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Preface

Biomedical Engineering Technology (BMET) students may have to complete labo-
ratory hands-on exercises in the x-ray imaging laboratory as part of their educa-
tional requirements. Additionally, biomedical engineering technologists often
service x-ray imaging equipment in the radiology department of their hospitals.
X-Ray Imaging Systems include Digital Radiography (DR) and Digital Fluoroscopy
(DF) Digital Mammography and Computed Tomography (CT). The imaging modal-
ities are based on physics, engineering, and computer science principles that make
them useful clinical tools for imaging the patient. These modalities have experi-
enced several technical innovations in recent years that have not only reduced the
radiation dose to the patient but improve the image quality needed for diagnostic
interpretation. For example, the fundamental concepts of the wide exposure latitude
of DR systems and the standardized exposure indicator established by the
International Electrotechnical Commission (IEC) have provided researchers with
the motivation to operate DR systems with the goal of optimization of the dose and
image quality. Additionally, CT technical innovations, such as new detector tech-
nology, Iterative Reconstruction (IR) algorithms, and Artificial Intelligence-based
image reconstruction are now offered by several CT vendors, play a significant role
in dose reduction and optimization in CT. Furthermore, the introduction of Photon
Counting Detectors (PCDs) has solved the major problem of image noise during
low-dose CT imaging.

This book X-Ray Imaging Systems for Biomedical Engineering Technology: An
Essential Guide provides a useful resource to meet the x-ray imaging educational
requirements of biomedical engineering students and provide a continuing educa-
tion resource for practicing technologists. This book is intended to meet fundamen-
tal requirements for x-ray imaging systems in the BMET curriculum, in the United
States, Canada, South America, Africa, Asia, Australia, and continental Europe.

The contents in this book are described in 11 chapters as follows:

Chapter 1 introduces the nature and scope of X-Ray Imaging Systems and sets
the general framework for the remaining chapters. Whereas Chap. 2 presents a
description of the essential Radiation Physics needed for a good understanding of
how these systems work and how x-rays interact with the patient to generate images
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viii Preface

used for diagnosis. Chapter 3 describes the major technical components of Computed
Radiography (CR). Chapter 4 deals with the physical principles and technical com-
ponents of Flat-Panel Digital Radiography (FPDR). The principles and technology
of Digital Fluoroscopy are discussed in Chap. 5. Chapter 6 identifies and outlines
Digital Image Quality Descriptors and Performance Characteristics, such as spatial
resolution, contrast resolution, and noise as well as the detective quantum efficiency
(DQE) which describes the noise characteristics of a digital detector. In Chap. 7, the
physical principles and technology of Computed Tomography (CT) at a depth
needed for entry-to-practice, specifically the major technical system components of
Multi-Slice CT (MSCT), are described. Furthermore, image processing, image
quality, and radiation dose and radiation protection are described. Chapter 8 intro-
duces the ideas and major concepts of Imaging Informatics including major topics,
such as Medical Image Management and Processing System (MIMPS) formerly
referred to as Picture Archiving and Communication Systems (PACS), and related
topics, such as Health Information Systems, The Electronic Health Record, Other
Concepts in Imaging Informatics, and Enterprise Imaging. Artificial Intelligence
(AI) and its subsets, Machine Learning and Deep Learning, as well as applications
of Alin medical imaging; Al in Diagnosis of Diseases; Al in Computed Tomography;
and Ethics of Al in Medical Imaging are reviewed in Chap. 9. Chapter 10 deals with
the major elements of Quality Control in Diagnostic X-Ray Imaging focusing on
steps in conducting a QC, tolerance limits or acceptance criteria, reject/retake anal-
ysis, visual assessment of the electronic display monitors, and describes briefly four
examples of QC Tests for CR using qualitative criteria. These include dark noise,
CR Imaging Plate (IP)test for uniformity, spatial accuracy, and erasure thorough-
ness of the IP. Finally, Chap. 11 presents an overview of Radiation Protection for
Diagnostic X-Ray Imaging, including biological effects of exposure to ionizing
radiation; goals of radiation protection; regulatory radiation protection guidance
recommendations; and personnel dosimetry.

Enjoy the pages that follow and remember—your wisdom of ensuring that x-ray
imaging equipment performs efficiently, effectively and is absolutely safe for imag-
ing patients.

Burnaby, BC, Canada Euclid Seeram



Acknowledgments

An important satisfying task in writing a book of this nature is to thank those medi-
cal physicists, biomedical engineers, computer scientists, and manufacturers who
have done the original work in conceptualizing and developing x-ray systems for
imaging patients. This book deals with x-ray imaging systems as outlined in the
Preface, and in this respect, it is indeed a pleasure to express sincere thanks to all of
the scientific and clinical experts.

I am most grateful to Dr. Rob Davidson, PhD, MAppSc (MI), BBus, FASMIRT,
Professor of Medical Imaging, University of Canberra, Australia. Thanks mate.

Furthermore, two medical physicists to whom I am truly grateful for my Digital
Radiography (DR) education are Dr. Anthony Siebert, PhD, of the University of
California at Davis, and Dr. Charles Willis, PhD, formerly of the University of
Texas, MD Anderson Cancer Center, from whom I have learned the physics and
technical aspects of digital radiography through their seminars and workshops that
I have attended. My X-Ray Imaging education (including CT physics and instru-
mentation) has its roots in not only attending courses, conferences and workshops,
but personal communications with a number of notable medical physicists.

Two other notable medical physicists to whom I am particularly grateful are Dr.
Perry Sprawls (PhD, FACR, FAAPM, FIOMP, Distinguished Emeritus Professor,
Emory University, Director, Sprawls Educational Foundation, http://www.sprawls.
org, Co-Director, College on Medical Physics, ICTP, Trieste, Italy, and Co-Editor,
Medical Physics International) and Dr. Anthony Wolbarst, PhD, Medical Physics
Department, University of Kentucky (Retired) from whose published works in med-
ical physics I have learned a great deal.

Another individual to whom I owe a good deal of thanks is Valentina Al
Hamouche, MRT(R), MSc, who is the CEO/Founder of VCA Education Solutions
for Health Professionals based in Toronto, Canada. Valentina has provided me with
recurring opportunities to provide Radiographic Imaging Sciences and CT Physics
and Technology in-house lectures and webinars to further educate technologists and
students across Canada and internationally as well. Thanks Valentina.

I am particularly grateful to Jochen Boehm, MEng, and Dr. Anthony Chan, PhD,
both Biomedical Engineers and Faculty in the Biomedical Engineering Technology

ix


http://www.sprawls.org
http://www.sprawls.org

X Acknowledgments

Program at the British Columbia Institute of Technology (BCIT); for on-going invi-
tations to present lectures on topics relating to medical imaging, to their students. I
am also grateful to all the reviewers of this proposal, including Biomedical Engineer,
Dr. Quang Vo, PhD, Faculty in Biomedical Engineering Technology Program at BCIT

One individual to whom I am especially grateful is Merry Stuber, Senior Editor,
Cell Biology and Biomedical Engineering at Springer, a part of Springer Nature,
who did all the hard work in not only reviewing the proposal herself but also in get-
ting external reviews of the proposal that led her to accept it for publication. Merry
has provide the needed continuous support and encouragement to bring this work to
fruition. Additionally, I am grateful to members of the production team at Springer
Nature, who have worked exceptionally hard during the production of this book,
especially in the page-proof stages.

I humbly acknowledge the support from my beautiful family; first my lovely
wife, Trish, a warm, smart, caring, and a very special person in my life, thanks
babes. Secondly, my caring and very brilliant son David, the best Dad on the planet,
to his two most precious daughters, my granddaughters, to whom this book is dedi-
cated. Thanks for your enduring love, support, and encouragement.

Burnaby, BC, Canada Euclid Seeram



Contents

1 X-Ray Imaging Systems: An Overview. ........................
1.1 Introduction . ........ ...
1.2 Film-Screen Radiography ........... ... ... ... ...
1.3 Digital X-Ray Imaging Systems . .................c.co.o...

1.3.1 Computed Radiography............................
1.3.2 Flat-Panel Digital Radiography .. ....................
1.3.3 Digital FIuoroscopy . . . ....ouvuiininiiinnnan..
1.3.4 Computed Tomography: Major System Components . . . ..
1.4 Radiation PhysicsataGlance . ................ ... ... .....
1.5 Imaging Informatics: An Overview . ............. .. .. ... ....
1.6 Quality Assurance and Quality Control......................
1.7 Radiation Protection Considerations in X-Ray Imaging . ........
References. . ... ...

2 Basic Radiation Physics for Diagnostic X-Ray Imaging . . .........
2.1 Introduction .. ...........c.iiiin it
2.2 X-Ray Generation . ............ouuuuuenunennenenenennnnn.
2.3 X-RayProduction .......... .. .. .. i

2.3.1 Characteristic Radiation. .. ............ ... ... .. ...
2.3.2 Bremsstrahlung Radiation .. ........................
24 X-RayEmission.............ooiiiiininiiiin..
2.5 X-Ray Attenuation. .............c..uueninineenenenennan..
2.6 Interaction of Diagnostic X-Rays with Matter. . ...............
2.6.1 Mechanisms of Interaction in Diagnostic X-Ray Imaging .
2.6.2 Classical Scattering . .. .......oviniireninn..
2.6.3 Compton Scattering . . . ........vutitvrenenenennn..
2.6.4 Photoelectric Absorption . .. ...,
References. . ... ... i

xi



Xii

Contents

Computed Radiography Imaging: Physical Principles

and System Components . ................. .. ..., 31
3.1 Introduction ............c.o.iiiin i 31
3.2 Limitations of Film-Screen Radiography (FSR)............... 33
3.3 Computed Radiography (CR): System Components. ........... 33
33.1 TheCRImagingPlate............. .. .. ... ... .... 33
3.3.2 Imaging Plate Exposure: Physics ata Glance . .......... 35
3.3.3 Imaging Plate Reader and Processor.................. 36
3.4 TImage Processing......... ..., 37
341 Pre-processing . ........c.uuiuiininainn. 37
342 POStPrOCESSING . . ottt ettt 39
3.5 The CR Workstation and Image Display .. ................... 40
3.6 Response of the CR IP to Radiation Exposure ................ 40
3.7 The Standardized Exposure Indicator (EI) ................... 42
3.7.1 Use of the Deviation Index in Practice ................ 43
3.8 The Shortcomings of CR........... .. .. ... .. .. . .. ... 44
References. . ... ..o 44

Flat-Panel Digital Radiography:

Principles and System Components . .......................... 47
4.1 Introduction ........... ...t 47
4.2 Flat-Panel Digital Radiography: System Components Overview .. 47
4.2.1 The Flat-Panel Detector. . .......................... 48
422 TheFillFactor........ .. . .. .. . . ... 49
4.3 Types of Flat-Panel Detectors ... .......... ..., 49
4.3.1 Indirect Conversion Digital Detectors:
Major Components. . .. .......ouuenineniinenenann.. 50
4.3.2 Direct Conversion Digital Detectors:
Major Components. . .. .......o.vunineniunenenann.. 50
4.4 TImage Processing Considerations ................. .. ....... 51
4.4.1 Image Pre-processing. . ...........c.c.oouvunmininan... 51
4.42 Image Postprocessing. . ...........coouvuvunenenan... 52
4.5 Image Quality Considerations . .. ...............c.ovoven... 53
4.6 Wireless FPDR Detectors . ...........c.c.ouuiiiiinennen .. 54
4.7 Mobile Digital Radiography Systems . ...................... 54
References. .. ... ... .. i 55
Digital Fluoroscopy: System Components and Principles ......... 57
5.1 Introduction ........... ... .. . 57
5.2 Development of Fluoroscopy Systems ata Glance . ............ 57
5.2.1 Image Intensifier-Based Digital Fluoroscopy:
Essential Technical Components .. ................... 58
5.3 Digital Fluoroscopy with Flat-Panel Digital Detectors . ......... 60
5.3.1 System Configuration ............ ... .. .. .. ... ... 61
5.3.2 Typesof Dynamic FPDs .......... ... ... .. ... .. ... 63

5.3.3 Technical Features of Dynamic FPDs . ................ 63



Contents Xiii

5.3.4 Principles of Operation . ................. ..., 63
5.4 Image Post Processing in Digital Fluoroscopy ................ 64
References. . ... ... .. 65

6  Digital Image Quality Descriptors and Performance Characteristics 67

6.1 Introduction ........... ...t 67
6.2 Image Quality CharacteristicS . .. ... . 67
6.2.1 Spatial Resolution ........... ... .. .. . .. .. .. ... 69

6.2.2 Contrast Resolution . ......... ... .. .. . ... 70

6.2.3 NOISE ..ottt 71

6.3 Performance Characteristics of Digital Detectors .. ............ 73
6.3.1 Detective Quantum Efficiency....................... 73

6.4 Image Artifacts Overview .. ............oiuiunnnnan... 75
References. . ... ... .. i 76
7  Computed Tomography: Basic Physics and Technology. .......... 77
7.1 Introduction . ...t 77
7.2 Essential Physical Principles . ............ ... .. ... ... ..., 78
7.2.1 Radiation Attenuation .. ..............c. ... 79

7.3 Technology. ... ... ..ot 84
7.3.1 Data Acquisition Principles and Components . .......... 84

7.3.2 Image Reconstruction ................c.couuuenon.. 85

7.3.3 Iterative Reconstruction. .. ........ ... ... ... ... ... 87

7.3.4 Image Display, Storage, and Communication . .......... 89

7.4 Multislice CT (MSCT): Fundamental Principles and Technology . 89
7.4.1 Slip-Ring Technology ........ ... .. .. . .. .. .. ... 89

7.4.2 X-Ray Tube Technology .......... ... ... .. ... ..... 90

7.4.3 Interpolation Algorithms .. ........ ... ... .. ... .. ... 90

7.4.4 MSCT Detector Technology . ....................... 91

7.4.5 Selectable Scan Parameters .. ............. .. ... ..... 93
7.4.6 Isotropic CTImaging........... ..., 94

7.5 MSCT Image Processing .. ..., 95
7.5.1 Image Postprocessing. .. ............cueuiuninienan.. 96

7.5.2  Three-Dimensional Image Display Techniques. ......... 97

7.6 Image Quality......... ... . 98
7.7 DualEnergy CT...... ... i 100
7.8 Photon Counting CT . ... ... . .. .. 100
7.8.1 The Major System Components of aPCD. ............. 100

7.9 ABitof CTDOSIMEtry . .......c.vuiininininiinen... 102
7.9.1 Factors Affecting Patient Dose. . . ................. ... 103

7.10 Radiation Protection. . .......... .. .. .. . i 103
7.11 Atrtificial Intelligence Applications in CT Image Reconstruction .. 104
References. . ... ..o 104
8 Imaging Informatics Essentials . .. ............................ 107

8.1 Introduction .. .......... ... 107



Xiv

10

11

Contents
8.2 Definitions of Imaging Informatics . ........................ 108
8.3 Major Elements of Imaging Informatics .. ................... 109
8.3.1 MIMPS: Basic System Components . .. ............... 109
8.4 Health Information Systems: Definition ..................... 113
8.5 The Electronic HealthRecord . ............................ 114
8.6  Other Concepts in Imaging Informatics. ..................... 114
8.7 Enterprise Imaging. .. ......... ... . i 116
8.8 The Biomedical Engineering Technologist

as Informaticist: A Potential New Role? . ................. ... 116
References. . ... ... .. i 116
Artificial Intelligence in Medical Imaging: An Overview.......... 119
9.1 Introduction . ........ ...ttt 119
9.2 Definitions . . ....vot i 119
9.2.1 Artificial Intelligence. .. ...... ... .. .. . . . ... 120
9.2.2 Machine Learning ........... .. .. .. .. . .. 122
9.23 DeepLlearning ......... ... 123
9.3 How Does ATWork? . ... ... . i 124
9.4 Which Subset of Alto Use? ML orDL?..................... 125
9.5 Artificial Intelligence Methods in Medical Imaging ... ......... 125
9.6 Medical Imaging Applications. . ......... .. .. ... .. 125
9.6.1 Alin Diagnosis of Diseases. . ....................... 127
9.7 Alin Computed Tomography ........... .. .. ... .. 127
9.8 Ethics of Alin Medical Imaging . ............ .. ... .. .... 128
9.9 The Biomedical Engineering Technologistand Al ............. 129
References. .. ... ... .. i 130
Quality Control in Digital X-Ray Imaging Systems .............. 133
10.1 Introduction ............c.iieninin .. 133
10.2 General Concepts. . ... .vvr vttt 133
10.2.1 Definitions . .. ...ovtn i 133
10.2.2  Essential Components of QC....................... 134
10.2.3  Steps in Conductinga QCTest ..................... 134
10.2.4 The Tolerance Limits or Acceptance Criteria . ......... 135

10.3 Parameters, Tools, and Frequency for QC Testing
in Digital Radiography. . ....... .. .. .. . .. ... . .. 136
10.4 Reject/Retake Analysis ......... ..., 137
10.4.1 Acceptance Limits for Reject/Retake Analysis . ........ 137
10.5 Display Performance .. ........... .. .. . . . ... 137
10.5.1 Visual Assessment of the Electronic Display Monitors. .. 138
10.6 Examples of QC Tests for CR Using Qualitative Criteria. . . . ... 139
10.7 American College of Radiology (ACR) CT QC Manual. . ...... 141
References. . ... ... .. i 142
Radiation Protection in X-Ray Imaging . . . ..................... 145

11.1 Introduction . ... ....... ...ttt 145



Contents XV

11.2  Biological Effects of Exposure to Ionizing Radiation. ......... 146
11.3 Goals of Radiation Protection . . .......................... 146
11.3.1 ICRP Radiation Protection Framework . .............. 146
11.3.2  Personal Actions for Radiation Protection. ............ 147
11.4 Regulatory Radiation Protection Guidance Recommendations. .. 148
11.5 Personnel Dosimetry ............c.ouiiiiiinnnan... 149
11.5.1 Optically Stimulated Luminescence Dosimetry ........ 149
11.5.2 Thermoluminescent Dosimetry . .................... 150
11.5.3 Wearing the Personnel Dosimeter .. ................. 151
References. . ... ... .. i 151



®

Check for
updates

Chapter 1
X-Ray Imaging Systems: An Overview

1.1 Introduction

The Canadian Medical and Biological Engineering Society (CMBES) defines a bio-
medical engineering technologist as one who works “in large health care facilities
providing comprehensive service and support of medical devices and equipment.
Activities include inspection, installation, repair, and preventive maintenance of
medical devices and complex medical systems. They also provide advice and train-
ing on the safe and effective use of medical devices and systems” [1].

An example of such a “complex medical system” is the X-ray imaging system
commonly found in medical imaging departments (radiology) worldwide. X-ray
imaging systems produce ionizing X-rays to generate patient images. Given that
these systems expose patients to radiation, it is mandatory that the biomedical engi-
neering technologist to comprehend the workings of these systems for the safety of
patients and related personnel.

X-ray imaging systems include film-screen imaging (now obsolete); digital
X-ray imaging systems such as computed radiography, flat-panel digital radiogra-
phy, digital fluoroscopy, digital mammography, and computed tomography
(Fig. 1.1). These systems are based on radiation physics which explains how they
work. The biomedical engineering technologist ensures the proper and safe func-
tioning of these systems in the care and management of the patient. Additionally,
two important considerations that are also essential to the skill set of the biomedical
engineering technologist are equipment quality control and radiation protection.

The objective of this chapter is to present a comprehensive overview of
X-ray imaging systems, including the nature of quality assurance and quality
control. Additionally, it will provide a summary of radiation physics and radiation
protection.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 1
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Fig. 1.1 X-Ray imaging
systems include film-
screen imaging (now
obsolete), digital X-ray > Digital Radiography
imaging systems such as
computed radiography,
flat-panel digital
radiography, digital
fluoroscopy, digital
mammography, and — Mammography
computed tomography

— Film-screen Radiography

X-Ray Imaging
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Fig. 1.2 The basic steps in the production of a film-screen radiographic image. See text for further
explanation

1.2 Film-Screen Radiography

Film-Screen Radiography (FSR) served as the primary X-ray imaging system for
clinical applications for several years following the discovery of X-rays. In FSR, the
detector consists of a film sandwiched between two intensifying screens made of
certain phosphors, such as calcium tungstate (CaWQ,), and later rare earth phos-
phors such as gadolinium oxysulfide and lanthanum oxysulfide replaced CaWO,
screens with the goal of reducing the dose to the patient without compromising
image quality needed for diagnosis [3, 2].

The basic steps in the production of a film-screen radiographic image are illus-
trated in Fig. 1.2. X-rays pass through the patient and fall upon the film to form a
latent image. The latent image is then rendered visible using chemical processing
and subsequently displayed on a light view-box for interpretation by a radiologist.

The response of the film to x-ray exposure can be described by what is referred to
as the film characteristic curve as illustrated in Fig. 1.3. The curve is a plot of the
optical density (OD) to the radiation exposure (or more accurately, the logarithm of
the relative exposure) used in the imaging process. The curve shows the degree of
contrast or different densities that a film can display using a range of exposures. It
has three elements that are significant: the toe, the slope (straight line portion), and
the shoulder. While the toe and shoulder indicate underexposure and overexposure,



