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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)

11067_fm_hr_i-xxii.indd   4 11/29/18   8:35 PM



v

Contents

List of Tables	 xii
Foreword	 xv
Preface	 xvi
About the Authors	 xviii
Acknowledgments	 xix

Unit I
Creating the Beam

C H A P T E R  1
Basic Mathematics	 2

The Language of Science  /  3
Arithmetic  /  3
Algebra  /  7
Units of Measurement  /  14

C H A P T E R  2
Radiation Concepts	 18

Matter And Energy  /  19
Atomic Theory  /  20
Types of Energy  /  28
Electromagnetic Spectrum  /  30
The Discovery of X-Rays  /  32
X-Ray Properties  /  33

C H A P T E R  3
Electricity	 35

Understanding Electricity  /  36
Electrostatics  /  36
Electrodynamics  /  40
Series and Parallel Circuits  /  47

C H A P T E R  4
Electromagnetism	 52

Magnetism  /  53
Electromagnetism  /  57
Solenoids and Electromagnets  /  59 
Controlling Electrical Current  /  67
Rectification  /  71

C H A P T E R  5
The X-Ray Tube	 78

The X-Ray Tube  /  79
The Cathode Assembly  /  79
The Anode Assembly  /  82
The Envelope  /  89

11067_fm_hr_i-xxii.indd   5 11/29/18   8:35 PM



vi    Contents

Protective Housing  /  89
Rating Charts and Cooling Curves  /  91
Recommendations for Extending Tube Life  /  93

C H A P T E R  6
X-Ray Equipment	 96

Types of X-Ray Equipment  /  97
Power for X-Ray Generation  /  99
A Basic X-Ray Circuit  /  101
Generators  /  103
�Automatic Exposure Controls  /  106

C H A P T E R  7
Automatic Exposure Controls	 110

Historical Notes  /  111
Ionization Chambers  /  111
Positioning Skills  /  113

C H A P T E R  8
X-Ray Production	 117

Conditions  /  118
Target Interactions  /  118
Emission Spectrum  /  121

Unit II
Protecting Patients  
and Personnel

C H A P T E R  9
Radiation Protection Concepts  
and Equipment	 126

The Basics of Radiation Protection Principles 
and Practice  /  127
Quantities and Units Relevant to  
Radiation Protection  /  129

Detection and Measurement of Ionizing  
Radiation  /  131

C H A P T E R  10
Radiation Protection Procedures  
for Patients and Personnel	 139

Advisory Groups and Regulatory  
Agencies  /  140
Limiting Exposure to Ionizing  
Radiation  /  140
Protection of Personnel  /  142
Protection of the Patient  /  145
Radiation Exposure and Pregnancy  /  147

C H A P T E R  11
Filtration	 151

Filtration  /  152
Measurement  /  152
Types of Filtration  /  152
Effect on Output  /  155

C H A P T E R  12
The Prime Factors	 158

The Prime Factors  /  159
Milliamperage-Second  /  159
Kilovoltage  /  162
Distance  /  164
Image Quality Factors  /  167

C H A P T E R  13
X-Ray Interactions	 169

X-Ray Interaction with Matter  /  170
Photoelectric Absorption  /  171
Coherent Scattering  /  173

11067_fm_hr_i-xxii.indd   6 11/29/18   8:35 PM



Contents    vii

Compton Scattering  /  173
Pair Production  /  175
Photodisintegration  /  176
Effect on Technical Factor Selection  /  176

C H A P T E R  14
Minimizing Patient Exposure 	 181

Choosing Exposure Factors  /  182
Estimating Approximate Entrance  
Skin Exposure  /  182
Typical Entrance Skin Exposure  /  184
Reducing Patient Dose with  
Communication  /  184
Reducing Patient Dose with  
Positioning  /  184
Reducing Patient Dose with Technical  
Factors  /  185
Discussing Radiation Risk Versus Benefit  
with Patients  /  189

C H A P T E R  15
Beam Restriction	 194

Controlling Scatter  /  195
Beam Restrictors  /  196
Ancillary Devices  /  198

Unit III
Creating the Image

C H A P T E R  16
Vision and Perception	 202

Image Perception  /  203
Controlling the Image in Space  /  207
�Radiography as an Art Form  /  208

C H A P T E R  17
The Patient as a Beam Emitter	 213

Attenuation  /  214
The Human Body as an Attenuator  /  215
The Patient’s Relationship to  
Image Quality  /  216
Pathology and Radiation Absorption  /  217
Increased Attenuation (Additive)  
Conditions  /  219
Decreased Attenuation (Destructive)  
Conditions  /  221

C H A P T E R  18
The Grid	 226

Purpose of the Grid  /  227
Grid Construction  /  228
Grid Patterns  /  230
Grid Types  /  230
Grid Uses  /  231
Grid Selection/Conversions  /  232
Grid Performance Evaluation  /  232
Grid Errors  /  233
An Alternate Scatter Reduction Method— 
The Air-Gap Technique  /  236
Use of Grids with Digital Image  
Receptors  /  237

C H A P T E R  19
Film and Screens Imaging  
and Processing 	 242

�Radiographic Film  /  243
Construction of Radiographic Film  /  243
Latent Image Formation  /  246 
Types of Film  /  247
Film Storage and Handling  /  247
Film Identification  /  247

11067_fm_hr_i-xxii.indd   7 11/29/18   8:35 PM



viii    Contents

Film Processing  /  247
Developing  /  248
Fixing  /  248
Archiving  /  249
Darkroom  /  249
Silver Recovery Systems  /  250
Sensitometry  /  250
Sensitometric Equipment  /  250
The D Log E Curve  /  253
Film Characteristics  /  254
Intensifying Screens  /  259
Construction of Intensifying Screens  /  260
Phosphors  /  261
Characteristics of Intensifying Screens  /  261
Cassettes and Holders  /  264
Care  /  265
Emission Spectra  /  265
Chracteristics of Film-Screen  
Combinations  /  266

Unit IV
Digital Radiography 
Introduction

C h apter      20
Digital Image Processing	 274

Historical Development  /  275
Digital Image Formation  /  275
Image Processing Operations  /  277
Digital Image Quality  /  282
Receptor Exposure  /  284

C h apter      21
Computed Radiography	 288

Overview  /  289
Image Acquisition  /  289

Image Processing  /  294
Image Display  /  300
CR Technical Factors Selection  /  300

C h apter      22
Digital Radiography/Flat-Panel  
Detector Systems	 305

Flat-Panel Detector Types  /  306
��Image Acquisition, Processing, and  
Display   /  308
Flat-Panel Technology Features  /  309
DR Panel Precautions  /  310

C h apter      23
Technical Considerations  
in Digital Imaging	 314

Effective use of Digital Imaging  /  315
Digital Exposure Considerations  /  315
Digital Processing Considerations  /  319
Digital Post-Processing Considerations  /  320
Digital Imaging Artifacts  /  322

C h apter      24
Informatics in Medical Imaging	 328

Introduction  /  329
Informatics  /  329
Informatics Standards  /  330
Computers and Networks  /  331
Display and Archives  /  332
Storage  /  335
Workflow  /  335
Security  /  337

11067_fm_hr_i-xxii.indd   8 11/29/18   8:35 PM



Contents    ix

Unit V
Analyzing the Image

C h apter      25
The Imaging Process	 343

The Imaging Process  /  344
�Professional Imaging Standards  /  345
The Analytical Process  /  346
Acceptance Limits  /  348

C h apter      26
Image Receptor Exposure	 353

Defining IR Exposure  /  354
Assessing IR Exposure  /  354
Effects on Image Appearance  /  355
Factors Affecting IR Exposure  /  355

C h apter      27
Contrast	 368

Defining Contrast  /  369
Assessing Contrast  /  369
Image Contrast  /  372
Evaluating Contrast  /  374

C h apter      28
Spatial Resolution	 385

Defining Spatial Resolution  /  386
Assessing Resolution  /  386
Effects on Image Appearance  /  391
Factors Affecting Spatial Resolution  /  391

C h apter      29
Distortion	 400

Defining Distortion  /  401
Assessing Distortion  /  401
�Factors Affecting Size Distortion  /  401
�Factors Affecting Shape Distortion  /  405
Effect on Image Appearance  /  409

C h apter      30
The Art of Image Critique	 413

�Implementing Imaging Standards  /  414
�Identifying an Imaging Problem  /  414
�An Effective Image Critique Method  /  415
�Applying the Image Critique Method  /  418

C h apter      31
Quality Management	 421

Quality Assurance and Quality Control  /  422
Purchasing Equipment  /  423
�Monitoring Equipment Performance  /  424
Ancillary Equipment  /  428
PACS Systems  /  429
Rejected Image Analysis  /  430
Troubleshooting  /  431

Unit VI
Special Imaging Systems  
and Modalities

C H A P T E R  32
Mobile Radiography	 439

Mobile Radiography  /  440
Special Patient Considerations  /  440

11067_fm_hr_i-xxii.indd   9 11/29/18   8:35 PM



x    Contents

Accessories  /  490
Resolution  /  492
Digital Mammography  /  492
Quality Control  /  494

C H A P T E R  36
Bone Densitometry	 496

Bone Densitometry  /  497
History and Overview  /  497
Bone Science  /  497
Osteoporosis  /  498
WHO Diagnostic Criteria  /  501
DXA Principles and Instrumentation  /  502
Scan Acquisition and Analysis  /  502
Femur  /  503
Spine  /  504
Forearm  /  505
Quality Control  /  506
Radiation Safety and Protection  /  507

C H A P T E R  37
Vascular Imaging Equipment	 510

Vascular Imaging History  /  511
Digital Image Acquisition  /  511
Modes of Digital Image Acquisition  /  512
Image Post-Processing  /  513
C-Arm Assembly  /  514
Vascular Imaging Tables  /  515
Contrast Medium Injection Devices  /  516
Quality Control  /  517

C H A P T E R  38
Computed Tomography	 519

Computed Tomography Scanning  /  520
The Invention of Computed  
Tomography  /  520
Scanner Generations  /  521
The Components of a Ct Unit  /  524

Special Radiation Protection  
Considerations  /  442
Types of Equipment  /  443
Special Technical Factor Selection 
Considerations  /  443

C H A P T E R  33
Fluoroscopy	 448

Historical Development  /  449
Fluoroscopy Uses  /  449
Types of Equipment  /  449
Fluoroscopic X-Ray Tubes  /  449
Image Intensification Tubes  /  450
Image Quality  /  454
Video Viewing Systems  /  455
Digital Fluoroscopy  /  455
Flat-Panel Fluoroscopy Designs  /  456
Recording the Fluoroscopic Image  /  457
Mobile Fluoroscopic Equipment  /  457
Radiation Protection During  
Fluoroscopy  /  458

C H A P T E R  34
Tomography and Digital  
Tomosynthesis	 462

The Tomographic Principle  /  463
Tomographic Quality  /  464
Types of Motion  /  467
Digital Tomosynthesis  /  468
Tomographic Procedures  /  469

C H A P T E R  35
Mammography	 473

Historical Development  /  474
Generator Characteristics  /  478
X-Ray Tube  /  481

11067_fm_hr_i-xxii.indd   10 11/29/18   8:35 PM



Contents    xi

Ct Numbers (Hounsfield Units)  /  529
Image Reconstruction  /  530
Image Quality  /  533
Scanning Procedures  /  535
Advanced CT Applications  /  536
Artifacts  /  536
Radiation Protection  /  538

C H A P T E R  39
Magnetic Resonance Imaging	 543

History  /  544
Instrumentation  /  544
Mri Physics  /  548
Mri  /  550
Mr Safety  /  559

C H A P T E R  40
Nuclear Medicine  
and Molecular Imaging	 563

Nuclear Physics  /  564
Radioactive Decay  /  564
Radiochemistry and Radiopharmaceuticals  /  565
Imaging Instrumentation  /  573
Positron Emission Tomography (Pet)  /  578
Hybrid Imaging  /  580
Nonimaging Instrumentation  /  582
Radiation Protection  /  584
Clinical Applications  /  586
Hybrid Imaging  /  590

C H A P T E R  41
Radiation Therapy	 593

Historical Overview  /  594
Consultation  /  594
Treatment Planning  /  596
Treatment  /  600
Specialized Treatments and Units  /  608

C H A P T E R  42
Diagnostic Medical Sonography	 611

Introduction  /  612
Sound Waves  /  613
Attenuation  /  620
Range  /  621
Field  /  622
Doppler  /  622
Harmonics  /  622
Contrast Agents  /  623
Transducer and Components  /  624
Instrumentation  /  626

A P P E ND  I X  A
On a New Kind of Rays 
by W. C. Röntgen	 630

A P P E ND  I X  B
Answers to Case Studies	 634

A P P E ND  I X  C
Fixed and Variable kVp Technique 
System Charts	 636

A P P E ND  I X  D
Epigraph Sources and Credits	 640

Glossary	 642

Index	 659

11067_fm_hr_i-xxii.indd   11 12/13/18   8:06 PM



xii

List of Tables

1-1.	 Multiplication Notation	 3

1-2.	 SI Units of Measurement	 15

1-3.	 SI Unit Values	 15

1-4.	 Commonly Used SI Prefixes	 15

2-1.	 Atomic Particles	 24

3-1.	 Properties of Conducting Materials	 41

3-2.	 �Effect of Circuit Type on Current, Potential Difference, and Resistance  
(with an Example Circuit of Three Resistances)	 47

4-1.	 Fleming’s Hand Rules for Electromagnetic Relationships	 58

5-1.	 Heat Unit Rectification Constants	 92

5-2.	 Recommendations for Extending Tube Life	 94

6-1.	 Common Diagnostic X-Ray Console Controls	 103

8-1.	 Characteristic Photon Emissions from X-Ray Target Materials	 121

9-1.	� Comparison of Collective Effective Dose(S) and Effective Dose per Individual in the U.S. Population 
(E

US
 as Reported in NCRP (1987a)) and in This Report (Annual Values for Percent Are Rounded to the 

Nearest 1%)	 130

9-2.	� Conversions between Conventional and SI Units	 130

9-3.	 Comparison between SI and Conventional Units	 132

10-1.	 Effective Dose Limit Recommendations 	 141

10-2.	 Occupational Dose Limits for Adults—NRC Regulation IOCFR20	 142

11-1.	 Minimum Half-Value Layer (HVL) Requirements for X-Ray Systems in United States  
(Title 21 of 21 CFR 1020.30)		  153

11-2.	� Percent Attenuation of Monochromatic Radiation by Various Thicknesses of Aluminum Filtration	 155

11-3.	� Recommended Minimum Total Filtration Levels	 155

11-4.	� Comparison of Patient Exposure with Filtration	 156

12-1.	 Factors Affecting X-Ray Emission		  159

13-1.	 K-Shell Binding Energies of Radiologically Significant Elements	 172

13-2.	� Percentage of Photon Interactions, Attenuation, and Transmission Characteristics in  
Soft Tissue Based on Effective Photon Energies	 173

14-1.	 A Typical mR/mAs Chart		  183

11067_fm_hr_i-xxii.indd   12 11/29/18   8:35 PM



List of Tables    xiii

14-2.	� Medical ESE Values for Selected Radiographic Exams	 185

14-3.	 Effects of Radiographic Exposure Variables on Patient Dose	 186

14-4.	� Comparison of Approximate Entrance Skin Exposures with Fixed and Variable kVp Technique Systems	 187

14-5.	� Gross Comparison of Relative Radiation Levels	 190

14-6.	� Estimated Loss of Life Expectancy due to Various Causes	 190

17-1.	� Basic Substances Comprising the Human Body	 214

17-2.	 Summary of Pathology Problems		  219

18-1.	 Grids for Use in Digital Imaging		  228

18-2.	 Grid Conversion Factors		  232

19-1.	 Standard Radiographic Film Sizes		  245

19-2.	 Example Opacities, Optical Density Numbers, and Light Transmission Percentages	 253

19-3.	 Relationship between Contrast, Latitude, and Patient Dose	 259

19-4.	 Relationship between Speed and Patient Dose	 259

19-5.	 Relationship Between Relative Speed Number and Exposure Sensitivity	 266

20-1.	 Binary Code Numbers		  276

20-2.	� Typical Memory Requirements for Various Imaging Modalities Typical Image Grayscale  
Bit Images per Approximate Storage Imaging	 283

20-3.	� Exposure Indicator Numbers Relative to Imaging Plate Exposure	 284

23-1.	 Suggested Optimal kVp Ranges for DR Systems	 316

23-2.	 A Step-by-Step Approach to Establishing an Exposure Technique Chart	 316

24-1	 DICOM Information Classes	 331

26-1.	 Conversion Factors Effect of Generator ϕ on IR Exposure	 359

26-2.	 Projections That May Use the Anode Heel Effect to Advantage	 360

26-3.	 mAs Change Factors for Approximate Exposure Maintenance When Distance Changes	 362

26-4.	 Effect on IR Exposure When Factors Are Changed	 365

27-1.	 Relationship between Terms Used to Describe Contrast	 369

27-2.	 Changes Necessary to Produce Visible Contrast Differences on a Film-Screen Image	 376

27-3.	� Effects of Changing Factors on Film Contrast	 381

28-1	 Spatial Resolution Quality Measures	 387

28-2.	 Grayscale Bit Depth	 388

28-3.	 Effects of Intensifying-Screen Factors on Resolution	 396

28-4.	 Effects of Various Methods for Reducing Exposure Time to Avoid Motion	 397

28-5.	� Effect of Changing Factors on Spatial Resolution	 397

29-1.	 SID Compensations for Common Tube Angulations	 409

29-2.	 Effect of Changing Factors on Distortion	 409

31-1.	 FOCUS-PDCA Method	 422

31-2.	 Reject Percentage by Room	 430

31-3.	 Reject Percentage by Technologist	 430

11067_fm_hr_i-xxii.indd   13 11/29/18   8:35 PM



xiv    List of Tables

32-1.	 Radiation Protection Rules for Mobile Radiography	 443

35-1.	 Technical Differences between Mammography and Conventional Radiography	 479

35-2.	 Characteristic X-Rays from Mammography X-Ray Targets	 486

36-1.	 Risk Factors Associated with Osteoporosis	 499

36-2.	 DXA Collimator/Detector Types	 503

36-3.	 Radiation Safety and Patient Dose	 507

37-1.	 Modes of Digital Image Acquisition	 512

37-2.	 Factors Affecting Flow Rate	 516

37-3.	 Safety Mechanisms for Contrast Medium Injectors	 517

38-1.	 Advantages and Disadvantages of Helical (Spiral) Computed Tomography	 522

38-2.	 CT Pitch Formulas	 523

38-3.	 Hounsfield Units (HUs) (CT Numbers) of Various Tissues	 531

38-4.	� Appropriate Computed Tomography Window Widths	 534

40-1.	 Half-Lives, Gamma Energies, Production Methods, and Usages of Radionuclides in Nuclear Medicine	 566

40-2.	 Technetium-99m–Labeled Radiopharmaceuticals and Their Uses	 568

40-3.	 Non-Tc-99m Radiopharmaceuticals and Their Uses	 569

40-4.	 �Radiopharmaceuticals used for PET 	 569

 40-5.	 Radiopharmaceuticals Used for Radionuclide Therapy	 570

40-6.	 Radiopharmaceutical Quality Control Tests	 571

40-7.	 Quality Control Testing of Imaging Instrumentation	 583

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	 585

42-1.	 Average Propagation Speeds	 617

11067_fm_hr_i-xxii.indd   14 11/29/18   8:35 PM



xv

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

11067_ch01_hr_001-017.indd   1 11/19/18   10:16 AM



 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. Radiographers 
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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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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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  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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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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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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