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“Radiographic interpretation:
a balance between science and art”

Clifford R. Berry, Donald E. Thrall
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To see, you must look, and you must know.

Mirador de los Robledos, Sierra de Guadarrama, Madrid
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Prologue


Radiography still is the diagnostic imaging technique most frequently used in small animal clinical medicine. That is why those graduate and postgraduate students and professionals who wish to practice clinical medicine need a reference book to use as a guide to radiographic interpretation.

The first edition of this book fulfilled this purpose impeccably. Now, with the second edition, further information on radiographic positioning and anatomy is added to assist readers when taking and interpreting radiographs. Some of the content of the chapters has been updated and new or updated high-quality images and videos have been added. The number of images (about 1000) represents and conveys the author’s extensive professional experience and they encompass the most prominent diseases so that veterinary students and clinicians may become familiar with the most important and most common radiographic signs. In addition, some images are accompanied by diagrams that illustrate the position of the organs, as well as by images obtained with other diagnostic imaging techniques such as ultrasonography, computed tomography and magnetic resonance imaging. It also includes complementary material which can be accessed on the Internet, as well as a section with self-assessment case studies.

I would like to congratulate the author for this atlas which is sure to prove invaluable to veterinary students and clinicians.

Amalia Agut Giménez, Diplomate ECVDI

Professor at the Faculty of Animal Medicine and Surgery (Diagnostic Imaging)

University of Murcia





Preface


In these times when veterinarians have access to advanced diagnostic imaging techniques (such as computed tomography and magnetic resonance imaging), the enormous value that radiography still has as an essential diagnostic tool in small animal clinical medicine is sometimes underestimated.

In my years of experience as a lecturer in the field of Diagnostic Imaging (29 years this year, in 2022), I have noted a general tendency among small animal clinical veterinarians to try to advance their training in the use of other techniques, such as ultrasound or even computed tomography, assuming that a very basic knowledge of radiology is sufficient for the correct development of their professional activity. My greatest satisfaction when teaching continuing education courses for professionals is helping them understand that radiology can provide them with “way more” than what they expect from it a priori. The more they learn, the more they grasp both the complexity and the usefulness of learning to correctly interpret the radiograms they see every day in their clinics. This book also aims to convey this idea to you, confident that it will be of benefit to you in your daily diagnostic tasks.

A section on the basic principles of radiological interpretation was not included in the first edition but which I now consider essential for this second edition. Readers must understand how a radiograph is obtained and on what principles the creation of the image is based before they can evaluate it. Reviewing these principles in a straightforward manner will, I believe, help lay more solid foundations for a good diagnostic interpretation.

Another improvement in this second edition is that the Atlas of Radiographic Anatomy of the Dog is included (this was available with the previous edition on the publisher’s website) within the book and is complemented by an atlas of radiographic positioning. On each page of this section in Chapter 1, there is an image of the patient’s positioning and the normal X-ray image, together with clear identification of the most relevant anatomical structures. These images can be easily and rapidly consulted directly in the book or may also be consulted on the online version of the Atlas of Radiographic Anatomy, available via a password included in each copy of the book.

QR codes are available with this second edition that allow access to the Atlas of Radiographic Anatomy of the Dog on the publisher’s website and to self-assessments at the end of each chapter, except Chapter 1. Another change introduced with this edition is how the self-assessments can be conducted. Initially the reader has access only to the patient’s clinical data and images with the first QR code. Then with a second code, access is given to a video explanation of the radiographic findings and the final diagnosis. We have also added material on videofluoroscopy and dynamic digital radiographic imaging throughout the text. This can also be accessed via QR codes.

Finally, an enormous thanks to my publisher for agreeing to let me expand the number of images per chapter. Most of these were obtained with the latest direct digital radiology equipment and will, undoubtedly, be much appreciated by readers familiar with the first edition.

I sincerely hope that the efforts that went into updating and expanding the first edition will meet the expectations of all readers who purchase this book. My intention was to improve the book to the best of my ability and to help veterinarians and veterinary students learn more about this discipline that I am so passionate about.

María Isabel García Real

February 2022
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	Basic principles of radiography
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Fundamentals of radiography

X-rays were discovered in 1895 by the German physicist Wilhelm Conrad Röntgen. Their discovery revolutionised the diagnosis and treatment of an immense spectrum of diseases in both human and veterinary medicine. In 1901, Röntgen was awarded the first Nobel Prize in Physics for this breakthrough. While radiography is an extremely valuable technique in medicine, the X-rays involved interact with the body’s tissues, causing ionisation, which can result in significant biological damage. As such, it is important to understand a number of basic principles about the generation and action of X-rays in order to use them correctly in a clinical setting.

Definition of X-rays

X-rays are a type of electromagnetic radiation, as are radio waves, radar waves and visible light. Electromagnetic radiation is a type of energy that can propagate through space without the need for a medium. It can be thought of as a considering two components - a vibrating electric field and a vibrating magnetic field.




[image: ]


FIGURE 1.1. Illustration of an electromagnetic wave. λ: wavelength.







Electromagnetic waves, like any other type of wave, are characterised by their frequency (v) and wavelength (λ) (fig. 1.1). The frequency of an electromagnetic wave is the number of oscillations (cycles) completed by the electromagnetic field per unit time and is expressed as cycles per second or hertz (Hz). The wavelength is the shortest distance between two points in the wave that are in the same state of oscillation at any given moment (e.g. peak to peak). This is measured in units of length (metres, centimetres, microns, etc.).


The relantioship between frequency and wavelength is given by the equation:

λ= c/v

where “c” equals the propagation speed of the electromagnetic wave. The propagation speed is always the same in a vacuum and often referred to as the speed of light (approx. 300,000 km/s). Thus, the frequency and wavelength are inversely proportional to each other, so the higher the frequency, the shorter the wavelength.



The electromagnetic spectrum covers a wide range of frequencies (or wavelengths) which are classified according to their main source of generation (fig. 1.2).

X-rays span the range of wavelengths from 10-8 to 10-12 m, corresponding to frequencies from 3 × 1016 to 6 × 1019 Hz. They are invisible because these wavelengths fall outside the visible light spectrum.

The energy associated with a source of electromagnetic radiation is directly proportional to its frequency (and inversely proportional to wavelength); in other words, the higher the frequency (and therefore the shorter the wavelength), then the higher the level of electromagnetic radiation energy.


X-rays are a high-frequency, high-energy electromagnetic radiation with a short wavelength.



X-ray production

X-rays are emitted when high-speed electrons strike a metal. In an X-ray tube, electrons are accelerated down the tube until they bombard a metal target.

X-ray tubes contain two electrodes, the negatively charged cathode and the positively charged anode.

The cathode contains a coiled filament, similar to that found in a light bulb. When an electric current is passed through the filament, it heats up and emits the electrons (which always carry a negative charge) that remain stationary around the filament. A potential difference is then applied between the two electrodes to accelerate the electrons towards the anode. The high-speed electrons collide with the anode and release 99 % of their kinetic energy in the form of heat, while just is emitted 1 % as X-rays (fig. 1.3).

If the current passed through the cathode is increased, then the filament reaches higher temperatures, so more electrons are emitted and collide with the anode and to produce more X-rays. The current intensity is measured in milliamperes (mA) and determines the number of electrons flowing from the cathode to the anode per second. In most equipment, the X-ray’ current tube cannot usually be modified under an unbroken range, rather just a few discrete milliamperes values can be selected (e.g. 50, 100, 200, 400, etc). The total number of X-rays produced in each burst depends on the strength of the current selected and the exposure time in seconds (mAs).
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FIGURE 1.2. The electromagnetic radiation spectrum.
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FIGURE 1.3. Schematic diagram of the production of X-rays. When an electrical current passes through the cathode filament (red spiral), electrons (e–) are released which, after applying a potential difference, flow from the cathode towards the anode to reach the target area of the anode (blue band). The kinetic energy of the electrons is then transformed into 99 % heat and 1 % X-rays (grey waves).








The higher the milliamperage (mA) and the longer the exposure time (s), then more number of X-rays are generated.



The greater the potential difference, or voltage, applied between the cathode and anode, then the faster the electrons will flow to the anode. When the electrons carry more kinetic energy at the time of the collision, they produce more heat and therefore higher energy X-rays which are more penetrating. The potential difference is adjusted using the X-ray equipment’s kilovoltage selector (in kV), so the penetration strength of the resulting X-ray depends directly on the voltage.


At higher voltage, the X-rays have more energy.



When the electrons collide with the metal target, X-rays are produced through either a collision or braking interaction. Atoms are made up of tiny particles called protons, neutrons and electrons. The nucleus of an atom consists of protons (positively charged) and neutrons (no electric charge). Electrons (which have a negative charge) revolve around the nucleus in specific orbits called energy levels or shells.

In collision interactions, a high-speed electron (emitted from the cathode and accelerated by the potential difference) collides with an atom in the anode and forcing the expulsion an electron orbiting the atom. As a result, an outer-shell electron (higher energy) moves in to fill the vacancy left by the ejected electron with the release of energy in the form of X-ray photons. X-rays produced via this mechanism are called characteristic X-rays because they have specific energies (equal to the energy needed to expel the electron from its shell). These X-rays represent only a fraction of the full beam produced by a diagnostic X-ray tube.

In braking or bremsstrahlung interactions, a high-speed electron passes close to the nucleus of an atom without expelling any electrons from its orbit. The positively charged nucleus attracts the electron which deflects it from its path and reduces its velocity. This leads to a loss of kinetic energy released in the form of X-ray photons. The X-rays produced by this mechanism are called braking radiation and have a wide spectrum of energies, depending on the degree to which the nucleus decelerates each electron. Most electrons are deflected like this by multiple nuclei, gradually losing their kinetic energy.

The parts of an X-ray machine

The basic components of X-ray machines (fig. 1.4) commonly used in diagnostic imaging suites are:


	[image: ] X-ray tube: emits the radiation that creates the radiographic image. Only the protective lead housing is visible from the outside.

	[image: ] Generator: the X-ray tube is powered a high-voltage generator, which consists of various elements such as transformers, current rectifiers, etc.

	[image: ] Control panel: used to select exposure parameters.

	[image: ] Examination table with a radiolucent material top surface, under which there should be trays to house cassette or digital receiver system.

	[image: ] Collimator: a device attached to the X-ray tube consisting of parallel pairs of lead plates that are used to alter the shape and size of the X-ray beam depending on the anatomical region being examined.



Portable X-ray machines are also used in veterinary medicine and can be used outside the clinic, on farms or in the field.

The cathode and the anode are both located in the X-ray tube. The tube is made from heat-resistant glass (Pyrex®) constructed to form a hermetically sealed enclosure where a vacuum is created to prevent electrons from interacting with air molecules before they reach the anode (fig. 1.5). There is a small area in the tube where the glass is much thinner, called the window, through which the X-ray beam is emitted. Given the high temperatures reached inside the tube, the window is enclosed within an oil-or water-based cooling system. Together, the tube and cooling system are surrounded by a protective lead lining to prevent unwanted X-rays from leaking out, given that radiation is emitted in all directions inside the tube, but only the X-rays scaping through the window are of interest. On the other hand, the rays in the beam have a wide spectrum of frequencies and wavelengths, that is, the beam includes X-rays with different energies (some more penetrating than others). Low-energy X-rays do not have any value for diagnostic purposes because they are absorbed by the patient and do not contribute to the image formation. As such, X-ray tubes are designed with internal filters to attenuate these low-energy (soft) rays.

Both the anode and cathode reach very high temperatures when producing X-rays, so they are always built using high-melting point materials, such as tungsten. This material also has a high atomic number, which is the number of protons held in the atom’s nucleus, as well as corresponding to the number of electrons orbiting each atom. The higher the atomic number, therefore, the greater the availability of electrons, which increases the efficiency of X-ray production.

There are two types of anodes, stationary or rotating. Stationary anodes are used for small, portable or dental X-ray equipment. Rotating anodes are preferable, however, as the rotation increases the effective surface area bombarded by the electrons, thereby reducing anode deterioration.

The focal spot is the region of the anode bombarded by the electrons and therefore where X-rays are produced. The smaller the focal spot, the sharper the detail in the resulting X-ray. By adjusting the anode angle, the focal spot can be made to appear smaller than it actually is (effective focal spot), while maintaining a large area of electron bombardment (fig. 1.6). Some machines have two focal spots of different sizes that can be selected by the operator. The small focal spot is selected when sharper, more detailed images are required. However, it should only be used at low milliamperages (e.g. when talking X-ray of limbs) as high values can cause radiation burns. When high milliamperages are required (e.g. X-rays of the chest, abdomen, hip, etc.), the larger focal spot should be selected despite the slight loss of image sharpness.

The generator (fig. 1.7) supplies the tube with the correct current and high voltage needed to produce an X-ray beam with the appropriate characteristics. The voltage of the power supply hospitals receive from the main grid can vary by up to 5 %. This variation could significantly affect X-ray production, so the generator incorporates a line compensator that adjusts the voltage to exactly 220 V. The transformers increasee the input voltage from a conventional power source by a factor of 500 to 1,000, as X-ray production requires potential differences of 40,000 to 120,000 V (40-120 kV). The apparatus also includes current rectifier, which converts alternating current to direct current, so electron flow can be driven in just one direction, from the cathode to the anode.

The controls for the main settings used to determine the quantity and quality of X-rays produced in the tube are found on the control panel (fig. 1.8):


	[image: ] Voltage selector.

	[image: ] Milliamperage selector (current intensity).

	[image: ] Exposure time selector.

	[image: ] Milliampere second selector.

	[image: ] Fine and coarse focus selector.



A variable-aperture collimator (fig. 1.9) is a light source that illuminates the X-ray field at the selected beam size. The illuminated area usually has a cross-shaped shadow marking the exact centre of the X-ray beam. This is important as the resulting image will have maximum sharpness at this point. The beam should be adjusted to the minimum size required, to reduce the amount of useless primary and secondary radiation that is harmful to both the operator and patient, so beam collimation is an essential step in radiation protection. It also improves image quality.


Beam collimation is an essential radiation protection measure and improves image quality.



How X-rays interact with matter

To understand how X-ray images are produced, it is important to understand how they interact with matter. X-rays can penetrate matter, where they either totally or partially release their energy by interacting with the atoms making up the matter.

X-rays are composed of photons or quanta of energy (“packets” of energy), which photons have no mass or electrical charge.

Photons can interact with matter in five different ways:


	1. Coherent scattering

	2. Photoelectric effect

	3. Compton scattering

	4. Pair production

	5. Photodisintegration
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FIGURE 1.4. X-ray machine for veterinary use. 1: X-ray tube with protective lead housing; 2: Variable aperture collimator; 3: Tube sliding column; 4: Patient table; 5: Cassette tray/detector panel; 6: Generator cabinet.
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FIGURE 1.5. X-ray tube removed from its protective housing.
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FIGURE 1.6. Schematic diagram of the effective focal point, resulting from the angled collision area of the electrons at the anode (target zone).
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FIGURE 1.7. Image of an X-ray machine generator at time of installation.
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FIGURE 1.8. Digital control panel where exposure parameters are selected using a computer program and a touch screen monitor.
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FIGURE 1.9. Variable aperture collimator. Front of the collimator attached to the X-ray tube and the table area illuminated by the light source inside it, corresponding to the selected X-ray beam size (A). Underneath the collimator, with the light source and the two/two parallel lead strips that allow the beam size to be adjusted (b).







Of these five mechanisms, the photoelectric effect and Compton scattering are the most important for diagnostic purposes.

The photoelectric effect (fig. 1.10) occurs when photons interact and are absorbed by an object. The photons strike the material’s atoms and eject electrons from their orbit around the atoms. The ejected electrons are called photoelectrons. As outer-shell electrons transition to fill the vacancy left by the ejected electron, they release energy in the form of new photons, which are known as characteristic X-rays. The same process occurs at the anode of and the X-ray tube. But the characteristic X-rays when accelerated electrons collide with the tungsten atoms have a much higher energy than those released by the interaction of the X-ray beam’s photons with the atoms in the patient’s tissues, which are low energy and absorbed by the patient. As they do not reach the radiographic film, they neither contribute to image formation, nor affect staff in the room, but they add to the patient’s dose of radiation.

Compton scattering (fig 1.11) occurs when photons interact with atoms in the patient, expelling an electron from the outer layer (called a Compton or recoil electron), while the incident photons are scattered at a different angle. Scattered photons or X-rays have less energy than original photons. Almost all the scatter radiation produced during diagnostic X-rays comes from Compton scattering. This scattering is harmful to the operator holding or close to the patient as they may be exposed. It also reduces image quality by printing in the wrong location on the X-ray film, resulting in a hazy, loss of sharpness.

Image formation

X-rays can pass through matter. They can also interact with photographic emulsions to create an image, which is the basis of conventional radiography (non-digital radiography). In digital radiography, however, the image captured using photostimulable phosphor screens or electronic detector panels. The first part of the chapter looks at conventional radiography systems and later describes the evolution to digital radiography.

When an object (or patient) is placed between an X-ray tube and a sheet of photographic film, the X-ray beam produced by the tube passes through the object and strikes the film creating a radiographic image of the internal structure of that object, that is, an “X-ray”.

When an X-ray beam is directed onto a patient, the following occurs (fig. 1.12):


	[image: ] Some of the beam’s rays pass through the different tissues and reach the film, thus determining the formation of the radiographic image. These rays lose some of their energy along the way, that is, they become attenuated. The degree of attenuation varies depending on the tissues they pass through.

	[image: ] Some rays change direction (scatter) and do not reach the X-ray film or, if they do, they affect areas that do not correspond to their initial pathway. Deflected or scattered rays are called scatter or diffuse radiation. Scatter radiation is harmful to operators and diminishes the image quality.

	[image: ] The lower energy rays are absorbed by the tissues and do not reach the film, so they do not contribute to image formation.
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FIGURE 1.10. Schematic diagram of the photoelectric effect.
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FIGURE 1.11. Schematic diagram of Compton scattering.
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FIGURE 1.12. Schematic diagram of the X-ray attenuation, absorption and scattering that occurs when the beam passes through an object.







The extent to which X-rays are attenuated and absorbed as they pass through an object or tissue depends on two factors, the atomic number and thickness of the matter.


	[image: ] The higher the atomic number of an object or tissue, the greater the degree of attenuation and absorption of X-rays (fig 1.13).

	[image: ] The thicker an object or tissue, the greater the degree of X-ray attenuation and absorption. In other words, if we compare two objects or tissues with the same composition and different thickness, the thicker one will absorb more X-rays and those that do not pass through will be more attenuated (lost more energy) (fig 1.14).



X-ray film is basically a film coated on one side with a light-sensitive emulsion, containing silver halide crystals. After being exposed to light or X-rays and subsequently developed, the silver halide crystals precipitate out of the emulsion as neutral silver ions, which form a black deposit. Unexposed crystals are washed away during the fixating process, which leaves light-coloured areas on the film. The areas of the film that are highly exposed to light or X-rays appear totally black or dark grey depending on the quantity and energy of the incident X-rays. Areas of the film that receive very little light or few X-rays produce much lighter shades of grey or white.

Objects with a high atomic number absorb more rays, so the film is bombarded by fewer X-rays with less energy. Therefore, objects or substances with a high atomic number appear much lighter on X-ray images. Materials with a very high atomic number, such as metals, appear white on the image, whereas substances with a low atomic number, for example gases, create black areas on the X-ray image.

Given that tissues are made up of very different molecules with different atomic numbers, radiographers use an average value called the effective atomic number. Depending on its effective atomic number, a given tissue appears as a lighter or darker shade of grey on the resulting X-ray image: higher effective atomic numbers result in lighter grey areas, while lower values produce darker regions.

There are five basic radiographic densities (fig 1.15):


	[image: ] Air: appears black on X-rays images.

	[image: ] Fat: appears as a darker grey than soft tissue/fluid as its effective atomic number is lower.

	[image: ] Soft tissue (water): soft tissue and fluids have very similar effective atomic numbers, so they all produce the same intermediate grey tone.

	[image: ] Mineral (bone): bone and mineralised structures have a very high effective atomic number, resulting in a very light grey (almost white).

	[image: ] Metal: metals appear white on X-ray films.



Contrast media used in radiography are classified as either positive or negative. Substances used as positive contrast agents (e.g. barium, iodine) have a high atomic number, so they appear white on X-rays. Negative contrast agents are gases (e.g. air, nitrous oxide or carbon dioxide).


The term radiographic density refers to how much darkening a particular material or tissue causes on the X-ray film. The property is also called opacity or radiopacity.



The terms radiopaque or radiodense are generally used to describe materials or tissues that absorb most of the incident X-rays, thus appearing light grey on the X-ray images. Radiolucent or radiotransparent refers to material or tissues that absorb a small quantity of X-rays and therefore produce darker shades of grey on the X-ray. These terms can also be used to compare the radiographic densities of different materials or tissues (e.g. bone is more radiopaque/radiodense than soft tissue, fat is more radiolucent/radiotransparent than soft tissue).

On the other hand, the thicker a material or tissue, the greater the X-ray attenuation and absorption and fewer rays with less energy reach the film, hence the higher that material’s or tissue’s final radiopacity in the image. For example, the liver and kidneys have the same generic radiographic density (soft tissue/water), but the liver usually appears lighter grey than the kidney because the liver is thicker and so the X-rays lose more energy (fig. 1.16). In conventional X-rays, anatomical structures appear as overlapping shadows and their radiographic densities, both positive and negative, are acumulative (fig. 1.17). Thus, in an X-ray with partially overlapping of the two kidneys, the area of overlap will appear lighter grey than the non-overlapping areas (fig. 1.18). Conversely, if part of the kidney silhouette overlaps a gas-filled segment of the intestines, the area of overlap will appear darker than the rest of the kidney (fig. 1.19).
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FIGURE 1.13. Schematic diagram of the effect of the atomic number of objects on X-ray penetration. The higher the atomic number, the greater the attenuation and absorption of X-rays by the object.
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FIGURE 1.14. Schematic diagram of the effect of the thickness of the object on X-ray penetration. With the same atomic number, the thicker an object, the greater the attenuation and absorption of the X-rays.
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FIGURE 1.15. Schematic diagram of the five X-ray densities, also called opacities or radiopacities (a) and X-ray of a dog’s abdomen where all five densities can be identified (b).







When two adjacent structures have the same radiographic density, it is impossible to discern the borders where one structure starts and the other finishes in the contact area. This is known as a positive silhouette sign, silhouette blending or edge obliteration sign (fig. 1.20). Something with a different radiographic density must be placed between adjacent structures with identical radiographic density (e.g. two soft tissues) in order to differentiate between them. Several intra-abdominal structures (liver, spleen, kidneys, bladder, etc.) have a similar soft tissue/water radiographic density. However, radiographers can often partly or fully differentiate between their silhouettes because of the intra-abdominal fat, with its lower radiographic density (darker grey) intercalated between them (fig. 1.21).
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FIGURE 1.16. Schematic diagram of the difference in grey tones of two objects with equal radiographic density but of different thickness (a) and X-ray of a cat’s abdomen where the different grey shades of the liver and kidney can be seen, even though both organs have soft tissue density (b).
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FIGURE 1.17. Schematic diagram of the sum, positive and negative,
of the radiographic densities of overlapping silhouettes.







[image: ]


FIGURE 1.18. X-ray of the dorsal and cranial abdomen of a dog showing two semi-transparent silhouettes coinciding with the silhouettes of the kidneys. The overlapping area of both silhouettes (*) appears as a lighter shade of grey due to the “positive” sum of the shades of grey that represent the radiographic densities of both kidneys.
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FIGURE 1.19. X-ray of the dorsal and cranial abdomen of a dog showing two semi-transparent silhouettes, one coinciding with the right kidney and the other with a segment of the colon containing gas. The overlapping area of both silhouettes appears as a darker shade of grey than that of the rest of the kidney due to the “negative” sum of the shades of grey representing the radiographic densities of both structures.
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FIGURE 1.20. Schematic diagram of the silhouette sign (also known as silhouette blending or edge obliteration sign) (a): When two adjacent structures have the same radiographic density, distinguishing the contour of one from the other in the area of contact is not possible in an X-ray. X-ray of the cranial abdomen of a dog (b) showing this sign between the silhouettes of the liver and stomach. As the stomach wall and fluid or mucosal contents are of the same radiographic density as the adjacent hepatic parenchyma, it is not possible to distinguish the caudal edge of the liver or cranial edge of the stomach in the image.







Similarly, blood vessels in the liver cannot be differentiated from the surrounding parenchyma in X-rays because they share the same radiographic density, whereas pulmonary blood vessels can clearly be distinguished from the adjacent parenchyma which has a very low density because of its high gas content.

The cassette

The radiographic film cassette is a rectangular box designed to hold the X-ray film and protect it from any exposure to light. The front cover of the tube is located in front of the X-ray beam and must be made of a material with a low atomic number, such as aluminium, glass or carbon fibers, to minimise beam attenuation. The cassette’s rear cover is lined with lead to absorb as much radiation as possible, and stop X-rays from passing through the cassette and reaching the table, floor, walls, etc., where they could scatter and strike the patient, X-ray film or operator. Cassettes are available in various sizes, the most common are 13 × 18, 18 × 24, 24 × 30, 30 × 40, 35 × 35 and 35 × 43 cm.

Radiographic film

The most used film in non-digital radiography consists of a rigid support, typically of polyester, coated with a photosensitive emulsion, usually on both sides (photographic film is coated on just one side). An adhesive layer is applied between the support and emulsion to prevent the emulsion from peeling. The two emulsion layers are protected from external stresses by a protective coating of pure gelatine. Hence, a double emulsion X-ray film comprises seven layers (fig. 1.22) and its total thickness ranges from 0.2 to 0.3 mm.

As explained in the next section, the X-rays and light emitted from intensifying screens interact directly with the emulsion. It consists of a homogeneous mixture of gelatine and silver halide crystals (generally 98 % silver bromide and 2 % silver iodide). The size and concentration of the silver halide crystals are the main determinants of film speed (or sensitivity) and film contrast.

The silver halide atoms form a crystal lattice. When the radiation reaches the film, it disrupts the crystal lattice and breaks the bonds between the bromine and iodine atoms and the silver atoms. In areas unexposed to the radiation, the crystal lattice remains intact. The silver ions bind with free electrons (released by the interaction with the X-rays) to form silver atoms which are deposited locally. Silver atoms are not visible to the naked eye. Conversely, these silver deposits acquire a black colour during the development process, while the crystals that have not been irradiated retain their crystal lattice structure and remain transparent.
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FIGURE 1.21. Schematic diagram of the interposition of an object of lower radiographic density (darker grey) between two objects of equal density, thereby allowing the margins to be differentiated (a). X-ray of the abdomen of a cat (b) with abundant fat ventral to the liver (1), surrounding the kidneys (2) and surrounding the bladder (3), making it easier to identify the margins of these structures, all of which are soft tissue/fluid density.







The contrast and sensitivity of the film depend on the size and distribution of silver halide crystals.

Image intensifying or strengthening screens

Intensifying screens are used in non-digital radiography. They are sheets of luminescent phosphor crystals mounted on a cardboard or plastic base. When the X-rays strike these sheets, the crystals fluoresce, in other words, the crystals convert the X-rays into visible light. For every X-ray photon that strikes a phosphorescent crystal, hundreds of photons of visible light are generated. Radiographic film is more sensitive to light than to X-rays, so the use of intensifying screens greatly reduces the amount of X-rays required to obtain an X-ray image. Approximately 5 % of the density observed in a non-digital radiograph is due to the direct effect of X-rays on film, while 95 % is due to light emitted from the intensifying screen.

Two screens are normally used, attached to the inside of the two cassette covers. When using two screens, each of the emulsions in the film is imprinted by one screen, which produces an image in each emulsion, with the final image being the overlap of both (fig. 1.23).

In general, the larger the phosphorescent crystals, the greater the fluorescent light emission (less X-rays are required), but the radiographic detail of the image is reduced (poorer image quality). With smaller crystals, the image definition is better, but more rays are required. The type of film must be adapted to the type of intensifying screen you are working with.

The drawback of using of intensifying screens is that they provide a lower quality, less sharp radiographic image than if not used. Generally, the reduction in radiation doses compensates for the loss of image quality. However, for special radiological studies in which maximum detail is necessary, radiographs without intensifying screens can be used. This would be the case, for example, of non-digital dental X-rays. These are exposed without screens, with each film wrapped in a paper inside a special plastic cassette with a lead coating on the back. For non-digital mammography, a single high-resolution intensifying screen is used.
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FIGURE 1.22. Schematic diagram of an open conventional X-ray cassette, with the X-ray film partially extracted from the inside of the cassette and the different layers into which the film is divided.







The development process

When X-rays pass through an object or a patient, an emerging beam of rays with different intensities is obtained that create what is called the X-ray image. In conventional radiography, when the radiation image interacts with the silver halide crystals in the X-ray film it forms the latent image. The development process transforms the latent image into a visible image, which can be carried out manually or using an automatic film processor.

The whole development process involves five steps: developing, rinsing, fixing, final washing and drying. Two process uses two different types of chemicals:


	[image: ] The developer, which converts the silver halide crystals exposed to light or X-rays into metallic silver. The metallic silver deposits will appear black on the X-ray. The developer transforms the latent image into a visible image.

	[image: ] The fixer, which converts unexposed silver halide crystals into a soluble compound that can be removed in the subsequent washing step, leaving clear areas on the film.



Film development is time- a temperature-dependent chemical process. The film should remain in contact with the developer for about 5 minutes. The longer the film is in contact with the developer, the darker the image. The film is then rinsed with water to remove any residual developer. The fixing time should be about twice the developing time. Leaving the film in the fixer for longer than necessary does not affect the quality, but the image may look milky if it is removed too soon. The final washing removes any excess chemicals and residual silver halides. If the final washing is not thorough, any residual fixer will react with the silver in the film to form silver sulphide, which causes the film to turn a brownish colour over time. With manual development, the final wash should take about 20 to 30 minutes. Finally, the X-ray can be air dried or placed in a purpose-built dryer.

Vertical trays and tanks are often used for manual development. One tray is needed for the developer, one for the fixer and one or two filled with water for washing. The trays have lids to prevent light (photolysis) and oxygen (oxidation) from deteriorating the developing solutions when not in use. Frames or racks are used to hold films while immersing them in the trays.
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FIGURE 1.23. Schematic diagram of the interposition of the intensifying screens between the X-ray film and the two cassette covers, as well as the phosphorescent light (shown in green) emitted by each of the two screens to imprint the film located between them.







With automatic processors, the film is developed, fixed, washed and dried inside the machine within an average of approximately 90 seconds. The film travels through the processor via a roller system. When the processor is maintained in perfect working, the development is technically very good.

Since X-ray films are photosensitive, they must be developed in a darkroom (fig. 1.24) and shielded from both light and X-rays from adjacent rooms. The room must be equipped with a darkroom safelight, which can be kept on during development, thanks to a filter system that prevents film fogging.

Negatoscope or X-ray film viewers

This is a box that is illuminated from the aside with one or more fluorescent tubes. The front is covered with an opal glass panel used to illuminate and help examine X-rays. The light should be as homogeneous as possible, although some negatoscopes feature a stronger light source (“warm light”) in the centre, with its own switch for a better view of small areas of the image, specially if these have developed darker than expected.
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FIGURE 1.24. Darkroom for the developing of conventional radiography. 1: automatic developer; 2: developer solution collection trays; 3: lamp with safety light that can remain on during the developing process; 4: sink.







Digital radiography

Over the past decade, there has been a steady transition from conventional to digital in veterinary medicine. While the acquisition of a digital X-ray system is a relatively expensive investment for a veterinary clinic, the technique offers significant advantages over conventional X-ray systems, including its speed and simplicity in obtaining images of a high diagnostic quality.

Digital X-ray systems

There are two types of digital X-ray systems with very different means of capturing images: computed radiography (CR) and digital radiography (DR). The latter may also be called digital X-rays (DX), although this book uses the term DR. A conventional X-ray tube is still used in both cases, what changes is the way the X-ray image is recorded.

CR systems (fig. 1.25) use special cassettes containing a photostimulable phosphor plates instead of a conventional radiographic film. When X-ray is taken, the X-rays emerging from the patient print on the phosphor plate creating a latent image. The cassette is then inserted into a reader. The reader removes the plate, scans it with a laser beam and sends the information to a computer, which displays the X-ray image that has already been converted into a digital file. The average cassette scan time ranges from around 30 to 45 seconds.

DR systems (fig. 1.26) function without neither cassettes nor readers. Instead, DR uses a detector plate, which is usually fixed to the X-ray table tray. The plate is connected directly to a computer, either by a cable or Wi-Fi. It usually takes just few seconds for the X-ray to be displayed on the screen after it has been taken. Portable detectors, combined with portable X-ray devices, are also available but are mainly reserved for use in equine veterinary medicine.

There are two basic types of detectors in DR systems: the charge-coupled device (CCD) and flat-panel detectors (FPD).

CCD detectors consist of a scintillation screen that converts X-rays into visible light and a sensor much like those found in modern digital cameras and video recorders. The sensor converts the light into electrical signals and sends them to the computer system. However, the image quality of this technology has been superseded by that of FPD.

There are two classes of FPD, either direct conversion or indirect conversion. Direct conversion detectors comprise a photoconductor material that converts X-ray photons into electrical signals, and a layer of transistors (thin-film transistors, TFTs) that capture the signals and send them to the computer system. Indirect FPDs contain a layer of scintillator material that converts X-rays into visible light, one of photodiodes that converts light into electrical signals and a layer of TFTs that sends the signals to the computer system.

The photoconductor in direct conversion FPDs is usually made of amorphous selenium. While these detectors offer high-quality images, there can present some disadvantages, such as an image lag due to the persistence of residual electrical charges after reading the image. This issue has largely been resolved in modern machines by incorporating specific charge elimination measures.

Indirect conversion FPDs generally require lower radiation doses while maintaining optimal image quality, which is considered a major advantage in human radiography (the patient’s dose may be reduced by as high as much 40 %). This should also considered in veterinary medicine, as besides apart from being beneficial to the animal, in many cases the owner, a technician or the vet must hold the patient. Either caesium iodide (CsI) or gadolinium oxysulfide (oxysulfide) (Gd2O2S, also called Gadox or GOS) are generally used as the scintillating material, with the former being more efficient. The photodiode layer is normally amorphous silicon. Most flat-panel systems currently available for use in veterinary medicine are based on indirect conversion with a CsI scintillator.

The consensus is that DR produces higher quality images than CR. However, such a broad statement must be taken with a pinch of salt as it also depends on the technical characteristics of both types of equipment. The latest generation of CR equipment offers extremely high-quality images, equivalent to some DR systems. A good-quality CR system is generally cheaper than an equivalent DR system.

CR and DR systems sold in veterinary medicine must always be adapted and calibrated to optimise imaging for large and small animals. An X-ray machine intended for use in humans will have different image setting (algorithms), so even if high-performance equipment is used for veterinary purposes but without the relevant modifications, the resulting images may be of unacceptable quality. Calibration for veterinary must be carried out by the manufacturer.
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FIGURE 1.25. CR digital radiography system consisting of cassettes containing photostimulable phosphor screens, the cassette reader device and a computer. A standard X-ray machine is used.
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FIGURE 1.26. DR digital radiography system consisting of the detector plate installed on the X-ray system table tray and a computer. A standard X-ray machine is used.







Native data and image algorithms

The data read from the phosphor screens or the electrical signals generated by the detectors are sent to the computer system as raw data which must then be converted into an optimised X-ray image (fig. 1.27). To this end, manufacturers develop algorithms specific to each type of examination, which are classified by anatomical region and projection. These algorithms determine the level of brightness assigned to each pixel in the image based on the radiation received at each point on the phosphor screen or detector, and the contrast ratio between different shades of grey.

Each manufacturer develops specific algorithms specific for their own equipment. The final image quality largely depends on how well these algorithms fit the data for each type of exploration.

DICOM format

The most popular digital image file format used in medical diagnostic imaging is DICOM (Digital Imaging and Communication in Medicine). Files saved in this format retain all the original characteristics of the image at the time it was acquired and include patient demographic information, data of the equipment used, image date and time, etc. (fig. 1.28).

Digital X-ray systems save X-rays in DICOM format but the images can still be exported in more universal formats such as JPEG, TIFF and BMP, although these formats are not recommended for diagnostic purposes because they do not retain the information associated with the imaging study.

Software

Digital X-ray systems include software with basic post-processing tools such as zoom, image displacement, window/level adjustment (equivalent to brightness and contrast), edge enhancement, grey-scale inversion, and distance and angle measurements (especially useful for surgical planning in traumatology), among others. Some programs incorporate more specific measurements, such as the Norberg angle, cardiovertebral index or even digital orthopaedic prosthesis templates.

Post-processing tools must be used efficiently, as excessive computer processing can lead to a substantial deterioration in image quality.

Viewing

Monitors used to view digital radiographs must meet some minimal technical specifications in terms of quality. The use of medical diagnostic monitors is mandatory in human radiography. The monitors comply with the DICOM standard, with a minimum resolution of 2 megapixels for general radiography and 5 megapixels for mammography. As they are expensive, the use of cheaper, conventional monitors is common in veterinary medicine, but they must meet the minimum requirements for contrast ratio (at least 1000:1) and luminance (300 cd/m²) to optimise the X-ray images displayed.

Images can also be printed on film using dry laser imager, but the technique is rarely used in veterinary medicine and on the decline in human radiography its use is in decline. The printed films look very similar to those developed in conventional radiography.

Image archiving and management

The use of digital radiography introduces the need to archive and manage X-rays, once they are converted into computer files. The software on the digital X-ray system’s computer can usually store the images on different devices and in different formats, but there is also limited storage capacity and no guarantee of file security.

Specific computer systems, known as picture archiving and communication systems (PACSs,) are used in human radiology to safeguard the security of digital medical images. PACSs are basically medical image archiving and processing systems that enable fast, secure management of each patient’s digital images. PACSs were not widely used in veterinary medicine until a few years ago as they were very expensive when introduced. More affordable systems are now available that can perform the same functions for fewer patients but at a much more affordable price.
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FIGURE 1.27. The raw (native data) image before applying the appropriate image algorithms according to region and projection (a) and final image after applying those algorithms (b).







[image: ]


FIGURE 1.28. An X-ray dorsoventral projection of the thorax of a dog with its associated DICOM data.







Technical recommendations in digital radiography

Digital radiography has a much broader dynamic range than that of analogue radiography. In practice, this means that DR produces diagnostic-quality X-rays by working with a much wider range of exposure parameters than in conventional. Consequently, DR greatly reduces the need to repeat X-rays after choosing the incorrect exposure parameters.


Remember that a good X-ray must be centred, collimated and exposed correctly and with the patient positioned correctly. Of all these factors, the shift to digital radiography only improves X-ray exposure.



Proper collimation of the region to be X-rayed has always been an essential technical measure to optimise image quality, while also reducing the patient’s exposure to direct radiation and the operator’s exposure to scattered radiation. This is particularly important in digital radiography because the algorithms applied to the images are adjusted for each specific anatomical area. For example, when interested in a larger area, the filter enhances the image in the selected region, but it could reduce the image quality for other anatomical areas that are accidently or incorrectly included in the collimation area.

Some early DR systems required higher exposure doses than those used in conventional radiography, although most current DR have now resolved this problem and even operate with lower radiation doses. Some CCDs on the market also require a significant increase in the radiation dose to obtain high-quality images.

Digital radiography image quality

Before delving into digital X-ray image quality, it is important to bear in mind a few concepts regarding spatial resolution and contrast resolution. Spatial resolution is the ability to differentiate small structures in an image (determines the degree of detail), while contrast resolution refers to the ability to distinguish between structures with minimal differences in radiographic density (image intensity).

Two-dimensional digital images are divided into pixels. The set of pixels that make up the image is called a matrix, which is measured by its length and width (in pixels). The smaller the pixel (larger matrix), the higher the spatial resolution of the image. The smaller the pixel (the larger the matrix), the higher the spatial resolution of the image. Spatial resolution is quantified in line pairs per millimetre (lp/mm).

From a theoretical point of view, conventional radiography always achieves better spatial resolution than digital radiography, because at extremely high zooms the pixel margins become visible in digital X-rays, whereas this is impossible with CR. However, as such large magnifications are unnecessary for practical purposes, this defect is imperceptible to the human eye.

DR, on the other hand, offers much better contrast resolution than CR, which means that anatomical structures of very different densities can be viewed properly on the same image. DR’s broader dynamic range results in a wider range of greys and therefore both bone and soft tissue can be assessed in a single X-ray. The greater contrast resolution of digital over conventional radiography is particularly evident in chest X-rays.

Lungs are “less black” and healthy large pulmonary vessels and bronchial walls are much clearer in digital X-rays (fig. 1.29). If unaccustomed to assessing digital X-rays, the improved image quality of some structures is sometimes mistaken for certain diseases. Therefore, vets often need to some time to get used to the appearance of healthy animals after acquiring their first digital X-ray system, especially if they previously worked with CR. This is also true when switching from a CR to a DR system given the enhanced spatial and contrast resolution of the latter.


Advantages and disadvantages of digitization

Along with the increased contrast resolution and the ability to enhance images with post-processing, other important advantages of digital radiography include:


	[image: ] Space saving: no longer any need for specially equipped darkrooms nor any need to store patients’ X-ray films.

	[image: ] Cost savings: no X-ray films, automatic developers, trays, developer solutions (which are contaminants and must be collected by specialised companies) are needed.

	[image: ] Exam speed: in CR systems the cassette scan is usually performed in less than one minute, while with DR, the X-ray image appears on the screen seconds after the X-ray is taken.

	[image: ] Reduces the need for repeat X-rays due to incorrect choice of exposure values as the range of values at which a quality image is obtained is wider than in conventional radiography. Furthermore, post-processing tools help compensate for incorrect exposures in some cases.

	[image: ] It is possible to send the X-ray immediately via the Internet to the owner, other veterinarians or remote diagnostic services.

	[image: ] Many devices allow reduction of exposure doses.



The main disadvantages of digital radiography are:


	[image: ] Initial financial investment: while digital radiography systems can reduce costs (film, solutions, etc.) in the long run, the initial investment is substantial.

	[image: ] Maintenance costs: this type of equipment requires a specific maintenance service which is provided by the manufacturer. Such contracts can be expensive but are essential after the warranty period has ended.

	[image: ] Security of the images: digital radiography is converted into a file that is stored on the computer’s hard drive. Keeping backups is critical to prevent data loss. However, the most secure system for archiving and managing images is a PACS.

	[image: ] Improper use of post-processing tools can lead to loss of diagnostic information.
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FIGURE 1.29. Radiographs of the dorsocaudal lung obtained with analogue radiology (a), with a CR digital system (b), and with a DR digital system (c) showing substantial improvement in contrast resolution of digital versus analogue radiology, and DR versus CR systems.







Radiation protection

All types of radiation capable of producing ionisation in the matter through which they pass are called ionising radiations.


X-rays are a type of ionising radiation.



Ionisation is the process by which an electron is ejected from the atomic or molecular structure to which it belongs. When the electron is “expelled” from the atom, a pair of ions are created: a positive ion from the atom deprived of the electron and a negative ion produced by the expelled electron.

Ionisation is the process that causes biological damage due to radiation. There are two different types of damage:


	[image: ] Genetic: causing damage to chromosomes or gene mutations in reproductive cells, affecting future generations.

	[image: ] Somatic: this is evident during the lifetime of the individual (radiation burns, development of tumours, cataracts, etc.).



Radiobiology is the science that studies the phenomena that occur in living organisms after the absorption of energy from ionising radiation.

The biological effects of ionising radiation on living organisms can be classified from various points of view:


	1. According to time of onset:

	[image: ] Early: appearing within minutes to hours of exposure to radiation (e.g. erythema, nausea).

	[image: ] Late: appearing months or years after exposure (e.g. radiation-induced cancer, chronic radiation dermatitis, genetic mutations).




	2. From a biological point of view:

	[image: ] Somatic effects: occur only in the person exposed to the ionising radiation.

	[image: ] Hereditary effects: these do not manifest in the person exposed to the radiation, but in his or her offspring due to damage to the germ cells of the exposed individual (e.g. genetic mutations).




	3. Depending on the dose:

	[image: ] Stochastic or probabilistic effects: the probability of the effect increasing with the dose received. They are usually late-type effects such as radiation-induced cancer and genetic mutations.

	[image: ] Non-stochastic or deterministic effects: these appear almost inevitably when a certain amount of radiation, called threshold doses, is exceeded. These are usually early type effects such as cutaneous erythema.






The characteristics of the biological effects of ionising radiation include:


	[image: ] Randomness: the interaction of radiation with cells is a probability function and occurs randomly. A photon or particle may reach one cell or another, may or may not damage it and, if so, the damage may be in the nucleus or cytoplasm.

	[image: ] Fast energy deposition: the energy deposit in the cell occurs extremely rapidly in fractions of a millionth of a second.

	[image: ] Non-selectivity: radiation shows no predilection for any part or biomolecule, i.e. the interaction is not selective.

	[image: ] Non-specificity: lesions caused by ionising radiation are always non-specific or, in other words, they could be caused by radiation or some other cause.

	[image: ] Latency: biological alterations that occur in a cell due to radiation are not immediate but take time to become visible; this is called the “latency period” and it can range from a few minutes to many years, depending on the dose and time of exposure.



Radiation sensitivity or radiosensitivity is defined as the sensitivity of cells of different organic tissues to the effects of ionising radiation. Cells undergoing active mitosis (rapidly dividing), that are undifferentiated or have a long future of divisions ahead are more radiosensitive. Based on the radiosensitivity of the cells, the following classification has been established:


	[image: ] Highly radiosensitive: leukocytes, erythroblasts, spermatogonia.

	[image: ] Relatively radiosensitive: myelocytes, intestinal crypt cells, basal epidermis cells.

	[image: ] Intermediate sensitivity: endothelial cells, gastric gland cells, osteoblasts, chondroblasts, spermatocytes, etc.

	[image: ] Relatively radioresistant: granulocytes, osteocytes, spermatozoa, erythrocytes.

	[image: ] Very radioresistant: fibrocytes, chondrocytes, muscle and nerve cells.



International Commission on Radiological Protection

The International Commission on Radiological Protection (ICRP) aims to establish a philosophy of radiation protection based on scientific knowledge of the biological effects of ionising radiation. Its findings, which are made known through recommendations, provide advice on the basic principles of radiation protection.

ICRP recommends that all required exposure be kept as low as reasonably achievable (known as the ALARA Principle), taking into account both economic and social factors as well as ensuring that the dose received by individuals does not exceed certain established limits.

Legal exposure limits

The absorbed dose is the amount of energy deposited by the radiation per unit weight of the biological tissue and is measured in units of gray (Gy). The equivalent dose is the radiation dose absorbed by an organ or tissue, weighted according to the type and quality of radiation and measured in sievert units (Sv). The effective dose is the weighted sum of the equivalent doses in the various organs and tissues of the body due to internal and external irradiations and is measured in Sv units.

Radiation doses received by persons must not exceed the dose limits established in national regulations, following ICRP recommendations (Table 1.1). In Spain, ICRP recommendations are incorporated into the Regulation on Health Protection against Ionising Radiation (Royal Decree 783/2001 of 6 July 2001). Occupational exposure refers to the radiation dose a person may receive for the purpose of his or her professional activity, as opposed to the dose to which the general public is exposed.

Training for exposed workers

Training for staff responsible for running and operating nuclear and radioactive installations is considered an essential element to ensure that these installations are operating under due safety conditions thereby ensuring suitable protection for both workers in the premises and the general public.


Table 1.1. Dose limits for exposed workers and general public recommended by ICRP.









	
	Occupational exposure

	General public




	Effective dose

	100 mSv/5 years

(maximum 50 mSv/year)

	1 mSv/year




	Equivalent dose, lens of eye

	150 mSv/year

	15 mSv/year




	Equivalent dose, skin and extremities

	500 mSv/year

	50 mSv/year








In Spain, any person wishing to direct or operate radiation installations for human or animal radiology diagnosis must hold an accreditation granted by the Nuclear Safety Council (Consejo de Seguridad Nuclear [CSN]). One way to obtain these accreditations to manage or operate an X-ray facility for radiodiagnosis is to take the training courses authorised by the CSN. Two types of licenses can be obtained:


	[image: ] Radiology / diagnostic imaging director.

	[image: ] Radiology / diagnostic imaging practice operator.



Every X-ray installation must have an accredited director. All personnel working in Radiology Diagnostic Units must participate in ongoing training activities on a regular basis.

Pregnant workers exposed to ionising radiation during the course of their professional activity are a special group, requiring additional radiation protection measures to protect the foetus. In accordance with current legislation, the owner of the radiation installation must ensure, from the moment the worker communicates her pregnancy status, that the dose received by the foetus is no more than 1 mSv. A freely accessible informative leaflet is available on the website of the Nuclear Safety Council: “The radiological protection of pregnant workers exposed to ionizing radiation in the hospital setting”.

Classification of work areas

Based on the expected annual doses and the potential exposure risk, the working areas of diagnostic radiology rooms are classified and marked as follows (fig. 1.30):


	[image: ] Supervised area (indicated with a grey trefoil): there is a possibility of receiving effective doses between 1 and 6 mSv/year or equivalent doses in lens of the eye, skin or extremities between 1/10 and 3/10 of the legally established dose limits.

	[image: ] Controlled area (indicated with a green trefoil): there is a possibility of receiving effective doses over 6 mSv/year or equivalent doses in lens of the eye, skin or extremities over 3/10 the legally established dose limits.

	[image: ] Limited stay area (indicated with a yellow trefoil): there is a risk of receiving a dose over long periods of time that exceeds the legally established dose limits.

	[image: ] Regulated stay area (indicated with an orange trefoil): there is a risk of receiving in short periods of time a dose higher than the legally established dose limits.

	[image: ] Prohibited access area (indicated with a red trefoil): there is a risk of receiving, in a single exposure, a dose higher than the legally established dose limits.



Staff dosimetric control

Dosimeters are used for the dosimetric control of personnel. They measure the cumulative dose for each individual person. In Spain, dosimeters must be read, calibrated and controlled by a centre duly authorised by the Nuclear Safety Council. Each staff member receives a monthly dosimetric report and must pass an annual medical examination.




[image: ]


FIGURE 1.30. Marking of work areas according to expected annual doses and potential exposure risk.







General principles to limit radiation exposure

The three general principles to be followed to limit the X-ray exposure are (fig. 1.31):


	1. Time: the shorter the exposure time, the lower the dose received.

	2. Shielding (lead, concrete): the thicker the shield, the lower the dose received. Depending on the energy and type of radiation, different shielding materials and thicknesses may be desirable.

	3. Distance: the greater the distance to the radiation-emitting focus, the lower the dose received. The relationship between distance and exposure is inversely proportional to the square of the distance.



Radiation protection systems

Patient and operator exposure is minimised by applying all available protective measures. The basic protection systems are:


	1. Filtration: filters (usually aluminium or copper) are fitted to the aperture of the lead housing of the X-ray tube and absorb low-energy X-rays (if they reached the patient they would be absorbed and not reach the film, so they have no diagnostic value).

	2. Collimation: by reducing the beam size to the absolute minimum needed, we minimise both main radiation and scatter radiation (radiation that is deflected upon reaching the patient).

	3. Image intensification: in conventional film-screen systems, the intensifying screen allows greatly reduced exposure doses.

	4. Protective clothing: apron, thyroid collar, gloves and goggles made of lead impregnated materials (fig. 1.32).

	5. Protective barriers: the X-ray control panel must be located behind a protective barrier, which can be either a lead wall with a lead glass window (fig. 1.33), or a specially designed lead partition (fig. 1.34).






[image: ]


FIGURE 1.31. Schematic diagram of the three basic principles to be followed to limit X-ray exposure: time, distance and shielding.







[image: ]


FIGURE 1.32. Radiation protective equipment made from lead impregnated materials. 1: apron; 2: protective thyroid collar; 3: gloves; 4: glasses.







[image: ]


FIGURE 1.33. Enclosure with lead-lined walls, ceiling and glass window (a) and control panel with computer screens inside the cabinet (b) where the operator can operate them avoiding exposure to X-rays.







[image: ]


FIGURE 1.34. Radiation shielding partition with small leaded glass window.








Critical recommendations for radiology diagnostic facilities


	1. Understand and apply the three basic principles of radiation monitoring: Time (minimise), distance (maximise) and shielding.

	2. Avoid all exposure to the primary beam.

	3. Always wear lead protection equipment (apron, collar, glasses and gloves) if not behind a protective barrier (leaded glass, partition or wall).

	4. Always wear a dosimeter and place it under the apron.

	5. Always collimate to the smallest possible field size.

	6. Do not hold the patient personally unless absolutely essential. Use mechanical restraining whenever possible (fig. 1.35). In human radiology, family members are asked to hold patients who are unable to remain still during the radiological examination (young children, the elderly, etc.). The equivalent of this in veterinary medicine would be to ask the owner to hold the animal during examination when it is not feasible to use mechanical restraint.

	7. The person holding the patient (including family members or carers) must always wear lead protection equipment as listed in point 3.

	8. Pregnant women should never remain in the room during the X-ray examination (except if she is the patient and the examination is considered essential).





[image: ]


FIGURE 1.35. Mechanical restraint materials. 1: sandbags; 2: rigid positioner; 3: set of radiolucent foam-rubber wedges of various shapes and sizes; 4: straps; 5 and 6: different types of sliding winders attached to the edge of the table.







General principles of X-ray interpretation

The location and conditions of viewing X-rays are important to ensure correct evaluation and interpretation. It is, therefore, recommended that X-rays be always examined in a quiet room that is as dark as possible. This is because in dark or dimly lit rooms we can better appreciate the different shades of grey in the image, whether we are viewing the X-ray film on the light box or on our screen in the case of digital radiography. It is also important to examine the image when we have enough time to do so carefully. Haste often leads to misdiagnoses as enough attention is not paid to the finer detail of the image.

We can use a magnifying glass to see finer details in a conventional X-ray. While in the case of digital radiography, post-processing programs include specific tools for general or focal image magnification. However, if we overuse these tools, we may lose some of the overall information provided by a radiographic image.

For conventional X-rays, a strong focal light (e.g. a halogen bulb) could be used to examine areas that appear very dark, bringing the X-ray film close to the bulb but without contact as the heat would damage the film. The region of interest can be more clearly observed with the more intense light focus. This is attained in digital radiography by increasing the brightness of the image with the post-processing program.

Other computer post-processing tools that help improve the examination of a digital radiograph are the navigation tool, edge enhancement, measurement tools, etc. Grey inversion can help identify small lung or bone injuries. However, remember that excessive use of post-processing tools can erode the image quality and lead to diagnostic errors.

Standardised criteria are used for the orientation of X-rays when examining them, whether on a view box or computer screen, since consistently viewing them in the same way makes them easier to interpret. These criteria are:


	[image: ] The right side of the animal is placed to the observer’s left.

	[image: ] The cranial, rostral or proximal part of the animal is placed at the top of the view box or screen, and the caudal or distal part at the bottom.



Incorrect positioning of the patient is one of the main sources of diagnostic errors. Patient sedation and the use of mechanical immobilisation devices (sandbags, radiolucent positioners, straps, adhesive tape) facilitate correct positioning which has a major influence on the interpretation of the images.

Other technical defects such as overexposure or underexposure also affect X-ray interpretation. We should be familiar with these influences to avoid confusing them with pathologies.

Failure to perform a sufficient number of radiographic projections is also another common source of diagnostic error. It is advisable to always obtain at least two orthogonal projections, as this makes it easier to get a three-dimensional idea of the radiographed area and provides additional information. A pleural and mediastinal effusion, for example, may appear as a very similar image in the lateral projection, but they are completely different in a dorsoventral or ventrodorsal view of the thorax.

A clear understanding of patient anatomy is essential for correct image interpretation. For this, having reference books on anatomy and radiographic anatomy is often extremely useful. In some cases, the patient itself may serve as a reference for normal anatomy. For example, in patients with an injury on one limb, X-raying both the injured and uninjured limb allows comparisons and aids correct interpretation. It is also important to understand how normal anatomy varies with age, race, etc., so as not to confuse these with pathologies.

The overlapping of structures on radiographic images can, on the one hand, lead to the loss of diagnostic information and, on the other, create overlapping silhouettes that can resemble pathological images. This negative effect of overlapping structures may be even more accentuated in digital radiography.

For the correct interpretation of the image, it is essential to always correlate information with the patient’s clinical data. It is also important to correlate all findings that appear in the image. Thus, for example, if we observe signs of megaesophagus and also an alveolar pattern in the cranioventral area of the lung, this latter finding may be due to aspiration pneumonia and not to pulmonary oedema or haemorrhage, which can also cause alveolar patterns.

A systematic viewing order is recommended to fully examine the image. The image should be reviewed from the outside in, from the peripheral to the centre of the image, as we tend to focus our attention on the central area often overlooking details in the peripheral parts. We sometimes sit in front of an image and believe that we see everything in it without paying attention to every detail, less obvious findings can be overlooked.

In radiography, the following principle can be applied: “to see you have to look, and you have to know”. In other words, it is not enough just to look closely at the X-ray films. We have to be able to understand what we see and interpret it correctly and this requires a thorough understanding of the radiographic signs specific to each disease.

Radiographic technique

Radiograph identification

The information on each film should include at least the animal’s identity (e.g., medical record number) and the date the X-ray was taken. Other information such as the patient’s name, the owner’s name, the veterinarian’s name, the radiographic projection, the age, sex and race of the animal, etc. may be included.

In conventional radiography, a method should be used that allows permanent and unalterable identification of X-ray films, otherwise they cannot be used as legal evidence. Lead markers (letters or templates which can be written on) are often used that are stuck to the cassette prior to exposure. Alternatively, light markers are used post exposure in the darkroom before processing. In digital radiography, the DICOM format includes all patient data that has been entered into the computer system.

X-ray image quality

When performing radiography, the technique needs to be duly adjusted to attain high quality images that can be properly evaluated and interpreted.


The term radiographic quality refers to the ease with which details can be perceived on a radiographic image.



Radiographic quality depends directly on radiographic density, radiographic contrast and a number of geometric factors that affect the image detail. Other factors also affecting image quality include scatter radiation, patient position and the appearance of technical artifacts and errors on the radiograph.

Radiographic density and contrast

Radiographic density refers to the degree of blackness on a film and is directly proportional to the amount of radiation reaching the film.

Radiographic contrast refers to the density difference between two adjacent areas on a radiograph. If the density difference is great, the image is said to have high contrast (exhibits many blacks and white tones with few in between grey tones), while if the density differences are less marked (many shades of grey), the image is said to have low contrast.

Both density and contrast are highly dependent on the selected exposure values (milliamperage, kilovoltage and time), but many other factors may also come into play, such as the type of screen/film system or conventional X-ray development, the type of digital system, the characteristics of the X-ray tube, etc. It is, therefore, not possible to provide universal exposure value tables that are suitable for all X-ray machines and all patients. These tables must be devised by each operator working with a specific machine, with a particular type of film, screen or digital detection system and depending on the type of patients he or she works with. Many modern X-ray machines are already available with these tables adapted for veterinary use. With daily practice on the machine and with real patients, the operator can fine tune the values given by the manufacturer, but as an initial guide they are generally quite useful. Table 1.2 shows the optimised exposure parameters for a given X-ray machine with a 125 kV/400 mA tube and a CR digital system, while Table 1.3 shows the optimised parameters for a specific 150 kV/500 mA tube X-ray equipment and a specific DR system. These tables can serve as a rough reference for the reader, but they are not directly applicable to any X-ray machine or any CR or DR digital radiography system. In general, DR systems require lower mAs and higher kV parameters.

Image geometry

The X-rays making up the beam emitted from the tube are not parallel but form a diverging beam. For this reason, radiographic images always have some degree of distortion (deformation) and magnification (larger than the real object). The higher the distortion, the lower the sharpness and detail in the image.

Some of the geometric factors that influence image quality are:


	[image: ] Focal spot size: the smaller the focal spot size, the greater the sharpness and detail of the image (fig. 1.36).

	[image: ] Distance from focal spot to object (focus-to-object distance): the greater the distance between the focal spot and the object, the lower the magnification and the greater the sharpness and detail of the image (fig. 1.37). This distance is usually around 90 to 100 cm for most veterinary X-ray machines.

	[image: ] Distance from the object to the film* (object-film distance): the closer the object is to the film, the lower the distortion and magnification of the image and, therefore, the greater the sharpness and detail (fig. 1.38).

	[image: ] Alignment: the sharpest part of an X-ray image will always be the area aligned with the central beam of the X-ray, where the rays are almost perpendicular to the film. In peripheral areas, the rays have some degree of obliquity, causing image distortion or deformation (fig. 1.39).

	[image: ] Distortion will also occur when:

	[image: ] The central ray is not aligned with the object.

	[image: ] The central ray does not form a right angle with the object or the cassette/detector.

	[image: ] The central ray does not form a right angle with the cassette/detector, even if it does form a right angle with the object.

	[image: ] The object is not parallel to the cassette/detector.






Scatter or diffuse radiation

Scatter or diffuse radiation occurs when X-rays that change direction upon interaction with the object or patient. They are detriment to both operators in the room and image quality (fig. 1.40).

Scatter radiation originates initially in the patient but when it comes in contact with other objects such as the table, floor or walls, it can deflect again (fig. 1.41). Aprons, goggles, thyroid protectors and lead gloves protect the operator from this radiation which is unavoidable. It can, however, be minimised by collimation, i.e. adjusting as much as possible the size of the X-ray beam to what is strictly necessary (the smaller the beam, the lower the number of rays deflected).

Lead accessories protect operators from scatter radiation, but operators must also protect themselves from direct radiation (X-rays coming directly from the tube) by never exposing any part of their body to it. In veterinary radiographs, it is common to see the hands of the operator or animal owner holding the animal, even without lead gloves. While gloves can absorb scattered radiation, they do not absorb the most energetic X-rays in the beam. Therefore, with or without gloves, if we place our hands under the beam, we are exposing ourselves directly to the harmful action of X-rays.


Table 1.2. Exposure parameters used with a specific X-ray machine, 125 kV and 400 mA, and CR digital radiography system.

[image: ]




Table 1.3. Exposure parameters used with a specific X-ray machine, 150 kV and 500 mA, and a DR digital radiography system.

[image: ]
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FIGURE 1.36. Schematic diagram of the effect of the focal spot size on image sharpness.
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FIGURE 1.37. Schematic diagram of the effect of the focus-object distance on the degree of image magnification.
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FIGURE 1.38. Schematic diagram of the effect of the object-to-film distance on the degree of image magnification.
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* Values for direct radiographs (placing the CR cassette on the X-ray table).
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