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		 Foreword

Mabel Slater, MBE


         

         Director of the Dental Care Professionals' Centre for Education and Learning, King's College Hospital, London, UK




I am very pleased to have been asked to write the Foreword for this excellent textbook, specifically designed for all dental care professionals, that builds on Eric Whaites' previous successful book which specifically targeted dental nurses.


At the present time, the roles of the UK dental care professional are undergoing major changes with many dental care professionals now being able to be more closely involved in dental radiography and radiology. This book helps to deliver the underpinning knowledge for the dental team in a logical and easy to read format, which will, I believe, contribute enormously to the professional standards required to deliver high quality dental imaging.


This textbook offers comprehensive guidelines and relevant information for all groups of dental care professionals undertaking this subject either during their initial training or as part of their professional development. I would encourage all dental care professionals to take full advantage of all that this book offers.


		


  

		

     

       

     


       

		 Preface

EJW


         

         2009




The aim of my original Essentials of Dental Radiography and Radiology was to provide a basic, yet practical, account of what I considered to be the essential subject matter of both dental radiography and radiology for undergraduate and postgraduate dental students, as well as for dental care professionals including dental nurses. It was, however, obvious that Essentials contained too much material that was largely irrelevant to dental care professionals, particularly the comprehensive chapters on radiological interpretation. So the first edition of this book, originally entitled Radiography and Radiology for Dental Nurses, was an attempt to produce a condensed version of my dental student book intended specifically for dental nurses.


This second edition recognizes that all dental care professionals, not just dental nurses, may be required to undertake training in dental radiography and radiology, and the title and text have been changed accordingly.


Once again, I hope that judicious editing and updating have ensured that the resultant package is modern, comprehensive and concentrates on relevant topics. I have again not attempted to rewrite the original Essentials text, unless I felt further explanation was required. I have made minor changes to almost every chapter, but more importantly I have made digital imaging mainstream and embedded it within the text. All the line diagrams have been professionally redrawn and a couple of colour plates have been added. In addition, I have included a brief chapter on cone beam computed tomography – an exciting new development in dental imaging that is being used more and more in both dental hospitals and dental practice. Some radiological interpretation remains, particularly of the teeth and their supporting structures, as well as the atlas style chapter showing examples of some of the more important abnormal conditions that may be observed in the clinical setting. I hope that all these changes make this new edition feel fresh, up to date and appealing to all dental care professionals. It remains, however, first and foremost a teaching manual, rather than a comprehensive reference book, but the content should be sufficiently detailed and broad to satisfy the requirements of most post-qualification certificate examinations.


I very much hope that this edition makes a positive contribution to the challenging task facing dental care professionals as they embark on broadening their careers to include dental radiography.
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		 1. The radiographic image


  


     Introduction



The use of X-rays is an integral part of clinical dentistry, with some form of radiographic examination necessary on the majority of patients. As a result, radiographs are often referred to as the clinician's main diagnostic aid.



The range of knowledge of dental radiography and radiology thus required can be divided conveniently into four main sections:
• Basic physics and equipment — the production of X-rays, their properties and interactions which result in the formation of the radiographic image


• Radiation protection — the protection of patients and dental staff from the harmful effects of X-rays


• Radiography — the techniques involved in producing the various radiographic images


• Radiology — the interpretation of these radiographic images.







Understanding the radiographic image is central to the entire subject. This chapter provides an introduction to the nature of this image and to some of the factors that affect its quality and perception.





     Nature of the radiographic image


Traditionally the image was produced by the X-rays passing through an object (the patient) and interacting with the photographic emulsion on a film, which resulted in blackening of the film. Film is gradually being replaced by a variety of digital sensors with the image being being created in a computer. Those parts of the digital sensor that have been hit by X-rays appear black in the computer-generated image. The extent to which the emulsion or the computer-generated image is blackened depends on the number of X-rays reaching the film or the sensor (either device can be referred to as an image receptor), which in turn depends on the density of the object.


However the final image is captured, it can be described as a two-dimensional picture made up of a variety of black, white and grey superimposed shadows and is thus sometimes referred to as a shadowgraph (see Fig. 1.1).
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Fig. 1.1 
A typical dental radiograph. The image shows the various black, grey and white radiographic shadows.










Understanding the nature of the shadowgraph and interpreting the information contained within it requires a knowledge of:
• The radiographic shadows


• The three-dimensional anatomical tissues


• The limitations imposed by a two-dimensional picture and superimposition.









     The radiographic shadows


The amount the X-ray beam is stopped (attenuated) by an object determines the radiodensity of the shadows:
• The white or radiopaque shadows on a film represent the various dense structures within the object which have totally stopped the X-ray beam.


• The black or radiolucent shadows represent areas where the X-ray beam has passed through the object and has not been stopped at all.


• The grey shadows represent areas where the X-ray beam has been stopped to a varying degree.








The final shadow density of any object is thus affected by:
• The specific type of material of which the object is made


• The thickness or density of the material


• The shape of the object


• The intensity of the X-ray beam used


• The position of the object in relation to the X-ray beam and image receptor


• The sensitivity and type of image receptor.







The effect of different materials, different thicknesses/densities, different shapes and different X-ray beam intensities on the radiographic image shadows are shown in Fig. 1.2, Fig. 1.3, Fig. 1.4 and Fig. 1.5.
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Fig. 1.2 
(i) Front view and (ii) plan view of various cylinders of similar shape but made of different materials: A plaster of Paris, B hollow plastic, C metal, D wood. (iii) Radiographs of the cylinders show how objects of the same shape, but of different materials, produce different radiographic images.
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Fig. 1.3 
(i) Front view of four apparently similar cylinders made from plaster of Paris. (ii) Plan view shows the cylinders have varying internal designs and thicknesses. (iii) Radiographs of the apparently similar cylinders show how objects of similar shape and material, but of different densities, produce different radiographic images.
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Fig. 1.4 
(i) Front view of five apparently similar cylinders made from plaster of Paris. (ii) Plan view shows the objects are in fact different shapes. (iii) Radiographs show how objects of different shape, but made of the same material, produce different radiographic images.
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Fig. 1.5 
(i) Front view and (ii) plan view of four cylinders made from plaster of Paris but of different diameters. (iii) Four radiographs using different intensity X-ray beams show how increasing the intensity of the X-ray beam causes greater penetration of the object with less attenuation, hence the less radiopaque (white) shadows of the object that are produced, particularly of the smallest cylinder.













     The three-dimensional anatomical tissues


The shape, density and thickness of the patient's tissues, principally the hard tissues, must also affect the radiographic image. Therefore, when viewing two-dimensional radiographic images, the three-dimensional anatomy responsible for the image must be considered (see Fig. 1.6 and Fig. 1.6). A sound anatomical knowledge is obviously a prerequisite for radiological interpretation (see Ch. 18).





     The limitations imposed by a two-dimensional image and superimposition


The main limitations of viewing the two-dimensional image of a three-dimensional object are:
• Appreciating the overall shape of the object


• Superimposition and assessing the location and shape of structures within an object.
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	Fig. 1.6. 

	
A (i) Sagittal and (ii) coronal sections through the body of a dried mandible showing the hard tissue anatomy and internal bone pattern.
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	Fig. 1.6. 

	
B Two-dimensional radiographic image of the three-dimensional mandibular anatomy.






     



     Appreciating the overall shape



To visualize all aspects of any three-dimensional object, it must be viewed from several different positions. This can be illustrated by considering an object such as a house, and the minimum information required if an architect is to draw all aspects of the three-dimensional building in two dimensions (see Fig. 1.7). Unfortunately, it is only too easy for the observer to forget that teeth and patients are three-dimensional. To expect one radiograph to provide all the required information about the shape of a tooth or a patient is like asking the architect to describe the whole house from the front view alone.
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Fig. 1.7 
Diagram illustrating three views of a house. The side view shows that there is a corridor at the back of the house leading to a tall tower. The plan view provides the additional pieces of information that the roof of the tall tower is round and that the corridor is curved.













     Superimposition and assessing the location and shape of structures within an object


The shadows cast by different parts of an object (or patient) are superimposed upon one another on the final radiograph. The image therefore provides limited or even misleading information as to where a particular internal structure lies, or to its shape, as shown in Figure 1.8.
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Fig. 1.8 
Radiograph of the head from the front (an occipitomental view) taken with the head tipped back and the X-ray beam horizontal. This positioning lowers the dense bones of the base of the skull and raises the facial bones so avoiding superimposition of one on the other. A radiopaque (white) object (arrowed) can be seen apparently in the base of the right nasal cavity.











In addition, a dense radiopaque shadow on one side of the head may overlie an area of radio-lucency on the other, so obscuring it from view, or a radiolucent shadow may make a superimposed radiopaque shadow appear less opaque.


One clinical solution to these problems is to take two views, at right angles to one another (see Figs 1.9 and 1.10). Unfortunately, even two views may still not be able to provide all the desired information for a diagnosis to be made (see Fig. 1.11).
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Fig. 1.9 
Radiograph of the head from the side (a true lateral skull view) of the same patient shown in Figure 1.8. The radiopaque (white) object (arrowed) now appears intracranially just above the skull base. It is in fact a metallic aneurysm clip positioned on an artery in the Circle of Willis at the base of the brain. The long back arrow indicates the direction of the X-ray beam required to produce the radiograph in Figure 1.8, illustrating how an intracranial metallic clip can appear to be in the nose.
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Fig. 1.10 
Diagrams illustrating the limitations of a two-dimensional image: A Posteroanterior views of a head containing a variable mass. The mass appears as a similar sized opaque image on the radiograph, providing no differentiating information on its position or shape. B The side view provides a possible solution to the problems illustrated in A.
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Fig. 1.11 
Diagrams illustrating the problems of superimposition. Lateral views of the same masses shown in Figure 1.10 but with an additional radiodense object superimposed (arrowed). This produces a similar image in each case with no evidence of the mass. The information obtained previously is now obscured and the usefulness of using two views at right angles is negated.










These limitations of the conventional radiographic image have very important clinical implications and may be the underlying reason for a negative radiographic report. The fact that a particular feature or condition is not visible on one radiograph does not mean that the feature or condition does not exist, merely that it cannot be seen. The recently developed advanced imaging modality of cone beam computed tomography (CBCT) has been designed to try to overcome some of these limitations (see Chapter 16).











     Quality of the radiographic image



Overall image quality and the amount of detail shown on a radiograph depend on several factors, including:
• Contrast — the visual difference between the various black, white and grey shadows


• Image geometry — the relative positions of the image receptor, object and X-ray tubehead


• Characteristics of the X-ray beam


• Image sharpness and resolution.







These factors are in turn dependent on several variables, relating to the density of the object, the type of image receptor and the X-ray equipment. They are discussed in greater detail in Chapter 15. However, to introduce how the geometrical accuracy and detail of the final image can be influenced, two of the main factors are considered below.




     Positioning of the image receptor, object and X-ray beam



The position of the X-ray beam, object and image receptor needs to satisfy certain basic geometrical requirements. These include:
• The object and the image receptor should be in contact or as close together as possible


• The object and the image receptor should be parallel to one another


• The X-ray tubehead should be positioned so that the beam meets both the object and the image receptor at right angles.







These ideal requirements are shown diagram-matically in Figure 1.12. The effects on the final image of varying the position of the object, image receptor or X-ray beam are shown in Figure 1.13.
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Fig. 1.12 
Diagram illustrating the ideal geometrical relationship between the object, image receptor and X-ray beam.
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Fig. 1.13 
Diagrams showing the effect on the final image of varying the position of A the image receptor, B the object and C the X-ray beam.













     X-ray beam characteristics



The ideal X-ray beam used for imaging should be:

• Sufficiently penetrating, to pass through the patient and react with the film emulsion or digital sensor and produce good contrast between the different shadows (Fig. 1.14)
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Fig. 1.14 
Radiographs of the same area showing variation in contrast — the visual difference in the black, white and grey shadows due to the penetration of the X-ray beam. A Increased exposure (overpenetration). B Normal exposure. C Reduced exposure (underpenetration).











• Parallel, i.e. non-diverging, to prevent magnification of the image


• Produced from a point source, to reduce blurring of the edges of the image, a phenomenon known as the penumbra effect.







These ideal characteristics are discussed further in Chapter 5.









     Perception of the radiographic image


The verb to perceive means to apprehend with the mind using one or more of the senses. Perception is the act or faculty of perceiving. In radiology, we use our sense of sight to perceive the radiographic image, but, unfortunately, we cannot rely completely on what we see. The apparently simple black, white and grey shadowgraph is a form of optical illusion (from the Latin illudere, meaning to mock). The radiographic image can thus mock our senses in a number of ways. The main problems can be caused by the effects of:
• Partial images


• Contrast


• Context.









     Effect of partial images


As mentioned already, the radiographic image only provides the clinician with a partial image with limited information in the form of different density shadows. To complete the picture, the clinician fills in the gaps, but we do not all necessarily do this in the same way and may arrive at different conclusions. Three non-clinical examples are shown in Figure 1.15. Clinically, our differing perceptions may lead to different diagnoses.
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Fig. 1.15 
The problem of partial images requiring the observer to fill in the missing gaps. Look at the three non-clinical pictures and what do you perceive? The objects shown are A a dog, B an elephant and C a steam ship. We all see the same partial images, but we don't necessarily perceive the same objects. Most people perceive the dog, some perceive the elephant while only a few perceive the ship and take some convincing that it is there. Interestingly, once observers have perceived the correct objects, it is impossible to look at the pictures again in the future without perceiving them correctly.

(Figures from: Coren S, Porac C, Ward LM 1979 Sensation and Perception. Harcourt Brace and Company, reproduced by permission of the publisher.)











     Effect of contrast


The apparent density of a particular radiographic shadow can be affected considerably by the density of the surrounding shadows. In other words, the contrast between adjacent structures can alter the perceived density of one or both of them (see Fig. 1.16). This is of particular importance in dentistry, where metallic restorations produce densely white radiopaque shadows that can affect the apparent density of the adjacent tooth tissue. This is discussed again in Chapter 18 in relation to caries diagnosis.
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Fig. 1.16 
The effect of contrast. The four small inner squares are in reality all the same grey colour, but they appear to be different because of the effect of contrast. When the surrounding square is black, the observer perceives the inner square to be very pale, while when the surrounding square is light grey, the observer perceives the inner square to be dark.

(Figure from: Cornsweet TN 1970 Visual Perception. Harcourt Brace and Company, reproduced by permission of the publisher.)











     Effect of context


The environment or context in which we see an image can affect how we interpret that image. A non-clinical example is shown in Figure 1.17. In dentistry, the environment that can affect our perception of radiographs is that created by the patient's description of the complaint. We can imagine that we see certain radiographic changes, because the patient has conditioned our perceptual apparatus.



     
	[image: B9780702030406500011/f01-18-9780702030406.jpg is missing]


	
Fig. 1.17 
The effect of context. If asked to read the two lines shown here most, if not all, observers would read the letters A,B,C,D,E,F and then the numbers 10,11,12,13,14. Closer examination shows the letter B and the number 13 to be identical. They are perceived as B and 13 because of the context (surrounding letters or numbers) in which they are seen.

(Figure from: Coren S, Porac C, Ward LM 1979 Sensation and Perception. Harcourt Brace and Company, reproduced by permission of the publisher.)








These various perceptual problems are included simply as a warning that radiographic interpretation is not as straightforward as it may at first appear.









     Common types of dental radiographs



The various radiographic images of the teeth, jaws and skull are divided into two main groups:
• Intraoral — the image receptor is placed inside the patient's mouth, including:
— Periapical radiographs (Ch. 8)


— Bitewing radiographs (Ch. 9)


— Occlusal radiographs (Ch. 10)







• Extraoral — the image receptor is placed outside the patient's mouth, including:
— Oblique lateral radiographs (Ch. 11)


— Lateral skull radiographs (Ch 12)


— Dental panoramic radiographs (Ch. 13).












These various radiographic techniques are described later, in the chapters indicated. The approach and format adopted throughout these radiography chapters are intended to be straightforward, practical and clinically relevant and are based upon the essential knowledge required. This includes:
• WHY each particular projection is taken — i.e. the main clinical indications


• HOW the projections are taken — i.e. the relative positions of the patient, image receptor and X-ray tubehead


• WHAT the resultant radiographs should look like and which anatomical features they show.











		


  

		

     

       

     


       

		 2. The production, properties and interactions of X-rays


  


     Introduction



X-rays and their ability to penetrate human tissues were discovered by Roentgen in 1895. He called them X-rays because their nature was then unknown. They are in fact a form of high-energy electromagnetic radiation and are part of the electromagnetic spectrum, which also includes low-energy radiowaves, television and visible light (see Table 2.1).



     

Table 2.1 The electromagnetic spectrum ranging from the low energy (long wavelength) radio waves to the high energy (short wavelength) X- and gamma-rays




	Radiation
	Wavelength
	Photon energy



	Radio, television and radar waves
	3 × 104m to 100μm
	4.1 × 10−11eV to 1.2 × 10−2eV



	Infra-red
	100μm to 700nm
	1.2 × 10−2eV to 1.8eV



	Visible light
	700nm to 400nm
	1.8eV to 3.1eV



	Ultra-violet
	400nm to 10nm
	3.1eV to 124eV



	X-and gamma-rays
	10nm to 0.01pm
	124eV to 124MeV








X-rays are described as consisting of wave packets of energy. Each packet is called a photon and is equivalent to one quantum of energy. The X-ray beam, as used in diagnostic radiology, is made up of millions of individual photons.


To understand the production and interactions of X-rays a basic knowledge of atomic physics is essential. The next section aims to provide a simple summary of this required background information.





     Atomic structure


Atoms are the basic building blocks of matter. They consist of minute particles — the so-called fundamental or elementary particles — held together by electric and nuclear forces. They consist of a central dense nucleus made up of nuclear particles — protons and neutrons — surrounded by electrons in specific orbits or shells (see Fig. 2.1).
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Fig. 2.1 
Diagrammatic representation of atomic structure showing the central nucleus and orbiting electrons.











     Useful definitions



• Atomic number (Z) — The number of protons in the nucleus of an atom


• Neutron number (N) — The number of neutrons in the nucleus of an atom


• Atomic mass number (A) — Sum of the number of protons and number of neutrons in an atom (A = Z + N)


• Isotopes — Atoms with the same atomic number (Z) but with different atomic mass numbers (A) and hence different numbers of neutrons (N)


• Radioisotopes — Isotopes with unstable nuclei which undergo radioactive disintegration.









     Main features of the atomic particles



     Nuclear particles (nucleons)



     Protons



• Mass = 1.66 × 10−27 kg


• Charge = positive: 1.6 × 10−19 coulombs.









     Neutrons



• Mass = 1.70 × 10−27 kg


• Charge = nil


• Neutrons act as binding agents within the nucleus and hold it together by counteracting the repulsive forces between the protons.











     Electrons



• Mass = 1/1840 of the mass of a proton


• Charge = negative: -1.6 × 10−19 coulombs


• Electrons move in predetermined circular or elliptical shells or orbits around the nucleus


• The shells represent different energy levels and are labelled K,L,M,N,O outwards from the nucleus


 The shells can contain up to a maximum number of electrons per shell:
 K … 2


 L … 8


 M … 18


 N … 32


 O … 50







• Electrons can move from shell to shell but cannot exist between shells — an area known as the forbidden zone



• To remove an electron from the atom, additional energy is required to overcome the binding energy of attraction which keeps the electrons in their shells.











     Summary of important points on atomic structure



• In the neutral atom, the number of orbiting electrons is equal to the number of protons in the nucleus. Since the number of electrons determines the chemical behaviour of an atom, the atomic number (Z) also determines this chemical behaviour. Each element has different chemical properties and thus each element has a different atomic number. These form the basis of the periodic table.



• Atoms in the ground state are electrically neutral because the number of positive charges (protons) is balanced by the number of negative charges (electrons).


• If an electron is removed, the atom is no longer neutral, but becomes positively charged and is referred to as a positive ion. The process of removing an electron from an atom is called ionization.



• If an electron is displaced from an inner shell to an outer shell (i.e. to a higher energy level), the atom remains neutral but is in an excited state. This process is called excitation.



• The unit of energy in the atomic system is the electron volt (eV), 1eV = 1.6 × 10−19 joules.











     X-ray production


X-rays are produced when energetic (high-speed) electrons bombard a target material and are brought suddenly to rest. This happens inside a small evacuated glass envelope called the X-ray tube (see Fig. 2.2).
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Fig. 2.2 
Diagram of a simple X-ray tube showing the main components.











     Main features and requirements of an X-ray tube



• The cathode (negative) consists of a heated filament of tungsten that provides the source of electrons.


• The anode (positive) consists of a target (a small piece of tungsten) set into the angled face of a large copper block to allow efficient removal of heat.


• A focusing device aims the stream of electrons at the focal spot on the target.


• A high-voltage (kilovoltage, kV) connected between the cathode and anode accelerates the electrons from the negative filament to the positive target. This is sometimes referred to as kVp or kilovoltage peak, as explained later in Chapter 5.


• A current (milliamperage, mA) flows from the cathode to the anode. This is a measure of the quantity of electrons being accelerated.


• A surrounding lead casing absorbs unwanted X-rays as a radiation protection measure since X-rays are emitted in all directions.


• Surrounding oil facilitates the removal of heat.









     Practical considerations


The production of X-rays can be summarized as the following sequence of events:
1. The filament is electrically heated and a cloud of electrons is produced around the filament.


2. The high-voltage (potential difference) across the tube accelerates the electrons at very high speed towards the anode.


3. The focusing device aims the electron stream at the focal spot on the target.


4. The electrons bombard the target and are brought suddenly to rest.


5. The energy lost by the electrons is transferred into either heat (about 99%) or X-rays (about 1%).


6. The heat produced is removed and dissipated by the copper block and the surrounding oil.


7. The X-rays are emitted in all directions from the target. Those emitted through the small window in the lead casing constitute the beam used for diagnostic purposes.










     Interactions at the atomic level


The high-speed electrons bombarding the target (Fig. 2.3) are involved in two main types of collision with the tungsten atoms:
• Heat-producing collisions


• X-ray-producing collisions.








     
	[image: B9780702030406500023/f02-03-9780702030406.jpg is missing]


	
Fig. 2.3 
Diagram of the anode enlarged, showing the target and summarizing the interactions at the target.











     Heat-producing collisions




• The incoming electron is deflected by the cloud of outer-shell tungsten electrons, with a small loss of energy, in the form of heat (Fig. 2.4A).
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Fig. 2.4A 
Heat-producing collision: the incoming electron is deflected by the tungsten electron cloud. B Heat-producing collision: the incoming electron collides with and displaces an outer-shell tungsten electron.











• The incoming electron collides with an outer shell tungsten electron displacing it to an even more peripheral shell (excitation) or displacing it from the atom (ionization), again with a small loss of energy in the form of heat (Fig. 2.4B).







     Important points to note



• Heat-producing interactions are the most common because there are millions of incoming electrons and many outer-shell tungsten electrons with which to interact.


• Each individual bombarding electron can undergo many heat-producing collisions resulting in a considerable amount of heat at the target.


• Heat needs to be removed quickly and efficiently to prevent damage to the target. This is achieved by setting the tungsten target in the copper block, utilizing the high thermal capacity and good conduction properties of copper.











     X-ray-producing collisions




• The incoming electron penetrates the outer electron shells and passes close to the nucleus of the tungsten atom. The incoming electron is dramatically slowed down and deflected by the nucleus with a large loss of energy which is emitted in the form of X-rays (Fig. 2.5A).
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Fig. 2.5A 
X-ray-producing collision: the incoming electron passes close to the tungsten nucleus and is rapidly slowed down and deflected with the emission of X-ray photons. B X-ray-producing collision: Stage 1 — the incoming electron collides with an inner-shell tungsten electron and displaces it; Stage 2 — outer-shell electrons drop into the inner shells with subsequent emission of X-ray photons.











• The incoming electron collides with an inner-shell tungsten electron displacing it to an outer shell (excitation) or displacing it from the atom (ionization), with a large loss of energy and subsequent emission of X-rays (Fig. 2.5B).











     X-ray spectra



The two X-ray-producing collisions result in the production of two different types of X-ray spectra:
• Continuous spectrum


• Characteristic spectrum.








     Continuous spectrum


The X-ray photons emitted by the rapid deceleration of the bombarding electrons passing close to the nucleus of the tungsten atom are sometimes referred to as bremsstrahlung or braking radiation. The amount of deceleration and degree of deflection determine the amount of energy lost by the bombarding electron and hence the energy of the resultant emitted photon. A wide range or spectrum of photon energies is therefore possible and is termed the continuous spectrum (see Fig. 2.6).
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Fig. 2.6A 
Graph showing the continuous X-ray spectrum at the target for an X-ray tube operating at 100kV. B Graph showing the continuous spectrum in the emitted beam, as the result offiltration.












     Summary of important points



• Small deflections of the bombarding electrons are the most common, producing many low-energy photons.


• Low-energy photons have little penetrating power and most will not exit from the X-ray tube itself. They will not contribute to the useful X-ray beam (see Fig. 2.6B). This removal of low-energy photons from the beam is known as filtration (see later).


• Large deflections are less likely to happen so there are relatively few high-energy photons.


• The maximum photon energy possible (Emax) is directly related to the size of the potential difference (kV) across the X-ray tube.











     Characteristic spectrum


Following the ionization or excitation of the tungsten atoms by the bombarding electrons, the orbiting tungsten electrons rearrange themselves to return the atom to the neutral or ground state. This involves electron ‘jumps’ from one energy level (shell) to another, and results in the emission of X-ray photons with specific energies. As stated previously, the energy levels or shells are specific for any particular atom. The X-ray photons emitted from the target are therefore described as characteristic of tungsten atoms and form the characteristic or line spectrum (see Fig. 2.7). The photon lines are named K and L, depending on the shell from which they have been emitted (see Fig. 2.1).
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Fig. 2.7 
Graph showing the characteristic or line spectrum at the target for an X-ray tube (with a tungsten target) operating at 100kV.











     Summary of important points



• Only the K lines are of diagnostic importance since the L lines have too little energy.


• The bombarding high-speed electron must have sufficient energy (69.5kV) to displace a K-shell tungsten electron to produce the characteristic K line on the spectrum. (The energy of the bombarding electrons is directly related to the potential difference (kV) across the X-ray tube, see later.)


• Characteristic K-line photons are not produced by X-ray tubes with tungsten targets operating at less than 69.5kV — referred to as the critical voltage (Vc).


• Dental X-ray equipment operates usually between 50kV and 90kV (see later).











     Combined spectra


In X-ray equipment operating above 69.5kV, the final total spectrum of the useful X-ray beam will be the addition of the continuous and characteristic spectra (see Fig. 2.8).
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Fig. 2.8 
Graphs showing the combination photon energy spectra (in the final beam) for X-ray sets operating at 50kV, 100kV and 150kV.















     Summary of the main properties and characteristics of X-rays



• X-rays are wave packets of energy of electromagnetic radiation that originate at the atomic level.


• Each wave packet is equivalent to a quantum of energy and is called a photon.



• An X-ray beam is made up of millions of photons of different energies.


• The diagnostic X-ray beam can vary in its intensity and in its quality:
— Intensity = the number or quantity of X-ray photons in the beam


— Quality = the energy carried by the X-ray photons which is a measure of their penetrating power.







• The factors that can affect the intensity and/or the quality of the beam include:
— Size of the tube voltage (kV)


— Size of the tube current (mA)


— Distance from the target (d)


— Time = length of exposure (t)


— Filtration


— Target material


— Tube voltage waveform (see Ch. 5).







• In free space, X-rays travel in straight lines.


• Velocity in free space = 3 × 108ms−1.



• In free space, X-rays obey the inverse square law:[image: B9780702030406500023/si1.gif is missing]





Doubling the distance from an X-ray source reduces the intensity to [image: B9780702030406500023/si2.gif is missing] (a very important principle in radiation protection, see Ch. 6).



• No medium is required for propagation.


• Shorter-wavelength X-rays possess greater energy and can therefore penetrate a greater distance.


• Longer-wavelength X-rays, sometimes referred to as soft X-rays, possess less energy and have little penetrating power.


• The energy carried by X-rays can be attenuated by matter, i.e. absorbed or scattered (see later).


• X-rays are capable of producing ionization (and subsequent biological damage in living tissue, see Ch. 4) and are thus referred to as ionizing radiation.



• X-rays are undetectable by human senses.


• X-rays can affect film emulsion to produce a visual image (the radiograph) and can cause certain salts to fluoresce and to emit light — the principle behind the use of intensifying screens in extraoral cassettes and digital sensors (see Ch. 5).











     Interaction of X-rays with matter



When X-rays strike matter, such as a patient's tissues, the photons have four possible fates, shown diagrammatically in Figure 2.9. The photons may be:
• Completely scattered with no loss of energy


• Absorbed with total loss of energy


• Scattered with some absorption and loss of energy


• Transmitted unchanged.
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Fig. 2.9 
Diagram summarizing the main interactions when X-rays interact with matter.











     Definition of terms used in X-ray interactions



• Scattering — change in direction of a photon with or without a loss of energy


• Absorption — deposition of energy, i.e. removal of energy from the beam



• Attenuation — reduction in the intensity of the main X-ray beam caused by absorption and scattering

Attenuation = Absorption + Scattering



• Ionization — removal of an electron from a neutral atom producing a negative ion (the electron) and a positive ion (the remaining atom).









     Interaction of X-rays at the atomic level


There are four main interactions at the atomic level, depending on the energy of the incoming photon, these include:
• Unmodified or Rayleigh scattering — pure scatter


• Photoelectric effect — pure absorption


• Compton effect — scatter and absorption


• Pair production — pure absorption.







Only two interactions are important in the X-ray energy range used in dentistry:
• Photoelectric effect


• Compton effect.








     Photoelectric effect


The photoelectric effect is a pure absorption interaction predominating with low-energy photons (see Fig. 2.10).
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Fig. 2.10 
Diagrams representing the stages in the photoelectric interaction.











     Summary of the stages in the photoelectric effect



1. The incoming X-ray photon interacts with a bound inner-shell electron of the tissue atom.


2. The inner-shell electron is ejected with considerable energy (now called a photoelectron) into the tissues and will undergo further interactions (see below).


3. The X-ray photon disappears having deposited all its energy; the process is therefore one of pure absorption.



4. The vacancy which now exists in the inner electron shell is filled by outer-shell electrons dropping from one shell to another.


5. This cascade of electrons to new energy levels results in the emission of excess energy in the form of light or heat.


6. Atomic stability is finally achieved by the capture of a free electron to return the atom to its neutral state.


7. The high-energy ejected photoelectron behaves like the original high-energy X-ray photon, undergoing many similar interactions and ejecting other electrons as it passes through the tissues. It is these ejected high-energy electrons that are responsible for the majority of the ionization interactions within tissue, and the possible resulting damage attributable to X-rays.









     Important points to note



• The X-ray photon energy needs to be equal to, or just greater than, the binding energy of the inner-shell electron to be able to eject it.


• As the density (atomic number, Z) increases, the number of bound inner-shell electrons also increases. The probability of photoelectric interactions occurring is ∝ Z3. Lead has an atomic number of 82 and is therefore a good absorber of X-rays — hence its use in radiation protection (see Ch. 6). The approximate atomic number for soft tissue is 7 (Z3 = 343) and for bone is 12 (Z3 = 1728) — hence their obvious difference in radiodensity, and the contrast between the different tissues seen on radiographs.


• This interaction predominates with low energy X-ray photons — the probability of photoelectric interactions occurring is ∝ 1/kV3. This explains why low kV X-ray equipment results in high absorption (dose) in the patient's tissues, but provides good contrast radiographs.


• The overall result of the interaction is ionization of the tissues.


• Intensifying screens, described in Chapter 5, function by the photoelectric effect — when exposed to X-rays, the screens emit their excess energy as light, which subsequently affects the film emulsion.











     Compton effect


The Compton effect is an absorption and scattering process predominating with higher-energy photons (see Fig. 2.11).
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Fig. 2.11 
Diagram showing the interactions of the Compton effect.











     Summary of the stages in the Compton effect



1. The incoming X-ray photon interacts with a free or loosely bound outer-shell electron of the tissue atom.


2. The outer-shell electron is ejected (now called the Compton recoil electron) with some of the energy of the incoming photon, i.e. there is some absorption. The ejected electron then undergoes further ionizing interactions within the tissues (as before).


3. The remainder of the incoming photon energy is deflected or scattered from its original path as a scattered photon.


4. The scattered photon may then:
• Undergo further Compton interactions within the tissues


• Undergo photoelectric interactions within the tissues


• Escape from the tissues — it is these photons that form the scatter radiation of concern in the clinical environment.







5. Atomic stability is again achieved by the capture of another free electron.









     Important points to note



• The energy of the incoming X-ray photon is much greater than the binding energy of the outer-shell or free electron.


• The incoming X-ray photon cannot distinguish between one free electron and another — the interaction is not dependent on the atomic number (Z). Thus, this interaction provides very little diagnostic information as there is very little discrimination between different tissues on the final radiograph.


• This interaction predominates with high X-ray photon energies. This explains why highvoltage X-ray sets result in radiographs with poor contrast.


• The energy of the scattered photon (Es) is always less than the energy of the incoming photon (E), depending on the energy given to the recoil electron (e):[image: B9780702030406500023/si3.gif is missing]







• Scattered photons can be deflected in any direction, but the angle of scatter (0) depends on their energy. High-energy scattered photons produce forward scatter; low-energy scattered photons produce back scatter (see Fig. 2.12).
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Fig. 2.12A 
Diagram showing the angle of scatter θ with (i) high- and (ii) low-energy scattered photons. B Typical scatter distribution diagram of a 70kV X-ray set. The length of any radius from the source of scatter indicates the relative amount of scatter in that direction. At this voltage, the majority of scatter is in a forward direction.











• Forward scatter may reach the film and degrade the image, but can be removed by using an anti-scatter grid.


• The overall result of the interaction is ionization of the tissues.
















		


  

		

     

       

     


       

		 3. Dose units and dosimetry


  


Several different terms and units have been used in dosimetry over the years. The recent conversion to SI units has made this subject even more confusing. However, it is essential that these terms and units are understood to appreciate what is meant by radiation dose and to allow meaningful comparisons between different investigations to be made. In addition to explaining the various units, this chapter also summarizes the various sources of ionizing radiation and the magnitude of radiation doses that are encountered.


The more important terms in dosimetry include:
• Radiation absorbed dose (D)


• Equivalent dose (H)


• Effective dose (E)


• Collective effective dose or Collective dose


• Dose rate.








     Radiation absorbed dose (D)


This is a measure of the amount of energy absorbed from the radiation beam per unit mass of tissue.
 SI unit : Gray, (Gy) measured in joules/kg


 subunit : milligray, (mGy) (x 10−3)


 original unit : rad, measured in ergs/g


 conversion : 1 Gray = 100 rads










     Equivalent dose (H)


This is a measure which allows the different radio- biological effectiveness (RBE) of different types of radiation to be taken into account.


For example, certain radioactive emissions such as alpha particles penetrate only a few millimetres in tissue, lose all their energy and are totally absorbed, whereas X-rays penetrate much further, lose some of their energy and are only partially absorbed. The biological effect of a particular radiation absorbed dose of alpha particles would therefore be considerably more severe than a similar radiation absorbed dose of X-rays.


By introducing a numerical value known as the radiation weighting factor WR, which represents the biological effects of different radiations, the unit of equivalent dose (H) provides a common unit allowing comparisons to be made between one type of radiation and another, for example:

     

	X-rays, gamma rays and beta particles
	WR = 1



	Fast neutrons (10keV-100keV) and protons
	WR = 10



	Alpha particles
	WR = 20





     



Equivalent dose (H) = radiation absorbed dose (D) x radiation weighting factor (WR)
 SI unit: Sievert (Sv)


 subunits : millisievert (mSv) (x 10−3) microsievert (mSv) (x10−6)


 original unit : rem


 conversion : 1 Sievert = 100 rems







(For X-rays, the radiation weighting factor (WR factor) = 1, therefore the equivalent dose (H), measured in Sieverts, is equal to the radiation absorbed dose (D), measured in Grays.)






     Effective dose (E)


This measure allows doses from different investigations of different parts of the body to be compared, by converting all doses to an equivalent whole body dose.




This is necessary because some parts of the body are more sensitive to radiation than others. The International Commission on Radiological Protection (ICRP) has allocated each tissue a numerical value, known as the tissue weighting factor (WT), based on its radiosensitivity, i.e. the risk of the tissue being damaged by radiation — the greater the risk, the higher the tissue weighting factor. The sum of the individual tissue weighting factors represents the weighting factor for the whole body. The tissue weighting factors recommended by the ICRP in 1990 and updated in 2007 are shown in Table 3.1.



     

Table 3.1 he tissue weighting factors (WT) recommended by the ICRP in 1990 and in 2007



	
*Adrenals, brain, upper large intestine, small intestine, kidney muscle, pancreas, spleen, thymus and uterus



	
†Adipose tissue, adrenals, connective tissue, extrathoracic airways, gall bladder, heart wall, lymphatic nodes, muscle, pancreas, prostate, SI wall, spleen, thymus and uterus/cervix.



	 




	Tissue
	1990 WT

	2007 WT




	Bone marrow
	0.12
	0.12



	Breast
	0.05
	0.12



	Colon
	0.12
	0.12



	Lung
	0.12
	0.12



	Stomach
	0.12
	0.12



	Bladder
	0.05
	0.04



	Oesophagus
	0.05
	0.04



	Gonads
	0.20
	0.08



	Liver
	0.05
	0.04



	Thyroid
	0.05
	0.04



	Bone surface
	0.01
	0.01



	Brain
	*
	0.01



	Kidneys
	*
	0.01



	Salivary glands
	-
	0.01



	Skin
	0.01
	0.01



	Remainder tissues
	0.05*

	0.12†










Effective dose (E) = X equivalent dose (H) x tissue weighting factor (WT)
 SI unit : Sievert (Sv)


 subunit : millisievert (mSv)







When the simple term dose is applied loosely, it is the effective dose (E) that is usually being described. Effective dose can thus be thought of as a broad indication of the risk to health from any exposure to ionizing radiation, irrespective of the type or energy of the radiation or the part of the body being irradiated. A comparison of effective doses from different investigations is shown in Table 3.2.



     

Table 3.2 Typical effective doses for a range of dental and routine medical examinations




	X-ray examination
	Effective dose (mSv)



	CT chest
	8.0



	CT head
	2.0



	Barium swallow
	1.5



	Barium enema
	7.0



	Lumbar spine (AP)
	0.7



	Skull (PA)
	0.03



	Skull (Lat)
	0.01



	Chest (PA)
	0.02



	Bitewing/periapical
	0.001–0.008



	Upper standard occlusal
	0.008



	Panoramic
	0.004–0.03



	Lateral cephalometric
	0.002–0.003



	CT mandible
	0.36–1.2



	CT maxilla
	0.1–3.3











     Collective effective dose or collective dose


This measure is used when considering the total effective dose to a population, from a particular investigation or source of radiation.



Collective dose = effective dose (E) x population[image: B9780702030406500035/si1.gif is missing]









     Dose rate


This is a measure of the dose per unit time, e.g. dose/hour, and is sometimes a more convenient, and measurable, figure than, for example, a total annual dose limit (see Ch. 6).[image: B9780702030406500035/si2.gif is missing]









     Estimated annual doses from various sources of radiation


Everyone is exposed to some form of ionizing radiation from the environment in which we live. Sources include:
• Natural background radiation
— Cosmic radiation from the earth's atmosphere


— Gamma radiation from the rocks and soil in the earth's crust


— Radiation from ingested radioisotopes, e.g. 40K, in certain foods


— Radon and its decay products, 222Rn is a gaseous decay product of uranium that is present naturally in granite. As a gas, radon diffuses readily from rocks through soil and can be trapped in poorly ventilated houses and then breathed into the lungs. In the UK, this is of particular concern in areas of Cornwall and Scotland where houses have been built on large deposits of granite







• Artificial background radiation
— Fallout from nuclear explosions


— Radioactive waste discharged from nuclear establishments







• Medical and dental diagnostic radiation


• Radiation from occupational exposure.








The Radiation Protection Division of the Health Protection Agency (formerly the National Radiological Protection Board (NRPB)) has estimated the annual doses from these various sources in the UK. Table 3.3 gives a summary of the data.



     

Table 3.3 HPA (NRPB)-estimated average annual doses to the UK population from various sources of radiation




	Radiation source
	Average annual dose (mSv)
	Approximate %



	Natural background
	
	



	Cosmic rays
	300
	



	External exposure from the earth's crust
	400
	



	Internal radiation from certain foodstuffs
	370
	



	Exposure to radon and its decay products
	700
	



	Total
	2.7mSv (approx.)
	87%



	Artificial background
	
	



	Fallout
	10
	



	Radioactive waste
	2
	> 1%



	Medical and dental diagnostic radiation
	250
	12%



	Occupational exposure
	9
	> 1%








An individual's average dose from background radiation is estimated at approximately 2.7mSv per year in the UK, while in the USA it is estimated at approximately 3.6mSv. These figures are useful to remember when considering the magnitude of the doses associated with various diagnostic procedures (see later).





     Typical doses encountered in diagnostic radiology


The European Guidelines on Radiation Protection in Dental Radiology published in 2004 were based on an extensive review of the availabe evidence on all aspects of radiation protection in dentistry. They concluded that, although many studies have measured doses of radiation for dental radiography, only a few had estimated effective dose. For some techniques there is no published data available and some for which very different results have been reported. The typical effective doses shown earlier in Table 3.2 are based broadly on their findings, together with a selection of typical effective doses from various medical diagnostic procedures published in the NRPB document Guidelines on Patient Dose to Promote the Optimisation of Protection for Diagnostic Medical Exposures in 1999.


It must be stressed that these are typical values and that a considerable range of effective doses exists in dental radiography. The main reasons for this variation are kV of equipment used, shape and size of beam, speed and type of image receptor used and the tissues included in the calculations. These factors are of great importance in radiation protection and are discussed in more detail in Chapters 5 and 6.


However, the figures do provide an indication of the comparative sizes of the various effective doses. The individual doses encountered in dental radiology may appear very small, but it must be remembered that the diagnostic burden, however small, is an additional radiation burden to that which the patient is already receiving from background radiation. This additional dose may be considerable for any individual patient. The enormous number of dental radiographs (intraoral and extraoral) taken per year (estimated at approximately 20–25 million in the UK alone) means that the collective dose from dental radiography is quite substantial. The risks associated with some of the diagnostic investigations are discussed in Chapter 4.
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