
malignant tumor. It is considered the primary location of the 
tumor, and any lymphatic or other metastatic spread. If the 
patient’s tumor has been removed or eradicated prior to radi-
ation therapy, no GTV is defined. The clinical target volume, 
or CTV, always includes the GTV and a volume of tissue that 
contains microscopic subclinical disease. If the tumor was 
removed prior, the CTV would include the tumor bed and tis-
sue surrounding the tumor bed. The planning target volume, 
or PTV, includes the GTV and CTV and includes lymph nodes 
adjacent to the primary tumor that have evidence of disease. 
The CTV also is used for patient movement and setup errors.

The isocenter is a point that the radiation oncologist 
chooses that receives 100 percent of the radiation dose that 
is prescribed. It is a fixed point that corresponds with all 
rotational axes associated with the treatment machine. The 
radiation oncologist places this point usually inside the GTV 
or PTV. For example, with a left lung tumor that needs to be 
treated, the physician will set the isocenter inside the area 
to be treated and the dosimetrist places a margin or contour 
around the area. Depending on the area, these margins can 
be very small or large. If a lung tumor is located in the center 
of the left lung and the tumor is 1 cm in diameter, that would 
be the GTV. The radiation oncologist might want to add 
another 1 cm around the GTV for subclinical disease. This 
is the CTV. As the chest rises and falls with every breath, 
the radiation beam needs to be large enough that the tumor 
is treated regardless of whether the patient is exhaling or 
inhaling. That could be another 1.5 to 2 cm margin, and this 
would be the PTV. Consequently, the total field size to treat 
a 1 cm tumor could be 3.5–4 cm in diameter. The dose that 
the lung absorbs before the beam reaches the PTV must also 
be considered, as must the dose to healthy lung tissue, the 
heart, spinal cord, and great vessels. Structures beyond the 
isocenter must also be accounted for as the photons used 
in radiation therapy also exit the body. These structures are 

FIgURE 41-8. Treatment planning system images for a prostate cancer patient showing gross tumor volume, clinical target volume, and plan-
ning target volume. A three-dimensional image is also produced. These images allow the treatment planning system to calculate radiation doses 
to various critical anatomical structures. 
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600  UNIT VI Special Imaging Systems and Modalities

called critical structures, and they also need to be contoured 
by the dosimetrist so the computer knows to calculate what 
dose they will get as well. The challenge is that the dosime-
trist must make sure the PTV receives the prescribed dose 
and that the structures surrounding the PTV receive as little 
dose as possible. To assist with this goal, the dosimetrist 
manipulates the radiation beam. By using multiple beam 
angles, less dose is received by surrounding structures, with 
the PTV still receiving 100 percent of the prescribed dose.

Beam angles are formed by manipulating the gantry 
and couch angles. The traditionally flat, symmetrical beam 
can also be adjusted by having beam modification devices 
inserted into its pathway; this creates a three-dimensional 
angle of dose distribution inside the body. This aids in 
achieving an even dose distribution in irregular body 
compositions or in avoiding surrounding structures. Since 
the 1990s, treatment planning systems have been further 
developed to provide accuracy in radiation therapy treat-
ment. Most treatment planning systems are capable of 
three-dimensional treatment planning (see Figure  41-8). 
This allows dosimetrists and physicians to view the treat-
ment plan in the coronal, sagittal, and transverse planes, 
allowing for more precise treatment plans. Once an iso-
center is chosen, the target volume is defined, and then 
the beam is arranged so that the computer can calculate 
the dose to all pertinent volumes and structures.

Using machine data, an isodose distribution can be 
defined based on the prescribed dose, the treatment vol-
ume, and patient composition. This graphic representation 
(Figure 41-9) of the radiation beam gives the dosimetrist 

FIgURE 41-9.  An isodose distribution image of a five field prostate 
cancer treatment plan.
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the ability to visually see what percentage of the pre-
scribed dose is being received to a particular volume. It 
can then be determined if the PTV is receiving enough dose 
and how much dose surrounding structures are receiving 
as well. If the isodose distribution needs to be adjusted, the 
treatment beams can be changed to implement the most 
favorable treatment plan. Once approved by the radiation 
oncologist, the treatment plan is uploaded to the treat-
ment machine and important information is passed on to 
the physicist and the therapists. The physicist checks the 
plan, reviews all of its parameters, and makes sure the plan 
is also accurate at the treatment machine. The physicist 
then can perform quality assurance tests on the treatment 
machine to make sure the dose distribution is accurate. 
The radiation therapist reviews the treatment plan and 
also makes sure the setup of the treatment is accurate. 
The therapist looks at the field location and size, marked 
coordinate points, and the planned coordinate shifts to line 
up to isocenter, beam angles, and depth measurements.

TREATMENT

Once the simulation visit has been completed and a treat-
ment plan produced, radiation treatment can be adminis-
tered. Radiation therapists work on the treatment machine 
to perform this. Like the simulation room, the treatment 
room is equipped with a laser system that is aligned 
with the treatment machine’s isocenter. Before treatment 
begins, the therapists review the patient’s prescription, 
simulation notes, and the treatment plan, which includes 
digital reconstructed radiographs (DRRs) or hard-copy 
simulation films. DRRs (Figure 41-10) bear a resemblance 
to radiographs and are acquired from the simulation CT 
scan. They include the anatomy of the patient, treatment 
field, and other pertinent information. The therapists also 
review the patient’s history and physical and identification 
information. During the first visit, the therapist explains 
the process to the patient and gives the patient time to ask 
any questions. The treatment couch is set up to include 
any immobilization devices that were constructed for the 
patient as well as other devices used during simulation. 
The patient is placed on the table and the external marks 
that were made during simulation are lined up to the laser 
coordinate system. Once the patient is lined up, the thera-
pist references the treatment plan to move the patient to 
the planned treatment isocenter. Once the patient is set 
up, the therapists ask the patient not to readjust and to 
breathe normally throughout the process. Before the first 
treatment, x-rays are taken to verify patient placement. 
This can be accomplished through portal imaging or by 
image-guided radiation therapy (IGRT). These images are 
taken outside the room at the control console and are 
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compared to the DRRs or simulation films associated with 
the treatment plan. The therapist and/or oncologist then 
analyzes the new image and makes appropriate adjust-
ments to the couch and/or patient to make sure treatment 
is centered on the treatment isocenter. Once the patient 
is set up accurately, the therapists make adjustments to 
the marks on the patient and record appropriate steps 
that need to be taken to align perfectly to the treatment 
isocenter. The therapist may also take setup photos of the 
patient and the treatment fields to help with proper setup. 
At this point, radiation treatment can be administered. The 
treatment plan is downloaded into the treatment machine 
and all machine parameters are adjusted for treatment of 
the field.

X-rays in the therapeutic range are measured in mega-
voltage (MV). Interactions in this energy range are from 
coherent scattering, photoelectric effect, Compton scatter-
ing, pair production, and photodisintegration. As the x-ray 
beam travels through the treatment machine it is polyener-
getic, and lower energies not in therapeutic range need to 
be filtered out before reaching the patient. To achieve this, 
filters are built within the gantry head to attenuate lower 
energies out of the x-ray beam, thus hardening the beam 
to MV range. The beam is also shaped to the treatment 
field and exits the gantry head into the patient, directed at 
the isocenter where interactions with tissue and radiation 
occur. A typical treatment field is measured in monitor 
units (MUs), a measure of machine output, and usually 
takes seconds to treat. Once the treatment is administered 
the next field can be treated. The parameters are changed 
and checked and radiation is administered again. Patients 
can be treated using one treatment field, multiple fields, 

or rotational fields depending on the treatment plan. Once 
treatment is completed, the therapist enters the treatment 
room, lowers the treatment couch, and assists the patient 
off the table.

Image Acquisition
The image acquisition process in radiation oncology  
is the same as the diagnostic process in terms of creating 
the beam and creating the image. The form in which the 
image is displayed is unique to each radiation oncology 
department depending on the age and features of the 
department’s particular equipment. Some departments 
use conventional film/screen imaging, whereas many use 
digital imaging. In the simulation process, a conventional 
simulator will use film/screen imaging that can produce 
either hard-copy film or display images on a monitor (soft 
copy). For CT simulation, images are viewed on a moni-
tor. Megavoltage  (MV) imaging, kilovoltage (KV) imag-
ing, and cone beam computed tomography (CBCT) imaging 
are processes that are used on the radiation therapy 
treatment machine. Depending on the age and type of 
machine, one or all of the processes are available, and 
each is described next.

To ensure accuracy of treatment, being able to image 
treatment fields throughout the patient’s treatment regi-
men is critical. Imaging gives the radiation therapist and 
oncologist the ability to compare the planned treatment 
field with the anatomy of the patient. Changes can then 
be made either during treatment setup or to the treatment 
plan, thus ensuring that the treatment is accurate. Imaging 
is the most common technique available to measure and 
document this accuracy.

Portal Imaging. The American Association of Physicists 
in Medicine defines a portal radiograph1 as “a radiograph 
produced by exposing the image receptor to the radiation 
beam which emanates from the portal of a therapy unit.” 
Traditionally, MV imaging (Figure 41-11) is used to visual-
ize the target. Images produced with MV beams suffer from 
low subject contrast, and they can be difficult to read for 
making accurate adjustments. Megavoltage images are 
subject to Compton scattering as well as some increase in 
pair production. This decreases the quality of the image, 
making it difficult to read. Many other factors contribute to 
the poor quality of images in MV portal imaging, including 
the performance of the image receptor and scatter. MV por-
tal images can be captured with either a radiographic film 
and then processed conventionally or with an electronic 
portal imaging device (EPID). Norman Baily introduced 
electronic portal imaging devices in the 1980s. The EPID 
(Figure  41-12) is attached to the gantry of a treatment 
machine so it can capture an image at any gantry angle. 
It retracts into the gantry to accommodate patient access. 

FIgURE 41-10.  A digital reconstructed radiograph (DRR) from a 
simulation CT scan.
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position of the tumor just prior to or during treatment. 
This increased precision allows for higher doses of radia-
tion, ultimately leading to higher cure rates. Registration 
of the images happens at the control console, where they 
are fused with the DRRs from the patient’s treatment 
plan (Figure  41-14). The therapist can then adjust the 
image that was acquired before daily treatment to match 
the image taken at time of simulation. Within minutes  
the images can be analyzed in multiple planes to precisely 
pinpoint the treatment isocenter. The couch then moves to 
the appropriate position for that treatment and the patient 
is treated. This accuracy has allowed for treatment plans 

EPIDs are commonly used in the clinical setting and have 
many advantages over hard-copy film. The images obtained 
by EPIDs are immediately available and can be used inter-
actively to adjust patient or field position during treatment. 
The images are digital, which aids in image processing, con-
trast enhancement, and image matching. Moreover, digital 
archiving saves space and allows for rapid recall of images 
over a network.

Image-Guided Radiation Therapy. With advancements  
in treatment techniques, such as intensity-modulated 
radiation therapy (IMRT), stereotactic radiosurgery (SRS), 
and stereotactic therapy (SRT), the need for quality 
images with good soft tissue contrast and quick image 
processing has developed at a rapid pace. Image-
guided radiation therapy allows for quick corrections 
of patient positioning errors and patient movement 
before a radiation treatment is administered or during 
treatment. Tumors are not stationary, unchanging tar-
gets; they move between and during treatments. IGRT 
uses daily imaging techniques such as KV-imaging and 
cone beam CT (CBCT) to create three-dimensional  
images that pinpoint the exact size, location, and coordi-
nates of the treatment isocenter. In the past, oncologists 
have had to compensate for tumor movements by making 
the radiation beam larger, exposing a significant volume 
of healthy tissue to radiation. With IGRT (Figure  41-13),  
two robotically controlled “arms” capture CT, fluoro-
scopic, and x-ray images on a daily basis, pinpointing the 

FIgURE 41-12.  An electronic portal image device (EPID) attached 
to the gantry of a linear accelerator treatment unit.
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FIgURE 41-13.  Image-guided radiation therapy (IGRT) allows  
corrections of patient positioning prior to treatment. The treatment 
beam is shown in yellow and the IGRT beam is shown in green.
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FIgURE 41-11.  A portal image produced with a megavoltage  
energy beam.
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to conform closer to the target volume and sparing sur-
rounding healthy tissues. With a patient who has prostate 
cancer, the prostate is roughly the size of a walnut and 
is located posterior to the bladder and anterior to the 
rectum. The prostate is located between two organs that 
change shape depending on how full or empty they are. 
This changes the location of the prostate considerably. 
The goal of radiation therapy is to give 100 percent of the 
dose to the diseased prostate while giving as little dose as 
possible to the bladder and rectum. This could cause the 
prostate to be completely missed during treatment. With 
IGRT the patient can be imaged each day before treatment. 
The images are registered and fused with the DRRs from 
simulation and the prostate can be adjusted to be aligned 
to its treatment-planned location. Once the radiation thera-
pist analyzes the images, the couch will adjust to match 
the planned treatment isocenter. This can be preformed 
quickly before each radiation treatment and makes treat-
ment of the prostate more accurate with smaller treatment 
fields and less dose to the bladder and rectum, resulting in 
fewer side effects.

There are many IGRT techniques that are being 
used and are currently under research. One technique 
of IGRT is optical tracking, where fiducial markers are 
placed internally or externally on the patient. A fiducial 
is an object that appears in the image being produced 
and can be used as a point of reference. These fiducials 
must be present during the patient’s simulation. When 
the treatment plan is being created the dosimetrist plans 
the coordinate system using the fiducials in regard to 
the treatment isocenter. The fiducials are calibrated to a 
tracking device located in the treatment room. If move-
ment occurs during treatment, the radiation therapist can 

pause the treatment, adjust the patient into the treatment 
range, and then continue treatment.

Respiratory gating is another form of IGRT that 
can be used for lung, breast, and upper abdominal sites. 
It tracks target volume movement due to respiration 
throughout radiation treatment. If the target moves out 
of the treatment field, the machine will pause treatment 
until the target is moved back into the radiation field. 
These techniques and many more are being developed 
and researched with the hope of increasing radiation dose 
to the diseased area and lessening dose to healthy tissue.

Linear Accelerator
The linear accelerator (Figure  41-15) is made up of the 
drive stand, gantry, treatment couch, control console, and 
modulator cabinet.

Drive Stand. The drive stand is a large cabinet that is 
secured to the floor in the treatment room. The gantry, 
which is a feature that rotates 360   degrees around the 
treatment couch, is connected to the drive stand and its 
rotational components are housed within the stand. The 
drive stand includes a cooling system, circulator, wave-
guide, and klystron (Figure 41-16). The klystron generates 
the microwave power that is used to excite or accelerate 
the electrons. This energy is then transferred to a wave-
guide, which runs into a circulator that acts as a holding 
area for the microwave energy. This does not allow it to 
be pushed back into the klystron. The other side of the 
circulator is also connected to a waveguide, which is a 
hollow tube that is used to transport the radiofrequency 
(RF) energy. Also located in the drive stand is a cool-
ing system that circulates chilled water throughout the 

FIgURE 41-14.  A linear accelerator unit and patient couch shown with the operator’s console where images are fused with the patient  
treatment plan prior to initiating treatment. 
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machine, particularly to the klystron, circulator, target, 
and accelerator guide.

Gantry. The primary job of the gantry (Figure  41-17)  
is to direct energy, either in the form of photons or elec-
trons, toward the isocenter. The three main parts of the 
gantry are the electron gun, accelerator guide, and the 
treatment head. The electron gun receives its power from 
a pulsed power supply from the modulator cabinet. The 
electron gun produces electrons and directs them into the 
accelerator guide. Electron production by the electron 
gun is similar to a diagnostic x-ray tube. The cathode is 
made of a high atomic number material, usually tungsten, 
and is circular in shape. The anode is separated from the 
cathode and the electrons pass through it into the accel-
erator guide.

The accelerator guide has electrons passing through 
it from the electron gun at approximately 50 keV. Micro-
wave energy produced by the klystron is directed by the 
waveguide. The electrons interact with the electromag-
netic field from the microwaves and gain energy as they 
travel through the accelerator guide. The accelerator 
guide structure looks like a tube. If the accelerator guide 
is cut in half, it would show an S shape that is designed 
to speed up and concentrate the electrons. Once the 
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FIgURE 41-15.  A linear accelerator with drive stand, gantry, treatment couch, and control console.

FIgURE 41-16.  A linear accelerator drive stand.
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electrons travel through the accelerator guide, they enter 
the treatment or gantry head.

The gantry head is where the photon or electron beam 
is shaped and monitored. For photon energy the electron 

pathway travels to a bending magnet, then an x-ray target, 
a primary collimator, a beam flattening filter, the ion cham-
ber, and finally the secondary collimators. It is also pos-
sible to add beam modification devices outside the gantry 
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Double-focused,
multileaf collimator
for electrons and
protons

Helium window

Light

FIgURE 41-17.  A linear accelerator gantry.
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For electron energy, the electrons from the accel-
erator guide move through the bending magnet first. The 
target is moved out of the path and an electron scatter-
ing foil is moved into the pathway. The scattering foil is 
responsible for creating a homogeneous dose and causing 
the beam to widen. Electrons then travel through the pri-
mary collimator, ion chambers, and secondary collima-
tors. An outside attachment is placed onto the gantry 
head that allows a final level of collimation known as 
tertiary collimation. Electron beams need to be more con-
trolled and require a fixed direction close to the patient. 
These outside attachments are called electron cones and 
are available in many sizes. At the bottom of the electron 
cone, close to the patient’s skin, a custom Cerrobend® 
insert is made that shapes the beam to the patient’s 
treatment volume. Electron treatments are necessary for 
treating conditions that are superficial and do not require 
deep penetration of the radiation beam into the body.  
Such conditions include skin cancer, keloids, superficial 
tumors, and breast cancer tumor beds.

Also located inside the gantry head is a light that is 
projected using mirrors that display the radiation treat-
ment field shape. This field light (Figure  41-18) displays 
on the patient’s skin and is used by the radiation thera-
pist to accurately set up treatments. Another light called 
the optical distance indicator (ODI) projects a scale that 

head. The bending magnet’s purpose is to take the elec-
trons from the accelerator guide and aim them toward the 
patient. If the bending magnet were absent, the electrons 
would continue to travel in a straight line. The bending 
magnet creates a 90- to 270-degree angle in the traveling 
electrons, which steers them in a downward motion to the  
x-ray target. Once the electrons hit the target, x-rays 
called photons are produced. Once the photons are emit-
ted, they pass through primary collimators that serve to 
form the x-ray beam into an intended shape. The primary 
collimators are the first step in shaping the beam to the 
patient’s treatment plan.

After primary collimation the x-ray beam then travels 
through the beam-flattening filter. The photon beam then 
travels through an ion chamber that checks it symmetry 
in the X, Y, and Z planes. There are two ion chambers that 
work independent of each other and are not affected by 
temperature or pressure changes. The ion chambers moni-
tor beam symmetry and dose rate. Once the beam dosimetry 
has been cleared by the ion chambers, it is deemed stable. 
The beam then travels to secondary collimators that have 
asymmetric jaws that shape it to the patient’s treatment 
plan. The photon beam can be further shaped by either 
custom-made Cerrobend® blocks inserted on the outside 
of the gantry head or multi-leaf collimators (MLCs) that are 
located in the gantry head.

FIgURE 41-18.  A custom shaped field light from a linear accelerator.
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FIgURE 41-19.  Patient support assembly. 

Couch longitudinal

Couch vertical

Couch 
lateral

indicates treatment distance from the target to the central 
axis of the radiation beam. An intersecting line called the 
crosshairs or central axis is located on a reticle in the gan-
try head. As the field light projects through the reticle, it 
casts the central axis shadow on the patient’s skin, indicat-
ing the central portion of the beam. Typically, the central 
axis or crosshairs are set up to a mark on the patient’s skin 
in the directed path leading to the treatment isocenter.

Treatment Couch. The treatment couch is also referred 
to as a patient support assembly. This is where the patient 
is positioned and receives treatment (see Figure  41-19). 
Couches move on multiple planes to line the patient up 
to the marks placed at the time of simulation. Couches 
move vertically (up/down), longitudinally (in/out), and 
laterally (left/right) around the isocenter. To allow the 
radiation treatment beam to enter the patient without 
attenuating material in its path, a clear Mylar-covered sec-
tion resembling a grid is part of the treatment tabletop. 
Couches can typically handle 450  lbs (200  kg) and are 
about 45–50 cm in width. Couches also have appendicles 
for attachment of immobilization devices. Also located on 
the couch are controls used by the radiation therapist to 
manipulate the table parameters to assist in setting the 

patient to the isocenter. Depending on the manufacturer, a 
pendant is attached to the treatment machine that allows 
the therapists to move certain parameters of the machine. 
The pendent also allows for room lights to be dimmed, 
and turns on or off the field light and ODI. If the treatment 
machine has an imaging device attached to it, the pendent 
will control that as well.

Modulator Cabinet. The modulator cabinet is usually 
located in the treatment room and contains the primary 
power distribution system, auxiliary power distribution 
system, and fan control. Primary power gives power to the 
treatment machine. The auxiliary power distribution sys-
tem gives power to the emergency off switches that shut 
the treatment machine down immediately. The fan turns 
on and off when the power systems need to be cooled.

Control Console. The control console is located outside 
of the treatment room. It is where radiation therapists 
monitor and control the treatment machine as well as 
monitor the patient. The machine parameters are located 
on a monitor and all interlocks need to be cleared 
before the beam will be activated. Another monitor has 
the patient’s information and treatment plan that can 
be opened and loaded into the machine’s software. All 
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parameters are checked to make sure the machine’s 
parameters match the patient’s treatment plan. A paper 
chart or another monitor is used to record and verify the 
accuracy of treatment. There are also cameras within 
the treatment room that show the patient from different 
angles and an intercom system so the therapist can hear 
and communicate with the patient at all times.

 SPECIALIzEd TREATMENTS  
ANd UNITS

Stereotactic Irradiation
A type of treatment called stereotactic irradiation is a 
noninvasive procedure that delivers a high dose of radia-
tion to a very conformed stereotactically defined target 
volume. When the total dose of radiation is delivered in 
one treatment session or fraction it is called stereotactic 
radiosurgery (SRS). When the dose is broken into multiple 
treatment fractions it is called stereotactic radiotherapy 
(SRT). Stereotactic irradiation can be performed using 
a variety of linear-accelerator-based systems or radio-
isotope units. Its common uses are for primary brain 
lesions that are surgically inaccessible and multiple brain 
metastases. It is also being used for lesions throughout 
the body that have either been previously treated with 
radiation, are surgically inaccessible, or are adjacent to a 
critical structure that would decrease a patient’s quality 
of life if damaged. In addition to cancer, it has also been 
shown to be beneficial for the treatment of some non-
malignant conditions, including functional disorders such 

as arteriovenous malformations (AVMs) and trigeminal 
neuralgia. The goals of stereotactic irradiation are rapid 
dose fall-off outside the target volume, conformality of 
the dose to the target volume, and flawless repositioning 
accuracy.

Proton Therapy
A specialized treatment called proton therapy  
(Figure 41-20) for the treatment of deep-seated targets 
is undergoing tremendous worldwide growth. In the 
early 1990s, when the Loma Linda University Medical 
Center in California opened as the first high-volume 
hospital-based proton-therapy facility, fewer than 1,000 
patients per year were treated with high-energy protons. 
At that time, such proton beams were only otherwise 
available at laboratory-based nuclear physics facilities. 
Protons are positively charged particles that reside 
in the nucleus of all atoms. The advantage of proton 
therapy is its ability to conform the deposited energy, 
or dose, to the intended target. Basically, protons are 
clinically useful because they are easy to control, and 
there is minimal scattering involved. Another clini-
cal advantage of protons is the process by which they 
deposit energy in relation to depth. This is referred to 
as the Bragg peak (Figure  41-21). Most of the energy 
that is deposited by protons is done at the end of their 
range, where the dose deposited is almost 100 percent 
and then drops off rapidly to zero. This scenario is in 
sharp contrast to the dose deposited by an X-ray beam, 
which is attenuated exponentially as it passes through 
matter. The process of producing therapeutic protons 
starts with protons being stripped from atoms and 

FIgURE 41-20.  A proton therapy unit. 
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pituitary adenomas, pediatric tumors, and tumors of the 
head and neck.

TomoTherapy®

TomoTherapy® is a helical treatment unit that com-
bines the capabilities of a CT scanner with a linear 
accelerator. The unit looks very similar to a CT scanner. 
There is a gantry in which the waveguide component 
of a linear accelerator and the MV detector subsystem 
of a CT scanner are located. The gantry continuously 
rotates and the treatment couch moves throughout the 
treatment, allowing for helical treatment arcs. Tomo-
Therapy® uses IMRT, SRS, or SRT to conform the dose 
to a very precise area, thus allowing for minimal side 
effects and smaller treatment fields. In TomoTherapy® 
the patient is set up to established marks and an MV 
CT scan is performed. The CT images are registered 
and fused with the CT-simulated images used to cre-
ate the patient’s treatment plan. The patient’s anatomy 
is adjusted to match the CT simulation images. Once 
they are matched, the couch moves to align with the 
exact planned isocenter and then treatment can begin.  
TomoTherapy® can be used on all malignancies.

accelerated with a cyclotron or a synchrocyclotron. 
The protons are then directed through a pipe to the 
treatment machine. Proton therapy is used to treat both 
benign and malignant lesions, such as prostate cancer, 
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FIgURE 41-21.  A treatment plan for proton therapy for a prostate 
cancer patient. Note the red areas where the proton Bragg peak pro-
cess deposits nearly all the energy in a small tissue volume.

SUMMARY

The use of x-rays for therapeutic purposes began shortly 
after Roentgen’s discovery. The first documented treat-

ment of cancer was in 1896 on a woman’s left breast. In 
1962, radiation therapy began as a separate specialization. 
The goals of radiation therapy are to protect healthy tissue 
as much as possible, preserve function of the structure or 
structures surrounding the tumor, eradicate the tumor, and 
minimize side effects.

The first step for a patient in a radiation oncology 
department is to meet for a consultation. If the patient is a 
candidate for radiation therapy, a treatment plan is deter-
mined. The foundation of this treatment plan is called the 
prescription.

The first step in treatment planning is simulation. 
This can be done using a CT simulation or a conventional 
simulator. The main goals for simulation are to give a dose of 
radiation to malignant tissues and reduce the dose to normal 

tissue. Treatment planning is the primary responsibility of 
the dosimetrist. The dosimetrist identifies an isocenter, the 
volume of tissue to be treated, radiation beam arrangements, 
and the creation of an acceptable isodose distribution. To 
establish the volume of tissue that will be irradiated, a con-
tour of the gross tumor volume (GTV), clinical target volume 
(CTV), and planning target volume (PTV) must be created. 
Once the simulation visit has been completed and a treatment 
plan produced, radiation treatment can be administered. To 
ensure accuracy of treatment, the ongoing imaging of treat-
ment fields is critical. This is accomplished through either 
portal imaging or image-guided radiation therapy (IGRT).

The most common radiation therapy unit is the linear 
accelerator. It consists of drive stand, gantry, treatment 
couch, control console, and modulator cabinet. Other special-
ized treatment units include stereotactic irradiation, proton 
therapy, and TomoTherapy®. ◾
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 REVIEW QUESTIONS

 1. What are the key historical factors that led to devel-
opment of x-rays for therapeutic purposes?

 2. What needs to be included in a radiation therapy 
treatment prescription?

 3. What are the two goals of simulation?

 4. Differentiate between the treatment and machine 
isocenter.

 5. What are some benefits of image fusion?

 6. Explain the difference between GTV, CTV, and PTV.

 7. Why are MV portal images so difficult to read?

 8. Why is IGRT beneficial?

 9. Describe the path an electron takes in a linear accel-
erator to become a photon.

 10. What are the goals of stereotactic irradiation?
 11. Describe three clinical advantages of proton therapy.
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OBJECTIVES

Upon completion of this chapter, the student should be able to:

◾ Explain ultrasonographic orientations as seen on the monitor.

◾ Determine the variables that affect the sound wave.

◾ Explain the difference between continuous wave and pulse wave.

◾ Identify the pulse wave parameters.

◾ Explain attenuation and acoustic impedance.

◾ Explain contrast agents.

◾ List the components found in the transducer housing.

◾ Explain the sound wave field.

◾ Define Doppler.

◾ Explain the different types of transducers.

◾ Explain basic instrumentation of a diagnostic ultrasound machine.

◾ Explain basic harmonics.

KEY TERMS

acoustic impedance

compression

continuous wave

Doppler

frequency

harmonics

Huygens’ Principle

period

piezoelectric effect

propagation speed

pulse duration

pulse repetition frequency

pulse repetition period

pulsed wave

rarefaction

transducer

wavelength

C H A P T E R  42

The shadow of a sound,—a voice without a mouth, and words without  

a tongue.

—Paul Chatfield (a/k/a Horace Smith), http://www.giga-usa.com/ 

quotes/topics/echo_t001.htm (retrieved March 27, 2010)

Diagnostic Medical 
Sonography

Sharon Barrows Lakia, MS, RT(R),  
RDMS, RVT
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INTRODUCTION

Diagnostic medical sonography incorporates sound waves 
to generate images capable of diagnosing pathology 
found within the human body. In order to perform proper 
imaging, an understanding of sound waves and how they 
interact with the human body is an integral part of the 
modality. In addition, a sonographer must have knowl-
edge of the ultrasound machine, instrumentation, and 
how to produce quality images that show correct anatomi-
cal representation of the area being imaged. Physicians 
rely heavily on the expertise of the sonographer in obtain-
ing images necessary for proper diagnosis.

The field of diagnostic medical sonography (DMS) 
has its own registry and governing agencies. The American 
Institute of Ultrasound in Medicine (AIUM) determines the 
parameters used for diagnostic ultrasound machines and 
makes recommendations as to the prudent use of these 
machines. The American Registry of Diagnostic Medical 
Sonography (ARDMS) implements the national creden-
tialing examinations that sonographers may take. The 
ARDMS is internationally recognized as the gold standard 
in DMS credentialing. In addition, the American Registry 
of Radiologic Technologists (ARRT) offers sonography 
credentialing. The ARDMS offers three credentials, Regis-
tered Diagnostic Medical Sonographer (RDMS), Registered 
Vascular Technologist (RVT), and Registered Diagnostic 
Cardiac Sonographer (RDCS).

Historical Overview
The ability to use sound waves in locating objects under 
water was realized during World War I, but it was not dis-
covered in time for use by the military during that war. Sonar 
was first used by the military during World War II in the 
location of submarines. With the ending of the war, medical 
science began discovering new ways to utilize ultrasound in 
the diagnosis of pathology. By the 1950s research was ongo-
ing; however, the United States chose to drop out of the 
research while the European nations continued forward. In 
the 1960s, ultrasound applications were increasing at such 
a pace that the United States returned to the research of 
ultrasound and has been instrumental in helping to make it 
one of the fastest growing modalities found in the diagnos-
tic department. Today, ultrasound is used in imaging most 
aspects of the body, such as abdominal structures, pelvic 
structures, obstetrics, and the vascular system.

Orientation
Unlike other diagnostic modalities, sonograms or real-time 
monitors are viewed differently. Most other images assume 
the anatomical position and are viewed accordingly. 

Sonography does not. In order to view ultrasound images 
correctly, a clear understanding of the orientation is 
required.

Ultrasound utilizes two planes, longitudinal and 
transverse, when scanning a patient. As with other modali-
ties, the two fields or views are required in order to 
determine location and size of an area of interest. In most 
instances, placing the sound beam perpendicular to the 
field of interest is required as well. The sound beam is 
emitted by the transducer, which is held in position against 
the patient’s body by the sonographer. Using two oppo-
site planes allows the sonographer to determine if what 
is being imaged is real or not. Artifacts are an inherent 
aspect of scanning, and it requires a skilled sonographer 
to determine if what is being seen is real or an artifact 
that will dissipate by using a different imaging plane or by 
more efficient use of the instrumentation of the machine.

When a sonographer scans in the longitudinal/trans-
verse plane, he or she may or may not be scanning lon-
gitudinal or transverse to the body. Organs are rarely 
positioned perfectly longitudinal or transverse within the 
body cavities; they often are at angles to each other in vari-
ous planes. To compensate for that, the transducer must 
be placed according to the lay of the body part and not the 
patient’s actual body. What may appear to be an oblique 
plane may actually show the organ in the proper longitudi-
nal or transverse view. If an organ is not imaged properly, it 
may be foreshortened, leading to an inaccurate diagnosis.

Each transducer has built into it markings that des-
ignate orientation. The scan head should be placed such 
that the mark on the transducer is pointing toward the 
head of the patient when in the longitudinal view. When 
turning to the transverse plane, the mark is pointed 
toward the patient’s right side. Correct orientation is 
shown in Figures  42-1 and 42-2. Should a sonographer 

FIgUre 42-1. Correct orientation of the transducer for a  
longitudinal image.
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inadvertently point the marked edge of the transducer 
toward the feet of the patient or turn it toward the 
patient’s left side, the image on the screen and subse-
quent hard copies will be anatomically incorrect, as 
the organs will appear to be flipped (i.e., the liver will  
be seen on the left side of the body and the spleen will be 
seen on the right, or the superior dome of the liver will be 
seen on the inferior edge). Incorrect orientation is shown 
in Figures 42-3 and 42-4.

SOUND WAVES

Sound waves operate in a cyclical fashion. They move 
forward and then back again rhythmically as they travel. A 
simple sine wave can be used to describe this movement. 

The forward movement is termed compression or conden-
sation. It is the positive portion of the wave. The back-
ward movement is termed rarefaction or rarefacts. This is 
the negative portion of the wave. Figure  42-5 shows the 
compression/rarefaction movement of the sound wave.

A sound wave requires particles to interact with in 
order to travel. If particles are not present, such as in a 
vacuum, there will be no sound. The particles found in a 
medium allows the forward and backward movement of 
the wave. With each compression (forward movement) the 
particles are pushed forward, and with each rarefaction 
(backward movement) the particles return to their posi-
tion. These particles will move forward/backward, parallel 
to the wave. This is termed a longitudinal wave and can be 
seen in Figures 42-6 and 42-7.

FIgUre 42-2. Correct orientation of the transducer for a  
transverse image.
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FIgUre 42-3. Incorrect positioning of the transducer in a longitudinal 
image. The orientation for superior/inferior is now flipped.

Inferior Superior

Anterior

Posterior

FIgUre 42-4. Incorrect positioning of the transducer in a transverse 
image. The orientation for right/left is now flipped.
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FIgUre 42-5. Above the baseline, the positive or compression  
portion of the sine wave is shown. Below the baseline the negative 
or rarefaction portion of the sine wave is shown.
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The Law of Conservation of Energy states that energy 
can neither be created nor be destroyed, only converted 
to another form of energy. As the wave passes through a 
medium and interacts with the particles, it transfers some 
of its energy to the medium. This movement causes a 
by-product in the form of heat, which is then transferred 
into the medium. The transference of energy through 
movement is known as mechanical energy. Therefore, the 
sound wave is a mechanical wave as it transfers energy 
from one point to another.

Sound is a longitudinal, mechanical wave that com-
presses and rarefacts as it moves through a medium. It 
travels in a straight line and requires particles within a 
medium to travel. The main by-product of this movement 
is heat.

Variables of Sound Waves
A number of variables affect the particles in the medium 
as a sound wave passes through it. These variables 
include pressure, tissue density, particle vibrations, and 
temperature.

Pressure. Pressure refers to the concentration of force 
over a given area. During compression, the wave puts 
pressure on the particles it is interacting with. This forces 
the particles against each other, thereby increasing the 
pressure between them. During the rarefaction portion, 
this pressure is lessened as the particles resume their 
normal spaces. The sine wave can be a tool to indicate 
the amount of pressure during the wave, showing both an 

increase (positive) and a decrease (negative) in amounts 
of pressure. Figure 42-8 shows the positive and negative 
pressure as the wave travels through the medium.

Tissue Density. Density is the concentration of mass 
over volume. As the wave passes through the medium, 
such as tissue, it forces the particles together, causing a 
higher concentration of particles within that space. As the 
wave rarefacts, the particles revert back to the density 
originally held. The sine wave can be used to describe this 
effect as well, with increased pressure seen as the posi-
tive portion of the wave and decreased pressure seen as 
the negative part of the wave. Figure 42-9 shows how the 
particles are pushed together during compression and the 
return to normal position during rarefaction.

Particle Vibration. As the oncoming sound wave hits 
the surrounding particles, they vibrate, causing them to 
become displaced from their original spot. Figure  42-10 

FIgUre 42-6. As the wave moves through the medium, it displaces 
particles. These particles will move in the direction of the wave. 
During compression there is forward movement of the particles.

Sound wave
COMPRESSION

FIgUre 42-7. As the wave rarefacts or moves backwards, the  
particles return to their original positions.

Sound wave
RAREFACTION

FIgUre 42-8. Positive pressure is applied to the medium during 
the compression portion of the wave. Negative pressure is applied 
during the rarefaction portion of the wave.
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FIgUre 42-9. As the wave moves through a medium, particles 
are pushed together, thereby increasing the density in that area. 
As the wave rarefacts, the particles return to their original position, 
which returns the tissue to its original density.

Compression-more dense Rarefaction-less dense
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shows the displacement of the particles as the wave travels 
through.

Temperature. Temperature refers to the concentration 
of heat energy. Although temperature will affect a sound 
wave, it is not a dominant variable when analyzing a 
sound wave.

Parameters of Sound Waves
Parameters of the sound waves refer to the different 
facets of the wave. They are terms that reflect the com-
position of the wave and how each part will be affected 
by the medium in which it is traveling through. A clear 
understanding of these parameters helps the sonographer 
produce an optimal image.

Frequency. The frequency refers to the number of cycles 
occurring within a given point in time. The unit for fre-
quency is the hertz (Hz), and 1  Hz refers to 1  cycle per 
second. Frequency is found in three ranges: 20–20,000 Hz 
(audible range), ,20  Hz (infrasound), and .20,000  Hz 
(ultrasound). Both infrasound and ultrasound are beyond 
the human ear’s capability for hearing. Diagnostic ultra-
sound uses frequencies in the megahertz (MHz) range; 
therefore, each transducer is emitting at least 1  million 
cycles per second. For example, if a 3-MHz transducer 
is being used, the transducer is emitting a frequency of 
3 million cycles per second. Figure 42-11 shows a 1-Hertz 
frequency and Figure 42-12 shows a 2-Hertz frequency.

The sonographer is not in control of frequency; 
it is an inherent feature within the transducer and is 
determined by the transducer’s characteristics only. Fre-
quency will determine axial resolution and penetration 
of the sound beam. By increasing the frequency used, 
the sonographer will increase the axial resolution of 
the image, thereby improving the quality of the image. 
Improved axial resolution is made at the expense of 
penetration, as a higher-frequency transducer cannot 

penetrate tissue as well as a lower-frequency transducer. 
The part being imaged will determine which transducer 
is to be used. For superficial structures, a high-frequency 
transducer is utilized in order to have the best possible 
axial resolution. For structures deep within the body, a 
lower-frequency transducer is best as the sound wave is 
better able to penetrate deeper; however, axial resolution 
will be lost (Figure 42-13).

Period. The period is the amount of time it takes to 
complete one cycle. The unit is any variation of time: sec-
onds, microseconds, and so forth. Microseconds (μs) are 
typically used in diagnostic sono graphy (Figure  42-14). 
Period cannot be changed by the sonographer. As with 
frequency, the sonographer is not in control of period; it is 

FIgUre 42-10. During compression, particles will be displaced.  
The distance traveled is termed particle vibration.

Particle moves away from original space

mm, cm, m, etc.
1

0.5

–0.5

–1

1       2       3       4       5       6

1 cycle in 1 second = 1 hertz (1 Hz)

FIgUre 42-11. This diagram shows one sine wave during a 1-second 
time frame. This represents a 1-Hz frequency.

FIgUre 42-12. This diagram shows two complete sine waves during 
a 1-second time frame. This represents a 2-Hz frequency.

2 complete cycles in a 1 -second time
frame = 2 hertz (Hz)
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inherent in the transducer. In order to change the period, 
frequency would have to change, and in order to change 
frequency, a new transducer would have to be used. 
Period is inversely related to frequency and is the recip-
rocal of frequency. If frequency is increased, then period 
will decrease. To determine period, divide the number 
one by the frequency.

Wavelength. The wavelength is the distance over which 
one cycle occurs. The units are variations of length: mm, 
cm, m, and so forth. In diagnostic sonography, mm is used 
(Figure 42-15). Wavelength cannot be changed by the sonog-
rapher. It is determined by the transducer and the medium 
in which it is traveling. As long as the transducer and the 
medium remain the same, wavelength will not change. 

If the sound wave interacts with a different medium, fre-
quency remains the same but wavelength changes.

Wavelength is inversely related to frequency, so 
as frequency increases, wavelength will decrease. If the 
medium remains the same and the frequency doubles, this 
will cause a halving of the wavelength. Wavelength can also 
be determined by dividing the speed of sound in a medium 
by the frequency. In diagnostic sonography, the medium 
used is soft tissue and the propagation speed or speed of 
sound in soft tissue has been determined to be 1.54 mm/μs. 
Therefore, in soft tissue, the wavelength for a 1-MHz trans-
ducer will be 1.54  mm. A rule of thumb for determining 
wavelength in soft tissue is to divide 1.54  mm by the fre-
quency in MHz.

Propagation Speed. The propagation speed is the speed 
at which the sound wave moves through a medium. 
The unit is mm/s or mm/μs or variations thereof. The 
medium determines the propagation speed and the 
sonographer cannot change it. The propagation speed in 
a medium will remain the same so long as the medium 
does not change. Propagation speed can be determined 
by multiplying frequency times the wavelength. Two fac-
tors affect propagation speed: the stiffness and density 
of the medium.

Stiffness. Stiffness refers to the hardness of the 
medium. Stiffness is inversely related to the compressibil-
ity and elasticity of the tissue. As the stiffness of a medium 
increases, the compressibility and elasticity will decrease. 
Stiffness and speed have a direct relationship. The harder 
or stiffer a material is, the higher the speed will be through 
the medium.

FIgUre 42-13. Axial resolution is the ability to resolve two  
adjacent spaces. The first image shows adjacent areas as being 
blurred. The second image shows distinct areas within the image. 
Higher-frequency transducers give better axial resolution.

3 MHz 5 MHz

Axial resolution
(sharp detail)

Axial resolution
(blurry detail)

FIgUre 42-14. This diagram shows a 1-second time frame to  
complete one sine wave.
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Period = time it takes for one cycle
(units: sec, ms, µs)

FIgUre 42-15. This diagram shows the distance for one complete 
sine wave.
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Wavelength = distance of one cycle
(m, cm, mm)
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is halved, then power is reduced to a quarter. Power also 
decreases as it travels through a medium.

Intensity. Intensity is the concentration of energy within 
the sound wave over a specified area. The unit for inten-
sity is watts/cm2. Intensity is determined by the machine 
and the transducer diameter. The sonographer can change 
the intensity by adding or decreasing focal zones. Focal 
zones are used to increase the intensity of the beam to a 
specific area. Intensity is greatest where the area is the 
narrowest. The smaller the area the beam is directed to, 
the more energy is concentrated in that area. Figure 42-17 

Density. Density refers to the concentration of mat-
ter. If you increase mass or the concentration of matter, 
you increase density. Speed and density are indirectly 
related. As the density of a medium increases, speed will 
decrease.

Propagation speed can be determined by multiplying 
frequency by the wavelength. By calculating the propaga-
tion speeds of various tissues, physicists have established 
that the average propagation speed for soft tissue is 
1,540 meters/second (1,540 m/s or 1.54 km/s or 1.54 mm/μs). 
Diagnostic ultrasound machines are calibrated to this rate. 
Average propagation speeds for different types of tissue 
found in the body are listed in Table 42-1.

Amplitude. Amplitude refers to the strength of the wave. 
The unit to describe amplitude will vary depending on 
which variable it is referring to, such as pressure, density, 
particle motion, or temperature. Amplitude is determined 
by the machine, but can be changed by the sonographer. 
Initially, the voltage applied to the transducer will deter-
mine the amplitude, or strength, of the wave. Once the 
voltage has been applied, the sonographer can change 
the amplitude by changing power, dB, output, or transmit 
control knobs. These control knobs are found on the key-
board of the machine. By increasing one of these controls, 
the sonographer increases the amplitude (strength) of the 
sound wave or decreases the amplitude (strength) of the 
sound wave before it enters the body.

Amplitude, or the strength of the wave, will decrease 
as it travels through the medium. Amplitude is measured 
from the baseline to the peak, either in the positive or neg-
ative portion of the sine wave. You can also measure peak-
to-peak amplitude, whereby you measure the distance 
from the positive peak to the negative peak. Figure 42-16 
shows how amplitude is measured.

Power. Power is the rate at which work is performed or the 
rate at which energy is transferred. The unit is the watt (W). 
Power is determined by the machine but can be changed 
by the sonographer. The sonographer can change power by 
using the output control on the machine’s keyboard. Power 
is about equal to amplitude squared. If amplitude is dou-
bled, then power will increase by four times. If amplitude 

 TABLE   42-1.  Average Propagation Speeds

Type of Tissue Average Propagation Speed

Air   330 m/s

Brain 1,520 m/s

Kidney 1,560 m/s

Liver 1,570 m/s

Muscle 1,630 m/s

Bone 3,500 m/s

1

0.5
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1       2       3       4       5       6

1

0.5

–0.5
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Amplitude = from the baseline to the peak,
either positive or negative

Peak-to-peak amplitude = the distance from
the positive peak to the negative peak

Peak-to-peak amplitude = 2x amplitude

FIgUre 42-16. Amplitude is measured from the baseline to the 
peak, either in the positive or negative direction. It can also be 
measured from the positive peak to the negative peak.
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shows how narrowing the sound beam will increase the 
intensity for smaller areas of interest.

Intensity has a relationship with amplitude and 
power. Intensity is directly related to power. If inten-
sity increases, then power increases, or if intensity is 
doubled, then power is doubled. Intensity is about equal 
to amplitude squared, the same as power. If amplitude 
is tripled, then intensity increases nine times. Just as 
amplitude and power decrease as the sound wave travels 
through a medium, there will be a loss of intensity as well.

Types of Sound Waves
Modern ultrasound machines utilize two different avenues 
of sending out sound waves. They are continuous waves 
or pulsed waves. Continuous-wave ultrasound emits more 
power than pulsed-wave ultrasound and does not create 
an image. It therefore has very specific usage during diag-
nostic exams.

Continuous Wave. The continuous wave means the 
sound wave never stops being emitted by the trans-
ducer (Figure 42-18). This process requires two crystals/ 
transducers. One crystal is required to produce the 
sound wave and the other crystal is used to pick up the 
returning echo. Amplitude and frequency for a continu-
ous wave will always be the same; there is no variation 
as it is always on. Continuous-wave ultrasound is used in 
therapeutic (physical therapy) ultrasound. A by-product 
of ultrasound is heat. Continuous wave has the ability 
to produce heat in tissue, thereby increasing the blood 
supply to the area, which in turns helps with healing.

Pulsed Wave. Diagnostic ultrasound machines today uti-
lize pulsed wave. Pulsed-wave ultrasound sends out short 

bursts of sound waves and then stops and waits for the 
returning echoes (Figure 42-19). It has a beginning and an 
end. Pulsed wave requires only one crystal (transducer) 
to operate. The crystal sends out the pulse, stops sending, 
and then retrieves the returning echo as well. The follow-
ing are the parameters for pulsed-wave ultrasound.

Pulse repetition frequency (PRF). The pulse  
repetition frequency (PRF) is the rate at which a pulse is 
repeated in a given amount of time. The unit used is kHz. 
In diagnostic ultrasound, an average pulse is comprised 
of two to four cycles (Figure 42-20). PRF is determined by 
the machine but can be changed by the sonographer. PRF 
includes the on time and the off time; it is the number of 
pulses in a given amount of time. This off time could also 
be referred to as listening time, as the machine is waiting 
for or listening for the returning echo. Off time is some-
thing the sonographer can change by altering depth. If 
depth is increased, the waiting/listening time is increased, 
thereby decreasing PRF. If depth is decreased, the wait-
ing/listening time is shortened and PRF will increase. 
Although PRF can be changed, frequency does not change 
(Figures 42-21 and 42-22).

The narrower the beam, the
smaller the area, the more
the intensity of the beam

The wider the beam, the larger
the area, the less the intensity
of the beam

FIgUre 42-17. As the area being imaged decreases, intensity 
increases. The first diagram shows an area smaller than that of the 
second diagram. Intensity for the first diagram would be greater than 
that of the second diagram.

FIgUre 42-18. Continuous-wave ultrasound never stops. It is an 
endless cycle.

FIgUre 42-19. Pulsed-wave ultrasound has a beginning and an 
end. One pulse is transmitted, then the pulse is turned off and the 
transducer listens for the returning echo. Upon its arrival, another 
pulse is transmitted.

Off time

On time On time
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(Figure 42-23). The unit is any increment of time. In ultra-
sound, the microsecond is normally used (μs). Just as 
period is a reciprocal of frequency, PRP is the reciprocal 
of PRF. They are inversely related, so if the PRF increases 
then the PRP will decrease, and the PRP can be found by 
dividing 1 by the PRF.

PRP is determined by the machine but can be 
changed by the sonographer. PRP includes the off time, 
which is the waiting or listening time. The sonographer 
controls this by altering depth, thereby changing the PRF, 
which then changes PRP (Figures 42-24 and 42-25).

Pulse duration. The pulse duration is the time it 
takes from the beginning of the pulse to the end of the 
pulse. It does not include the off time, only the time the 
pulse is actually on (Figure  42-26). Pulse duration can 
be determined by multiplying the period by the number 
of cycles in the pulse. As the period decreases or the 
number of cycles in a pulse decreases, pulse duration 
will decrease. Shorter pulses produce better images. To 
obtain a shorter pulse, use a higher-frequency transducer. 
Pulse duration is determined by the machine and cannot 

Off time Off time

PRF = 2 cycles/s

1 cycle 2 cycles

1s

FIgUre 42-20. There are two cycles in a given point in time.

FIgUre 42-21. As image depth increases, it takes longer for the 
returning echo to arrive. This will increase the off time and decrease PRF.

Off time

1s

PRF = 1 cycle/s

Deeper depth

Long off time

FIgUre 42-22. As image depth decreases, the off time is shortened 
and the echoes return more quickly. This will increase PRF.

Off time Off time Off time

1s

Pulse repetition period (PRP). The pulse  
repetition period (PRP) is the time it takes from the begin-
ning of one pulse to the beginning of the next pulse 

FIgUre 42-23. PRP is determined from the start of the pulse to  
the beginning of the next pulse. It includes the off time. Increasing or 
decreasing depth will help to determine PRP.

Off time

PRP = time from 1 pulse to next pulse

FIgUre 42-24. Increasing depth will increase off time and  
increase PRP.

Off time

1 s

PRP = 1 s
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be changed by the sonograhper. Off time is not included 
in pulse duration; the sonographer cannot change it by 
altering depth.

Duty factor. The duty factor is the fraction of time 
the pulse is on or the percentage of time the pulse is on. 
It is a unitless number. It can be ex pressed as a frac-
tion (½ or .25) or it can be expressed as a percentage  
(25 percent). The duty factor for continuous-wave ultra-
sound would be either 1.0 or 100  percent because it is 
always on. Pulsed wave is not on 100 percent of the time,  
so the duty factor will be in a range of 0.1 up to ,1.0.  Longer  
pulses have a higher duty factor because the pulse is on a 
longer percentage of time.

FIgUre 42-25. Decreasing depth will shorten off time and  
increase PRP.

Off time

0.5 s

PRP = 0.5 s

FIgUre 42-26. Pulse duration is only the on time. It does not 
include off time.

Off time

On time only

Duty factor is determined by the machine but can be 
changed by the sonographer. The sonographer can change 
the duty factor by altering depth. When depth is changed,  
the off time or listening time is changed, thereby changing the 
on time and ultimately changing the duty factor. Duty factor 
is inversely related to the PRP and directly related to pulse 
duration. Increased pulse duration will increase the duty 
factor, which would require a new transducer as the sonog-
rapher cannot change duty factor.

Spatial pulse length (SPL). This is the distance 
from the beginning of the pulse to the end of the pulse. 
It does not include the off time. The unit would be any 
increment of length (Figure 42-27). Spatial pulse length is 
determined by the machine and the medium and cannot 
be changed by the sonographer. SPL does not include the 
off time; therefore, changing depth will not change it. The 
SPL can be determined by multiplying wavelength times 
the number of cycles in the pulse. It is inversely related 
to frequency, so if frequency is increased, the SPL will 
decrease. The shorter the SPL, the better will be the axial 
resolution. SPL is the main determining factor of axial 
resolution.

ATTENUATION

Power, intensity, and amplitude all decrease as the sound 
wave travels through a medium. This reduction is termed 
attenuation. The unit for attenuation is the decibel (dB). 
Attenuation means a loss of information in the image. Either 
the returning echoes are so weak they provide very little data 
or there are no echoes produced at all. Two factors of attenu-
ation are absorption and scatter. Absorption occurs when 

Off time

Spatial pulse length=
1 mm

FIgUre 42-27. SPL shows the distance one pulse travels from the 
beginning of the pulse to the end of the pulse.
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the sound wave is converted to heat and the energy is then 
absorbed into the surrounding tissue. Bone absorbs sound. 
Posterior to bone is an area of black, meaning no informa-
tion. Scatter attenuates sound by causing the wave to be 
reflected in many different directions. Air scatters the sound 
wave. Posterior to a pocket of air are multiple shades of gray, 
masking what lies beneath. Higher frequencies and longer 
path lengths cause more attenuation. Increasing frequency 
or increasing path length will increase attenuation.

Decibels (dB)
The unit for attenuation is the decibel (dB), and a decibel 
is 1/10 of a Bel. It is a ratio or the relationship between two 
sound values. Decibels describe the difference between 
the beginning and end intensity, or how much was lost. 
The sonographer can change the intensity/power/ampli-
tude of a wave by altering the dBs.

The output or power buttons on the control panel 
allow the sonographer to alter the amount of power 
being transmitted into the body. Using the gain or time 
gain compensation (TGC) buttons will alter the returning 
echoes. By working with the sound wave, the sonographer 
can cause a darkening or lightening of the image, depend-
ing upon the desired effect.

Attenuation Coefficient
The attenuation coefficient describes how much of the 
sound wave is lost per centimeter traveled. In soft tissue, 
attenuation of the beam occurs at a rate of ½ dB per cm 
per MHz used. If frequency is increased, the attenuation 
coefficient increases. A general rule of thumb for soft 
tissue is to divide the MHz used by 2 to obtain the attenu-
ation coefficient.

Acoustic Impedance (AI)
The acoustic impedance determines the resistance a mate-
rial has to the oncoming sound wave. It is related to the 
acoustic pressure and the speed of the particle vibrations 
in the sound wave. It is a characteristic of the medium 
only. The unit is the Rayls (Z) and can be determined 
by multiplying the speed of sound by the density of 
the medium. If the propagation speed or density of the 
medium increases, the acoustic impedance will increase.

As the sound wave travels through a medium, it 
interacts with a variety of boundaries or interfaces. Each 
new interface may have a different acoustic impedance 
depending on the properties of that tissue. If the acoustic 
impedances of two adjacent tissues are equal and the 
sound wave hits at a perpendicular angle, the wave will be 
transmitted, resulting in no reflection (echo). The trans-
mitted intensity will equal the incident (original) intensity. 

If there is a difference of acoustic impedances and the 
wave hits the boundary at a perpendicular angle, then 
reflection may occur. The difference between the acoustic 
impedance found in the adjacent interfaces will determine 
the strength of the returning echo. The greater the differ-
ence, the higher will be the amplitude of the returning 
echoes. The higher the amplitude of the returning echo, 
the brighter the image will be.

Acoustic impedance for soft tissue is about 1.53  Z, 
and the machine is calibrated for soft tissue. Bone is much 
higher at 7.8  Z and air is 0.0004  Z. When a sound wave 
interacts with either of these tissues, the resulting image 
will show bright white due to the great differences of AI 
compared to soft tissue. There are more subtle differences 
when imaging soft tissues found within the body. Though 
they are not huge differences as seen with air and bone, 
they are still differences. This gives the various shades of 
gray seen on the image.

In order to have reflection, a difference of acoustic 
impedance is required, as well as a perpendicular sound 
wave. Should the sound beam hit an interface at an oblique 
angle, reflection may or may not occur. In order to pro-
duce the best possible image, there must be a difference 
of acoustic impedances and a perpendicular angle used 
(Figure 42-28).

RANGE

Each echo is placed on the image by determining the 
location of where the echo came from. The computer 
within the ultrasound machine determines location by 
calculating how long it takes for the echo to return to 
the crystal that produced the original pulse. All ultra-
sound machines are calibrated for the average propaga-
tion speed found in soft tissue, 1.54 mm/μs. By knowing 
how fast the sound wave is traveling and how long it 
takes for the echo to return, the location of the echo 
can be determined. A rule of thumb for diagnostic ultra-
sound equipment is that it will take 13 μs for a pulse to 
travel 1  cm deep into the tissue and travel back 1  cm 

FIgUre 42-28. When an incident wave hits an interface at a  
perpendicular angle and there is a difference in acoustic impedance, 
there will be reflection known as an echo.

When the sound wave hits
with an oblique angle, there
may or may not be reflection.
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to return to the crystal; total distance traveled is 2 cm. 
If the pulse were to travel 2 cm deep and return to the 
crystal, it would take 26 μs, and so on.

FIELD

Huygens’ Principle explains a sound wave as having the 
shape of an hourglass. The wave narrows as it moves for-
ward and then widens back out. At the origin, the beam 
width is equal to the diameter of the transducer. At its nar-
rowest point, the beam width is ½ the original value when 
an unfocused transducer is being used. From that point 
it continues to widen as it travels forward and eventually 
becomes the original width and then travels and widens 
beyond that.

The area from the origin, or transducer, to the nar-
rowest point is termed the near field. The narrowest area 
is termed the transition or focal zone. From the transi-
tion zone to the point where the beam is once again the 
original width is termed the far field. The area beyond the 
far field is of no value in forming an image as the beam 
becomes too weak. In diagnostic ultrasound, the beam is 
useful to about 2 near field lengths (NFLs), which is the 
equivalent of the near field, transition, and far field. The 
NFL determines how far the beam can be focused. Focal 
depth is measured from the transducer to the focal zone 
(Figure 42-29).

DOPPLER

Doppler is used to detect and/or evaluate blood flow. It 
can be used with continuous wave (CW), pulsed wave 
(PW), or color flow imaging. In order to implement Dop-
pler, there must be a moving object. When imaging a 
blood vessel, the moving object being evaluated is the 
red blood cell (RBC). The incident (original) frequency 

is transmitted into the body and interacts with an RBC. 
The reflected wave returns to the transducer at a different 
frequency. The difference between the incident frequency 
and the reflected frequency is the Doppler shift. The Dop-
pler shift is the amount of change in the frequencies. It can 
also be said that the greater the difference in frequencies, 
the greater the Doppler shift, and the greater the velocity 
of the RBCs, the greater the Doppler shift.

The Doppler shift is within the 20- to 20,000-Hz range; 
therefore, it is within the audible range of sound. This 
allows the sonographer to hear the shift to help differenti-
ate between blood vessels, as each have a unique sound to 
them. This can be very helpful when performing a carotid 
Doppler exam and the internal and external carotid arteries 
need to be identified.

The direction of the moving RBCs will determine if 
the Doppler shift is positive or negative. If the RBC is com-
ing toward the transducer, the reflected wave will have a 
higher frequency than the incident (original) frequency 
and a positive shift will occur. Should the RBC be travel-
ing away from the transducer, the opposite effect will 
happen and the reflected frequency will be lower than the 
incident (original) frequency, causing a negative Doppler 
shift.

A variety of colors may be used to designate a posi-
tive or negative Doppler shift. On the display image is a 
box designating which color is representing flow toward 
the transducer and flow away from the transducer. The 
color in the top of the box represents forward or positive 
flow and the color in the bottom of the box designates 
flow away from the transducer. This box can be inverted 
to properly identify vessels. Red traditionally indicates an 
artery and blue is used for veins, so the color box is set up 
to reflect this. Figure 42-30 shows an image of the com-
mon carotid artery and the internal jugular vein.

Doppler measures velocity as opposed to speed. 
Velocity is magnitude and direction, whereas speed is 
magnitude only. Doppler is able to determine the speed at 
which blood is flowing, as well as the direction it is flow-
ing. This is extremely helpful when diagnosing a stenosis 
or occlusion within a vessel.

HARMONICS

The sound wave can be manipulated from the tra-
ditional sinusoidal wave into a bent shape. These 
waves are referred to as harmonics or sawtooth waves  
(Figure 42-31). These harmonic waves become stronger 
as the sine wave becomes less sinusoidal, or more bent. 
Using these harmonic waves gives a better image quality 
by doubling the frequency of the transducer without los-
ing penetration. In Figure  42-32, a gallbladder is being 

Near field Focal zone Far field
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FIgUre 42-29. Huygens’ Principle—sound travels in the shape of 
an hourglass.
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FIgUre 42-30. The red vessel is showing a positive Doppler shift and is flowing toward the transducer. The blue vessel is showing a negative 
Doppler shift and is flowing away from the transducer. 

FIgUre 42-31. A typical sinusoidal wave and a sawtooth (bent) 
wave found when using harmonics.

Sinusoidal wave (sine wave) Sawtooth wave or harmonics

FIgUre 42-32. An image of the gallbladder with and without  
harmonics. Note how the image of the gallbladder is much blacker 
and “cleaner” when using harmonics.imaged using a lower-MHz transducer in order to pen-

etrate to the part. The gallbladder has echoes within it 
that could be mistaken for pathology. Harmonics is then 
applied, the resolution or image quality is increased, and 
the gallbladder is free of the echoes, thereby giving a 
more accurate view of the gallbladder.

CONTRAST AGENTS

Contrast agents are used to enhance echogenicity during 
an exam. It utilizes microbubbles small enough to pass 
through the capillary bed, stay within the circulatory 

system for a length of time, and cause strong reflections 
from the ultrasound wave. The microbubbles must be safe 
and metabolically inert, allowing for their injection into 
the circulatory system without adverse effects.

As the sonic wave hits the microbubbles, they will 
expand and contract. This occurs during reflection and 
causes contrast harmonics. Harmonics, in turn, enhances 
visualization of tissue, in particular liver lesions. Often, 
lesions are difficult to define due to the echogenicity being 
similar to the surrounding tissue. Using a contrast agent 
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will enhance the lesion, giving better detail and character-
ization of the mass. This is beneficial in the diagnosis of 
liver lesions.

The Food and Drug Administration (FDA) 
announced in April 2016 the approval of contrast usage 
for liver sonograms in adult and pediatric patients when 
evaluating focal liver lesions. Until this time, contrast 
agents had only been approved for some echocardiogra-
phy sonograms.

TRANSDUCER AND COMPONENTS

Transducer Housing Components
The transducer housing is the actual piece of equipment 
the sonographer holds in his or her hand to obtain the 
image. It is what most think of as the transducer or the 
probe and is what is visibly seen during the course of 
the exam. Within this housing lie the real transducers 
and other essential parts (Figure 42-33).

Transducer. A transducer is any device that converts one 
form of energy into another form of energy. It is also 
known as the crystal or element. Within the plastic trans-
ducer housing are crystals or ceramics. These crystals 
are the true transducers used in ultrasound, as they will 
convert one form of energy into another form.

The crystals or transducers used in ultrasound con-
vert electrical energy into mechanical energy and mechan-
ical energy into electrical energy. This is termed the 
piezoelectric and reverse piezoelectric effect. An electrical 
voltage is applied to the crystal, which causes the crystal 

to convert the energy to mechanical energy. The sound 
wave enters the body, hits an interface, is reflected back 
to the transducer as an echo (mechanical energy still), and 
hits the crystal. The crystal then converts the mechanical 
energy back into electrical energy, which is sent to the 
machine’s computer for the production of the image.

Most crystals used today are human-made and use lead, 
zirconate, and titanate, or PZT. Achieving the piezoelectric 
and reverse piezoelectric effect requires the crystals to be 
heated to a very high temperature and then exposed to a 
magnetic field. Reheating the crystal to the high tempera-
ture, once polarization has occurred, will cause the crystal 
to depolarize and lose the piezoelectric effect. Transducers/
crystals cannot be sterilized in an autoclave, as the tempera-
tures are too high and will cause depolarization and render 
the transducer useless. Cleansing of the probes requires an 
application of chemical disinfectants.

The crystals are usually spherical in shape and have 
two flat parallel surfaces. The surfaces are coated with a 
thin electrode, which serves as the electrical link to and 
from the crystal.

Damping Material. The damping material is also known 
as the backing material. It is placed directly behind the 
crystal. When a pulse is sent out, not all waves travel 
forward. Some are reflected back to the transducer’s 
surface. The damping material absorbs these unwanted 
waves and limits the number of pulses in the wave. It 
will also reduce the amplitude of the wave, which is 
a disadvantage. Damping material reduces the spatial 
pulse length, which in turn increases resolution, which 
is a major benefit. A damped transducer improves axial 
resolution.

Damping (backing) 
material

Matching layer
(face plate)

Casing/housing

Wire

Power cable

Piezoelectric crystals
(transducers)

FIgUre 42-33. The components found in the transducer housing.
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Matching Layer. The matching layer is the face plate. It 
comes in direct contact with the patient. Behind it, within 
the housing, are the crystals. The matching layer helps to 
protect the crystals and acts as an interface between the 
patient and the crystals. In order to maximize transmis-
sion of the sound wave, the matching layer must have a 
propagation speed close to 1,540  m/s in order for trans-
mission to occur.

Coupling Medium. Between the matching layer and the 
patient’s skin is air. A coupling agent is required between 
the matching layer and the tissue in order for transmis-
sion to occur. In most cases, gel is applied, although 
water is effective as well. This eliminates the matching 
plate/air or air/tissue interface. It ensures the transmis-
sion of the beam.

Casing/Housing. The casing/housing is the plastic case in 
which the internal parts are housed. It protects the inter-
nal parts of the transducer. It also insulates the patient 
from electrical shock. If a casing is cracked, the trans-
ducer should not be used. The manufacturer determines 
the shape of the transducer, taking into account what it 
will be used for.

Wire. An electrical charge must be utilized in order to acti-
vate the crystals. The wire conveys the electrical charge 
to the crystal. It also receives the electrical charge of the 
converted mechanical echo. It then conveys this charge 
back to the machine to form the image.

Types of Transducers
There are a variety of transducers. Each is unique and has 
a specific diagnostic value. Some are shaped for the organ 
systems they examine and each has a range of frequencies 
for the best possible image. The exam type and patient 
habitus will determine which transducer is used for an 
exam (Figure 42-34).

Mechanical Transducer. Mechanical transducers can be 
curved or linear in shape. They have a single circular disc-
shaped active element. Curvature of the crystal or adding a 
lens is what focuses the beam at a specific depth. In order 
to change a focus, the sonographer must change the scan-
head. These scanners give a fan-shaped or sector-shaped 
image, and a defective crystal will destroy the entire image.

Arrays. An array contains a collection of elements (crys-
tals) in a single transducer. Each element is connected to 
its own electronic circuitry called channels. Scanning of 
the beam is done electronically. As the scanner sweeps 
across the part, frames of images are acquired. Types of 
arrays include linear arrays, phased arrays, convexed 
arrays, annular phased arrays, and vector arrays. Most 
transducers in use today are arrays.

FIgUre 42-34. A variety of transducer probes commonly used in 
ultrasound imaging. 

Linear array. The elements in a linear array are 
in a line and are fired sequentially. There is no steering 
involved. The elements are lined up in a straight line that 
gives a rectangular-shaped image. The width of the image 
is approximately equal to the length of the array. It has 
fixed focusing.

Phased array. Phased array transducers can be 
focused and steered. The crystals are fired almost simul-
taneously. They can be fired in different patterns that 
focus and steer the beam. Electronic curvature focuses 
the beam. Electronic slope steers the beam. They produce 
a fan-shaped or sector-shaped image.

Convexed array. The crystals in this array are 
arranged in a curve. They can be a sequential or phased 
array. The transducer is usually large with a large foot-
print. Convexed arrays produce a sector-type image.

Annular phased array. Annular phased arrays 
contain concentric rings cut from the same circular slab 
of piezoelectric material. The elements are arranged in 
an arc. Small-diameter rings have a shorter focus but will 
diverge quickly. Large rings have a deep focal length. They 
have electronic focusing in all planes at all depths. They 
are mechanically steered. An annular phased array pro-
duces a fan-shaped or sector-shaped image.
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Vector arrays. Vector arrays have groups of ele-
ments that are fired together to steer the pulses in various 
directions. The image format can change from rectangular 
to sector. The footprint is smaller than the convex and 
the top of the display is flat. They can be used for linear 
where the elements are fired in different directions and 
not straight down. The rectangular display can be changed 
to a parallelogram or a trapezoidal shape.

INSTRUMENTATION

In order for the sonographer to properly image the 
human body, knowledge of the machine is imperative. 
By knowing the internal and external components of 
the ultrasound machine, diagnostic-quality imaging can 
be performed. Figure  42-35 shows a typical ultrasound 
machine used in today’s sonography department.

Pulser
The pulser produces the electrical signal that excites 
the crystal into producing the sound wave. It will deter-
mine the PRF, PRP, and the pulse amplitude. It also 
determines the firing sequence for a phased array. The 
frequency of the voltage applied to the crystal will deter-
mine the resonant frequency of the transducer. Each 
time voltage is applied to the crystal, it produces a pulse. 
The greater the voltage amplitude, the greater will be the 
intensity and power in the beam. The sonographer can 
control the pulser by changing depth and increasing/ 
decreasing power. Components found in the pulser 
include a clock generator, a high-voltage pulse genera-
tor, and a transducer. The clock generator controls the 
number of voltage pulses, which activates the crystals. 
It starts the pulse cycle. It sends the timing signals to 
the pulse generator, TGC (time gain compensation) 
circuitry, and memory. The high-voltage pulse generator 
delivers short, high-amplitude signals to the transducer, 
which receives the voltage generated by the pulser.

Receiver
The returning echoes are converted back into an elec-
trical form by the transducer and the signal then goes 
to the receiver. The receiver turns these signals into a 
form to be used in a display unit. Components of the 
receiver include amplification, compensation, compres-
sion, demodulation, and rejection.

Amplification. Amplification is also known as overall 
gain. This part of the receiver will amplify the weaker volt-
age signals. The sonographer can change the amplification 

by increasing/decreasing the overall gain knob. Each 
signal is treated equally; therefore, the entire image is 
affected. If amplification is increased too much, there will 
be a loss of axial and lateral resolution. If amplification 
is decreased too much, there will be a loss of the lower-
amplitude echoes, which would mean a loss of informa-
tion. Overall gain will not produce a uniform image, as it 
treats all echoes equally. The image will either be bright or 
be dark; there will be no uniformity to it.

Compensation. Compensation is also known as time 
gain compensation. This part of the receiver makes all 
returning echoes appear the same, regardless of the 
depth from which they’ve returned. The sonographer can 
change compensation by using the TGC pods on the con-
trol panel. When a higher-frequency transducer is used, 
more attenuation occurs; therefore, more compensation 
is required. The sonographer is able to compensate for 

FIgUre 42-35. A typical ultrasound unit. 
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the attenuation by applying more amplitude to the weaker 
signals. Compensation creates a more uniform image.

Compression. Compression reduces the overall total 
range of the signal from smallest to largest. It reduces the 
dynamic range of the unit. It keeps the range within the 
operating range of the machine. The sonographer cannot 
change it.

Demodulation. Once the receiver obtains the echoes in 
electrical form, it must change the signal to one suitable 
for display on a cathode ray tube (CRT). The CRT is a TV 
monitor. Demodulation is inherent in the machine and can-
not be changed by the sonographer. There are two steps 
in this process, rectification and smoothing. Rectification 
eliminates the negative signals and turns them into posi-
tive signals. Smoothing will even out all the rough edges.

Rejection. Rejection involves eliminating the very-low-
level echoes associated with noise. The sonographer can 
change this by increasing the low-level signals or reducing 
them. Rejection only affects the low levels. Figure 42-36 
shows a typical instrument panel with the control knobs 
used by the sonographers.

Scan Converter
The scan converter is a device that electronically stores 
the image. It is a memory component. It accepts data in 
one format and converts it to another format. It accepts 
data in the form of electrons (electricity) and then 

converts the electrons to light. The light is then projected 
onto the CRT screen. Data is placed on the screen by using 
a line raster system. Scan converters can also transmit the 
image via a cable to a remote monitor. This allows viewing 
of the images at external work stations without having to 
be physically present in the room. There are two types of 
scan converters, digital and analog.

Digital Scan Converter. A digital scan converter converts 
a digital signal into analog. It has a limited range of values 
and uses solid-state computer components. Shades of 
gray found in an image are converted to numbers, and 
the numbers are stored in the memory. The numbers 
can be manipulated and then displayed. Once data is 
acquired, it can be manipulated in two ways, through 
pre-processing and/or post-processing. After the data is 
acquired but before it goes into the scan converter, it can 
undergo pre-processing. This process reduces the area 
being imaged prior to the storage of the image. After the 
data is acquired and has been stored in the scan converter 
but before it is displayed, it can undergo post-processing. 
An example of post-processing would be magnifying a 
specific area. Processing of a frozen image is always 
post-processing.

Analog Scan Converter. The analog scan converter  
converts an analog signal into digital. It has a wide range 
of values. It is what originally made grayscale images  
possible. The picture is divided into a matrix with electri-
cal storage elements found within. Electrons from a CRT 
strike the dielectric matrix and the charge is stored. These 
stored charges are then read out for display.

Display
The display component is a device that presents the 
processed data in a form that is readable. A TV monitor 
or CRT is normally what is used. It turns electrons into 
light. Different levels of brightness or shades of gray 
are possible. There are control knobs to determine the 
brightness of the display and the contrast. Contrast is 
the range of weakest to strongest signals. Types of dis-
play modes include A-mode, B-mode, M-mode, B-scan, 
and Real time.

A-Mode (Amplitude Mode). A line or dot moves across 
the screen at a constant rate. The upward deflection off 
of the baseline is related to the amplitude of the echo. 
The horizontal path reflects the depth. This mode is not in 
common use today.

B-Mode (Brightness Mode). The returning echoes are 
seen as dots on a line. Amplitude is determined by the 
brightness of the dot. Location of the dot determines 
the depth and which crystal the pulse came from. This 

FIgUre 42-36. An instrument panel for an ultrasound unit.
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and is capable of Doppler. Anatomic structures dis-
play on the monitor as two-dimensional images. When 
a sonographer wishes to acquire an image, the image 
frame on the monitor can be frozen and stored. Through 
software, the two-dimensional acquired images can be 
rendered into three-dimensional images, although this 
is time consuming. Some state-of-the art equipment is 
capable of taking three-dimensional imaging in real time. 
This is known as 4-D imaging, with time as the fourth 
dimension.

Storage Media
Once an image has been acquired, the sonographer has 
the capability to store the image as a hard copy on such 
media as paper, film, videotape, magnetic discs, or CDs. 
Today, most images are stored through a picture archiving 
and communications system (PACS) so they can easily be 
sent to the physician for interpretation.

mode is used with real-time scanning. It is the process 
by which images are displayed on current machines.

M-Mode (Motion Mode). Motion is displayed as a wavy 
or moving baseline as motion occurs. M-mode is used 
when assessing fetal heart tones.

B-Scan. This displays echoes along a straight line and is 
not in use today. The sonographer moved the transducer 
along a pathway and the echoes were then acquired as 
static images. B-scan has the advantage of a large field of 
view (FOV) with good resolution. However, it was time 
consuming and patient and structural movement was a 
problem.

Real Time. Real time came about to make up for the 
disadvantages of B-scanning. Real-time scanning uses 
B-mode and allows the sonographer to view structures 
in real or current time. This is the current display mode 
used in ultrasound today. It can image moving structures 

SUMMARY

Diagnostic medical sonography is a vital component in 
the diagnostic field. By utilizing sound waves, physi-

cians are able to diagnose pathologies and abnormalities 
quickly and efficiently. Ultrasound utilizes two planes, lon-
gitudinal and transverse, when scanning a patient. As with 
other modalities, the two fields are required in order to 
determine location and size of an area of interest. Sound 
waves move forward and then back again rhythmically as 
they travel. A simple sine wave can be used to describe 
this movement. The forward movement is termed com-
pression and the backward movement is termed rarefac-
tion. Variables of sound include pressure, tissue density, 
particle vibration, and temperature. Parameters of sound 
waves include frequency, period, wavelength, propagation 
speed, amplitude, power, and intensity. Power, intensity, 
and amplitude all decrease as the sound wave travels 

through a medium. This reduction is termed attenuation. 
The unit is the decibel (dB). 

Harmonics are used to manipulate the sound wave 
thereby increasing image quality.  It allows the sonogra-
pher to use a low-frequency transducer for better penetra-
tion while visualizing the quality of a higher frequency.  
Contrast agents are now being used to increase the 
echogenicity of the image by utilizing contrast harmonics.  
This manipulation is achieved with microbubbles causing 
stronger reflections.

Transducers are devices that convert one form of energy 
to another. The ultrasound transducer receives the sound 
wave and converts it to electrical energy. There are two types 
of transducers, mechanical and array. The instrumentation in 
a diagnostic ultrasound machine includes a pulser, a receiver, 
a scan converter, and image display and storage. ◾
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 REVIEW QUESTIONS

 1. A 5-MHz sound wave is transmitted into the body.  
As it travels, it passes through fat, liver, and 
muscle. What will the frequency be for the return-
ing echo?

 2. What is the difference between a continuous wave 
and a pulsed wave? 

 3. Explain the parameters for a pulsed wave.

 4. A sound wave is transmitted into the body and inter-
acts in liver tissue and then in muscle tissue. It hits 
these boundaries with a perpendicular incidence. 
Will there be reflection?

 5. How many decibels would it take to reduce 100 per-
cent intensity by 87.5 percent?

 6. How is contrast used? 

 7. What would happen if an ultrasound transducer were 
sterilized in an autoclave?

 8. Does Doppler shift measure speed?

 9. Are the crystals in phased array transducers fired 
simultaneously?

 10. What device stores the image for display?

 11. What mode of ultrasound is used in real-time imaging?

 12. During the course of an exam, the sonographer turns 
harmonics on to image the gall bladder. A 4-MHz 
transducer is being used. What will the frequency be 
for the harmonic image being produced?
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(1) A discharge from a large induction coil is passed 
through a Hittorf’s vacuum tube, or through a well-
exhausted Crookes’ or Lenard’s tube. The tube is sur-
rounded by a fairly close-fitting shield of black paper; it 
is then possible to see, in a completely darkened room, 
that paper covered on one side with barium platinocya-
nide lights up with brilliant fluorescence when brought 
into the neighbourhood of the tube, whether the painted 
side or the other be turned toward the tube. The fluores-
cence is still visible at two metres distance. It is easy to 
show that the origin of the fluorescence lies within the 
vacuum tube.

(2) It is seen, therefore, that some agent is capable 
of penetrating black cardboard which is quite opaque to 
ultra-violet light, sunlight, or arc-light. It is therefore of inter-
est to investigate how far other bodies can be penetrated by 
the same agent. It is readily shown that all bodies possess 
this same transparency, but in very varying degrees. For 
example, paper is very transparent; the fluorescent screen 
will light up when placed behind a book of a thousand 
pages; printer’s ink offers no marked resistance. Similarly 
the fluorescence shows behind two packs of cards; a single 
card does not visibly diminish the brilliancy of the light. So, 
again, a single thickness of tinfoil hardly casts a shadow 
on the screen; several have to be superposed to produce 
a marked effect. Thick blocks of wood are still transpar-
ent. Boards of pine two or three centimetres thick absorb 
only very little. A piece of sheet aluminium, 15 mm. thick, 
still allowed the x-rays (as I will call the rays, for the sake 
of brevity) to pass, but greatly reduced the fluorescence. 
Glass plates of similar thickness behave similarly; lead glass 
is, however, much more opaque than glass free from lead. 
Ebonite several centimetres thick is transparent. If the hand 
be held before the fluorescent screen, the shadow shows 
the bones darkly, with only faint outlines of the surround-
ing tissues.

Water and several other fluids are very transpar-
ent. Hydrogen is not markedly more permeable than air. 
Plates of copper, silver, lead, gold, and platinum also 
allow the rays to pass, but only when the metal is thin. 
Platinum .2 mm. thick allows some rays to pass; silver 
and copper are more transparent. Lead 1.5 mm. thick is 
practically opaque. If a square rod of wood 20  mm. in 
the side be painted on one face with white lead, it casts 
little shadow when it is so turned that the painted face is 
parallel to the x-rays, but a strong shadow if the rays have 
to pass through the painted side. The salts of the metals, 
either solid or in solution, behave generally as the metals 
themselves.

(3) The preceding experiments lead to the conclu-
sion that the density of the bodies is the property whose 
variation mainly affects their permeability. At least no 
other property seems so marked in this connection. But 
that the density alone does not determine the transpar-
ency is shown by an experiment wherein plates of similar 
thickness of Iceland spar, glass, aluminium, and quartz 
were employed as screens. Then the Iceland spar showed 
itself much less transparent than the other bodies, though 
of approximately the same density. I have not remarked 
any strong fluorescence of Iceland spar compared with 
glass (see below, No. 4).

(4) Increasing thickness increases the hindrance 
offered to the rays by all bodies. A picture has been 
impressed on a photographic plate of a number of 
superposed layers of tinfoil, like steps, presenting thus 
a regularly increasing thickness. This is to be submitted 
to photometric processes when a suitable instrument is 
available.

(5) Pieces of platinum, lead, zinc, and aluminium 
foil were so arranged as to produce the same weakening 
of the effect. The annexed table shows the relative thick-
ness and density of the equivalent sheets of metal.

Appendix A
On a New Kind of Rays*

by W. C. Röntgen

*This article was reprinted from Nature, No. 1369, Vol. 53, January 23, 1896. By W. C. Röntgen. Translated by Arthur Stanton 
from the Sitsungsberichte der Würsburger Physikmedic. Gesellschaft, 1895.
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   Relative  
 Thickness (mm) Thickness Density

Platinum .08 1 21.5

Lead .050 3 11.3

Zinc .100 6  7.1

Aluminum 3.500 200  2.6

From these values it is clear that in no case can we 
obtain the transparency of a body from the product of its 
density and thickness. The transparency increases much 
more rapidly than the product decreases.

(6) The fluorescence of barium platinocyanide is 
not the only noticeable action of the x-rays. It is to be 
observed that other bodies exhibit fluorescence, for 
example, calcium sulphide, uranium glass, Iceland spar, 
rock-salt, and so on.

Of special interest in this connection is the fact that 
photographic dry plates are sensitive to the x-rays. It is 
thus possible to exhibit the phenomena so as to exclude the 
danger of error. I have thus confirmed many observations 
originally made by eye observation with the fluorescent 
screen. Here the power of the x-rays to pass through wood 
or cardboard becomes useful. The photographic plate can be 
exposed to the action without removal of the shutter of the 
dark slide or other protecting case, so that the experiment 
need not be conducted in darkness. Manifestly, unexposed 
plates must not be left in their box near the vacuum tube.

It seems now questionable whether the impression 
on the plate is a direct effect of the x-rays, or a secondary 
result induced by the fluorescence of the material of the 
plate. Films can receive the impression as well as ordinary 
dry plates.

I have not been able to show experimentally that the 
x-rays give rise to any calorific effects. These, however, may 
be assumed, for the phenomena of fluorescence show that 
the x-rays are capable of transformation. It is also certain 
that all the x-rays falling on a body do not leave it as such.

The retina of the eye is quite insensitive to these rays: 
the eye placed close to the apparatus sees nothing. It is 
clear from the experiments that this is not due to want of 
permeability on the part of the structures of the eye.

(7) After my experiments on the transparency of 
increasing thicknesses of different media, I proceeded 
to investigate whether the x-rays could be deflected by a 
prism. Investigations with water and carbon bisulphide on 
mica prisms of 30° showed no deviation either on the pho-
tographic or the fluorescent plate. For comparison, light 
rays were allowed to fall on the prism as the apparatus 
was set up for the experiment. They were deviated 10 mm. 
and 20 mm. respectively in the case of the two prisms.

With prisms of ebonite and aluminium, I have 
obtained images on the photographic plate, which point 

to a possible deviation. It is, however, uncertain, and at 
most would point to a refractive index 1.05. No devia-
tion can be observed by means of the fluorescent screen. 
Investigations with the heavier metals have not as yet led 
to any result, because of their small transparency and the 
consequent enfeebling of the transmitted rays.

On account of the importance of the question it is desir-
able to try in other ways whether the x-rays are susceptible of 
refraction. Finely powdered bodies allow in thick layers but 
little of the incident light to pass through, in consequence of 
refraction and reflection. In the case of the x-rays, however, 
such layers of powder are for equal masses of substance equally 
transparent with the coherent solid itself. Hence we cannot 
conclude any regular reflection or  refraction of the x-rays. 
The research was conducted by the aid of finely-powdered 
rock-salt, fine electrolytic silver powder, and zinc dust already 
many times employed in chemical work. In all these cases the 
result, whether by the fluorescent screen or the photographic 
method, indicated no difference in transparency between the 
powder and the coherent solid.

It is, hence, obvious that lenses cannot be looked upon 
as capable of concentrating the x-rays; in effect, both an 
ebonite and a glass lens of large size prove to be without 
action. The shadow photograph of a round rod is darker in 
the middle than at the edge; the image of a cylinder filled 
with a body more transparent than its walls exhibits the mid-
dle brighter than the edge.

(8) The preceding experiments, and others which  
I pass over, point to the rays being incapable of regular 
reflection. It is, however, well to detail an observation which 
at first sight seemed to lead to an opposite conclusion.

I exposed a plate, protected by a black paper sheath, to 
the x-rays, so that the glass side lay next to the vacuum tube. 
The sensitive film was partly covered with star-shaped pieces 
of platinum, lead, zinc, and aluminium. On the developed 
negative the star-shaped impression showed dark under plat-
inum, lead, and more markedly, under zinc; the aluminium 
gave no image. It seems, therefore, that these three metals 
can reflect the x-rays; as, however, another explanation is 
possible, I repeated the experiment with this only difference, 
that a film of thin aluminium foil was interposed between the 
sensitive film and the metal stars. Such an aluminium plate is 
opaque to ultra-violet rays, but transparent to x-rays. In the 
result the images appeared as before, this pointing still to the 
existence of reflection at metal surfaces.

If one considers this observation in connection with 
others, namely, on the transparency of powders, and on 
the state of the surface not being effective in altering the 
passage of the x-rays through a body, it leads to the prob-
able conclusion that regular reflection does not exist, but 
that bodies behave to the x-rays as turbid media to light.

Since I have obtained no evidence of refraction at 
the surface of different media, it seems probable that 
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Also for this reason the x-rays, which are not 
deflected by a magnet, cannot be regarded as cathode 
rays which have passed through the glass, for that passage 
cannot, according to Lenard, be the cause of the different 
deflection of the rays. Hence I conclude that the x-rays are 
not identical with the cathode rays, but are produced from 
the cathode rays at the glass surface of the tube.

(13) The rays are generated not only in glass. I have 
obtained them in an apparatus closed by an aluminium 
plate 2 mm. thick. I purpose later to investigate the behav-
iour of other substances.

(14) The justification of the term “rays,” applied to 
the phenomena, lies partly in the regular shadow pictures 
produced by the interposition of a more or less permeable 
body between the source and a photographic plate or 
fluorescent screen.

I have observed and photographed many such shadow 
pictures. Thus, I have an outline of part of a door covered 
with lead paint; the image was produced by placing the 
discharge-tube on one side of the door, and the sensitive 
plate on the other. I have also a shadow of the bones of the 
hand (Figure A-1), of a wire wound upon a bobbin, of a set of 
weights in a box, of a compass card and needle completely 
enclosed in a metal case (Figure A-2), of a piece of metal 

the x-rays move with the same velocity in all bodies, and 
in a medium which penetrates everything, and in which 
the molecules of bodies are embedded. The molecules 
obstruct the x-rays, the more effectively as the density of 
the body concerned is greater.

(9) It seemed possible that the geometrical arrange-
ment of the molecules might affect the action of a body 
upon the x-rays, so that, for example, Iceland spar might 
exhibit different phenomena according to the relation of 
the surface of the plate to the axis of the crystal. Experi-
ments with quartz and Iceland spar on this point lead to a 
negative result.

(10) It is known that Lenard, in his investigations 
on cathode rays, has shown that they belong to the 
ether, and can pass through all bodies. Concerning the 
x-rays the same may be said.

In his latest work, Lenard has investigated the 
absorption coefficients of various bodies for the  cath-
ode rays, including air at atmospheric pressure, which 
gives 4.10, 3.40, 3.10 for 1 cm., according to the degree of 
exhaustion of the gas in discharge tube. To judge from the 
nature of the discharge, I have worked at about the same 
pressure, but occasionally at greater or smaller pressures. 
I find, using a Weber’s photometer, that the intensity of 
the fluorescent light varies nearly as the inverse square 
of the distance between screen and discharge tube. This 
result is obtained from three very consistent sets of obser-
vations at distances of 100 and 200 mm. Hence air absorbs 
the x-rays much less than the cathode rays. This result 
is in complete agreement with the previously described 
result, that the fluorescence of the screen can be still 
observed at 2 metres from the vacuum tube. In general, 
other bodies behave like air; they are more transparent for 
the x-rays than for the cathode rays.

(11) A further distinction, and a noteworthy one, 
results from the action of a magnet. I have not succeeded 
in observing any deviation of the x-rays even in very 
strong magnetic fields.

The deviation of cathode rays by the magnet is one of 
their peculiar characteristics; it has been observed by Hertz 
and Lenard, that several kinds of cathode rays exist, which 
differ by their power of exciting phosphorescence, their 
susceptibility of absorption, and their deviation by the mag-
net; but a notable deviation has been observed in all cases 
which have yet been investigated, and I think that such 
deviation affords a characteristic not to be set aside lightly.

(12) As the result of many researches, it appears that 
the place of most brilliant phosphorescence of the walls of 
the discharge-tube is the chief seat whence the x-rays origi-
nate and spread in all directions; that is, the x-rays proceed 
from the front where the cathode rays strike the glass. If one 
deviates the cathode rays within the tube by means of a mag-
net, it is seen that the x-rays proceed from a new point, that 
is, again from the end of the cathode rays.

FIGURE A-1.  Photograph of the bones in the fingers of a living 
human hand. The third finger has a ring upon it. 
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FIGURE A-2.  Photograph of a compass card and needle completely 
enclosed in a metal case.

where the x-rays show the want of homogeneity, and of 
other things.

For the rectilinear propagation of the rays, I have a 
pin-hole photograph of the discharge apparatus covered 
with black paper. It is faint but unmistakable.

(15) I have sought for interference effects of the 
x-rays, but possibly, in consequence of their small inten-
sity, without result.

(16) Research to investigate whether electrostatic 
forces act on the x-rays are begun but not yet concluded.

(17) If one asks, what then are these x-rays; since 
they are not cathode rays, one might suppose, from their 

power of exciting fluorescence and chemical action, them 
to be due to ultra-violet light. In opposition to this view a 
weighty set of considerations presents itself. If x-rays be 
indeed ultra-violet light, then that light must possess the 
following properties:

(a) It is not refracted in passing from air into water, 
carbon bisulphide, aluminium, rock-salt, glass, or zinc.

(b) It is incapable of regular reflection at the surfaces 
of the above bodies.

(c) It cannot be polarised by any ordinary polarising 
media.

(d) The absorption by various bodies must depend 
chiefly on their density.

That is to say, these ultra-violet rays must behave 
quite differently from the visible, infrared, and hitherto 
known ultra-violet rays.

These things appear so unlikely that I have sought for 
another hypothesis.

A kind of relationship between the new rays and 
light rays appears to exist; at least the formation of 
shadows, fluorescence, and the production of chemical 
action point in this direction. Now it has been known 
for a long time, that besides the transverse vibrations 
which account for the phenomena of light, it is possible 
that longitudinal vibrations should exist in the ether, 
and, according to the view of some physicists, must 
exist. It is granted that their existence has not yet been 
made clear, and their properties are not experimentally 
demonstrated. Should not the new rays be ascribed to 
longitudinal waves in the ether?

I must confess that I have in the course of this 
research made myself more and more familiar with this 
thought, and venture to put the opinion forward, while 
I am quite conscious that the hypothesis advanced still 
requires a more solid foundation.
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Appendix B
Fixed and Variable kVp 

Technique System Charts

TABLE    B-1.    Average Adult Part Thickness 
by Region

Region

Average Thickness 
Adult—CMS Percent 

FrequencyAP PA Lat

Thumb, fingers 1.5–4 99

Hand 3–5 99

7–10 93

Wrist 3–6 99

5–8 98

Forearm 6–8 94

7–9 92

Elbow 6–8 96

7–9 87

Arm 7–10 95

7–10 94

Shoulder 12–16 79

Clavicle 13–17 82

Foot 6–8

7–9

Ankle 8–10

6–9

Leg 10–12

9–11 92

Knee 10–13 91

9–12 86

Thigh 14–17 96

13–16 85

Hip 17–21 76

Cervical  C1–3

vertebrae  C4–7

 C1–7

12–14 77

11–14 98

10–13 90

Thoracic verte-
brae 20–24 76

Region

Average Thickness  
Adult—CMS Percent 

FrequencyAP PA Lat

28–32 81

Lumbar vertebrae 18–22 69

27–32 77

Pelvis 19–23 78

Skull 18–21 96

14–17

Frontal 08–31 97

Sinuses Max. 18–22 88

13–17 96

Mandible 10–12 82

Chest 20–25 82

27–32 84

Reprinted with permission of the American Society of Radiologic  Technologists from 
Arthur W. Fuchs’s “Relationship of Tissue  Thickness to Kilovoltage.” The X-ray  
Technician [now Radiologic  Technology], 19(6), 287–293, 1948.

TABLE   B-1.   (continued )

TABLE   B-2.     Common Optimal kVp Ranges for the 
Major Body Regions

Region Optimal kVp Range

Small extremities 50–60

Iodine-based contrast media  
studies 68

Large extremities 70

Skull 80

Abdomen and ribs 80

AP vertebral column 80

Lateral vertebral column 90

Chest 120

Barium-based contrast media  
studies 120

11067_appB_hr_634-637.indd   634 11/30/18   10:06 AM



Appendix B Fixed and Variable kVp Technique System Charts  635

TABLE   B-3.   Fixed kVp Technique Chart

Blank Chart with 
Phantom Technique

Extrapolation of 
Additional mAs Values

Fine-Tuning of 
Extrapolated mAs Values

Extrapolation of  
Final mAs Values

cm kVp Step 1 mAs Step 2 Step 3 Step 4

16 68  30

17 68  35

18 68  40

19 68  45

20 68 50  50  50  50

21 68  60

22 68  70

23 68  80

24 68  90

25 68 100 100 100

26 68 115

27 68 130

28 68 145

29 68 160

30 68 200 180 180

31 68 215

32 68 250

33 68 285

34 68 320

35 68 400 360 360

TABLE   B-4.   2-kVp/cm Chart

cm 10 11 12 13 14

kVp 50 52 54 56 58
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TABLE   B-5.   Variable Kilovoltage Scales

A B C

2 kVp/cm 1 30 2 kVp/cm 1 40 2 kVp/cm 1 50

cm kVp cm kVp cm kVp

 2  34  2  44  2  54

 3  36  3  46  3  56

 4  38  4  48  4  58

 5  40  5  50  5  60

 6  42  6  52  6  62

 7  44  7  54  7  64

 8  46  8  56  8  66

 9  48  9  58  9  68

10  50 10  60 10  70

11  52 11  62 11  72

12  54 12  64 12  74

13  56 13  66 13  76

14  58 14  68 14  78

15  60 15  70 15  80

16  62 16  72 16  82

17  64 17  74 17  84

18  66 18  76 18  86

19  68 19  78 19  88

20  70 20  80 20  90

21  72 21  82 21  92

22  74 22  84 22  94

23  76 23  86 23  96

24  78 24  88 24  98

25  80 25  90 25 100

26  82 26  92 26 102

27  84 27  94 27 104

28  86 28  96 28 106

29  88 29  98 29 108

30  90 30 100 30 110

31  92 31 102 31 112

32  94 32 104 32 114

33  96 33 106 33 116

34  98 34 108 34 118

35 100 35 110 35 120

36 102 36 112 36 122
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TABLE  B-6.   Stepped Variable kVp Technique Chart

2 kVp/cm 1 40

Establishing a Limited Variable

kVp Scale

Extrapolating

kVp Steps

Fine-Tuning of Extrapolated

kVp Values

Step 1 Step 2 Step 3

cm kVp mAs Evaluation kVp mAs kVp mAs

 4  54 20 reject 70   5 70   5

 6  56 20 reject 72   5 72   5

 8  58 20 reject 74   5 74   5

10  60 20 reject 76   5 76   5

11  62 20 reject 78   5 70  10

12  64 20 reject 80   5 72  10

13  66 20 reject 82   5 74  10

14  68 20 reject 84   5 76  10

15  70 20 acceptable 70  20 70  20

16  72 20 acceptable 72  20 72  20

17  74 20 acceptable 74  20 74  20

18  76 20 acceptable 76  20 76  20

19  78 20 acceptable 78  20 78  20

20  80 20 acceptable 80  20 80  20

21  82 20 acceptable 82  20 82  20

22  84 20 acceptable 84  20 84  20

23  86 20 reject 70  80 78  40

24  88 20 reject 72  80 80  40

25  90 20 reject 74  80 82  40

26  92 20 reject 76  80 84  40

27  94 20 reject 78  80 78  80

28  96 20 reject 80  80 80  80

29  98 20 reject 82  80 82  80

30 100 20 reject 84  80 84  80

31 102 20 reject 70 320 78 160

32 104 20 reject 72 320 80 160

33 106 20 reject 74 320 82 160

34 108 20 reject 76 320 84 160

35 110 20 reject 78 320 78 320

36 112 20 reject 80 320 80 320

37 114 20 reject 82 320 82 320

38 118 20 reject 84 320 84 320
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  THE CASE OF THE  
MYSTERIOUS MAMMALS

Chapter 1, p. 16
Bats

  THE CASE OF THE UNIDENTIFIED 
FLYING OBJECT IN THE SKULL

Chapter 5, p. 107
This patient was shot in the left temporal region by 

an arrow. The shaft was broken off prior to the time the 
radiograph was taken.

  THE CASE OF LUMPY

Chapter 11, p. 190
Theodore Bear

  THE CASE OF THE MISSING  
LOWER PELVIS

Chapter 14, p. 232
This patient is quite obese and the large volume of 

soft tissue that has fallen down over the pelvis is demon-
strated with an appropriate density. However, these tech-
nical factors produce too much density for the pelvis. A 
second radiograph to demonstrate the pelvis, shown here, 
fails to demonstrate the abdomen. A case of “You can’t 
have your cake and eat it too.”

  THE CASE OF THE  
INJURED ANIMAL

Chapter 16, p. 245
This is a rodent, a muskrat. The cause of death was 

a severed thoracic vertebral column, the result of being 
caught in a trap in the Ohio woods.

  THE CASE OF THE WHITE SNAKES

Chapter 18, p. 272
The radiographer failed to observe that the high-

voltage cables were within the primary beam field. Observe 
the sheath of grounding net inside the upper cable.

  THE CASE OF THE COLON IN THE 
SPIDER’S WEB

Chapter 20, p. 293
This patient was unable to hold the barium within 

the colon and the sheet has become barium soaked. The 
wrinkled sheet is dense enough to make a distinct image 
under the patient.

  THE CASE OF THE ANIMAL  
WITH THE LARGE CALCIFIED 
TUMOR-LIKE MASS

Chapter 27, p. 423
A chicken’s egg about to be laid

Appendix C
Answers to Case Studies

11067_appC_hr_638-639.indd   638 11/30/18   10:11 AM



Appendix C Answers to Case Studies  639

  THE CASE OF THE LINE  
IN THE STOMACH

Chapter 29, p. 457
The stomach is half filled with liquid barium. The line 

is an air-fluid level between the air and barium.

  THE CASE OF THE  
DEEP SEA RODEO

Chapter 31, p. 484
A seahorse

  THE CASE OF THE DRIPPING FILM

Chapter 34, p. 520
The horizontal lines are pi lines, so called because 

they are spaced apart by pi times the diameter of the first 
film-processing roller. They are caused when developer 
precipitates onto the top rollers at the level of the chem-
istry when left in the tank overnight. When the first film is 
processed, the precipitate is deposited on the film emul-
sion each time the roller turns. The drip marks are most 
likely from the developer solution that was splattered 

onto the film while it was being held vertically before 
processing.

  THE CASE OF THE LAST DINNER

Chapter 36, p. 547
There are no skeletal remains of the snake’s last din-

ner on this image, but it’s good practice to always examine 
your radiographs with careful attention to detail; the last 
dinner could have been demonstrated if it had been eaten 
more recently.

  THE CASE OF THE  
GHOSTLY PLANTS

Chapter 37, p. 560
A peony

  THE CASE OF THE  
MYSTERIOUS MAMMAL

Chapter 39, p. 603
Loggerhead turtle (Caretta caretta)
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Chapter 1 attributed to Albert Einstein.
Chapters  2, 3, 7, 8, 9, and 34 from Otto Glasser,  
Dr. W. C. Röntgen, 2nd edition, 1972. Courtesy of Charles 
C Thomas, Publisher, Springfield, Illinois.
Chapters  4 and 29 from The Magic Mountain (Der 
Zauberberg) by Thomas Mann, originally published 
by S. Fischer Verlag, Berlin, 1924; translated from 
the German by H. T. Lowe-Porter, New York: Alfred 
A. Knopf, 1965.
Chapters 5, 14, and 27 from W. D. Coolidge, “Experiences 
with the Roentgen-Ray Tube,”  American Journal of Roent-
genology, 54, 6, 1945.
Chapter 6 by permission from “One More Time,” copyright, 
Patricia Goedicke.
Chapter 11 by permission, copyright Celia Gilbert, “X-Ray” 
from Queen of Darkness, Viking Press, New York, NY, 1977.
Chapters  12, 26, and 30 from E. C. Jerman, “An 
Analysis of the End-Result: The Radiograph,” Radiology, 
6, 59–62, 1926.
Chapter  13 from A. H. Compton in the preface to 
the first edition of X-Rays and Electrons, reprinted in 
X-Rays in Theory and Experiment, by A. H.  Compton 
and H. K. Allison, 2nd edition, New York: Van Nostrand 
and Company, 1935.
Chapter  15 lyrics from the song “X-Ray Vision” from 
the Capitol-EMI album Mystery Ticket, by Moon Martin, 
Pete Sinfield, and Terry Taylor, copyright 1982, Paper 
Music, Ltd.
Chapter 16 by Lawrence K. Russell, Life, March 12, 1896.
Chapter  17 lyrics from the song “I’m Looking through 
You” from the Capitol-EMI Records, Inc. album, Rubber 
Soul, by John Lennon and Paul McCartney, Northern 
Songs, Ltd., copyright 1965, EMI Records, Inc.
Chapter 18 from Hollis E. Potter, “The Bucky Diaphragm 
Principle Applied to  Roentgenography,” The American 
Journal of Roentgenology, 7, 292–295, 1920.
Chapter 19 quoted from the Jerman Memorial Lecture 
given by Arthur W. Fuchs during the 1950 Annual Meet-
ing of the American Society of X-Ray Technicians in 
Cincinnati, Ohio.

Chapter 20 from William Shakespeare, Sonnet XXIV.
Chapter 21 attributed to Sir William Henry Bragg.
Chapter 22 attributed to John Dykstra.
Chapter 23 attributed to Dr. James M. Hunter.
Chapter 24 attributed to Oscar Wilde.
Chapter  25 from Gerhart S. Schwarz, Unit-Step Radi-
ography, 1961. Courtesy of Charles C Thomas, Publisher, 
Springfield, Illinois.
Chapter 28 quoted from Merrill C. Sosman.
Chapter 31 William B. Hendee and Raymond P. Rossi 
in Quality Assurance for Radiographic X-Ray Units 
and Associated Equipment, Rockville, MD: U.S.  
Department of Health, Education, and Welfare, Pub-
lic Health Service, Food and Drug Administration,  
Bureau of Radiological Health, HEW Publication FDA  
79–8094, 1979.
Chapter 32 from William Shakespeare, Hamlet, III, iv, 18.
Chapter  33 Arthur W. Fuchs, “Edison and Roentgen-
ology,” The American Journal of Roentgenology and 
Radium Therapy, 57(2), 145–156, 1947.
Chapter  34 from French patent 536464, June  3, 1921 
by Andre-Edmund-Marie-Bocage,  entitled “Method of, 
and Apparatus for, Radiography on a Moving Plate,” as 
quoted by J. T. Littleton in  Tomography: Physical Prin-
ciples and Clinical Applications. Section  17: Golden’s 
 Diagnostic  Radiology Series. Baltimore, MD:  Williams & 
Wilkins, 1976.
Chapter 35 attributed to Hippocrates.
Chapter 36 attributed to Francois Rabelais.
Chapter  37 from Margaret Hoing (The First Lady of 
Radiologic Technology) in A History of the  American 
Society of X-Ray Technicians, Chicago: American Society 
of Radiologic Technologists, 1952.
Chapter  38 quoted from Allan Cormack, upon being 
informed that he and Godfrey Hounsfield were to share 
the 1979 Nobel Prize for Medicine for the invention of 
computed tomography.
Chapter  39 from Edward M. Purcell, “Research in  
Nuclear Magnetism,” Nobel Lectures: Physics 1901–1995,  
New York: World Scientific Publishing, 1998.
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Epigraph Sources  
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Chapter 40 by permission from Voetz G and Petersen D.  
(1995) Tracer Studies at Los Alamos and the Birth of 
Nuclear Medicine. Los Alamos Science 23: 257–279.
Chapter 41 attributed to Christopher Reeve.

Chapter  42 from Paul Chatfield (aka Horace Smith) as 
given at www.giga-usa.com/quotes/topics/echo_t001.htm 
(retrieved March 27, 2010).
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A

abscess An encapsulated infection.
absolute value The meaning of a number equal to the distance of 

that number from zero on the number line.
acceptance limits The range of images determined to be of 

good quality by a given individual or a department.
acoustic impedance Determines the resistance a material has 

to the oncoming sound wave.
acromegaly An overgrowth of the hands, feet, face, and jaw 

resulting from hypersecretion of growth hormones.
activator A chemical used in film developing in the fixer 

solution to maintain an acidic pH to enhance the 
functioning of the clearing agent.

active osteomyelitis Initial loss in bone tissue resulting from a 
bone infection.

activity Describes the quantity of radioactive material; 
expressed as the number of radioactive atoms that 
undergo decay per unit time.

actual focal spot The physical area of the focal track that is 
impacted.

added filtration Any filtration that occurs outside the tube and 
housing before the image receptor.

additive condition A disease that causes body tissues to 
thicken, increase in atomic number, or increase in density, 
requiring an increase in technical factors to achieve 
proper image receptor exposure.

adhesive A thin coating applied to the base material before it 
is coated with the emulsion to prevent bubbles or other 
distortion during processing or handling.

admittance The measure of resistance in an AC current when 
the expression 1/R is used.

aerophagia A psychological disorder resulting in abnormal 
swallowing of air.

afterglow Delayed phosphorescent emission; also called 
screen lag.

air-core transformer Arrangement of two coils of wire in 
proximity to facilitate induction.

air kerma The kinetic energy released per unit of mass air.
ALARA As low as reasonably achievable.

algebraic expression A mathematical sentence or term 
consisting of letters and/or numbers that are multiplied, 
divided, added, subtracted, or raised to a power.

aliasing Occurs when spatial frequency exceeds the Nyquist 
frequency and the incoming data are sampled less than 
twice per cycle.

alpha particle Contains two protons and two neutrons, is 
equivalent to a helium nucleus, and is emitted from the 
nuclei of heavy elements as they undergo radioactive 
decay. It has a great mass and a positive charge.

alternating current (AC) Electrons move first in one direction 
and then reverse and move in the opposite direction.

ammeter A device used to measure current connected in a 
series; measured in amperes.

amp (A) The unit of current; also known as the ampere.
ampere (A) The unit of current; also known as the amp.
amplitude The intensity of the wave defined by its maximal 

height.
anatomically programmed radiography A computerized 

exposure control system; technique charts using existing 
exposure systems that are stored in the data memory 
banks.

annihilation reaction Matter being converted back into 
energy as a result of a positron combining with a negative 
electron, which creates two photons moving in opposite 
directions.

anode The positive side of the x-ray tube; serves as a target 
surface for high-voltage electrons from the filament, 
conducts the high voltage from the cathode back into the 
x-ray generator circuitry, and serves as the primary thermal 
conductor.

anode assembly Consists of the anode, stator, and rotor.
anode cooling chart Permits the calculation of the time 

necessary for the anode to cool enough for additional 
exposures to be taken.

anode heel effect Due to the geometry of the angled  
anode target, the radiation intensity is greater on the 
cathode side.

anorexia nervosa A psychological eating disorder resulting in 
extreme weight loss.

Glossary
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antihalation coating A substance applied to the back of a 
single-emulsion film designed to absorb light coming from 
the emulsion and preventing backscatter.

aortic aneurysm A large dilation of the aorta.
approximate entrance skin dose An estimate of the quantity of 

radiation that will be measured at initial entrance to the body.
approximate entrance skin exposure An estimation of the dose 

of radiation related to a specific type of radiologic exam or 
procedure.

armature A coil of wire that acts as a conductor.
artificial permanent magnet Manufactured from steel alloy 

called alnico, composed of aluminum, nickel, and cobalt.
ascites Fluid accumulation within the peritoneal cavity.
aseptic necrosis Death of tissue.
atelectasis Collapse of the lung.
atom The smallest particle of an element that still possesses 

the chemical properties of that element.
atomic mass number (A) The mass of an atom; used when 

precision is not necessary; is equal to the number of protons 
and neutrons in the nucleus of an atom.

atomic mass unit (amu) The mass of the particles of an atom.
atomic number The number of nuclear protons in an atom 

unique to each element; also known as the  
Z number.

atomic reactor A device that converts nuclear energy to 
electrical energy.

atrophy A wasting away of body tissue with diminished cell 
proliferation.

attenuation The reduction in the number of x-ray photons 
in the beam, and subsequent loss of energy, as the beam 
passes through matter.

automatic exposure control A device programmed to terminate 
the radiographic exposure time; also called automatic 
exposure device.

automatic exposure device A device programmed to terminate 
the radiographic exposure time; also called automatic 
exposure control.

autotransformer A transformer that automatically sets by 
adjustments.

average gradient The average slope of the D log E curve at the 
straight-line portion of the curve.

B

backscatter radiation Photons that deflect back toward the 
source, traveling in the opposite direction of the incident 
photon.

backup time Establishes the maximum exposure time for the 
system in order to prevent overexposure.

base The base material that the film is made from; it is usually 
polyester, tough, stable, rigid, and uniformly lucent; it 
usually contains a blue tint.

base plus fog The density at no exposure; the density that is 
inherent in the film.

battery A device that converts chemical energy into electrical 
energy.

becquerel The SI unit for activity.
beta particle Identical to an electron, except it is emitted 

from the nuclei of radioactive materials; it is very light and 
negatively charged.

bias focusing Engagement of a small focal spot while a negative 
voltage that is applied to the focusing cup acts to reduce the 
size of the electron stream, creating a smaller focal spot.

biomedical informatics (BMI) Platforms that are used for 
medical purposes, such as patient care, and for biological 
applications and activities related to healthcare, including 
both preclinical research (studying disease or treatments 
in cells and animals) and clinical research (e.g., testing new 
drugs on patients or analyzing healthcare statistics).

bit Binary digits.
blur The streaking or smearing that results in the loss of nearly 

all recorded detail of objects outside the focal plane.
bone densitometry A noninvasive procedure for the 

measurement of bone mineral density (BMD) that plays 
an important role in the early diagnosis of osteoporosis, 
monitoring therapy, and predicting fracture risk.

bone mineral density (BMD) Measurement of bone mass 
that plays an important role in the early diagnosis of 
osteoporosis.

bowel obstruction Abnormal accumulation of air and fluid 
resulting from a blockage in the bowel.

bremsstrahlung interaction An incident electron interacts with 
the force field of the nucleus, causing the incident electron 
to slow down, thus diverting the electron’s course. The 
electron loses energy and changes direction. The energy 
lost is a bremsstrahlung photon, and the photon energy is 
half the difference between the entering and exiting kinetic 
energy of the electron.

brightness The concept of density as it is displayed on a soft-
copy monitor for digital images.

bronchiectasis Chronic dilation of the bronchi.
brush A device, attached to slip rings, that allows the circuit 

to remain stationary while the armature rotates without 
breaking the electrical contact between them.

byte An 8-bit word.

C

calcified stones Calcium deposits in the form of stones that 
can be found in the gallbladder and kidneys.

calibrate To adjust a tool of measurement to zero.
caliper A device used to measure part thickness.
capacitor A device capable of accumulating and storing an 

electrical charge.
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carcinoma Malignancy.
cardiomegaly Enlargement of the heart.
c-arm tube suspension system A type of radiography equipment 

that utilizes a c-shaped arm device to support the tube and 
the image receptor that allows the tube and image receptor 
to be rotated to new positions.

carriage The arm that supports the fluoroscopic equipment 
suspended over the table.

cathode The negative side of the x-ray tube; produces 
a thermionic cloud, conducts the high voltage to  
the gap between the cathode and the anode, and focuses 
the electron stream as it heads for the anode.

cathode assembly Consists of the filament, focusing cup, and 
associated wiring.

caudad Longitudinal angulation in which the tube is angled 
toward the patient’s feet.

cephalad Longitudinal angulation in which the tube is angled 
toward the patient’s head.

characteristic cascade The reaction of electrons dropping into 
the holes created during a characteristic interaction until 
there is only a hole in the outer shell.

characteristic curve A radiographic relationship between the 
amount of exposure and the resultant density on the film; 
also known as D log E curve, sensitometric curve, and 
Hurter and Driffield curve.

characteristic interaction The incident electron interacts with an 
inner-shell electron, knocking out the inner-shell electron 
and continuing in a slightly different direction, which 
creates a hole in the inner shell, making the shell unstable.

characteristic peak Occurs when K-shell emissions reach their 
effective energy range of 69 keV.

characteristic photon An x-ray photon created by the electron 
transfer from one shell to another.

chemical energy The form of energy released during a 
chemical reaction.

chemical fog The effect on a film when unexposed silver 
halides are reduced.

chronic osteomyelitis New bone growth at the site of a chronic 
bone infection.

circuit breaker A device constructed to interrupt a circuit 
before a dangerous temperature is reached.

circulation system A part of the automatic processing system 
designed to stabilize temperatures, agitate solutions, mix 
the chemistry, and filter the solutions.

cirrhosis Fibrotic changes in the liver causing the liver to 
enlarge and ascites to develop.

clearing agent The primary agent of the fixer.
clearing time Twice the time necessary for the milky 

appearance of the film to disappear.
clinical decision support systems (CDSS) A computerized system 

designed to assist physicians in making clinical decisions 
and adhering to well-defined criteria and established 
guidelines for such decisions.

clinical informatics Use of information technology and 
informatics to deliver healthcare services.

clinical target volume (CTV) Includes the GTV and a volume of 
tissue that contains microscopic subclinical disease.

closed-core transformer Arrangement of two coils of wire each 
filled with an iron core in proximity to facilitate induction 
that converges the inside and outside lines of force through 
the core.

coating The phase of the film production process in which the 
adhesive layer is applied to the base, then the emulsion, 
and, finally, the supercoat.

coercivity The energy that causes reorientation of the 
magnetic dipoles.

coherent scatter An interaction between x-rays and matter 
characterized by interaction between a very-low-energy x-ray 
photon and matter causing the electron to vibrate at the same 
frequency as the incident photon, which then produces a 
secondary photon with the same energy and wavelength as 
the incident photon but that travels in a different direction; 
also called classical scatter or unmodified scatter.

collimator A set of lead shutters at right angles to one another 
that move in opposing pairs.

collimator pitch The pitch of a single detector within  
an MDCT array of image receptors.

commutator ring A single ring that is divided in half, with each 
half connected to one end of the armature wire.

compensating filter Used to even out unequal densities.
compound A complex substance; two or more elements that 

are chemically united in a definite proportion.
compound filter The use of two or more materials to 

complement one another in their absorbing abilities; also 
known as K-edge filters.

compression The positive portion of the sound wave.
compression band A piece of equipment used to restrain a 

patient or compress abdominal tissue.
Compton effect An interaction between x-rays and matter 

characterized by an incident x-ray photon interacting with 
a loosely bound outer-shell electron, resulting in removal 
of the electron from the shell, which then proceeds in a 
different direction as a scattered photon; also known as 
Compton scattering.

Compton (or recoil) electron The dislodged electron resulting 
from Compton scattering; also called a recoil electron.

Compton scattered photon The photon that exits the atom in a 
different direction as a result of Compton scattering.

Compton scattering An interaction between x-rays and matter 
characterized by an incident x-ray photon interacting with 
a loosely bound outer-shell electron, resulting in removal 
of the electron from the shell, which then proceeds in a 
different direction as a scattered photon; also known as 
Compton effect.

computed radiography (CR) A type of indirect digital 
radiography; the radiographer must usually move the 
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detector, that is most often housed in a cassette, between 
image acquisition and display.

computed tomography unit Specialized radiography equipment 
that allows the taking of sectional images.

computerized provider order entry (CPOE) System used to allow 
for electronic ordering of medications, bloodwork, or 
diagnostic imaging exams capable of providing alerts for 
allergies, contraindications, or duplicate testing.

concentration Law of electrostatics that states the greatest 
intensity of charge will be on the surface where the 
curvature is the sharpest.

conductance The measure of resistance in a DC current when 
the expression 1/R is used.

conduction band An area within the force field of an atom 
beyond the valence band.

conductor A material that allows electrons to flow freely.
cone beam CT (CBCT) Process used in IGRT to create three-

dimensional images that pinpoint the exact size, location, 
and coordinates of the treatment isocenter.

cone cells Cells in the retina of the eye that are responsible for 
color vision.

congestive heart failure Increased venous congestion  
in the heart resulting from diminished cardiac output.

contact Electrification by contact occurs when two objects 
touch, permitting electrons to move from one to the other.

continuous wave The sound wave never stops being emitted by 
the transducer.

contouring A tracing of the shape of the tumor volume as well 
as nearby structures that the radiation dose will affect.

contrast One of the properties that comprise visibility of 
detail; the difference between adjacent densities.

contrast medium injection device Type of instrument that is 
used to inject contrast media into vessels for radiographic 
studies.

contrast perception The ability to visually distinguish 
differences in density or contrast.

conversion efficiency The ability of the phosphor to emit as 
much light per x-ray photon interaction as possible, which 
is related to the screen speed.

convolution The process of modifying pixel values by 
a mathematical formula; also referred to as mask.

coregistration Fusion of PET or SPECT with CT or MRI 
acquired in separate imaging sessions; used as a method 
of providing anatomical context to functional/metabolic 
images.

coulomb per kilogram A radiographically derived unit of the 
SI system, abbreviated as C/kg, formerly known as the 
roentgen.

criss-cross grid Two linear grids placed on top of one another 
so that the lead strips form a criss-cross pattern.

cross-hatched grid Two linear grids placed on top of one 
another so that the lead strips form a criss-cross pattern.

crossover effect Blurring of the image caused by light from one 
screen crossing into the light from another screen.

cryogen Cooling agent.
crystal production The part of the film manufacturing process 

that must be done in total darkness. Silver nitrate and 
potassium bromide are combined in the presence of 
gelatin; the silver bromide precipitates out and the 
potassium nitrate can be washed away as a waste product.

curie (Ci) The unit of activity.
current The quantity or the number of electrons flowing.

D

D log E curve A radiographic relationship between the amount 
of exposure and the resultant density on the film; also 
known as characteristic curve, sensitometric curve, and 
Hurter and Driffield curve.

Dmax The maximum density the film is capable of recording.
deconvolution The process of returning the pixel values to 

their original level by a reverse process.
definition One of the geometric properties of image quality; the 

degree of geometric sharpness or accuracy of structural 
lines actually recorded in the image; also referred to as 
detail, recorded detail, sharpness, and spatial resolution.

degenerative arthritis Inflammation of the joints resulting in 
destruction of adjoining joint tissue.

densitometer An instrument that provides a readout of the 
amount of blackening (density) on a film.

density One of the photographic properties that comprise 
visibility of detail; the degree of overall blackening of the 
film.

destructive condition A disease that causes body tissues to 
thin, decrease in atomic number, or decrease in density, 
requiring a decrease in technical factors to achieve proper 
image receptor exposure.

detail One of the geometric properties of image quality; the 
degree of geometric sharpness or accuracy of structural 
lines actually recorded in the image; also referred to 
as recorded detail, definition, sharpness, and spatial 
resolution.

detective quantum efficiency (DQE) Measure of the sensitivity 
and accuracy by which the image receptor converts the 
incoming data to the output viewing device.

deterministic effect Results of radiation exposure for which 
a threshold dose of radiation is assumed (e.g., cataracts, 
sterility).

developing The step in film processing; silver is deposited at 
the latent image sites and an image becomes visible.

deviation index (DI) An indicator as to whether the detector 
response of a specified image K

IND
 agrees with K

TGT
.

diagnostic Methods used to determine the source or cause of a 
disease, disorder, or traumatic injury.

diamagnetic Materials weakly repelled by all magnetic fields 
(e.g., beryllium, bismuth, lead).
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dielectric The insulation between two plates in a capacitor.
differential attenuation The result of differences in 

transmission of the beam as it passes through the patient 
resulting in signal differences to the digital detector.

digital angiography Produces one image similar to the last 
fluoroscopy hold vascular image; also called spot imaging.

digital cineradiography Takes numerous exposures (frames) in 
a second of time.

digital imaging and communication in medicine (DICOM) An 
acronym for the Digital Imaging and Communications in 
Medicine standard; originated in the 1980s as a collaborative 
effort between the American College of Radiology (ACR) 
and the National Electrical Manufacturers’ Association 
(NEMA) to establish a universal, standardized public format 
and protocol for communicating biomedical imaging files; it 
is periodically upgraded.

digital mammography unit A dedicated breast imaging machine 
that utilizes a CR/DR image receptor system.

digital radiography (DR) Imaging systems that replace 
traditional film with a reusable detector.

digital subtraction angiography Eliminates bone and soft tissue 
structures from an image so that only the contrast-filled 
vessels remain.

digital tomosynthesis Digital radiographic tomography.
diode A rectifying semiconductor made by sandwiching p-type 

crystal with an n-type to form a p-n junction.
direct conversion Direct conversion of incoming x-ray photons 

to an electronic signal without scintillation.
direct current (DC) All electrons travel in the same direction.
direct square law A direct relationship is necessary to 

compensate for the changes in intensity and film density.
direct variation One quantity is a multiple of a second quantity.
distortion One of the geometric properties affecting 

radiographic image quality; a misrepresentation of the size 
and shape of the structures being examined.

distribution Law of electrostatics that states charges reside 
on the surfaces of conductors but are evenly distributed 
throughout nonconductors.

Doppler Used to detect and/or evaluate blood flow; can be 
used with continuous wave (CW), pulsed wave (PW), or 
color flow imaging.

dose calibrator Used for measuring various types and 
quantities of radioactivity during radiopharmaceutical 
preparation and before dispensing.

dose limit Radiation exposure limits that are pertinent to the 
protection of radiation workers.

dosimeter A mechanism that can measure amounts of 
radiation.

dryer system The final stage of film processing that removes 
the excess water, cools and dries the film, and seals the 
film for viewing and storage.

drying The process of film developing in which hot air is 
forced over both sides of the film as it exits the processor.

dual focus A two-filament arrangement within the x-ray tube.
dual photon absorptiometry (DPA) The first dual energy bone 

densitometer that made possible the measurement of the hip 
and spine; used a radioactive source (Gd 153) that naturally 
emitted photons of two different energies (40 and 100 keV).

dual x-ray absorptiometry (DXA) The gold standard of 
noninvasive bone mineral density (BMD) determination.  
DXA units use two x-ray beams of different energy levels.  
After soft tissue absorption is subtracted out, the BMD can 
be calculated.

duplication film A type of film designed to provide an exact 
image of the original film.

duplitized Describes a film that is coated with emulsion on 
both sides.

dynamic range The concept of contrast as it is displayed on 
a soft-copy monitor for digital images; range of density/
brightness of the display monitor light emission.

dynamometer Used to measure alternating current when 
electromagnets are used.

E

eddy current loss Result of currents opposing the cause that 
produced them.

edema Swelling.
edge enhancement Increase in contrast due to high-pass 

filtering; also known as sharpening.
edge spread function (ESF) Expression of the boundaries of an 

image.
effective dose The sum of the weighted equivalent doses for 

all irradiated tissues and organs; used to measure the 
radiation and organ-system-specific damage in humans.

effective focal spot The area of the focal spot that is projected 
out of the tube toward the object being radiographed.

effective half-life (Te) The time required for half of the initial 
radioactivity to disappear from an organ or body by a 
combination of excretion and physical decay.

effective target angle In mammography, measured from the 
vertical central ray point.

electric current Electrons that are moving in predominantly the 
same direction.

electric field A force field; the result of the composite forces of 
the charges residing within an object.

electric timers Capable of accurate exposures as short as 
0.001 second with only a 1-msec delay.

electrical circuit A pathway that permits electrons to move 
in a complete circle from their source, through resisting 
electrical devices and back to the source.

electrical energy The result of movement of electrons; also 
known as electricity.

electricity The result of movement of electrons; also known as 
electrical energy.
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electrification Describes the process of electron charges being 
added to or subtracted from an object.

electromagnet Temporary magnet produced by moving 
electric current.

electromagnetic energy A form of energy resulting from 
electric and magnetic disturbances in space.

electromagnetic radiation (EM) A form of energy that is the 
result of electric and magnetic disturbances in space.

electromagnetic relay A device used to protect the 
radiographer from electric shock by isolating control 
buttons on the x-ray console from the actual circuit in 
which high voltage is flowing; similar to a circuit breaker.

electromagnetic spectrum Describes the different forms of 
electromagnetic radiation.

electromotive force (emf) The force or strength of electron 
flow; also known as potential difference.

electron (e2) Negatively charged subatomic particle of an 
atom.

electron binding energy (Eb) The amount of energy needed to 
remove the electron from the atom.

electron volt (eV) Measurement of the binding energy of an 
electron; the energy one electron will have when it is 
accelerated by an electrical potential of 1 volt.

electronic health record (EHR) An electronic version of an 
individual patient’s collection of medical documents.

electronic medical record (EMR) All patient medical 
documentation stored in electronic format.

electrostatics The study of the distribution of fixed charges, or 
electrons, that are at rest.

element A simple substance; it cannot be broken down into 
any simpler substances by ordinary means.

elongation Projection of an object, making it appear longer 
than it really is.

emaciation A generalized wasting of body tissue.
emphysema The overdistention of lung tissues by air.
empyema Pus in the thoracic cavity.
emulsion with crystals A gelatin in which photosensitive 

silver halide crystals are suspended. It is an extremely 
thin coating that acts as a neutral lucent suspension 
medium for the silver halide crystals to separate and allow 
chemicals to interact with them.

energy-switching system A system that switches the kVp 
between 100 and 140, resulting in a primary beam with two 
different energy peaks (near 40 and 80 keV).

entrance roller Specially designed crossover network to 
begin the film traveling from the feed tray down into the 
developer section.

entrance skin exposure The area where the maximum exposure 
received by the patient lies.

envelope The entire cathode and anode assembly is housed 
within this glass or metal structure.

equation A statement that contains an equal sign.

equivalent equation Equations that have the same solutions.
excitation Process in which electrons in an atom are moved to 

a higher-energy state without actually being removed from 
the atom.

exposure Subjecting something to bombardment by x-ray 
photons or another type of irradiation. The term is also 
used to represent a measurement of the value of such 
bombardment.

exposure amplitude The total distance the tube travels during 
the tomographic exposure.

exposure maintenance formula A direct square law; mAs must 
increase when distance increases, and vice versa, in order 
to maintain image receptor exposure.

exposure switch A remote control device that permits current 
to flow through the circuit.

external beam evaluation The measurement of the quantity and 
quality of the external radiation beam.

extrafocal radiation Photons that were not produced at the 
focal spot; also called off-focus radiation.

F

farad (f) The unit of capacitance.
ferromagnetic Materials that are highly permeable and 

susceptible to induction (e.g., iron, cobalt, nickel).
fibrosarcoma Malignant tumor of the metaphysis of bone 

resulting in reduction of bone composition.
field survey instrument Portable device used to measure 

radiation in a given location.
15 percent rule An increase in kVp by 15 percent that causes a 

doubling in exposure, and vice versa.
filament A small coil of thin thoriated tungsten wire.
filament circuit Supplies the filament of the x-ray tube with 

properly modified power.
film badge dosimeter Two pieces of film having different 

sensitivities to x-rays contained within a light, tight 
envelope; the film emulsion darkens in response to the 
radiation exposure received.

film processing system The equipment used to process 
radiographic film for viewing of the radiographic image

filter Any material designed to effectively absorb photons 
from the x-ray beam.

fixed A piece of equipment that remains in one place and is 
not movable.

fixing The process of removing undeveloped silver halides to 
make the image permanent for viewing.

flat-panel detector Descriptive term used for the plates used in 
both direct and indirect DR digital systems.

Fleming’s hand rules A series of easily remembered aids 
to help with the relationship between electricity and 
magnetism.
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floor suspension system A type of radiography unit that uses a 
tube support column mounted on the floor.

floor-to-ceiling suspension system A type of radiography unit 
that uses a pair of rails for longitudinal positioning.

fluorescence The ability of a material to emit light instantaneously 
in responses to excitation within 1 nanosecond.

fluoroscopic screen A specialized x-ray tube with an image 
receptor which can be viewed during an x-ray exposure.

Fluoroscopy A dynamic radiographic examination; involves 
active diagnosis during an examination.

flux density Determined by field strength and the arc in which 
the lines of flux are located.

flux gain A measurement of the increase in light photons due 
to the conversion efficiency of the output screen.

focal plane The section; also section level, layer height, object 
plane, and depth of focus.

focal point The portion of the anode where the high-voltage 
electron stream will impact.

focal spot The portion of the anode where the high-voltage 
electron stream will impact.

focal track The portion of the anode where the high-voltage 
electron stream will impact. When discussing a rotating 
anode, this describes the circular path that will be impacted 
by the electron beam.

focus The portion of the anode where the high-voltage 
electron stream will impact.

focused grid A grid created with the central grid strips 
parallel with the strips and becoming more inclined 
as they move away from the central axis; the lines 
would intersect along a point in space called the line of 
convergence.

focusing cup A shallow depression in the cathode assembly 
designed to house the filament.

footboard A piece of equipment used with a tilting table that 
allows the patient to stand when the table is upright.

foreshortening Projection of an object, making it appear 
shorter than it really is.

fractional focal spot A very small focal spot; usually a fraction 
of a millimeter in size.

frequency The number of waves that passes a particular point 
in a given time frame.

friction Electrification that occurs when one object is rubbed 
against another and, due to differences in the number of 
electrons available on each, electrons travel from one to 
the other.

fulcrum The pivot point around which the motions of the tube 
and the image receptor are centered.

full-wave rectification The conversion of the opposing  
half of the incoming electron flow to always move  
in the same direction, instead of discarding half  
the cycle.

fuse A device constructed to interrupt a circuit before a 
dangerous temperature is reached.

G

galvanometer Used to measure direct current when permanent 
magnets are used.

gamma A measure of the slope of the straight-line portion of 
the D log E curve at the speed point.

gamma camera Feature one, two, or three large field-of-view 
scintillation detectors arranged in various configurations, 
and can be used for planar and SPECT (single photon 
emission computed tomography) acquisitions; also known 
as an Anger camera, named for the inventor, Hal Anger.

gantry The movable frame of the CT unit.
gasses A light mixture that has neither shape nor volume.
gauss (G) The unit used for measuring magnetic flux density.
Geiger-Mueller counter A portable ionization chamber; 

commonly called a Geiger counter or GM meter.
generator A device that converts mechanical energy into 

electrical energy using moving lines of flux in relationship 
to a conductor to induce current; also known as a dynamo.

genetic Describes the effects of radiation that appear in the 
descendants of the individual being irradiated.

gout A metabolic disease that can cause a reduction in bone 
composition.

gradient point The slope of any portion of the D log E curve.
gray (Gy) Unit of absorbed energy or dose; 1 joule of energy 

absorbed in each kilogram of absorbing material.
grayscale [27] The number of shades of gray in a radiographic 

image
grayscale bit depth The number of shades of gray; ranges 

from 8 bits to 32 bits. A grayscale bit depth of 8–32 equals 
a range of 1–4 bytes of storage that would be required per 
pixel in the image matrix. A grayscale bit depth of  
12 produces 212 gray levels. This represents 4,096 different 
shades of gray.

grid A device used to improve contrast of the radiographic 
image.

grid-biased A type of tube that quickly regulates the flow of 
electrons, producing x-ray photons.

grid-controlled A type of tube that quickly regulates the flow of 
electrons, producing x-ray photons.

grid cutoff The result of the primary beam being angled into 
the lead strips.

grid frequency The number of grid lines per inch or centimeter.
grid-pulsed A type of tube that quickly regulates the flow of 

electrons producing x-ray photons.
grid ratio The ratio of the height of the lead strips to the 

distance between the strips.
gross tumor volume (GTV) The palpable or visible growth of the 

malignant tumor. It is considered the primary location of 
the tumor, and any lymphatic or other metastatic spread.

gyromagnetic ratio The ratio of the magnetic moment to the 
moment of inertia.
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H

halation An effect on a radiographic image caused when light 
that is reflected from the air interfaces on the back of the 
base material.

half-value layer (HVL) The amount of absorbing material that 
will reduce the intensity of the primary beam to one-half its 
original value.

half-wave rectification Suppressed rectification resulting from 
only half of the incoming alternating current being converted 
to pulsating direct current; called self-rectification.

handgrip A piece of equipment that allows the patient to 
grip when the table is being tilted for added support and 
reassurance.

hard copy Images that are visualized on film.
hardener A chemical used in film processing that controls the 

swelling of the gelatin to prevent scratches and abrasions 
to the emulsion during processing; in a fixer solution, must 
function in an acidic environment.

harmonics Manipulation of a sound wave from the traditional 
sinusoidal wave into a bent shape; also called sawtooth 
waves.

head unit Specialized radiography equipment used to conduct 
cranial studies.

heat The result of the motion of atoms and molecules; also 
known as thermal energy.

hemothorax The filling of the pleural cavity with blood.
high-pass filtering Amplifies or deletes all but the high 

frequencies.
histogram Generated by dividing a scanned area into pixels 

and determining the signal intensity for each pixel; can be 
calculated for specific anatomy and procedures.

hospital information system (HIS) The electronic database used 
in the hospital to store, generate, and retrieve information 
on patients.

housing cooling chart Permits the calculation of the time 
necessary for the housing to cool enough for additional 
exposures to be made.

Hurter and Driffield (H&D) curve A radiographic relation-
ship between the amount of exposure and the resultant 
density on the film; also known as characteristic curve, 
sensitometric curve, and D log E curve.

Huygens’ Principle Explains a sound wave as having the shape 
of an hourglass.

hydrocephalus Dilatation of fluid-filled cerebral ventricles 
resulting in enlargement of the head.

hydrothorax The filling of the pleural cavity with serous fluid.
hyperparathyroidism Oversecretion of the parathyroid hormone, 

causing calcium to leave bone and enter the bloodstream.
hysteresis loss Results from energy expended as the 

continually changing AC current magnetizes, 
demagnetizes, and remagnetizes the core material; also 
called lagging loss.

I

I2R loss Results from the inherent resistance to current flow 
that is found in all conductors; power lost from resistance 
is proportional to the square of current; sometimes called 
copper loss.

identity An equation in which all numeric values sub stituted 
for the unknown will give a true statement.

image guided radiation therapy (IGRT) The use of medical 
imaging during radiation therapy to improve the precision 
and accuracy of treatment delivery.

image intensification tube Video camera and monitor used to 
view fluoroscopic images.

image receptor contrast The total amount of contrast acquired 
from the image receptor.

imaging noise Background information that the imaging 
receptor receives.

incident electron The electrons from the thermionic cloud that 
arrive at the anode target.

incoming-line current The alternating current that is supplied 
to buildings; usually supplied in three-phase power cycle; 
also called the mains.

indirect conversion A two-part process involving a scintillator 
(which converts incoming x-ray photons to light) and a 
photodetector (which converts light into an electronic signal).

induction The process of electrical fields acting on one 
another without contact.

inductive reactance The ability of an alternating current 
to switch directions, causing the opposing potential 
difference to induce against the incoming supply of 
electrons; measured in ohms of resistance.

informatics A body of ideas, devices, and processes related to 
handling multiple types of information.

inherent filtration Results from the composition of the tube 
and housing.

insulator A material that inhibits electron flow.
integral dose The total amount of energy imparted to matter; 

the product of dose and the mass over which the energy is 
imparted.

intensification factor The most accurate factor that measures 
the speed or sensitivity of an intensifying screen; a 
measurement of the amplification of the image that occurs 
due to the screen’s ability to convert x-ray photons to light.

intensifying screen Device used to amplify the incoming x-ray 
beam and reduce patient radiation dose.

inverse square law Law of electrostatics that states the force 
between two charges is directly proportional to the 
product of their magnitudes and inversely proportional to 
the square of the distance between them.

inverse variation When two quantities are multiplied, their 
product is a constant.

ion An atom that has gained or lost an electron.
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ionic solution Charged particles dissolved within a solution.
ionization The process of adding or removing an electron from 

an atom.
ionization chamber An automatic exposure control device used 

to terminate the exposure after a desired exposure has 
been reached.

IR exposure One of the two photographic properties that 
comprise visibility of detail. In digital imaging it is the 
critical quality factor to assess and comparable to density 
in the film/screen environment.

isocenter The point where all three rotational axes intersect 
from the simulator and the treatment machine.

isotope Atoms that have the same number of protons in the 
nucleus but differ in the number of neutrons.

K

K-edge filter The use of two or more materials to complement 
one another in their absorbing abilities; also known as 
compound filters.

kerma Kinetic energy released in matter; the energy imparted 
directly to electrons per unit mass.

kilogram The standard unit of mass, abbreviated as kg.
kinetic energy The energy of motion.
K-shell The orbital shell closest to the nucleus.
K-shell absorption edge When the incident x-ray photons 

match the K-shell binding energy of the phosphor, there is 
an increase in characteristic production within the screen.

L

lambda The Greek letter that represents the measurement of a 
wavelength.

Larmor frequency In a static homogeneous magnetic field, all 
protons in a nucleus of a given type of element will rotate 
with exactly the same frequency.

latitude The range of exposures that will produce densities 
within the diagnostic range.

laws of electrostatics Rules relating how objects are 
electrified.

leakage radiation Any photons that escape from the housing 
except at the port.

like terms Terms (numbers) with identical literal factors 
(usually noted by a letter).

line pairs per millimeter (lp/mm) Measurement of recorded 
detail, sharpness, and resolution; the minimum size and 
space between objects that can be visualized on the final 
image.

line spread function (LSF) Measurement of recorded detail, 
sharpness, and resolution; the ability of a film/screen 
system to accurately measure the boundaries of an image.

linear accelerator Made up of the drive stand, gantry, treatment 
couch, control console, and modulator cabinet.

linear grid A grid with lead strips running in only one 
direction.

line-focus principle Used to reduce the effective area of the 
focal spot.

lines of flux The force fields that are created when magnetic 
dipoles orient to create a magnet; also called lines of force 
and magnetic field.

lines of force The force fields that are created when magnetic 
dipoles orient to create a magnet; also called lines of flux 
and magnetic field.

look-up table (LUT) Data that are stored to substitute new 
values for each pixel during processing.

low-pass filtering Amplifies or deletes all but the low 
frequencies.

luminescence The ability of a material to emit light in response 
to excitation.

M

M theory Electrons and quarks may not be particles, but 
instead may be extremely small loops of rapidly vibrating 
string-like matter.

Mach effect Each time the eye sees a change in density, there 
is a change in the intensity of the impulses sent to the 
brain.

magnet An object that exhibits a uniformly strong magnetic 
field.

magnetic dipole Groups of atoms with their net magnetic 
field moving in the same direction; also know as magnetic 
domains.

magnetic domain Groups of atoms with their net magnetic 
field moving in the same direction; also know as magnetic 
dipoles.

magnetic field The force fields that are created when magnetic 
dipoles orient to create a magnet; also called lines of flux 
and lines of force.

main circuit Supplies the x-ray tube with properly modified 
power.

main switch The switch that generates the power to the  
x-ray tube.

mains The alternating current that is supplied to buildings; 
usually supplied in three-phase power cycle; also called the 
incoming-line current.

mammography unit Specialized radiography equipment for 
studies and imaging of the breast tissues.

mask The process of modifying pixel values by a mathematical 
formula; also referred to as convolution.

mass The quantity of matter contained in an object.
matrix A square series of boxes that gives form to the image.
mechanical energy The result of the action of machines or 

physical movement; can be potential or kinetic.
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metallic conductor The most common pathway for the 
movement of electrical current (e.g., copper).

meter The standard unit of length, abbreviated as m.
milliamperage (mA) A measurement of x-ray tube current—the 

number of electrons crossing the tube from cathode to 
anode per second.

milliamperage-second (mAs) The product of tube current and 
exposure time.

milliampere-second timer A device used in falling-load 
generators and some capacitor units to monitor the 
product of mA and time on the secondary side of the  
high-voltage step-up transformer.

minification gain Resulting from the same number of electrons 
that were produced at the large input screen being 
compressed into the area of the small output screen.

minimum reaction (or response) time The length of time 
necessary for the AEC to respond to the radiation and for 
the generator to terminate the exposure.

minimum response time The length of time necessary for the 
AEC to respond to the ionization and send a signal to 
terminate the exposure.

mixing The period of film production in which the shredded 
emulsion is melted at a precise temperature to properly 
sensitize the crystals.

mixture The combination of two or more substances.
mobile system A type of radiography equipment that can be 

brought to the patient anywhere the patient may be.
modulation transfer function (MTF) Measurement of recorded 

detail, sharpness, and resolution; measures the resolving 
ability of a film/screen combination.

molecule Two or more atoms chemically united; the 
smallest particle of a compound that still possesses the 
characteristics of the compound.

molybdenum In mammography, the anode is made of this 
element.

motor A device that is supplied with electrical current to 
produce mechanical motion.

movement Second law of electrostatics that states only 
negative charges move along solid conductors.

multiphase power Combination of several waveforms of 
current slightly out of step with one another.

multiple myeloma A malignant tumor arising from plasma cells 
of bone marrow, causing a reduction in bone composition.

mutual induction The result of two coils being placed in close 
proximity with a varying current supplied to the first coil, 
which then induces a similar flow in the second coil.

N

natural magnet Created when iron oxide remains in the earth’s 
magnetic field for ages, slowly orienting the magnetic 
dipoles in the same direction (e.g., lodestones).

negative charge Charge of the electron, which is located 
outside the nucleus, bound by relatively weak forces.

negatron A negatively charged electron resulting from pair 
production.

neutron (n0) Subatomic particle of an atom containing  
no charge.

nonmagnetic Materials not affected by magnetic fields and that 
cannot be magnetized (e.g., wood, glass, rubber, plastic).

nu Greek letter used to denote the number of cycles per 
second.

nuclear energy The energy stored in the bond of the nucleus of 
an atom.

nucleon The protons and neutrons that make up the nucleus.
nucleus The small dense center of an atom; consists of protons 

and neutrons.
Nyquist criterion The sampling of the spatial resolution 

frequency signal twice from each cycle in digital systems.

O

occasionally exposed worker Workers whose duties may 
occasionally bring them into areas where radiation 
exposure may occur.

occupationally exposed worker Workers who have a significant 
potential for exposure to radiation in the course of their 
employment.

octet rule The number of electrons in the outermost shell 
never exceeds eight electrons.

off-focus radiation Photons that were not produced at the focal 
spot; also called extrafocal radiation.

ohm (Ω) The unit of resistance.
opacity The ability of a film to stop light.
open equation An equation that contains at least one unknown 

(variable).
open-core transformer Arrangement of two coils of wire each 

filled with an iron core in proximity to facilitate induction.
optical density numbers The numbers displayed by a 

densitometer.
optically stimulated luminescence (OSL) dosimeter  Measures 

radiation that passes through a thin strip of aluminum 
oxide. A laser light simulates the aluminum oxide, which 
becomes luminescent in proportion to the amount of 
radiation exposure.

optimal kVp The maximum kVp level that will produce images 
with appropriate contrast that are consistently within 
acceptance limits.

orbital magnetic moment The motion of a charged particle 
creates a magnetic force field perpendicular to the motion.

orthochromatic A film that is not sensitive to the red spectrum.
osteitis deformans New bone growth resulting from an 

increase in bone cell activity.
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osteoblastic metastases New bone growth resulting from the 
spread of cancer in bone.

osteochondroma A tumor in the bone and cartilage.
osteolytic metastases Destruction of bone due to malignancies 

that have spread to the bone.
osteomalacia A defect in bone mineralization, causing 

decreased composition.
osteoporosis A defect in bone production due to failure of 

osteoblasts to lay down bone matrix.
overhead suspension system A type of radiography unit that 

allows control of longitudinal and transverse positioning as 
well as vertical distance.

P

Paget’s disease New bone growth resulting from an increase in 
bone cell activity.

pair production An interaction between x-rays and matter 
characterized by the conversion of the energy of an x-ray 
photon into matter in the form of two electrons.

panchromatic A film that is sensitive to all colors.
panoramic dental and facial unit Specialized radiography 

equipment for combined tomography of facial and dental 
structures.

pantomography A type of tomography that permits a slit scan 
of curved surfaces such as the face and head.

parallel circuit An electric circuit designed to send electrons 
through various resistance devices by giving each 
component its own branch.

parallel grid A grid created with the lead and interspace 
strips running parallel to one another; the lines will never 
intersect.

paramagnetic Materials that have a low permeability and weak 
attraction to magnetic fields (e.g., aluminum).

particulate radiation High-energy electrons, neutrons, and 
protons that produce ionization in matter by direct atomic 
collisions.

pathology The medical science concerned with all aspects of 
disease, including the structural and functional changes 
caused by a disease process.

patient equivalent phantom A dummy or surrogate device that 
can be imaged that will mimic the thickness of an actual 
patient; used to control quality and acceptance levels of 
radiographic images.

penetrability The ability of the x-ray to pass through structures 
and tissues.

penetrometer A series of increasingly thick, uniform absorbers.
penumbra A geometric unsharpness around the periphery of 

the image.
period The time required to complete one cycle of the wave.
peripheral quantitative computed tomography (pQCT)  A smaller, 

dedicated CT unit for extremities only.

permeability The ease with which a material can be 
magnetized.

personnel monitoring device Instrument worn by health-
care workers who work regularly in radiation-exposed 
environments.

PET Acronym for positron emission tomography.
phosphor layer A layer of material used in an intensifying 

screen that is capable of absorbing the energy of an 
incident x-ray photon and then emitting light photons.

phosphorescence The ability of a material to delay emission of 
light in response to excitation.

photodisintegration An interaction between x-rays and matter 
characterized by the interaction between a high-energy 
photon and the nucleus. The high-energy photon strikes 
the nucleus; the nucleus absorbs all the photon’s energy 
and then emits a nuclear fragment.

photoelectric absorption An interaction between x-rays and 
matter characterized by an incident electron with slightly 
greater energy than the binding energy of the electrons 
in the inner shells, ejecting an electron from the inner 
shell while being absorbed in the reaction, resulting in an 
ionized atom.

photoelectron An ionized atom with a missing inner-shell 
electron resulting from ejection of the electron due to 
photoelectric absorption.

photon A small bundle of energy. The specific amount of 
energy depends on frequency; also known as a quantum.

photostimulable storage phosphor imaging plate Typically 
inside a cassette; used in computed radiography.

phototimer Often used to describe all automatic exposure 
controls; this type of AED is rarely used in modern 
radiography.

physical half-life (Tp) The half-life of a radionuclide (T½).
picture archiving and communication system (PACS) A computer 

system that can manage images in an electronic form.
piezoelectric effect The use of crystals or transducers 

used in ultrasound to convert electrical energy into 
mechanical energy and mechanical energy into electrical 
energy.

pitch The extension or contraction of the helix; the ratio of 
the distance the table moves during one 360-degree tube 
rotation to the total beam collimation.

pixel Picture elements; individual matrix boxes.
pixel pitch The physical distance between pixels; generally 

measured from center to center.
planning target volume (PTV) Includes the GTV and CTV and 

includes lymph nodes adjacent to the primary tumor that 
have evidence of disease.

pleural effusions The filling of the pleural cavity with blood or 
serous fluid.

pneumoconiosis The inhalation of dust particles, causing 
fibrotic scarring of the lungs.

pneumonectomy The removal of a lung.
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pneumonia Inflammation of lung tissues, causing fluid to fill 
the alveolar spaces.

pneumonitis Inflammation of lung tissues, causing fluid to fill 
the alveolar spaces.

pneumothorax Free air in the pleural cavity that displaces lung 
tissue.

pocket dosimeter A personal-use ionization chamber. When 
exposed to radiation, ionization occurs in the chamber, 
which neutralizes a positively charged electrode that will 
appear as movement of an exposure scale.

point spread function (PSF) Expression of the boundaries of an 
image; determined by a mathematical measurement of an 
image produced at a single point.

portal radiograph A radiograph produced by exposing the 
image receptor to the radiation beam that emanates from 
the portal of a therapy unit.

positive beam limitation device (PBL) An automatic collimator 
that adjusts to the size and placement of the cassette.

positive charge Charge of the proton, which is locked within 
the nucleus by very strong forces.

positron A positively charged electron resulting from pair 
production.

potential difference The force or strength of electron flow; also 
known as electromotive force (emf).

potential energy The energy an object has because of its 
position.

potentiometer A variable resistor that permits a variable 
contact to slide along a series circuit of resistance coils.

power loss formula Calculation that can provide an 
understanding of the changes in resistance to heat output.

precession Rotation of the axis of rotation within a nucleus 
when it encounters a magnetic field; causes a loss in 
momentum.

preservative A chemical used in film processing to help 
decrease the oxidation of the reducing agents when they 
are combined with air; also used in fixer solution to aid in 
removal of silver from the emulsion.

primary barrier A shielding structure that can be struck by the 
primary x-ray beam exiting the x-ray tube.

primary coil The coil first supplied with the current.
prime factor Factors related to x-ray emission that are under 

the direct control of the radiographer; milliamperage, 
kilovoltage, and distance.

propagation speed The speed at which the sound wave moves 
through a medium.

Proportionally Corresponding to something else in a constant 
ratio to another quantity. 

protective coat A layer of material used in an intensifying 
screen applied to the top of the phosphor layer to 
protect it from abrasions and stains; usually thick 
plastic.

protective device Items worn by the radiation worker to 
reduce exposure to radiation.

protective housing The entire cathode and anode assembly is 
housed within this metal structure.

proton (p1) Positively charged subatomic particle of an atom.
proton therapy A method of radiation therapy treatment that 

uses a beam formed by the positive subatomic particles 
stripped from the nucleus and then accelerated through 
a cyclotron.  The beam has remarkable qualities of the 
deposition of energy that dramatically decreases patient 
side effects.

pulmonary edema The filling of the interstitial lung tissues and 
alveoli with fluid.

pulse duration The time it takes from the beginning of the 
pulse to the end of the pulse.

pulse repetition frequency (PRF) The rate at which a pulse is 
repeated in a given amount of time.

pulse repetition period (PRP) The time it takes from the 
beginning of one pulse to the beginning of the next pulse.

pulsed wave Utilized in ultrasound; sends out short bursts of 
sound waves and then stops and waits for the returning 
echoes.

pyramid problem Acceptable images depend on many factors. 
If any of those factors are off, it can cause a problem in 
various other factors, thus a pyramid effect of problems is 
the result.

Q

quality assurance All activities that provide adequate 
confidence that a radiology service will render consistently 
high-quality images and services.

quality control The aspect of quality assurance that monitors 
technical equipment to maintain superior standards.

quality factor Radiation weighting factor, specific to specific 
types of radiation; accounts for the biological effectiveness 
of the specific radiation.

quantitative computed tomography (QCT) Special software 
applied to an existing CT scan to determine a true three-
dimensional or volumetric (unit of measure g/cm3) 
measurement of bone density as opposed to the two-
dimensional or areal (unit of measure g/cm2) provided by 
DXA.

quantitative ultrasound (QUS) A technique used in more recent 
years for determining the interrogation of bone.

quantum A small bundle of energy. The specific amount of 
energy depends on frequency; also known as a photon.

quantum mottle A lack of sufficient incoming data to process 
an image; also known as quantum noise.

quantum noise A lack of sufficient incoming data to process an 
image; also known as quantum mottle.

quark Subnuclear structure that makes up protons and 
neutrons.
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R

rad Term used to describe the measurement related to the 
absorbed dose of radiation; unit of absorbed energy 
or dose applicable to any material; 100 ergs of energy 
absorbed in 1 gram of absorbing material.

radiation Energy emitted and transferred through matter.
radiation fog The result of scattered photons striking the 

radiographic film and placing a density on the film that is 
unrelated to the patient’s anatomy.

radiation worker An individual who, through occupational risk, 
has a certain likelihood of exposure to ionizing radiation in 
the course of his or her normal duties.

radioactivity The number of nuclear disintegrations  
per unit time.

radiofrequency Coils that produce a pulsed magnetic field 
(radio waves) to rotate the magnetic field of the tissues 
through a receiving coil (antenna), inducing an  
MR signal.

radiographic tube rating chart A guide regarding the most 
common technical factor combinations that can be used 
without overloading the tube.

radiology information system (RIS) A database of images and 
patient records specific to the imaging department.

radionuclide generator A self-contained system housing a 
radionuclide parent/daughter equilibrium. It is designed 
to produce the daughter for a separate purpose (i.e., 
injection into a patient for a nuclear medicine study) 
while leaving the parent intact for additional daughter 
production.

radiopharmaceutical A radioactive prescription drug.
rarefaction The backward movement of a sound wave.
reciprocity law The density on an x-ray film should remain 

unchanged as long as the intensity and duration of the 
x-ray exposure remains unchanged.

reciprocity law failure Failure to maintain consistent 
exposures when extremely short or long exposure times 
are used.

recorded detail One of the geometric properties of image 
quality; the degree of geometric sharpness or accuracy 
of structural lines actually recorded in the image; also 
referred to as detail, definition, sharpness, spatial 
resolution.

rectification The process by which alternating current is 
changed to pulsating direct current.

reducing agent A chemical used in film developing that 
provides electrons to the silver ions attached to the 
sensitivity specks of the silver halide crystals.

reference axis The angled central ray as used in 
mammography.

reference axis target angle In mammography, measured 
from the center of the x-ray beam as in conventional 
radiography.

reflective layer A layer of material used in an intensifying 
screen to reflect light toward the film.

relative speed The most useful rating of intensifying screens; 
expressed with par-screens and film being arbitrarily 
assigned a relative speed number of 100 as a control point.

rem Term used to describe the measurement of the biologically 
equivalent dose.

remodeling cycle Maintenance of the balance between bone 
growth and breakdown.

replenishment system Replaces chemicals that are depleted 
through the chemical reactions of processing, oxidation, 
and evaporation.

repulsion-attraction Law of electrostatics that states like 
charges repel and unlike charges attract.

rescaling Correction of an exposure that is outside the range 
from underexposure or overexposure by shifting the 
histogram to the correct area.

resistance The amount of opposition to the current in the circuit.
resolution The ability to accurately image an object; measured 

by the ability to see pairs of lines.
resolving power The ability to accurately image an object; 

measured by the ability to see pairs of lines.
restrainer A chemical used in film processing added to the 

developer to restrict the reducing action to those crystals 
with sensitivity speck gates.

retentivity The ability of a material to stay magnetized.
reversal The process of reducing the intensity of the latent 

image, producing less density.
rheostat A device constructed to interrupt a circuit before a 

dangerous temperature is reached.
rhodium In mammography, newer anodes are made from this 

substance.
ripening The period of film production during which silver 

halides are allowed to grow.
rod cell Cells in the retina of the eye that are sensitive to dim 

light.
roentgen (R) Term used to describe the measurement related 

to exposure; the unit of exposure in air; the quantity of 
x-rays or gamma rays required to produce a given amount of 
ionization in a unit mass of air.

rotating anode An anode assembly that turns during exposure.
rotor A hollow copper cylinder or cuff that is attached to the 

anode disk by a molybdenum shaft.

S

saturation current As kVp increases, a greater percentage of the 
thermionically emitted electrons are driven toward the anode.

scale of contrast The number of useful visible densities or 
shades of gray.

scattering The interaction of x-ray photons and matter that 
causes a change in direction of the photons.

11067_em_gls_hr_642-658.indd   654 11/16/18   11:48 AM



Glossary  655

scintillation detector Uses a multichannel analyzer to detect 
radionuclidic contaminants in radiopharmaceuticals.

sclerosis An increase in bone hardening resulting from a 
chronic inflammation of the bone.

screen lag Delayed phosphorescent emission; also called 
afterglow.

second The standard unit of time, abbreviated as s.
secondary barrier A shielding structure that can be struck by 

scattered and leakage radiation.
secondary coil The coil in which a current is inducted by the 

primary coil.
secondary radiation A characteristic photon created by the 

electron transfer from one shell to another but occurring 
outside the x-ray target.

section interval The distance between the fulcrum levels.
section thickness The width of the focal plane, which is 

controlled by the exposure angle.
self-induction The ability of an alternating current to switch 

directions, causing an opposing potential difference to 
induce against the incoming supply of electrons; allows 
direct current to flow while at the same time hindering 
alternating current.

self-rectification Suppressed rectification resulting from only 
half of the incoming alternating current being converted 
to pulsating direct current; called half-wave rectification.

semiconductor A material that allows electrons to flow freely 
under certain conditions (conductor) or that inhibits 
electron flow under certain conditions (insulator).

sensitivity speck An impurity added to silver halide crystals 
(usually gold-silver sulfide) to act as an electrode that 
attracts free silver ions during latent image formation.

sensitometer An instrument designed to expose a 
reproducible, uniform, optical step wedge onto a film.

sensitometric curve A radiographic relationship between the 
amount of exposure and the resultant density on the film; 
also known as characteristic curve, D log E curve, and 
Hurter and Driffield curve.

sensitometry The measurement of the characteristic responses 
of film to exposure and processing.

series circuit An electric circuit designed to send electrons 
through various resistance devices by linking them one 
after the other.

sharpness One of the geometric properties of image quality; 
the degree of geometric sharpness or accuracy of 
structural lines actually recorded in the image; also 
referred to as detail, definition, recorded detail, and spatial 
resolution.

shell The energy level occupied by an electron determined by 
the distance from the nucleus.

shell-type transformer Arrangement of two coils of wire each 
filled with an iron core in proximity to facilitate induction.

shoulder supports A piece of equipment that keeps the patient 
from sliding off the table when the table is tilted head down.

sievert (Sv) The product of the absorbed dose in gray and the 
radiation weighting factor.

signal-to-noise ratio The quantity of incoming information 
compared to the level of random background information.

silicon-controlled rectifier (SCR) A complex semiconductor 
useful for high-speed switching of the primary high-voltage 
x-ray circuit; also known as a thyristor.

silver bromide Type of silver halide crystal used to create x-ray 
films.

silver chloride Type of silver halide crystal used to create x-ray 
films.

silver iodide Type of silver halide crystal used to create x-ray 
films.

silver iodobromide Type of silver halide crystal used to create 
x-ray films.

simulator unit Specialized radiography equipment that allows 
verification of radiation therapy prior to actual treatment.

sine wave The type of curve produced by an AC generator.
single-phase power Power supply that allows the potential 

difference to drop to zero with every change in the 
direction of current flow.

single-photon absorptiometry (SPA) The first bone densitometer 
to be used clinically; offered a single energy measurement 
and utilized a sealed radionuclide source (I125).

single x-ray absorptiometry (SXA) A modification of the SPA 
forearm scanner, but instead of a radioactive source it used 
x-rays.

slip ring A device with attached brushes that allows the circuit 
to remain stationary while the armature rotates without 
breaking the electrical contact between them.

soft copy Images visualized on monitors, either flat-panel 
technology or older cathode ray tubes.

solar converter A device that converts solar photons to 
electrical energy.

solarization The process of reducing the intensity of the latent 
image, producing less density.

solenoid A coil consisting of a series of loops, which serve to 
increase the flux density.

solvent Chemicals used in developing film suspended in water.
somatic Describes the effects of radiation that appear in the 

individual who was irradiated.
space charge cloud The ejection of electrons from the surface 

of the wire due to increased heat, causing an electron 
cloud; also called thermionic emission.

space charge effect As more and more electrons build up in the 
area of the filament, their negative charges begin to oppose 
the emission of additional electrons.

spatial resolution One of the geometric properties of image 
quality; the degree of geometric sharpness or accuracy of 
structural lines actually recorded in the image; also referred 
to as detail, definition, sharpness, and recoded detail. 
In digital images, it can be expressed in terms of three 
dimensions of the image.
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specific absorption rate (SAR) The absorption of RF radiation.
SPECT Acronym for single photon emission computed 

tomography.
spectral emission An indication of the precise wavelength of 

light emitted by the phosphor.
speed exposure point The log exposure that will produce the 

speed point for a given film.
speed point The point on the D log E curve where a density of 

OD 1.0 1 b 1 f is achieved.
spin magnetic moment The magnetic effect created by 

electrons spinning on their axes.
static discharge The result of electrons jumping the gap 

between two objects, one negatively charged and one 
positively charged, resulting in the equalization of the 
charges of the two objects.

stationary anode An anode assembly that is immobile.
stator Induction-motor electromagnets that turn the anode.
step wedge A type of penetrometer that is wedge shaped and 

has different levels or steps.
step-down transformer A device used to decrease the voltage 

from the primary to the secondary coil.
step-up transformer A device used to increase the voltage from 

the primary to the secondary coil.
stereotactic irradiation A noninvasive procedure that delivers a 

high dose of radiation to a very conformed stereotactically 
defined target volume.

stochastic effects Results of radiation exposure for which no 
threshold dose of radiation exists (e.g., cancer, genetic 
effects).

straight-line portion The useful range of densities on the  
D log E curve.

string theory The idea that matter behaves differently 
depending on the vibration of the string-like  
matter.

structural protective barriers Fixed x-ray facilities that are 
constructed of materials having effective x-ray attenuating 
properties and are of thickness sufficient to reduce 
exposures to desired levels.

subject contrast The degree of differential absorption resulting 
from the differing absorption characteristics of the tissues 
in the body.

subject density The impact the subject (patient) has on the 
resulting radiographic density.

subject detail The impact that the position of the structures of 
interest within the body has on the recorded detail.

subject distortion The impact that the position of the 
structures of interest within the body has on distortion.

substance A material that has a definite and constant 
composition.

superadditivity When two reducing agents are combined, 
forming a PQ developer, their reducing ability is the sum of 
their independent abilities.

supercoat A layer of hard, protective gelatin designed to 
prevent the soft emulsion underneath from  
being physically or chemically abused due to handling.

superconductor A material that allows electrons to flow 
freely.

surface coil An RF coil shaped to conform to the body part 
being imaged.

Système International d’Unités (SI units) An international 
system of units based on the metric system.

T

T1 The time required for precessing spins to align with the 
constant external magnetic field to 63 percent of the 
maximum possible strength.

T2 The time required after precessing spins have aligned at 
an angle to the external magnetic field due to an RF pulse 
for them to lose 63 percent of their coherence due to 
interactions between the spins.

target The portion of the anode where the high-voltage 
electron stream will impact.

target interaction The actions that take place when the 
electrons strike their target or focal spot.

targeting A magnification technique that permits an area of 
interest to be selected for reformatting.

technetium (Tc) An ideal radiopharmaceutical.
temperature A measure of thermal energy.
temperature control system The part of the automatic 

processing unit that maintains all three solutions at 
compatible temperatures.

10-day rule The practice of waiting 10 days after a woman’s 
menstrual flow to conduct a radiographic examination or 
study.

tesla (T) The unit used for measuring magnetic flux  
density.

therapeutic Methods used to treat and rehabilitate a disease, 
disorder, or traumatic injury.

thermal energy The result of the motion of atoms and 
molecules; also known as heat.

thermionic emission The ejection of electrons from the surface 
of the wire due to increased heat, causing an electron 
cloud; also called the space charge cloud.

thermoluminescent dosimeter (TLD) Small chips of 
thermoluminescent material, usually lithium fluoride. 
When exposed to radiation, the chips enter a metastable 
state; when exposed to heat they give off visible light.

Thoreaus filter A type of compound filter consisting of tin, 
copper, and aluminum, in that order, typically used in 
radiation therapy.

three-phase six-pulse A full-wave rectification produces a 
voltage ripple that produces six usable pulses per cycle.
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threshold detection A visual phenomenon involving the 
perception of extremely small or faint details.

thyristor A complex semiconductor useful for high-speed 
switching of the primary high-voltage x-ray circuit; also 
known as a silicon-controlled rectifier (SCR).

tilting A piece of equipment that is movable and can be angled 
according to need.

time of inversion The time period between the 180° inversion 
pulse and the 90° excitation pulse in an IR sequence.

timer Device used to end the exposure at an accurately 
measured preset time.

tomographic amplitude The total distance the tube travels; 
tomographic arc or tomographic angle.

tomography A radiographic technique that employs motion to 
show anatomical structures lying in a plane of tissue while 
blurring or eliminating the detail in images of structures 
above and below the plane of interest.

tomography unit Specialized radiography equipment that 
allows movement in an arc during exposure.

total brightness gain A measurement of the increase in 
image intensity achieved by an image intensification 
tube.

total filtration The sum of inherent and added filtration.
total repeat rate A figure that is calculated as a percentage of 

the total number of images produced during the period of 
the study.

transducer The device that emits and receives the sound wave 
for use in ultrasound.

transformer A device in which two coils are placed near each 
other without electrical connection. The number of turns 
in the coils differs, causing a change in current in the 
secondary coil; this serves to either increase or decrease 
the voltage.

transformer law When the voltage is increased from primary 
to secondary it is called a step-up transformer. When the 
voltage is decreased from primary to secondary it is called 
a step-down transformer; expressed as

V

V

N

N
s

p

s

p

�

 

.

transport system Part of the automatic processing system 
designed to move a film through the developer, fixer, wash, 
and dryer sections of the processor.

trough filter A type of compensating filter used to even out 
densities such as in the mediastinum.

T-score Marks how far a patient’s BMD is deviated from  
the mean of a sex-matched young adult population 
(ages 20–35) of individuals who have reached their peak 
bone mass.

tube rating chart Provides a guide regarding the most common 
technical factor combinations that can be used without 
overloading the tube.

tuberculosis Infection by mycobacteria, causing inflammation 
of the lungs.

tumor An abnormal new growth in tissue.

U

unsharpness Lack of sharp definition of fine detail.
urologic unit Specialized radiography equipment that allows 

study of the urological and genital structures.

V

vacuum A space from which air has been removed.
valence The chemical combining characteristic of an  

element; determined by the number of electrons in the 
outermost shell.

valence energy band The outermost (sometimes the next- 
to-outermost) orbital shell.

vendor Neutral Archive (VNA) An enterprise storage system 
that requires images and other clinical documentation to 
be stored in a nonproprietary format. using a standard 
interface and providing access to data from different PACS.

visual acuity The ability of the eye to resolve detail.
volt (V) The unit of potential difference.
voltage (V) The unit of potential difference.
voltage ripple The net voltage produced during full-wave 

rectification.
voltmeter A device used to measure current connected in 

parallel; measures potential difference in volts.

W

washing The process of using water to remove as much of the 
fixer and developer solutions as possible.

wavelength The distance between two successive points  
on a wave.

Weber (Wb) SI unit used to measure magnetic flux.
wedge filter A type of compensating filter used to even out 

densities such as in the foot or lower extremities.
weight The force that an object exerts under the influence  

of gravity.
window A structure where the primary x-ray beams exit 

the envelope, which allows less absorption or scatter of 
photons.

window level The digital processing that produces changes  
in density/brightness.

window width The digital processing that produces changes 
in the range of density/brightness, which can be used to 
control contrast.

11067_em_gls_hr_642-658.indd   657 11/16/18   11:48 AM



658  Glossary

windowing A point processing operation that changes the 
contrast and brightness of the image on the monitor.

wiring The parts within the cathode assembly that connect the 
elements of the assembly together.

X

x-ray quality A measurement of the penetrating ability of the 
x-ray beam.

x-ray quantity A measure of the number of x-ray photons in the 
useful beam.

Z

Z number The number of nuclear protons in an atom,  
unique to each element; also known as the atomic  
number.

Z-score Marks how far a patient’s BMD is deviated from 
the mean; conceptually similar to a T-score, except the 
reference population is matched by the patient’s age.

zero potential A neutral reference point for discussing 
charges. The earth is defined as zero; also known as 
ground potential.
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A

A, 15
a, 15
ABC, 454
Abdominal radiography

additive conditions, 220
destructive conditions, 221–223
human body as attenuator, 215–216

Abrasion artifacts, 247
ABS, 454
Abscess, 220
Absolute value, 7
AC, 46
Acceptance limits, 348–351
Accreditation, 422
AC generator, 63
Acromegaly, 221
Activator, 248, 249

developing, 249
fixing, 249

Active osteomyelitis, 223
Activity, 131
Actual focal spot, 84
ADC, 275–276, 454
Added filtration, 153
Addition and subtraction principle, 12
Addition sign (1), 8
Additive conditions, 218–221
Adhesive, 243, 244
Admittance, 43
Advisory groups, 140
AEC systems, 265

mammography, 480–481
mobile radiography, 443
performance monitoring, 428

Aerophagia, 222
Afterglow, 261
AGC, 454
Agfa relative speed film/screen combination chart, 266
Air, 215
Air core transformer, 68
Air-gap technique, 236–237
Air kerma, 129–131

ALARA principle, 142, 318, 321
Algebra, 7–14
Algebraic expressions, 9–12
Algorithm artifacts, 323
Aliasing, 390
Alignment, 405–408
Alpha particles, 127
Alternating current (AC), 42

induction motors, 66
motors, 66

Ambient noise, 282
American Association of Physicists in Medicine (AAPM), 285, 317
American College of Radiology (ACR), 330
American Society of Radiologic Technologists (ASRT), 285
Ammeter, 66
Amorphous selenium (a-Se), 308
Amorphous silicon (a-Si:H), 306, 307, 334
amp, 42. See also Ampere (A)
Ampere (A), 42
Ampere, Andre, 42
Amplitude, 31
amu, 23
Analog film-screen systems, 318
Analog-to-digital conversion (ADC), 275–276, 293–294
Analyzing the image. See also individual subject headings

art of image critique, 413–420
contrast, 368–384
density, 345
distortion, 400–412
imaging process, 343–352
quality management, 421–435
spatial resolution, 385–399

Anatomically programmed radiography (APR), 114–115
Anatomical part size (thickness). See Part size (thickness)
Angstrom, 30
Angulation, 408–409
Annihilation reaction, 176
Anode, 40, 72, 79, 82–87

assembly, 82–88
cooling charts, 92
heel effect, 86–87, 360, 363
warm-up procedure, 83

Anorexia nervosa, 222
Antique full-body radiograph, 215
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Backup time, 107, 114
Bandwidth, 332
Barium, 27
Barium-filled colon, 269
Base, 5, 243–244, 260
Base plus fog, 253
Battery-operated mobile generator, 106
Beam hardening artifacts, 536–537
Beam restriction, 194–199, 362

ancillary devices, 198
collimator, 196–198
cones and cylinders, 198
controlling scatter, 195–196
irradiated material, 195–196
kilovoltage (kVp), 195

Becquerel (Bq), 131
Beryllium, 488
Beta particles, 127
Bias focusing, 482
Bilateral pneumonia, 217
Binary code numbers, 276
Binding energy, 24–26
Biological research, 208
Biomedical imaging, 330
Biomedical informatics (BMI), 329
Bit, 276
Bits per second (bps), 332
Blur, 464–465
Blur edges, 465
Blur margins, 465
Blurring, 282
Bocage, Andre Edmund, 462, 463
Body section radiography, 463
Bohr, Niels, 22
Bolus materials, 323
Bone, 216
Bone densitometry, 496–509

bone science, 497–498
diagnostic criteria, 501–502
DXA principles, 502
femur, 503, 505
forearm, 505–506
historical overview, 497
k-edge filtered, 502
osteoporosis, 498–501
quality control, 506–507
radiation safety, 507
scan analysis, 502–504
spine, 504–505

Bone mineral density (BMD), 497
Boundary effect, 205
Boveri, Theodor, 18
Bowel obstruction, 222
Bow tie filter, 538
Bq, 131
Bragg, William Lawrence, 288
Breast (anatomy), 479–480

compression device, 490–491
images (See Mammography)

Aortic aneurysm, 221
Approximate values, 5
APR, 114–115
Archaeological radiography, 209
Archiving, 249
Area/group processing, 280–282
Arithmetic, 3–7
Armature, 62
Artifacts, 318

CT scan, 534, 536
Artificial permanent magnets, 55
Artistic radiography, 208
Art restoration, 209
Ascites, 221
Aseptic necrosis, 223
As low as reasonably achievable (ALARA), 142
ASRT White Paper, 317
Atelectasis, 220
Atom, 20
Atomic clock, 15
Atomic mass, 23–24
Atomic mass number, 24
Atomic mass unit (amu), 23
Atomic number, 23, 261
Atomic particles, 22–23
Atomic theory, 20–28
Atrophy, 222
Attenuation, 214, 217. See also Pathological conditions
Attenuation correction, 578
Attenuation unsharpness, 395
atto, 15
Auto-detection panel technology, 310
Automatic brightness control (ABC), 454
Automatic brightness stabilization (ABS), 454
Automatic collimation, 198
Automatic dose control (ADC), 454
Automatic exposure controls (AEC), 106–107, 265, 300, 310, 317. 

See also AEC systems
anatomically programmed radiography, 114–115
collimation, 114
configurations, 111–112
creative positioning, 115
density control, 112
ionization chambers, 111–113
positioning skills, 113–115
subject density, 113
timers, 102
timing, 114

Automatic film handling systems, 247
Automatic gain control (AGC), 454
Automatic masking, 320–321
Autotransformer, 69–70
Average gradient, 256

B
Back-projection, 531
Backscatter radiation, 175
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Bremsstrahlung interactions, 118–119
Bremsstrahlung photons, 118
Brightness, 354
Brightness control, 454
Brightness gain, 453–454
British (foot-pound-second) system, 14
Bronchiectasis, 220
Bucky, 231, 289
“Bucky Diaphragm Principle Applied to Roentgenography, 

The” (Potter), 226
Bucky, Gustav, 97, 227
Bucky tray, 97
Bucky unit, 98, 99
Byte, 276

C

C, 15
c, 15
Calcified stones, 221
Caliper, 316
Candela (cd), 15
Capacitor, 70–71
Capacitor discharge mobile generator, 102
Carbon, 27
Carcinoma, 223
Cardiomegaly, 220
Cardiovascular imaging, 275
Carestream CR indicator system, 284
Carlton, Richard, 110
C-arm assembly, 514–515
C-arm tube suspension system, 98
Carriage, 449
Case studies

barium-filled colon, 269
calcified tumor-like mass (abdomen), 382
Deep Sea Rodeo, 432
ghostly plant, 471
injured animal, 224
line in stomach, 411
lumpy, 168
missing lower pelvis, 211
mysterious mammals, 16, 508
unidentified flying object in skull, 108
white snakes, 240

Cassette cleaning, 429
Cassettes and holders, 264–265
Cassette spot imaging, 457
Cathode, 40, 72, 79

assembly, 79–82
focusing cup, 81–82

Cathode ray tube (CRT), 333, 334
CAT scan. See Computed tomography (CT)
Caudad, 409
CCD, 275, 455
cd, 15
CDRH, 422

Ceiling suspension, 98
Center for Devices and Radiological Health (CDRH), 422
Centers for Medicare and Medicaid Services (CMS), 275
centi-, 15
Centimeter (cm), 15
Central ray, 406
Cephalad, 409
Cesium iodide (CsI), 306
CGS system, 14
Characteristic cascade, 119, 172
Characteristic curves, 253–254
Characteristic interactions, 119–121
Characteristic peak, 121
Characteristic photons, 119, 172
Characteristic x-rays, 487
Charge-coupled device (CCD), 275, 306, 308, 455
Chatfield, Paul, 611
Chelate, 557
Chemical energy, 29
Chemical fumes, 247
Chest radiography, 295

additive conditions, 220
destructive conditions, 222
distortion, 440
histogram, 296

Chronic osteomyelitis, 221, 223
Ci, 130
Circuit breaker, 49
Circular tomographic motions, 468
Cirrhosis, 221
Cleansing agents, 311
Clearing agent, 249
Clearing time, 249
ClearPb, 154
Clinical decision support systems (CDSS), 329, 336
Clinical informatics, 329, 335, 337
Clinical research informatics, 329
Clinical target volume (CTV), 599
Closed-core transformer, 68
Cloud computing, 331, 332, 335
cm, 15
CMOS, 308
Coating, 245
Coercivity, 68
Coherent scattering, 173
Collimation, 146, 196–198
Collimator pitch, 522–523
Commutator, 64
Commutator ring, 64
Compensation filtration, 153–154
Complementary metal oxide semiconductor (CMOS), 308
Compound filtration, 153
Compression, 335
Compression band, 98
Compton, Arthur H., 169, 174, 175
Compton effect, 174

11067_em_indx_hr_659-682.indd   661 11/8/18   4:58 PM



662  Index

Compton electron, 174
Compton interaction, 227
Compton scattered photon, 173–175
Compton scattering, 127, 173–176, 300
Computation with values (numbers), 5
Computed radiography (CR), 275, 288–304. See also  

Digital image processing; Digital radiography
ADC, 293–294
data reading, 290–293
image acquisition, 289–294
image display, 300
image processing, 294–300
latent image production, 290
limitations, 306
over and underexposure, 302
photostimulable imaging plates characteristics, 289
post-processing, 300
pre-processing, 294–300
technical factors selection, 300–303

Computed tomography (CT), 322, 519–542
algorithms, 536
applications, 526
artifacts, 534, 536
back-projection, 531
bow tie filter, 538
computer, 528
contrast, 534
convolution, 531–532
CT computer, 528
CTDI, 538
CT number, 529–530
deconvolution, 531–532
detectors, 525–528
3-D imaging, 529
display brightness and contrast, 534
display console, 528–529
dose modulation, 539
exposure factors, 536
Fourier transform, 531
gantry, 524–525
helical interpolation, 532
helical (spiral) scanner, 521–523
historical overview, 521–524
Hounsfield unit (HU), 529–530
image quality, 533–535
image reconstruction, 531
imaging detail, 534
invention of, 520–521
iterative reconstruction techniques, 539
magnification, 534
motion, 536
MSAD, 538
MSCT, 523–524
noise, 534
number, 529–530
pitch formulas, 521–523
radiation protection, 538–539
reformatting, 532–533

resolution, 534–535
scan field size, 536
scanner generations, 521–524
scanogram/sinogram, 529
section interval/thickness, 535–536
solid-state detectors, 526–527
table, 525
units, 99
x-ray tubes, 525

Computed tomography dose index (CTDI), 538
Computerized provider order entry (CPOE), 329, 335
Computers, 331–332
Conductance, 43
Conduction band, 43
Conductor, 41
Cone beam computed tomography (CBCT), 601
Cone cell, 204
Cone field size, 198
Cones, 198
Congestive heart failure, 220
Conklin, William, 208
Consumer health informatics, 329
Contamination, 248
Continuing education, 424
Contouring, 598
Contrast, 254–258, 264, 267, 319, 333, 368–384

anatomical part size, 379–380
anode heel effect, 378–379
assessing, 369
beam restriction, 379
defined, 369
distance, 379
evaluating, 374–381
factors to consider, 377–381
filtration, 379
focal spot size, 378
grids, 380
image receptor, 379
image receptor contrast, 372–373
irradiated material, 374
kilovoltage (kVp), 373–380
manipulating, 371
mAs, 378
processing, 380
subject, 373–374
terminology, 369

Contrast improvement factor (K), 233
Contrast index, 258
Contrast medium injection devices, 516–517
Contrast perception, 204
Contrast resolution, 282
Conversion efficiency, 261
Convolution, 531–532
Coolidge tube, 81
Coolidge, William D., 81, 181, 368
Cooling curves, 92, 93
Copper loss, 68
Coregistration, 580
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Cormack, Allan, 519
Corrective action adjustments, 417–418
Coulehan, Jack, 210
Coulomb (C), 15
Covalent bond, 26, 29
cps, 63
CR, 275, 288–304
Creating the image. See also individual subject headings

beam restriction, 194–199
digital imaging, 328–337
film processing, 242–249
film/screen combinations, 265
grid, 226–240
human body as attenuator, 215–216
pathology problem (See also Pathological conditions)
patient and image quality, 216
patient as beam emitter, 213–224
vision and perception, 202–211

Criss-cross grid, 230
Critiquing an image. See Image critique
Cropping/shuttering, 320
CR system. See Digital radiography
CRT monitor, 455
Cryogen, 545
Crystal production, 245
CT. See Computed tomography (CT)
CTDI, 538
Cupping artifacts, 536
Curie (Ci), 130
Current, 42
Curvilinear tomography, 468
Cycles per mm, 267
Cycles per second (cps), 63
Cylinders, 198

D

d, 15
da, 15
Daguerre, Louis, 243
Dalton, John, 20
Darkroom, 249–250
Data clipping, 294
Data drop, 318
Data drop artifacts, 323
Data packets, 332
Data reading, CR, 290–293
Daylight vision, 204
10-day rule, 148
DC, 42
DC generator, 64
deca-, 15
deci-, 15
Decimal number place values, 4
Decimals, 4–5
Decision support systems, 336
Deconvolution, 531–532

Decreased attenuation, 221–223. See also  
Pathological conditions

Decreased contrast, 373
Definition, 254. See also Recorded detail
Degenerative arthritis, 223
Degree, 408–409
Densitometer, 250, 252
Density, 214, 258, 345, 364
Density log exposure, 253–254
Density resolution, 282
Depletion, 249
Der Zauberberg (Mann), 52, 400
Destructive conditions, 218, 221–223
Detail, 254. See also Recorded detail
Detective quantum efficiency (DQE), 283, 318, 429
Detector elements (DELs), 293, 307, 323, 457
Detector saturation, 315, 318
Deterministic effects, 140
Developing the film, 247, 248
Deviation index (DI), 285, 317–318
Dexel, 307
DI, 285
Diagnosing/treating the image, 346–347
Diagnostic, 97
Diagnostic acuity, 315
Diagnostic efficacy (DE), 322
Diagnostic medical sonography (DMS), 275, 322

acoustic impedance, 621
attenuation, 621
attenuation coefficient, 620–621
decibels, 621
display, 627–628
Doppler, 622
field, 622
harmonics, 622–623
historical overview, 612
instrumentation, 626–628
orientation, 612–613
pulser, 626
range, 621–622
receiver, 626–627
scan converter, 627
sound waves

parameters, 615–618
types, 618–620
variables, 614–615

storage media, 628
transducer, 624–626

Diagnostic radiographic film, 243
cross-sectional view, 244

Diagnostic radiography, 333
Diagnostic x-ray console controls, 103
Diagnostic yield (DY), 322
Diamagnetic materials, 57
DICOM protocol, 321
Dielectric, 70
Digital angiography (DA), 512
Digital artifacts, 323–324

11067_em_indx_hr_659-682.indd   663 11/8/18   4:58 PM



664  Index

Digital cineradiography (cine), 512–513
Digital detectors, 315
Digital exposure, 315–319

assessing, 317
exposure factors, 318–319
grid considerations, 319
technique systems, 315–317

Digital flat-panel fluoroscopy design, 456–457
Digital fluoroscopy, 455, 457

function, 456
thin film transistors, 455–456

Digital image processing
characteristics, 276–277
computer radiography, 275
detective quantum efficiency, 283
digital image quality, 282–283
exposure indicators, 284
film-based modality, 275
geometric processing operations, 282
historical development, 275
image formation, 275–277
image processing operations, 277–282
local processing operations, 280–282
noise, 282–283
point processing operations, 277–280
receptor exposure, 284–285
spatial domains, 277
spatial resolution, 282

Digital imaging
advantages, 333
artifacts, 322–325
compression, 335
contrast, 315, 319
correcting unacceptable DI numbers, 317–318
digital exposure, 315–319

exposure factors, 318–319
grid considerations, 319
technique systems, 315–317

digital post-processing, 320–322
digital processing, 319–320
effective use, 315
histogram, 356
image brightness, 320
image quality, 318–319
kVp, 315
mAs, 315
matrix expressions, 276
quality

detective quantum efficiency, 283
noise, 282–283
optimization, 319
spatial resolution, 282

receptor systems, 188, 316, 401
recorded detail (See Recorded detail)
total exposure to detector, 315

Digital imaging and communication in medicine  
(DICOM), 275, 330–331

Digital mammography, 492–493
Digital mammography unit, 477

Digital post-processing, 320–322
Digital processing, 319–320
Digital radiography (DR), 317

direct/indirect conversion, 275
field of view, 277
flat-panel technology, 275
image receptors, 428–429
integral detectors, 309
optimal kVp ranges, 316
panel precautions, 310–312
portable detectors, 309
radiolucent detector bag, 311
weight-bearing radiographic studies, 312

Digital receptors, 301
Digital sampling, 276, 390
Digital storage of images, 335
Digital subtraction angiography (DSA), 281, 512
Digital systems, 395
Digital tomosynthesis, 468–469
Dimensional analysis, 6–7
Diode, 71
Direct amorphous selenium plates, 306
Direct conversion, 275

amorphous selenium flat-panel detector, 308
detectors, 306, 308

Direct current (DC), 42
Direct-current motors, 66
Direct flat-panel detectors, 308
Direction, 408
Directly proportional, 14
Direct square law, 165
Direct variation, 14
Display monitors, 429
Distance, 159, 164–167

contrast, 379
density, 360–362
mobile radiography, 444–445
patient dose, 187
recorded detail, 391–392
size distortion, 403–405

Distortion, 216, 400–412
alignment, 405–408
anatomical part size, 407
angulation, 408–409
assessing, 401
central ray, 406
defined, 401
degree, 408
direction, 408
distance, 403–405
image receptor, 408
OID, 402–403
shape, 405–408, 410
SID, 401–402
size, 401–405, 409

Distributive law, 9
D log E curves, 253–254, 257, 301, 372–373
D

max
, 254

DMS, 275
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Dose calibrator, 570
Dose creep, 317
Dose equivalent, 131, 140
Dose limits, 140–141
Dosimeter, 131–135
Dosimetry reporting, 135
Double wedge, 154
DQE, 283
Dropout artifacts, 323
Drying the film, 248, 249
DSA, 512
Dual-energy x-ray absorptiometry (DXA), 497, 502
Dual-field intensifiers, 452
Dual-filament wiring, 80
Dual focus, 80
Dual-photon absorptiometry (DPA), 497
Dykstra, John, 305
Dynamic range, 429
Dynamometer, 66

E

Eagan, Robert, 474
E

b
, 24

Eddy current loss, 68
Edema, 220
Edge-detection software, 320
Edge enhancement, 206, 280, 281, 300
Edge spread function (ESF), 387
“Edison and Roentgenology” (Fuchs), 448–461
Edison, Thomas A., 259, 449
EDR, 294
Effective dose, 129
Effective focal spot, 84
Effective half-life (Te), 565
Effective target angle, 484
EI, 284–285
Einstein, Albert, 2, 20
Electrical circuit, 41
Electrical energy, 29
Electric current, 40
Electric fields, 39
Electricity, 29, 35–50

current, 42
electrical circuit, 41
electrification, 36, 38–40
electrodynamics, 40–47
electrostatics, 36–40
Ohm’s law, 45–47
parallel circuits, 47–50
potential difference, 42–43
resistance, 43–45
series circuits, 47–50

Electrification, 36, 38–40
by contact, 39
by friction, 38
by induction, 39

Electrodynamics, 40–47

Electrolysis, 40
Electromagnet, 55, 76
Electromagnetic energy, 29
Electromagnetic induction, 60–62
Electromagnetic radiation (EM), 30, 127
Electromagnetic relays, 60
Electromagnetic spectrum, 30–32
Electromagnetism, 52–76

autotransformer, 69–70
capacitor, 70–71
electromagnetic induction, 60–62
Faraday’s law, 60
Fleming’s hand rules, 58
generator, 62–65
Lenz’s law, 60
magnet, 54
magnetic classification of materialism, 56–57
magnetic induction, 56
magnetism, 53–57
motor, 65–67
Oersted’s experiment, 57
rectification, 71–75
solenoid, 59
transformer, 67–69

Electromotive force (emf), 42
Electron, 22–24
Electron binding energy (E

b
), 24

Electronic annotations, 330
Electronic artifacts, 323
Electronic circuitry, 308
Electronic health record (EHR), 329, 337
Electronic image annotation, 321–322
Electronic markers, 321
Electronic masking/shuttering, 320–321
Electron volt (eV), 25
Electroscope, 39
Electrostatics, 36–40
Elliptical tomographic motions, 468
Elongation, 108, 405, 407
Emaciation, 222
Emission spectrum, 121–123, 265–266
Emphysema, 222
Empyema, 220
EM radiation, 30, 127
Emulsion, 243, 244
Energy

chemical, 29
defined, 20
electrical, 29 (See also Electricity)
electromagnetic, 30
heat, 29
kinetic, 29
mechanical, 28–29
nuclear, 29–30
potential, 29
thermal, 29

Energy-switching system, 502
Entrance skin exposure (ESE), 184, 315
Envelope, 79, 89
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Equation, 12–14
Equipment

malfunctions, 418 (See also Troubleshooting)
motion, 396
performance evaluation (See Monitoring  

equipment performance)
types of, 443

Equivalence principles, 12
Equivalent dose, 131
Equivalent equations, 12
Error reduction, 336
ESE, 184
ESF, 387
eV, 25
Evaluating algebraic expressions, 11–12
Exact values, 5
Excitation, 30
“Experiences with the Roentgen-ray tube” (Coolidge), 78
Exponent, 6
Exposure, 129
Exposure amplitude, 464
Exposure data recognition (EDR), 299
Exposure field recognition, 294
Exposure index (IE), 60
Exposure indicators (EI), 284–285, 315
Exposure maintenance formula, 165, 361
Exposure sensitivity, 266
Exposure switch, 101–102
Exposure technique systems

chart systems, 315
establishing, step-by-step approach, 316–317
image quality, 318–319
selection, 316
variable kVp systems (See Variable kilovoltage systems)

Exposure time reduction, 397
External beam evaluation, 424–428
Extrafocal radiation, 90
Extranet, 332
Eye (anatomy), 204

F

f, 15
Farad, 70
Faraday, Michael, 60
Faraday’s law, 60, 549
Fast spin echo (FSE), 552, 556
Fat, 215–216
Father of Radiologic Technology, The (Jerman), 353, 413
F-centers, 290
FDA, 140
Femur, 503, 505
Fermi, Enrico, 565
Ferromagnetic materials, 56
Fibrosarcoma, 223
Field of view (FOV), 277, 534
Field recognition error, 296

Field survey instruments, 131–132
15 percent rule, 358
Figure eight, 468
Filament, 80–81
Filament circuit, 71, 101–103
Fill factor, 307
Film. See Radiographic film
Film badge dosimeter, 133–134
Film-based modality, 275
Film-based x-ray, 275
Film contrast, 372–373. See also Contrast
Film density, 160, 166. See also Density
Film graininess, 254
Film identification, 247
Film latitude, 259–260
Filmless cassettes, 289
Film processing, 188, 247–249
Film resolution, 254
Film-screen combinations

characteristics, 265–267
contrast, 267
intensifying screens, 265
latitude, 267
resolution, 267
speed, 266–267

Film/screen image receptor systems, 188, 282, 300, 323
Film/screens imaging processing, 242–271

archiving, 249
care, 265
cassettes and holders, 264–265
characteristics, 254–259
darkroom, 249–250
developing, 248
D log E curve, 253–254
emission spectra, 265–266
fixing, 248–249
handling, 247
identification, 247
intensifying screens, 259–260

characteristics, 261–264
construction, 260–261

latent image formation, 246
phosphors, 261
radiographic film, 243

construction, 243–245
sensitometric equipment, 250–253
sensitometry, 250
silver recovery systems, 250
storage, 247
types, 247

Film/screen systems, 315, 319, 320, 395–396, 429, 491–492
Film storage and handling, 247
Filter, 152
Filtration, 145, 151–156, 187–188, 361–362, 379

added, 153
compensation, 153–154
compound, 153
defined, 152
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effect of, 155–156
HVL, 152
inherent, 152
measurement, 152
total, 154–155

Fine-detail intensifying screen, 261
First law of electromagnetics, 60
Fixed kVp systems, 316
Fixed tables, 98
Fixing the film, 247–249
Fix-queue, 429
Flat contact shields, 146
Flat-panel detector digital systems, 512

auto-detection panel technology, 310
direct detectors, 308
features, 309–310
image acquisition, processing, and display, 308–309
indirect detectors, 306–308
types, 306–308

Flat-panel DR detectors, 275, 319
Flat-panel, thin film transistor (TFT) detectors, 306–308, 315
Fleming, John, 57
Fleming’s hand rules, 58
Fleming’s left-hand motor rule, 65
Fleming’s right-hand generator rule, 61, 62, 64
Fleming’s right-hand thumb rule, 58
Floor suspension system, 98
Floor-to-ceiling suspension system, 98
Fluorescence, 261, 289
Fluoro carriage, 449
Fluorodeoxyglucose (FDG), 568
Fluoroscopic generators, 454
Fluoroscopic mA range, 449–450
Fluoroscopic R/min charts, 183–184
Fluoroscopic screen, 449
Fluoroscopic x-ray tubes, 449–450
Fluoroscopy (fluoro), 448–461

anode/output screen, 452–453
brightness control, 454
CCD, 455
contrast, 454
conventional fluoro resolution, 454
digital fluoroscopy, 455, 457
distortion, 454
electrostatic lenses, 451–452
flat-panel fluoroscopy designs, 456–457
generators, 454
historical overview, 449
image control, 454–455
image intensification tubes, 450–454
input screen, 451
isodose curve, 458
magnification tubes, 452
mA range, 449–450
mobile units, 457, 488
performance monitoring, 425–426
quantum mottle, 454–455
radiation protection, 458–459

recording the image, 457
static spot imaging systems, 457
total brightness gain, 453–454
types of equipment, 449
uses, 449
video camera tube, 455
video monitor, 455
video recording, 455
viewing systems, 455
x-ray tubes, 449–450

Flux density, 55
Flux gain, 453
Focal plane, 466
Focal point, 84
Focal spot, 84
Focal spot size, 86, 394, 418, 433–435
Focal track, 84
Focus, 84
Focused grid, 231
Focusing cup, 79, 81–82
FOCUS-PDCA method, 422
Fog, 374
FONAR, 544
Food and Drug Administration (FDA), 140
Footboard, 98
Forearm, 505–506
Forensic radiography, 209
Foreshortening, 405, 407, 408
Forgiving film, 259
Formulae, 12
Fourier algorithm, 531
Fourier transformation (FT), 277, 280, 531
FOV, 277
Fractional focal spot, 86
Fractions, 3
FRAX®, 500
Frequency, 32
FT, 277, 280
Fuchs, Arthur W., 242, 315
Fulcrum, 463, 466
Full-wave rectification, 73–75
Fundamentals of Radiology (Squire), 207, 415
Fundamental units, 15
Fuse, 49

G

G, 15, 55
Gadolinium, 261
Gadolinium oxysulfide (Gd

2
O

2
S), 306, 476, 491

Galvanometer, 66
Gamma, 256
Gamma camera, 573
Gamma rays, 30, 127
Gantry, 524–526
Gas-filled detectors, 582
Gauss (G), 55
Gauss, Johann, 55
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GCF, 232
Geiger-Mueller survey instruments, 132, 582
Gelatin, 244
Generator, 62–65, 103–106, 310, 511
Genetically significant dose (GSD), 127
Genetic effects, 127, 128
Geometric problems, 417
Geometric processing operations, 282
Gilbert, William, 57
Glare, 333
Glass envelope, 89
Glasser, Otto, 126, 139
Glass plate radiograph, 244
Gonadal shielding, 145–146, 188
Good contrast, 369
Gout, 223
Gradient, 544
Gradient point, 256
Gray (Gy), 130
Grayscale analysis, 294
Grayscale bit depth, 277, 283, 332–333, 369
Grayscale processing, 279
Grayscale Standard Display Function (GSDF), 334
Grenz ray radiography, 209
Grid, 145, 188, 301, 319. See also Radiographic grid

contrast, 380
density, 363–364
mammography, 490
mobile radiography, 445
patient dose, 188

Grid-biased tubes, 82
Grid conversion factor (GCF), 232
Grid cut-off, 230
Grid cutoff error, 301, 303
Grid errors, 233–236
Grid frequency, 230
Grid ratio, 229–230
Grid replacement software, 238
Grossman principle, 466
Gross tumor volume (GTV), 599
Grubbe, Emil H., 594
GSD, 127
Gurney–Mott theory, 246
Gy, 15, 130
Gyromagnetic (magnetogyric) ratio, 548

H

h, 15
Half-value-layer (HVL), 152, 488
Half-wave rectification, 73
Hamadryas baboon mummy, 210
Hamlet (Shakespeare), 439
Hand generator effect rules, 57
Handgrips, 98
Hand motor principle rules, 57, 58
Hand thumb rules, 57
Hard copy, 333

Hardener, 248, 249
Hardening the beam, 152
Hardware, 331
H&D curves, 253–254
Head units, 99
Healthcare information, 330
Health Insurance Portability and Accountability Act of 1996 

(HIPAA), 331, 337
Heat, 29, 46
Heat production, 118
Heat unit (HU), 92
Heat unit rectification constants, 92
hecto-, 15
Heel effect, 482, 484
Helical scanner, 521– 23
Hemothorax, 220
Hendee, William R., 421
Hertz (Hz), 31, 63
High contrast, 369, 371
High-frequency generators, 104–105
High-frequency grids, 230, 236
High-pass filtering, 280, 281
High-resolution mammography, 282
Hippocrates, 473
Histogram, 278, 280, 356, 357

analysis, 294
analysis error, 296–298, 323
of chest with VOI, 279
equalization, 299–300
error artifact, 296
rescaling, 279

History of the American Society of X-Ray Technicians  
(Hoing), 510

Hittorf-Crookes tube, 32
Hoing, Margaret, 510
Hospital information system (HIS), 329
Hounsfield, Godfrey N., 520, 529
Hounsfield unit (HU), 529–530
Housing cooling charts, 91, 93
HU, 93, 529–530
Human eye, 204
Human-made sources of radiation, 128
Human visual ability, 205
Hurter and Driffield (H&D) curves, 253–254
Hybrid imaging, 580

PET/CT scanner, 580–581
PET/MRI, 581–582
quality control testing, 582
SPECT/CT scanner, 580–581

Hydrocephalus, 221
Hydrogen, 26, 27
Hydrothorax, 220
Hyperparathyroidism, 223
Hypocycloidal motion, 468
Hypothesis activation, 348
Hypothesis evaluation, 348
Hysteresis loss, 68
Hz, 15, 31, 63
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I

ICRP, 128, 140
Identity, 12
Illuminator (view box), 429
Image acquisition, 289–294, 332–333, 334, 344
Image analysis, 345. See also Analyzing the image
Image archiving, 345
Image brightness, 319
Image contrast, 369. See also Contrast
Image control, 454–455
Image creation. See Creating the image
Image critique, 413–420

cause of problem, 414, 417
classification of image, 415–417
corrective action adjustments, 417–418
form, 416

Image data drop artifacts, 323
Image density/brightness, 319, 354. See also Density
Image display, 300, 333–334, 345
Image fidelity, 322
Image fusion, 598
Image-guided radiation therapy (IGRT), 600
Image intensification tubes, 449
Image perception, 203–207
Image processing, 294–300, 344–345

geometric processing, 282
local processing, 280–282
point processing, 277–280

Image quality, 318
Image reader device (IRD), 290
Image receptor (IR), 146

contrast, 360, 372–373
density, 364–365
digital system, 188
distortion, 408
exposure, 353–367

anatomical part size, 362–364
anode heel effect, 360
assessing, 354–355
beam restriction, 362
defined, 354
distance, 360–362
film processing, 364
filtration, 361–362
focal spot size, 360
grids, 363–364
image receptor, 364–365
kVp, 358–359
mAs, 355–358

mobile radiography, 445
Image stitching, 300
Image storage, 335
Imaging noise, 389
Imaging plate (IP) exposure, 284, 290
Imaging process, 343–352

acceptance limits, 348–351
diagnosing/treating the image, 346–347

image acquisition, 344
image analysis, 345
image archiving, 345
image display, 345
image processing, 344–345
pyramid problem, 345–346

“I’m Looking Through You” (Lennon/McCartney), 213
Immobilization, 185, 397
Incident electrons, 118
Incoming line current, 99
Increased attenuation, 219–221. See also Pathological conditions
Increased contrast, 380
Indirect amorphous silicon systems, 306
Indirect conversion detectors, 275, 306–308
Indirect flat-panel detectors, 308
Induction, 39
Induction motors, 66
Inductive reactance, 61
Inefficiency of medical imaging, 205
Informatics, 329

compression, 335
computers and networks, 331–332
DICOM standard, 330–331
display and archives, 332–334
image acquisition, 332–333
image display, 333–334
patient portal, 329
security, 337
standards, 330–331
storage, 335
workflow, 335–336

Information technology (IT), 330
Inherent filtration, 152
Insulator, 41
Integer, 6
Integral dose, 129, 131
Integral DR detector, 309
Integrating Healthcare Enterprise (IHE), 331
“Intemperance” (Bosch), 209
Intensification factor, 263
Intensifying screens, 259–260

artifacts, 265
base, 260
care, 265
cassettes and holders, 264–265
characteristics, 261–264
cleaning, 265
construction, 260–261
contrast, 264
film, 246, 247
film-screen combinations, 265
latitude, 264
loading and storage, 265
phosphor layer, 260–261
protective coat, 261
reflective layer, 260
resolution, 262
speed, 262–264
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Internal sensor mechanism, 311
International Commission on Radiological Protection  

(ICRP), 128, 140
International Electrotechnical Commission (IEC), 285
Internet protocol (IP) address, 332
Intranet, 332
Inverse Fourier transformation, 531
Inversely proportional, 14
Inverse square law, 37, 56, 164, 165, 391
Inverse variation, 14
Involuntary motion, 396
Iodine, 27
Ion, 23
Ionic bond, 28
Ionic solutions, 40
Ionic stage, 246
Ionization, 23
Ionization chamber instruments, 132
Ionization chambers, 106–107
Ionization dosimeters, 132
Ionizing radiation, 127–128
I2R loss, 68
Irradiated material, 374
Isocenter, 597
Iso-exposure curves, 142, 143
Isotopes, 23, 564
Iterative reconstruction techniques (IRT), 539

J

J, 15
JCAHO, 422
Jerman, Ed C., 158
Joint Commission on the Accreditation of Healthcare 

Organizations (JCAHO), 422
Joule (J), 15

K

K, 15
k, 15
Kaplan, Henry, 594
K-edge filters, 153, 502
Kelvin (K), 15
Kerma, 130–131
Kernel, 280
keV, 25
K factor, 233
kg, 15
Kieffer, Jean, 463
Kilo-electron volt (keV), 25
Kilovolt (kV), 15
Kilovoltage peak (kVp), 162–163, 470

attenuation, 318
beam restriction, 195

contrast, 373–378
defined, 122
density, 358–359
digital imaging, 315
dose relation, 319
fixed systems, 316
mammography, 479–480
patient dose, 186–187
15 percent rule, 359
variable kVp system (See Variable kilovoltage systems)
variable systems, 316

Kinetic energy, 29
Knee, computed radiography, 297
K-shell, 24, 25
K-shell absorption edge, 263–264
kV, 15
kVp, 262, 300. See also Kilovoltage peak (kVp)

L

“Lady and the Chalice, The” (Rubin), 203
Lagging loss, 68
Lambda, 30
Laminography, 463
Larmor frequency, 546
Larmor, Joseph, 544
Laser film transport artifacts, 323
Latent image

formation, 246
production, 290

Latitude, 254, 259–260, 264, 267
Lauterbur, Paul, 544
Law of concentration of charge, 38
Law of conservation, 20
Law of distribution of charge, 38
Lawrence, Ernest O., 563
Laws of electrostatics, 37–38
Laws of exponents, 10–11
Lead, 27
Leakage radiation, 90
Leborgne, Raul, 474
Lenard tube, 32
Lenz, Heinrich, 60
Lenz’s law, 60
LiF, 134
Life (Russell), 202
Light emitting diode (LED), 333, 334
Lightning, 39
Light spots, 323
Like terms, 9
Linear accelerator, 603–608

control console, 607–608
drive stand, 603–604
gantry, 604–607
modulator cabinet, 607
treatment couch, 607
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Linear CCD array, 291
Linear grid, 230
Linear tomography, 468
Line-focus principle, 84–86
Line pairs per millimeter (lp/mm), 267, 386
Lines of force, 55
Line spread function (LSF), 267, 387
Liquid crystal displays (LCD), 300, 333, 334
Literal factor, 9
Lithium fluoride (LiF), 134
Local area networks (LAN), 310, 332
Local processing operations, 280–282
Lo Dose I, 475
Lo Dose II, 476
Long bone leg length study, 407
Longitudinal angulations, 409
Longitudinal magnetization, 548
Long scale contrast, 371
Look up tables (LUTs), 278–280, 298–299, 317, 319
Lossless compression, 335
Lossy compression, 335
Low contrast, 369, 371

resolution, 282, 390
and artifacts, 322–323

Low-pass filtering, 281, 282
lp/mm, 386
LSF, 267, 387
L-shell, 24
Luminescence, 261
Lung vasculature, 320
LUT, 278–280, 317
Luxel OSL dosimeter, 133

M

M, 15
m, 15
mA, 15
mA changes, 122
Mach effect, 206
Magnet, 54
Magnetic classification of materialism, 56–57
Magnetic dipoles, 54
Magnetic domains, 54
Magnetic induction, 56
Magnetic poles, 56
Magnetic resonance imaging (MRI), 275, 543–562

contrast agents, 557–559
critical imaging factors, 550–557
device labeling, 559–560
flow compensation, 557
gradient coils, 546–548
gradient magnetic fields, 559
historical background, 544
image contrast, 550–553
image improvement techniques, 556–557

magnet, 544–546
motion reduction technique, 556
permanent magnets, 544–545
physics, 548–550
radiofrequency field, 559
radio frequency subsystem, 546–548
resistive magnets, 545
safety and biological hazards, 559–560
scan time, 555–556
shielding, 546
signal-to-noise ratio, 554–555
spacial resolution, 553–554
static magnetic field, 559
superconducting magnets, 545–546
suppression technique, 556–557
T*, 550
T1, 549–550
T2, 549–550

Magnetism, 53–57
Magnification, 401, 410
Magnification factor, 409
Magnification tubes, 452
Main circuit, 101
Mammography, 275, 282, 473–495

accessories, 490–492
AEC system, 480–481
anode configuration, 484–485
anode material, 485–488
breast (anatomy), 479–480
cassettes, 520
cathode, 482–484
characteristic x-rays, 487
compression device, 490–491
conventional radiography, contrasted, 479
digital, 492–493
exposure time, 480
extended film processing, 492–493
film, 491–492
film-screen systems, 491–492
filtration, 488
generator characteristics, 478–481
grids, 490
heel effect, 482
historical overview, 474–478
kVp, 479–480
legislation, 475
magnification, 488–490
noice, 489
overview (table), 480
quality control, 494
resolution, 492
screen/film combination, 491–492
screens, 491–492
units, 99
x-ray tube, 481–490

Mammography Quality Standards Act (MQSA), 477
mAs, 159–162, 187, 283, 355–358, 378
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Mask, 531
Mathematical conversions

decimal to percent, 5
fraction to decimal numbers, 4
ordinary to scientific notation, 6
percent to decimal, 5
scientific to ordinary notation, 6
units of measurement, 14–15

Mathematics, 2–16
algebra, 7–14
algebraic expressions, 9–12
arithmetic, 3–7
computation with values (numbers), 5
conversions (See Mathematical conversions)
decimals, 4–5
dimensional analysis, 6–7
equation, 12–14
evaluating algebraic expressions, 11–12
fractions, 3
laws of exponents, 10–11
order of operation, 8–9
powers of 10, 5–6
scientific notation, 6
signed numbers, 7–8
SI units, 14
units of measurement, 14–15
variation, 14

Matrix, 276, 278
Matter, 19–20
MDA scanners, 523–524
MDCT, 523–524
Mechanical energy, 28–29
Mechanical problems. See Troubleshooting
Mediastinum, 320
Medical imaging

national security standards, 337
personal practices, 337
security, 337

Medical radiographic images, 322
mega-, 15
Memory, 331
Mendeleev, Dmitri, 20
Metal (star) artifact, 536
Metal envelope, 89
Metallic conductors, 40
Meter (m), 15
Metric system, 14, 15
MFP, 295
mGy, 15
micro-, 15
Miliary TB, 220
Milliamperage (mA), 42, 159, 469
Milliampere-second (mAs), 159–162, 187, 355–358, 378

digital imaging, 315
timers, 102

Minification gain, 452
Minimizing patient exposure, 181–191
Minimum reaction time, 107

Minimum response time, 114
Min-R, 476
Mixing, 245
Mobile radiography, 439–447

distance, 444–445
equipment, 443
generators, 443
grids, 445
image receptor systems, 441, 442
kilovoltage, 443
mAs, 443–444
power drive, 443
power supplies, 443
radiation protection rules, 443
special patient considerations, 440–442
special radiation protection considerations, 442–443
special technical factors, 443–445

Mobile systems, 98
Modulation transfer function (MTF), 267, 283, 388, 389
Moire effect, 235–236
Moire pattern, 235
Mole(mol), 15
Molecular imaging, 580
Molecule, 20
Molybdenum, 27, 485
Monitor characteristics, 333
Monitoring equipment performance, 424–428

automatic exposure control (AEC units), 428
diagnostic radiographic system, 424–425
digital radiography image receptors, 428–429
external beam evaluation, 424–428
film/screen systems, 429
fluoroscopic systems, 426–427
monitors, 429
objectives, 424
PACS, 429
processor monitoring, 424
rejected image studies, 430–431
tomographic systems, 427–428
troubleshooting, 431 (See also Troubleshooting)
view boxes, 429

Monitors, 429
Motion, 396–398
Motion unsharpness, 391
Motor, 65–67
Motor principle, 65, 66
MR, 322
MRI, 275. See also Magnetic resonance imaging (MRI)
mR/mAs charts, 182–183
MSAD, 538
M-shell, 25
MTF, 267, 283, 388, 389
Multidetector computed tomography (MDCT), 523–524
Multifield intensifiers, 452
Multi-objective frequency (MFP), 295
Multiphase power, 100
Multiple array solid-state detector, 526–527
Multiple detector array scanners (MDA), 523–524
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Multiple-detector flat-panel design, 457
Multiple gated acquisition (MUGA) scan, 588–589
Multiple myeloma, 223
Multiple scan average dose (MSAD), 538
Multiplication and division principle, 12
Multiscale image contrast algorithm (MUSICA) system, 295
Multisection computed tomography (MSCT), 523–524
Muscle, 216
MUSICA system, 295
Mutual induction, 61
Myocardial perfusion scan, 589

N

N, 15
n, 15
nano-, 15
Nanosecond (ns), 15
Narrow-angle tomography, 470
Narrowing the search, 347–348
NAS-BEIR, 140
National Council on Radiation Protection and Measurements 

(NCRP), 140
National Electrical Manufacturers’ Association  

(NEMA), 330
National Osteoporosis Foundation (NOF), 499
National security standards, 337
Nationwide Evaluation of X-ray Trends (NEXT) study, 477
Natural magnets, 55
Natural sources of radiation, 128
NCRP, 140
NCRP Report No., 141
NDT, 208
Negative integer exponents, 6
Negative numbers, 7
Negatron, 176
Network protocols, 332
Networks, 331–332
Neutron, 22, 24
Newton (N), 15
Niepce, Joseph, 243
Night vision, 204
NIT, 429
NMR. See Magnetic resonance imaging (MRI)
Noise, 282–283, 318, 389, 534
Nondestructive testing (NDT), 208
Nonmagnetic material, 57
Nonmagnetic materials, 57
Non-parallel collimation, 323
Nonstochastic effect, 140
NRC regulation IOCFR20, 142
NRC regulations, 140
ns, 15
N-shell, 25
N-type materials, 71
nu (n), 31
Nuclear energy, 29

Nuclear magnetic resonance (NMR). See Magnetic resonance 
imaging (MRI)

Nuclear medicine, 275, 563–591
biologic half-life, 565
clinical applications, 586–590
data reconstruction, 577–578
data storage, 577
decay equation, 565
diagnostic radiopharmaceuticals, 567–568
dose calibrator, 582
effective half-life, 565
gamma camera, 573
half-life, 564–565
hybrid imaging, 580–582, 590–591
image acquisition, 576–577
isobars, 564
isomers, 564
isotones, 564
isotopes, 564
nonimaging instrumentation, 582–584
nuclear instability, 564
nuclear pharmacy, 570–573
nuclear physics, 564
nuclear stability, 564
position emission tomography, 578–580
quality control, 570
radiation protection, 584–586
radioactive decay, 564–565
radioactivity units, 564
radionuclides, 566–567
therapeutic radiopharmaceuticals, 570

Nuclear Regulatory Commission (NRC), 142
Nucleon, 22
Nucleus, 22
Number line, 7
Nyquist criterion, 390
Nyquist frequency, 293

O

Object class, 330
Object-to-image receptor distance (OID). See also Distance

contrast, 378–379
density, 362
recorded detail, 391
resolution, 392
size distortion, 403–405

Occasionally exposed workers, 140
Occupationally exposed workers, 140
Octet rule, 25
OD number, 253
Oersted, Hans, 57
Oersted’s experiment, 57
Off-center grid error, 234
Off-focus grid error, 235
Off-focus radiation, 90–91
Off-level grid error, 233, 234
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Off-site storage, 335
Ohm (W), 43
Ohm, Georg, 43, 45
Ohm’s law, 45–47
Ohm’s law triangle, 45
OID. See also Object-to-image receptor distance (OID)
“Old Man with Stars Inside Him, The” (Coulehan), 210
“On a New Kind of Rays” (Rontgen), 33
Online digital image storage, 330
Online transmission and management systems, 330
Opacity, 252, 253
Open-core transformer, 68
Open equation, 12
Operating systems, 331, 332
Oppenheimer, J. Robert, 563
Optical density/brightness, 133, 481
Optical density numbers, 252, 253
Optically stimulated luminescence (OSL) dosimeter, 133
Optical step wedges, 207, 250
Optimal kVp, 316
Orbital electrons, 24–25
Orbital magnetic moment, 53
Order of operation, 8–9
Orthochromatic films, 245
Orthopantomography, 470
Oscillating grid, 232
O-shell, 24
OSL dosimeter, 133
Osteitis deformans, 221
Osteoblastic metastases, 221
Osteochondroma, 221
Osteolytic metastases, 223
Osteomalacia, 223
Osteoporosis, 223, 497–501

risk factors, 499
Overhead suspension system, 98
Oxygen, 26, 27

P

P, 15
PA chest radiograph, 208, 320
Packing density, 262
PACS, 279, 293, 429
Paget’s disease, 221
Pair production, 175–176
Panchromatic films, 245
Panel autopsy, 311
Panel precautions, 310–312
Panel protection method, 311
Panoramic dental units, 99
Panoramic tomography, 470
Pantomography, 470
Parallel circuits, 47–50
Parallel grids, 230
Parallel-plate ionization chamber AEC, 107
Paramagnetic materials, 57

Parentheses, 10
Partial volume effect, 537
Particle theory, 32
Particulate radiation, 127
Part size (thickness)

contrast, 379
density, 362
distortion, 407

Pathological conditions, 217–223
additive conditions, 219–221
conditions affecting multiple systems, 220–222
conditions of abdomen, 220–221
conditions of chest, 220
conditions of extremities and skull, 221
destructive conditions, 221–223
overview (table), 219
radiation absorption, 217–219

Pathology, 217
Patient exposure reduction, 145–147
Patient movement, 397
Patient positioning, 184–185
Patient protection. See Protecting patients and personnel
Pattern recognition, 206–207
Patterson B-2 fluoro screen, 453
PBL devices, 197
Penalty box, 429
penetrability, 162
Penetrometer, 250, 251
Penumbra, 196, 392
Peony, 471
15 percent rule, 162
Performance monitoring system. See Monitoring  

equipment performance
Period, 31
Periodic table of elements, 21, 25–28
Peripheral quantitative computed tomography (pQCT), 497
Permanent magnets, 544–545
Permeability, 56
Perrier, Carlo, 565
Personnel exposure reduction, 142–144
Personnel monitoring devices, 131–135
Personnel protection. See Protecting patients and personnel
PET, 566
PET/CT, 580–581
PET/MRI, 580–581
Phantom, 465–466
Phantom/ghost images, 323
Phenidone, 253
Phosphor concentration, 395
Phosphorescence, 261
Phosphor layer thickness, 395
Phosphors, 261
Phosphor size, 395
Photoconductor, 306
Photodetector, 306
Photodisintegration, 176
Photoelectric absorption, 127, 171–173
Photoelectron, 171
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Photographic film, 243
Photographic problems, 418
Photomultiplier (PM) tubes, 291, 526
Photons, 32, 243
Photon starvation, 318
Photopic vision, 204
Photosensitive film, 243
Photostimulable storage phosphor imaging plate (PSP/IP), 275, 

289, 292
Photostimulated luminescence (PSL), 290
Phototimer, 106
Physical contrast, 371
Physical half-life (Tp), 565
Picture archiving and communication system (PACS), 252, 329, 

330, 332, 335, 429
Picture elements. See Pixels
Pitch, 521
Pitting, 83
Pixel pitch, 291, 293, 455
Pixels, 276, 277
Planck, Max, 32
Planigraphy, 463
Planning target volume (PTV), 599
Pleural effusions, 220
PM tubes, 526
Pneumoconiosis, 220
Pneumonectomy, 220
Pneumonia, 220
Pneumonitis, 220
Pneumothorax, 222, 321
p-n junction semiconductor, 71
Pocket dosimeter, 134–135
Point processing operations, 277–280
Point spread function (PSF), 386
Portable DR detectors, 309
Portal radiography, 601
Positive beam limitation (PBL) devices, 197
Positive integer exponents, 6
Positive numbers, 7
Positron, 176
Positron emission tomography (PET), 566

advantages of, 579–580
scanner, 578–579
SPECT, 579–580

Posteroanterior (PA) chest radiograph, 208
Potential difference, 42–43
Potential energy, 29
Potentiometer, 49
Potter-Bucky diaphragm, 231
Potter, Hollis, 228
Power (for x-ray generation), 99–101
Power loss formula, 46
Powers of 10, 5–6
Precession, 544
Precision, 5
Pregnancy, 147–148
Preservative, 248, 249
Primary barriers, 144

Primary coil, 61
Prime factors, 159
Probability density, 24
Problem-solving. See Troubleshooting
Procedural factor problems, 417
Processor monitoring, 424
Projection, 146, 521
Protecting patients and personnel

absorbed dose, 129–130
activity, 129
advisory groups, 140
air kerma, 129–131
ALARA, 142
coherent scattering, 173
Compton scattering, 173–176
digital image receptor systems, 188
direct square law, 165
distance, 159, 164–167, 187
dose limits, 140–141
dosimeter, 131–135
dosimetry reporting, 135
entrance skin exposure (ESE), 184
equivalent dose, 131
exposure, 129
field survey instruments, 131–132
film/screen image receptor systems, 188
filtration, 145, 151–156 (See also Filtration)
gonadal shielding, 145–146, 188
grids, 145, 188
image receptors, 146, 188
immobilization, 185
integral dose, 129
inverse square law, 164, 165
ionizing radiation, 127–128
kerma, 130–131
kilovoltage (kVp), 186–187
mAs, 159–162, 187
minimizing patient exposure, 181–191
pair production, 175–176
patient exposure reduction, 145–147
patient positioning, 184–185
15 percent rule, 162
personnel exposure reduction, 142–145
personnel monitoring devices, 131–135
photodisintegration, 176
photoelectric absorption, 171–173
pregnancy, 147–148
prime factors, 158–168
projection, 146
protective barriers, 144
protective devices, 144–145
regulatory agencies, 140, 142
repeat radiographs, 146
risk-benefit analysis, 189–191
shielding, 144–146, 188
subject part density, 188
x-ray interactions, 169–179 (See also X-ray interactions)

Protective barriers, 144
Protective coat, 260
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Protective devices, 144–145
protective housing, 79
Proton, 22, 24
Proton therapy, 608–609
PSF, 386
P-shell, 24
PSL, 290
PSP/IP, 275
P-type materials, 71
Public health informatics, 329
Public Law, 107, 477
Pulmonary edema, 220
Purcell, Edward M., 543
Pyramid problem, 345–346

Q

Q-shell, 24
Quad-field intensifiers, 452
Quality control (QC) program, 333
Quality factor, 131
Quality management, 421–435

accreditation, 422
definitions, 422–423
monitoring equipment performance, 424–428 (See also 

Monitoring equipment performance)
purchasing equipment, 423–424
regulation, 422
regulations, 422
troubleshooting (See Troubleshooting)

Quantification, 276, 293
Quantitative computed tomography (QCT), 497
Quantitative ultrasound (QUS), 497
Quantum mechanics, 22
Quantum mottle, 262, 263, 323, 355, 396, 454–455
Quantum mottle noise, 282, 283
Quantum noise, 355
Quark, 22

R

R, 14, 15, 129
Rabelais, Francois, 496
rad, 15, 129
Radiation, 20
Radiation absorption, 217–219. See also Pathological conditions
Radiation concepts, 18–34

atomic mass, 23–24
atomic particles, 22–23
electromagnetic spectrum, 30–32
energy, 20 (See also Energy)
matter, 19–20
orbital electrons, 24–25
particle theory, 32
periodic table of elements, 21, 25–28
wave theory, 30–31

x-ray, discovery of, 32–33
x-ray properties, 33

Radiation dosimetry report, 136
Radiation exposure, 289
Radiation fog, 175, 374
Radiation protection. See Protecting patients and personnel

NRC-mandated radiation safety procedures, 585–586
principles, 585
radioactive material regulation, 584–585
radiobiologic effect, 584
radiopharmaceuticals used, 569

Radiation therapy
consultation, 594–596
historical overview, 594
image acquisition, 601–603
image fusion, 598
linear accelerator, 603–608
proton therapy, 608–609
stereotactic irradiation, 608
stimulation, 596–598
TomoTherapy®, 609
treatment, 600–608
treatment planning, 598–600
treatment planning systems, 596–600

Radiation workers, 140
Radioactivity, 564
Radio frequency (RF), 544

subsystem, 546–548
Radiographic exposure techniques, 315
Radiographic film, 243

adhesive, 243, 244
base, 243–244
coating, 245
construction, 243–245
cross-sectional view, 244
crystal production, 245
density, 160, 166
emulsion, 243, 244
film processing, 247 (See also Film processing)
manufacturing, 245
mixing, 245
ripening, 245
silver halides, 244
standard sizes, 245
supercoat, 243, 244

Radiographic grid, 145, 227, 319. See also Grid
contrast improvement factor (K), 233
digital image receptors, 237–239
focused grid, 231
grid construction, 228–230
grid errors, 233–236
grid frequency, 230
grid materials, 228–229
grid patterns, 230
grid performance evaluation, 232–233
grid ratio, 229–230
grid selection/conversions, 232
grid types, 230–231
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grid uses, 231–232
origins, 227
parallel grids, 230, 231
purpose, 227–228
scatter reduction method, 236–237
selectivity, 233
what is it, 228

Radiographic images, 319
Radiographic processing. See Film processing
Radiographic table, 97
Radiographic tomography, 462–472

blur, 464–465
circular motions, 468
CT scan, 519–542 (See also Computed tomography (CT))
curvilinear tomography, 468
digital tomosynthesis, 468–469
elliptical motions, 468
exposure amplitude, 464
exposure factors, 469–470
figure eight, 468
focal plane, 466
fulcrum, 466
hypocycloidal motion, 468
linear tomography, 468
narrow-angle tomography, 470
panoramic tomography, 470
performance monitoring, 427–428
phantoms, 465–466
quality, 464–467
section interval, 466–467
section thickness, 466
split scan radiography, 470
tomographic amplitude, 464
tomographic principle, 463–464
tomographic procedures, 469–470
trispiral motion, 468
wide-angle tomography, 470
zonography, 470

Radiographic tube rating charts, 91–93
Radiography, 322

archaeological, 209
artistic, 208
digital (See Digital radiography)
forensic, 209
mobile, 439–447 (See also Mobile radiography)
split scan, 470
veterinary, 211

Radiologic technology, 275
Radiology information system (RIS), 329
Radiolucent detector bag, 311
Radionuclide generator, 565
Radionuclide imaging, 322
Radiopharmaceutical, 567

PET, 569
quality control tests, 571
radionuclide therapy, 570

Radon, 23
Radon, J., 520
Rare-earth intensifying screens, 289, 306

Rare Earths, 261
Raster pattern scanning, 290, 291
Rating charts and cooling curves, 91–93
Ray, 521
Rayleigh scattering, 173
Receptor exposure indicators, 284–285
Reciprocating grid, 231
Reciprocity law failure, 480
Reconstruction software, 532
Recorded detail, 86, 185, 267, 386, 454
Rectification, 71–75
Rectifier, 71
Reducing agents, 248
Redundant array of independent discs (RAID), 335
Reeve, Christopher, 593
Reference axis, 483
Reference axis target angle, 484
Reformatting, 532–533
Regulation 10CFR19.12, 147
Regulation 10CFR20, 147
Regulatory agencies, 140, 142
Relative speed, 263, 266, 364
rem, 15, 129
Remodeling cycle, osteoclasts, 498
Repeat image studies, 351
Repeat radiographs, 146
Repulsion-attraction law, 37, 56
Resistance, 43–45
Resolution, 254, 262, 318
Resolution tool, 386
Resolving power, 254
Restrainer, 248
Retentivity, 56
Reversal/solarization process, 254
Rheostat, 49
Rhodium, 487
Rhodopsin, 204
Right-hand generator rule, 64
Right-hand thumb rule, 58, 60, 65
Ring artifacts, 538
Ripening, 245
Risk-benefit analysis, 189–191
Rod cell, 204
Roentgen (R), 14, 15, 129
Rontgen, Wilhelm Conrad, 18, 32, 33, 35, 89, 117
Rossi, Raymond P., 421
Rotating anode, 82
Rotating anode x-ray tube, 79
Rotor, 66, 87–88
Rounding off, 5
Rutherford, Ernest, 22

S

s, 15
Safety Assurance Factors for EHR Resilience (SAFER), 337
SAL, 285
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Sampling frequency, 291
Sampling pitch, 291, 293
Saturation current, 82
Scale of contrast, 372
Scanned average level (SAL), 285
Scanning detection pattern, 299
Scanogram, 529
Scatter control, 195–196
Scattering, 169
Scatter radiation, 89, 90, 195, 196, 227, 374
Scatter ratios approach, 318
Schwartz, Gerhart S., 343
Scientific notation, 6
Scintillation crystal, 526
Scintillation detection devices, 131, 132
Scintillation detector, 572
Scintillator, 306, 308
Sclerosis, 221
“Scotch Bonnet” (Conklin), 208
Scotopic vision, 204–205
SCR, 71, 72
Scratches/tears, 323
Screen film, 247
Screen lag/afterglow, 261
Screen speed classifications, 262–263
Secondary barrier, 144
Secondary coil, 61
Secondary radiation, 172
Second law of electromagnetics, 60
Seconds (s), 15
Section interval, 466–467
Section thickness, 466
Security, 337
Security, medical imaging, 337
Selectivity, 233
Self-induction, 61
Self-rectification, 73
Semiconductor, 41, 71
Sensitivity specks, 245
Sensitometer, 250–252
Sensitometric curves, 253–254
Sensitometry, 250
Series circuits, 47–50
Server, 331, 332
Service class, 330
Service class provider (SCP), 330
Service class user (SCU), 330
Service object pairs (SOPs), 330
Shadow shields, 146
Shakespeare, William, 274
Shaped contact shields, 146
Shape distortion, 405–409, 411
Sharpness, 254. See also Recorded detail
Shell, 24
Shell-type transformer, 69
Shielding, 144–146, 188
Shin splints, 322
Short scale of contrast, 371

Short-term storage, 335
Shoulder supports, 98
SID. See Source-to-image receptor distance (SID)
Siemens, William, 43
Sievert (Sv), 15, 130
Signal-to-noise ratio (SNR), 283, 554–555
Signed numbers, 7–8
Significant digits, 5
Silicon-controlled rectifier (SCR), 71, 72
Silver bromide, 244
Silver bromide crystal production, 245
Silver chloride, 244
Silver halide crystals, 246
Silver iodide, 244
Silver iodobromide, 244
Silver recovery systems, 250
Simulator units, 99
Sine wave, 30, 64
Single-detector flat-panel design, 457
Single-phase generators, 103
Single-phase power, 99–100
Single-photon absorptiometry (SPA), 497
Single photon emission computed tomography (SPECT), 566
Single x-ray absorptiometry (SXA), 497
Sinogram, 529
SI prefixes, 15
SI units, 14, 15
SI unit values, 15
Size distortion, 401, 402
Smoothing, 281, 282
SNR, 283
SOD. See Source-to-object distance (SOD)
Sodium iodide scintillation crystals, 526
Soft copy, 333
Software, 331
Solar converters, 41
Solarization, 254
Solenoid, 59, 60
Solid-state detectors, 526–527

septal post-patient collimators, 528
Solvent, 248, 249
Somatic effects, 127
Sosman, Merrill C., 385
Source-to-image receptor distance (SID). See also Distance

contrast, 379
density, 360–361
mR/mAs charts, 182–183
recorded detail, 392
resolution, 392
size distortion, 401–402

Source-to-object distance (SOD)
distortion, 402
entrance skin exposure, 182–184
recorded detail, 392

Space charge cloud, 71
Space charge effect, 82
Spatial frequency, 386–390
Spatial frequency filtering, 280
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Spatial location filtering, 282
Spatial resolution, 277, 282, 385–399. See also Recorded detail

aliasing, 390
assessing, 386–387
defined, 386
distance, 391
ESF, 388
factors to consider, 391–397
focal spot size, 392–394
geometry, 391–395
low-contrast resolution, 390
LSF, 386
motion, 396
motion unsharpness, 391
MTF, 386, 389
noise, 389
Nyquist criterion, 390
PSF, 386
spatial frequency, 387
temporal resolution, 390

Special imaging systems, 437–628. See also individual  
subject headings

computed tomography, 519–542
fluoroscopy, 448–461
mammography, 473–495
mobile radiography, 439–447
radiographic tomography, 462–472
vascular imaging equipment, 510–518

Specialized diagnostic equipment, 99
Specific absorption rate (SAR), 559
SPECT, 566
SPECT/CT, 566, 590
Spectral emission, 261
Speed, 254–255
Speed exposure point, 255
Speed point on flim, 255
Spine, 504–505
Spin-echo MRI, 553
Spin magnetic moment, 54
Spiral CT, 521–23
Split scan radiography, 470
Spot imaging, 512
Spot imaging systems, 457
Staff protection. See Protecting patients and personnel
Static discharge, 39
Static spot imaging systems, 457
Stationary anode, 82
Stationary grids, 230, 231, 234, 236
Stator, 66, 87–88
Step-down transformer, 67, 68
Step in time rule, 357
Step-up transformer, 67, 69
Stereotactic irradiation, 608
STIR imaging, 553
Stochastic effects, 140
Storage of images, 335
Storage phosphor technology, 315
Straight-line portion, 253

Stratigraphy, 463
String theory, 23
Structural protective barriers, 144
Subject contrast, 216, 373–374
Subject density, 216
Subject detail, 216
Subject distortion, 216
Subject part density, 188
Subject part thickness. See Part size (thickness)
Subtraction sign (-), 9
Supercoat, 243, 244
Superconductor, 41
Sv, 15, 130
Switches, 332
Synchronous motors, 66
Système Internationale d’Unites (SI units), 14, 129
System noise, 282

T

T, 15, 55
Table, 97–98
Tabletop-to-Bucky tray distance, 391
Talbot, William Fox, 243
Target, 84
Targeting, 533
Target interactions, 118–121
Technetium, 564
Technical factor problems, 417
Temperature, 29
Temporal resolution, 390
tera-, 15
Tesla (T), 15, 55, 544
Tesla, Nikola, 55, 544
TFT array, 275
Theory of relativity, 20
Therapeutic, 97
Thermal energy, 29
Thermionic emission, 71
Thermoluminescent dosimeter (TLD), 134
Thin film transistors (TFT), 275, 306–308, 334, 455–456
Thoraeus filter, 153
Three-dimensional CT reconstruction, 529
Three-dimensional thinking, 207–208
Three-phase, 103
Three-phase generators, 103
Three-phase power, 99, 101
Three-phase, six-pulse power, 103
Threshold detection, 205–206
Thyristor, 71
Tilting tables, 98
Time of inversion (TI), 550
Time of repetition (TR), 550
Timer circuit, 102
Time to echo (TE), 550
Tissue density, 374
Tomographic amplitude, 464
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Tomographic blur overlap phantoms, 465–466
Tomographic motions, 467–468
Tomographic principle, 463–464
Tomographic quality, 464–467
Tomography, 463. See also Radiographic tomography
Tomography ring artifact, 538
Tomography units, 99
TomoTherapy®, 609
Total brightness gain, 453–454
Total filtration, 154–155
Transformer, 67–69
Transformer efficiency, 68
Transformer law, 67
Translational bioinformatics, 329
Transport racks, 248
Transverse angulations, 409
Trigger panel, 310
Triple-field intensifiers, 452
Trispiral motion, 468
Troubleshooting, 431
Trough filter, 154
T-score, 500
Tube, 78–94. See also X-ray tube
Tube angulations, 409
Tube rating charts, 91, 94
Tuberculosis, 220
Tube suspension systems, 98
Tumor, 218, 219
Tumor board, 594
Tungsten, 27

U

Umbra, 392, 394
Unary minus sign (-), 9
Unary plus sign (+), 9
United Nations Scientific Committee on the Effects of Atomic 

Radiation (UNSCEAR), 140
Units of measurement, 14–15
UNSCEAR, 140
Unsharp masking, 282
Unsharpness. See Recorded detail
Upright Bucky unit, 98, 99
Upside-down grid error, 236
Urologic units, 99
U.S. customary system, 14

V

v, 15, 42
Vacuum, 40
Valence, 26
Valence energy band, 43
Values of interest (VOI), 278, 294
Valve tube, 72
Variable kilovoltage systems, 375

Variable kVp systems, 316
Variation, 14
Vascular imaging equipment, 510–518

C-arm assembly, 514–515
contrast medium injection devices, 516–517
digital cineradiography, 512–513
digital image acquisition, 511–513
digital subtraction angiography (DSA), 511–512
flat-panel detector, 512
generator, 511
historical overview, 511
history, 511
image intensifier, 512
image post-processing, 513–514
image processor, 512
quality control, 517
tables, 515–516
x-ray tube, 511–512

Veil glare, 320
Vendor neutral archive (VNA), 330
Veterinary radiography, 211
Video camera tube, 455
Video monitor, 455
Vidicon tube, 455
View, 521
View boxes, 205
Visibility of detail, 369
Visible contrast, 371, 374
Vision and perception, 202–211

archaeological radiography, 209
artistic radiography, 208
art restoration, 209
biological research, 208
boundary effect, 205
edge enhancement, 206
forensic radiography, 209
image perception, 203–207
inefficiency of medical imaging, 205
nondestructive testing (NDT), 208
pattern recognition, 206–207
photopic vision, 204
scotopic vision, 204–205
three-dimensional thinking, 207–208
threshold detection, 205–206
veterinary radiography, 211
visual anatomy, 203
visual physiology, 203–204

Visual acuity, 204
Visual anatomy, 203
Visual physiology, 203–204
Visual purple, 204
VOI, 278, 294
Volt (v), 42
Volta, Alessandro, 42
Voltage (V), 43
Voltage ripple, 101
Voltmeter, 66
Voluntary accreditation, 422
Voxel/volume element, 276
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W

Washing the film, 248, 249
Wave equation, 31
Wavelength, 30, 31
Wave theory, 30–31
Wb, 55
Weber (Wb), 55
Weber, Wilhelm, 55
Wedge filter, 154
Weight-bearing radiographic studies, 312
Wide-angle tomography, 470
Wide area networks (WAN), 332
Wi-Fi technology, 310
Wilde, Oscar, 328
Window, 89
Windowing effects, 278, 279, 281
Window level, 319, 354
Window width (WW), 279, 319
Wiring, 79
Work, 28
Workflow, medical imaging, 335–336
World Health Organization (WHO), 498
WW, 279

X

X-axis, 386
Xenon gas-filled ionization chamber CT detector, 526
Xeromammography, 475, 476
X-ray

beam filtration, 323
discovery of, 32–33
generator, 310
interaction, 289
photons, 246, 247, 260, 306, 308

“X-Ray” (Gilbert), 151
X-ray circuit, 101–103

main circuit, 101
X-ray emission spectrum, 121–123
X-ray equipment, 96–108

automatic exposure controls, 106–107
exposure switch, 101–102
filament circuit, 102–103
generator, 103–106
ionization chambers, 106–107
power, 99–101
specialized diagnostic equipment, 99
table, 97–98
timer circuit, 102
tube, 78–94 (See also X-ray tube)
tube suspension systems, 98
upright units, 99
x-ray circuit, 101–103

X-Raying the Pharaohs (Harris/Weeks), 210

X-ray interactions, 169–179
attenuation, 170
coherent scattering, 173
Compton scattering, 173–176
effects, 176–178
pair production, 175–176
photodisintegration, 176
photoelectric absorption, 171–173

X-ray production, 117–123
bremsstrahlung interactions, 118–119
characteristic interactions, 119–121
conditions, 118
emission spectrum, 121–123
heat production, 118
target interactions, 118–121

X-ray properties, 33
X-ray quality, 159
X-ray quantity, 159
X-ray tube, 78–94

anode assembly, 82–88
anode configuration, 484–485
anode heel effect, 86–87
anode material, 485–488
cathode, 482–484
cathode assembly, 79–82
computed tomography (CT), 525
design, 481
envelope, 89
filament, 80–81
filtration, 488
focusing cup, 81–82
heel effect, 482
line-focus principle, 84–86
magnification, 488–490
off-focus radiation, 90–91
rating charts and cooling curves, 91–93
rotor, 87–88
stator, 87–88
tube life, 93–94
vascular imaging equipment, 511–512

X-ray unit. See Mobile radiography
“X-Ray Vision” (Martin et al.), 210

Y

Y-axis, 386

Z

Z-axis, 478
Zero exponents, 6
Z number, 23
Zonography, 470
Z-score, 501
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