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Preface

This sixth edition of the landmark Grainger and Allison textbook ‘Diagnostic Radiology’ is truly a cooperative venture. Two new active Lead Editors (Jonathan Gillard and Cornelia Schaefer-Prokop) have joined Andy Adam and Adrian Dixon. They bring with them considerable expertise in neuroradiology and chest radiology, respectively. Another new feature is the introduction of very energetic Section Editors, Michael Maher (abdomen), Cathy Owens (paediatrics), Phil O'Connor and Andrew Grainger (musculoskeletal), Rolf Jäger (neuroradiology), Vicky Goh (oncology), and Anna-Maria Belli and Michael Lee (intervention). The expectation is that these section editors will subsequently develop small niche spin-off educational/teaching books based on this material, but expanded in their chosen sub-specialties, in exactly the same way that Nyree Griffin and Lee Grant have done (2013) for the main textbook.

We hope that this new edition of this book will help to maintain its role as the leading general textbook for those pursuing radiological training in the UK, mainland Europe, Asia, Africa, Australia and New Zealand; certainly it has been written very much with qualifying examinations in those countries in mind (FRCR, FFRCSI, EDiR, FRANZCR, DNB, etc.). Radiologists in the American communities should find it helpful when preparing for their board examinations. It should also serve as a useful reference text for most radiological departments. We hope it will remain as a ready source of reference material for most radiological queries—even in the days of the internet. The support given to the editors and authors by the team at Elsevier has been exemplary. Michael Houston has now wholeheartedly supported this project for several decades. Martin Mellor has been the lynchpin in keeping authors (and editors!) up to the mark. Andrew Riley has been instrumental in the closing stages of typesetting and proofreading. Thank you gentlemen: we could not have done it without you! Nor could we have done it without the continued support of the cast of over 190 authors from around the world who have generously given of their time and expertise to this ‘living’ textbook, not only those who have helped in this edition but also those who have contributed to previous editions. Again we are very grateful.

Andreas Adam, Adrian K. Dixon, Jonathan H. Gillard, Cornelia M. Schaefer-Prokop
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Radiation Risks

Medical imaging with X-rays, radionuclides, magnetic resonance imaging (MRI) and ultrasound is increasingly utilised in health care for screening, diagnosis and follow-up of disease. Imaging techniques using X-rays or radionuclides have become more sophisticated and, advanced 3-dimensional imaging and 4-dimensional dynamic imaging with computed tomography (CT), single-photon emission computed tomography (SPECT) and positron emission tomography (PET) have become widely available and are frequently used. As a consequence, the radiation exposure of the Western population increased and simultaneously concerns about radiation risks grew. The relevance of imaging with ionising radiation in medicine is widely acknowledged due to the benefits of the imaging studies for clinical care of patients. It is, however, important that the users of radiation are aware not only of the clinical benefits of medical imaging but also of the short- as well as long-term radiation risks to their patients and themselves.

Soon after the discovery of X-rays and radioactivity, it became evident that high doses of ionising radiation could cause somatic damage to organisms, certain organs and tissues (e.g. erythema), but it was only many years later that late carcinogenic and late non-carcinogenic effects, including genetic effects, from low radiation doses were appreciated.

Current knowledge of the risks of ionising radiation is based on a wide range of epidemiological evidence, from animal studies and cell biology. The most significant body of information comes from still ongoing studies of those who survived the atom bombs dropped on Hiroshima and Nagasaki in 1945 (the so-called Life Span Study) and several epidemiological studies on radiation workers and cured radiotherapy patients.1,2 Recently results of an epidemiological study on the exposure from CT imaging in childhood and the subsequent radiation risks of leukaemia and brain tumours have been published. This study is unique since it is the first large epidemiological study on paediatric patients that underwent a modern CT imaging. The risk estimates from this study are broadly consistent with the results from the Life Span Study, thus providing support for the existing cancer risk estimations, particularly for children.3


Deterministic and Stochastic Effects

The detrimental health effects of radiation can be divided into deterministic effects and stochastic effects. Deterministic effects, also called tissue reactions, are associated with radiation-induced killing or malfunction of cells. They are characterised by a threshold dose below which the effect does not occur. Just noticeable lens changes (cataract), transient skin damage (erythema) and transient oligozoospermia are examples of mild deterministic effects. Table 1-1 shows approximate threshold doses for mild deterministic effects and their latency time.


TABLE 1-1

Approximate Threshold Doses for Mild Deterministic Effects



	Organ/tissue
	Effect
	Approximate Threshold Dose (Single Exposure)
	Latency Time




	Eye lens
	Detectable lens' changes (opacities)
	0.2–0.5 Gy (Sv)
	Years



	Skin
	Transient erythema
	2 Gy (Sv)
	2–24 hours



	Reproductive system (male)
	Transient oligozoospermia
	0.1–0.2 Gy (Sv)
	2–3 months
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The deterministic effects that have been observed in patients after X-ray imaging are skin effects, knowingly erythema and epilation. The threshold skin dose for erythema and epilation is much higher than the doses that patients are usually exposed to. Therefore, the occurrence of deterministic skin effects after diagnostic X-ray imaging is very rare and if it occurs it is generally associated with incorrect use of the imaging equipment. A known example is the occurrence of epilation after diagnostic CT brain perfusion studies due to the use of improper acquisition protocols.4

Mild and transient deterministic radiation effects such as skin erythema and epilation have sometimes been observed after properly performed but lengthy and complex X-ray-guided cardiac and neurological interventions, and after CT-guided interventions. The severity of the deterministic effect increases with dose. Incidents with very high skin doses after X-ray-guided interventions have resulted in serious skin effects such as desquamation, ulceration and necrosis and in some cases treatment with skin grafts was necessary.5,6

Stochastic effects are associated with damage to the DNA of cells and they may result in cancer or heritable effects. Stochastic effects have an impact on the clinical practice of medical imaging with ionising radiation since it is assumed that the incidence of cancer or heritable effects will rise in direct proportion to the dose in organs or tissues. This dose–response model is generally known as ‘linear-non-threshold’ or LNT model. Stochastic effects are of a random statistical nature, meaning that the probability of occurrence of the effect increases with dose.

It takes a long time until DNA damage comes to expression. The latency period for induction of leukaemia is at least 2 years, and on average about 8 years; for solid tumours the latency period is at least 10 years, and on average 20 years. This means that radiation risks are relatively small for older patients, since their life expectancy is short compared to the latency period, and in contrast, radiation risks are relatively high for young patients.

Radiation damage to germ cells may result in genetic effects in future offspring. To date there is no scientific evidence of radiation-induced hereditary effects in the offspring of humans. However, based on animal experiments, it is assumed that hereditary effects in humans may occur and radiation protection is therefore aimed to avoid any hereditary effects.

The dose–response model at low doses has always been a subject of debate. For pragmatic reasons the LNT model is widely used in radiation protection. The LNT model implies that all exposures, even if they are very low, carry a certain risk. Another dose–response model is a linear model with an arbitrary threshold at very low doses, meaning that there is no radiation risk below a certain dose level. It has been also suggested that there may be even some protective effect of radiation at very low doses, while other studies show hyper-radiosensitivity at very low doses (Fig. 1-1). The actual shape of the dose–response model at very low doses remains a matter of still ongoing scientific controversy.7

[image: image]
FIGURE 1-1 The generally accepted LNT model implies that all exposures, even if they are very low, carry a certain risk. It is sometimes suggested that there may be some protective effect of radiation at very low doses but other studies show hyper-radiosensitivity at very low doses.





Table 1-2 shows quantitative estimates risk of cancer incidence and hereditary effects for adult workers and the whole population according to the International Commission on Radiological Protection (IRCP 103). The risks are expressed per unit of effective dose (Sv). A total risk of 4.2 × 10−2 per Sv means that an exposure to 2 mSv (0.002 Sv) is associated with a risk of 4.2 × 10−2 × 0.002 = 0.00008; or in other words a risk of 1 in 10,000. Risks are slightly higher when they are averaged for the whole population compared to the working population due to the consideration of children. Young children are about a factor of three more sensitive to radiation effects than the average population. At higher ages the sensitivity for radiation effects drops quickly; radiation risks become smaller than those for the population average at the age of 30 and higher.


TABLE 1-2

Cancer Incidence Weighted for Lethality and Life Impairment and Hereditary Effects in Offspring for Adult Workers and the Whole Population




	Effect
	Risk (10−2 Sv−1)



	adult workers
	whole population





	Cancer
	4.1
	5.5



	Severe hereditary effects
	0.1
	0.2



	Total
	4.2
	5.7





Source: ICRP 103. International Commission on Radiological Protection.






Fetal Exposure

Deterministic and stochastic effects may occur as a result of in utero radiation and it is recognised that the fetus is highly radiosensitive during prenatal development. The most vulnerable period for deterministic effects is between the 2nd and 20th week of gestation. In normal circumstances, there is no risk for deterministic effects, like malformation, growth retardation, mental retardation and death associated with diagnostic medical imaging. No deterministic effects are expected to occur at a (cumulative) fetal dose below 100 mGy, and clinical (cumulative) fetal exposures in diagnostic imaging are expected to remain well below 100 mGy. Like in adults, a small stochastic effect of radiation-induced cancer exists after fetal exposure. The cancer risk of radiation exposure in utero is on the same order of magnitude as the risk of exposure during childhood; i.e. as stated earlier, about three times higher than that of the whole population.







Legislation and Principles of Radiation Protection

The European Union requires from its member states that they implement legislation that ensures basic safety standards for appropriate protection against ionising radiation, including protection against radiation that is used for medical diagnosis. European basic safety standards were put into force in a council directive in 1996 and a proposal for new European basic safety standards was published in 2012. General legislation covers the protection of people exposed to radiation within their professional activities like radiologists and radiographers. More specific legislation with regard to diagnostic imaging using ionising radiation regulates the justification and optimisation of the medical exposures; the latter includes appropriate referral for medical imaging; certified training on radiation protection of involved professionals; and the quality and safety of the imaging equipment. European legislation on radiation protection also requires that clinical audits are implemented in accordance with national procedures. In those clinical audits, aspects of local practice are assessed against ‘good practice’. Various methods are being used for clinical audit, and the European Commission published guidelines on clinical audit for medical radiological practices.8

The aim of radiation protection against ionising radiation in diagnostic medical imaging is to restrict radiation dose to staff, patients and the general public to remain below the level at which deterministic effects occur and the probability of stochastic effects is limited to an acceptably low level. To achieve this, the ICRP recommends the application of three principles: justification, optimisation and limitation.1

Justification implies that no practice resulting in exposure to ionising radiation should be adopted unless it results in sufficient net benefit to exposed individuals or society to offset the detriment. The radiation exposure resulting from new applications of diagnostic imaging with ionising radiation should be justified in advance, and the justification of existing practices should be reviewed regularly. Justification of diagnostic medical imaging applies to patients and to professionals working with radiation. Special conditions refer to the following situations: the justification of population screening like mammography screening, the justification of radiation exposure of volunteers in biomedical research9 and the exposure of carers and comforters. Carers and comforters are individuals who are exposed to ionising radiation because they support and comfort another person while undergoing medical exposure, e.g. a mother that is exposed to scattered radiation while supporting her child during an X-ray examination.

It is expected from physicians that any referral of patients to medical imaging involving X-rays is justified by the fact that this examination will contribute to ‘good medical care’. It should be carefully outweighed between the medical information that is needed, the information that can be retrieved and the type of medical imaging chosen and whether it involves or does not involve radiation. Guidance for proper referrals are published by, for example, European Commissions as referral guidelines for imaging for healthcare professionals who prescribe imaging investigations involving ionising radiation.10 Guidelines for proper use of medical imaging are also provided by professional bodies on an international level, for example by the European Society of Radiology, as well as on a national level.

Optimisation requires that the likelihood of incurring exposure, the number of people exposed and the magnitude of their individual doses should all be kept as low as reasonably achievable (ALARA). In diagnostic imaging, the optimisation usually means finding a balance between the required image quality and the associated radiation exposure. The radiologist, nuclear medicine specialist or radiographer carrying out any practical aspect of medical imaging with ionising radiation has an important role in keeping the dose to the patient as low as reasonably practicable commensurate with the diagnostic purpose. The type of examination and imaging technique must be selected so as to minimise the dose to the patient. Measures for achieving this are, for example, to limit the number of views in radiography, to limit the number of series in CT, and to keep fluoroscopy time as short as possible. Optimisation also implies that equipment for medical imaging is initially selected so as to be as dose-efficient as possible and is installed and correctly maintained thereafter.

A medical physicist can help to achieve this; in addition the medical physicist should be involved in the optimisation process, in patient dosimetry, quality assurance and any efforts for radiation protection in medical exposures. Other examples of optimisation are the implementation of specific acquisition protocols for CT examinations of obese and slim patients or for young children. In nuclear medicine, optimisation can be achieved by carefully determining the required activity. Optimisation of radiation protection of professionals can be achieved by wearing the most appropriate protective clothing (lead apron, thyroid shield) and the use of extra devices for shielding like lead curtains and lead shields.

Limitation means that the total dose to any individual in a planned exposure situation should not exceed the dose limits specified by the legal authorities. This is to ensure that no individual is exposed to an unacceptable radiation risk. Dose limits also apply to professionals like radiologists, nuclear medicine physicians and radiographers. A patient, while not undergoing a radiological procedure, is considered a member of the general public. Most countries adopt in their legislation the dose limits recommended by the ICRP in publication ICRP 103 (Table 1-3). Recently the ICRP revised its recommendation for the dose limit for the eye lens. Based on recent epidemiological evidence, the ICRP reduced in 2011 its recommended dose limit for occupational exposures of the eye lens from 150 to 20 mSv per year according to ICRP publication 118.11 This may have consequences, particularly for interventional radiologists.


TABLE 1-3

The ICRP Recommended Dose Limits per Year in Planned Exposure Situations1,11



	Type of Dose Limit
	Occupational Exposures (mSv per Year)
	Exposure of the General Public (mSv per Year)




	Effective dose
	20
	1



	Lens of the eye
	150/20*
	15



	Skin
	500
	50



	Hands and feet
	500
	Not applicable







Field studies in different hospitals have shown that there is a wide range of doses delivered for the same type of investigation. Therefore, although absolute dose limits are not appropriate, European legislation requires that so-called ‘diagnostic reference levels’ (DRLs) must be established.12 The diagnostic reference level (DRL) refers to the dose value that should not be exceeded during a routine examination of a patient with a normal posture. Patient doses should be audited regularly and trigger immediate action to reduce them whenever DRLs are exceeded. The concept of diagnostic reference level has its origins in the early 1990s in the United Kingdom. Introduction of DRLs seemed to help to ensure that in the course of several years, the radiation exposure in radiological studies in the United Kingdom actually declined.

Good practice implies that the different professional groups that are responsible for radiation protection work together in a Radiation Protection Committee consisting of representatives both from management and staff. The committee meets regularly to review implementation of the regulations, to evaluate staff doses and to discuss any incidents.




Patient Doses in Diagnostic Imaging

In medical imaging using ionising radiation there is always a trade-off between the radiation risk for the patient and the image quality of the study. Better image quality is generally associated with a higher radiation exposure. The radiation exposure of a plain chest radiograph is, for example, much less compared to a volumetric CT examination of the chest. Image quality of radiographs, fluoroscopy and CT can generally be improved by using a higher dose. For example, for a radiograph a fourfold increase in dose would be required to achieve a noise reduction of 50%. In nuclear medicine, the administration of more radionuclide activity may be used to achieve better image quality.

Whenever using X-rays or radionuclides, the technique should be selected so that the image quality is tailored to the required diagnostic information.


Estimating Patient Doses

The risk associated with a particular radiological examination depends on the sensitivity of the exposed organs and tissues and on the average dose received by each of them. It is common practice to derive the effective dose from a large number of average organ and tissue doses. The calculation of effective dose is based on the tissue weighting factors that were published by the ICRP.1 The tissue weighing factors are proportional to the sensitivity for radiation-induced cancer and hereditary effects. The trunk with organs such as colon, lung, stomach and breasts is more sensitive to radiation exposure than the head. The extremities are particularly insensitive for radiation exposure.

Direct measurement of organ and tissue doses or effective dose is not possible, but several indirect methods are available for the assessment of effective dose. Almost all X-ray units provide the user with an indication of patient dose. The dosimetric quantity that is used depends on the type of examination. In radiography and fluoroscopy it is common practice to use the dose–area product (DAP). In CT the computed tomography dose index (CTDI), and the dose–length product (DLP) are used. These operational dose qualities are often stored together with patient information in the digital archives like PACS and thus the radiation exposure of individual patients may be retrieved afterwards.

The dose–area product is measured during the X-ray examination with a large, flat-plate ionisation chamber attached to the collimator on the X-ray tube. The DAP meter measures the product of the average dose within a trans-section of the X-ray beam tube and the corresponding area of the X-ray beam. DAP provides a good indication of patient dose. Indications of patient dose in CT are based on measurements made with a pencil ionisation chamber in standard CT phantoms.13,14 A 16-cm diameter polymethyl methacrylate (PMMA) phantom is used for the dosimetry of CT head imaging and a 32-cm diameter phantom for CT of the body. Software of the CT device calculates the CTDI and the DLP from the acquisition parameters for each clinical CT image. Dosimetry in mammography is complicated and it is usually performed by a medical physicist. In mammography entrance dose is measured using a Perspex phantom and the mean glandular breast dose is calculated from the measurements.15,16 Some mammography units provide the user with an indication of the mean glandular dose after each clinical examination.

Effective dose for radiography and CT can be assessed by conversion factors; some examples are provided in Table 1-4.


TABLE 1-4

Effective Dose Conversion Factors for Radiography and CT of the Average Adult Patient



	Radiography, Adult
	Effective Dose Conversion Factor (mSv/Gy.cm2)




	Chest PA
	0.26



	Chest LAT
	0.17



	Abdomen AP
	0.24



	Pelvis AP
	0.24



	Skull PA
	0.06



	Cervical spine AP
	0.28



	Cervical spine LAT
	0.08



	Thoracic spine AP
	0.24



	Thoracic spine LAT
	0.12



	Lumbar spine AP
	0.27



	Lumbar spine LAT
	0.13



	CT, Adult
	Effective Dose Conversion Factor (mSv/mGy.cm)



	Head
	0.0019



	Neck
	0.0051



	Chest
	0.015



	Abdomen
	0.015



	Pelvis
	0.013







In radionuclide imaging, the effective dose for the patient depends on the radionuclide and its activity. Its chemical form determines the distribution of the radionuclide within the body and its metabolic rate. The effective dose may also depend on individual patient physiology; for example, if kidney function is impaired, clearance may be slow. Patient doses received in various common radionuclide examinations and the means to calculate them are generally based on the ICRP publications 80 and 106;17,18 these publications cover most of the pharmaceuticals in current use in diagnostic nuclear medicine.

Regular assessment of patient dose is carried out in European countries, and in most countries this is coordinated by one institute that collects doses throughout the country and subsequently publishes national patient dose reviews. Such national overviews of patient dose may facilitate the establishment of national diagnostic reference levels for certain examinations.




Typical Patient Doses

An overview of typical effective doses resulting from diagnostic imaging are provided in Table 1-5 (radiography and CT) and Table 1-6 (nuclear medicine, including the effective dose conversion factor). CT and nuclear medicine give rise to the highest effective dose; doses for radiographs are much lower. Effective dose is negligible for radiography of extremities and for dental radiographs.


TABLE 1-5

Typical Effective Doses for Digital Radiography and for CT of the Average Adult Patient



	Radiography, Adult
	Effective Dose (mSv)




	Chest PA
	0.02



	Chest LAT
	0.04



	Abdomen AP
	0.45



	Pelvis AP
	0.30



	Skull PA
	0.015



	Cervical spine AP
	0.02



	Cervical spine LAT
	0.005



	Thoracic spine AP
	0.2



	Thoracic spine LAT
	0.15



	Lumbar spine AP
	0.30



	Lumbar spine LAT
	0.25



	CT Scan, Adult
	Effective Dose (mSv)



	Head
	1–2



	Chest
	4–6



	Abdomen
	8–12








TABLE 1-6

Typical Dose Conversion Factors and Effective Doses for Nuclear Medicine of an Average Adult Patient



	
	
	Conversion Factor (mSv/MBq)
	Typical Injected Dose (MBq)
	Effective Dose (mSv)




	
99mTc-oxidronate (HDP)
	Skeleton
	0.006
	750
	4.2



	
99mTc-medronate (MDP)
	Skeleton
	0.006
	750
	4.2



	
99mTc-tetrofosmin rest
	Myocardial perfusion
	0.008
	350
	2.7



	
99mTc-tetrofosmin exercise
	Myocardial perfusion
	0.007
	350
	2.5



	
99mTc sestamibi (MIBI)—rest
	Myocardial perfusion
	0.009
	350
	3.2



	
99mTc sestamibi (MIBI)—stress
	Myocardial perfusion
	0.008
	350
	2.8



	
99mTc-mertiatide (MAG3) (normal renal function)
	Renogram
	0.007
	85
	0.6



	
99mTc-mertiatide (MAG3) (abnormal renal function)
	Renogram
	0.006
	750
	4.5



	
99mTc-mertiatide (MAG3) (acute unilateral renal blockage)
	Renogram
	0.010
	750
	7.4



	
99mTc sodium pertechnetate
	Thyroid
	0.013
	100
	1.3



	
99mTc sodium pertechnetate blockage
	Thyroid
	0.004
	100
	0.4



	
99mTc-macrosalb (MAA)
	Lung perfusion
	0.011
	100
	1.1



	
81mKr
	Lung ventilation
	0.000
	2500
	0.07



	
18F-FDG
	Oncology
	0.019
	350
	6.7
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Detectors for Radiography and Fluoroscopy

In diagnostic medical imaging, images are nowadays almost exclusively acquired in digital technique, including dental applications, radiography, mammography, nuclear medicine and computed tomography.

X-ray films and delicate film processing is a thing of the past. The imaging equipment generally acquires raw digital images that must be optimised by image (pre)processing. Digital images are displayed on a workstation that offers applications for further image processing and advanced visualisation. Images can be transferred to, archived in and retrieved from a PACS system. An advantage of digital systems is the wide dynamic range that makes it possible to display structures with wide attenuation differences equally well and to avoid under- or overexposure, that way reducing the need for repeat exposures. Since with digital systems image density and contrast are automatically optimised, acquisition dose cannot be controlled visually any more. A pitfall of digital systems is therefore that the exposure control of the system is set in a way that too high doses occur systematically. It is therefore important that the technicians are aware of the doses actually being applied by recording and evaluating the dose readings from the systems.

In radiography there are two distinct systems, commonly known as computed radiography (CR) and direct radiography (DR). CR is a cassette-based system and so can be used with existing X-ray equipment. Storage phosphor imaging plates are contained within cassettes. After exposure the storage phosphor image plate stores the absorption as a pattern of excited electrons. The plate is subsequently ‘read-out’ by using a laser beam to extract the stored image information as a raw digital image. Direct radiography systems use solid-state flat panel detectors. There are two different types that use either direct or indirect conversion of the X-ray photons into electrical charge. Indirect means that the X-ray image is converted into light using, for example, a caesium iodide scintillator. Subsequently, by using a matrix of photodiodes this light is converted into electrical charge and into a raw digital image. In the direct system, X-rays interact with an amorphous selenium plate which converts the X-ray photons image directly into an electrical signal. Digital fluoroscopy can be performed with an image intensifier but also in fluoroscopy more and more digital flat panel detectors are used. The detector technology of photon counting is currently available solely for clinical mammography but might become available also for other applications in the future. Photon counting systems have the advantage of low electronic noise and the possibility of measuring the energy of each detected X-ray photon. Photon-counting detectors are relatively small and for full-field coverage the detector is used in an imaging mode. The energy response of digital systems must be taken into account when establishing image acquisition protocols, and has led to a tendency to use higher tube voltage in mammography and to use lower voltage in chest radiography.

It is generally acknowledged that digital radiography and digital fluoroscopy techniques offer substantial improvement of image quality compared with analogue technique-like film-screen radiography. ICRP Publication 93 gives a review of the dose issues involved in digital radiology.19




Optimising Patient Dose

Manufacturers are constantly improving X-ray equipment in order to produce the best image at the lowest dose possible.

Features of modern X-ray systems are, for example, carbon fibre and other low-attenuation materials in table tops and grids, high-frequency generators and additional beam filters to reduce entrance skin dose. In fluoroscopy last image hold and road mapping, pulsed fluoroscopy, optimised presets for automatic control of kV and mA for different procedures, virtual field indicators and collimators and lasers for beam centring are techniques for optimising image quality and lowering the dose.

Special attention is required for optimising patient dose in computed tomography. The rapid increase of the number of CT examinations worldwide made it the biggest contributor to the collective dose from X-ray examinations. CT is also used in hybrid systems like SPECT-CT and PET-CT. CT systems may be equipped with multiple dose-reducing features such as automatic exposure control which modulates the tube current to account for variations in patient attenuation and dynamic collimators that reduce the over-ranging at the start and the end of the CT imaging. Advanced algorithms for noise reduction and iterative reconstruction techniques may help to reduce patient dose in CT even further. ICRP Publication 87 provides further information on factors affecting dose in CT.20

There is some misconception about in-plane bismuth shielding of the breast, thyroid and eye lens in CT. In-plane bismuth shielding is counterproductive and should not be applied.21–23

Small CT systems constructed of relatively simple components are often referred to as cone beam CT systems. They are used, for example, for dental applications. The detector of these cone beam CT systems is similar to that of digital radiography systems, and the performance of the detector is often poorer than the detectors used in the regular CT machines. As a consequence, the low tissue contrast of cone beam CT systems is poor but cone beam CT may offer good spatial resolution.




Optimising Patient Dose in Nuclear Medicine

In nuclear medicine patient dose is dependent on the activity administered. Standard operating procedures should specify the normal activity to be used in adult patients and the imaging protocol to be used (e.g. choice of collimator). Generally, dynamic and tomographic studies require more activity to be administered. Adequate patient preparation is essential for the procedure to be effective; taking of fluids should be encouraged to increase the clearance rate from the body and thus reduce the dose received. If a patient requires multiple procedures, some of which involve radioactive materials, the order in which the tests are done is important to avoid one test interfering with another. Dual-headed cameras are now common and these are capable of automatically acquiring whole-body images in one pass, allowing the simultaneous collection of two or more images (e.g. anterior and posterior or lateral or oblique views). They have reduced the acquisition time for many studies compared to single-headed cameras, including SPECT sequences, thus reducing the chance of patient movement and so improving image quality. PET is becoming more common and its use, especially in oncology, is well recognised. For the patient, the radiation dose received using a dedicated PET system is slightly higher than conventional nuclear medicine procedures. A more recent development in nuclear imaging is to combine a SPECT or PET system with a CT system in order to give more precise anatomical location of the activity and attenuation correction. The patient thus receives a dose for both procedures, but often the CT imaging can be performed at a very low dose.







Areas of Special Attention

Special attention for radiation protection is required in specific areas involving pregnant patients, paediatric patients, research, population screening and procedures with high doses.


Pregnancy and Potential Pregnancy

The possibility of pregnancy should be taken into account in women of child-bearing age for any radiological examination where the fetus may be in the primary beam or very close to it and any nuclear medicine investigation. If the patient is pregnant or is probably pregnant, justification for the procedure should be reviewed extra carefully. In addition, before performing examinations of the abdominal or pelvic region, the operator should specifically interrogate before giving the exposure whether the patient may be pregnant. It is also advisory to post notices at several places within the department requesting patients to notify staff if they think they may be pregnant. If, despite the patient being pregnant, the exposure cannot be delayed, special attention should be given to optimisation of the exposure, taking into account the exposure of both the expectant mother and the unborn child. In nuclear medicine, for radionuclides that are rapidly eliminated by the bladder, frequent voiding should be encouraged to reduce fetal dose since the bladder acts as a reservoir of activity. ICRP Publication 88 gives doses to the fetus from intakes of radionuclide by the mother.24

A common clinical indication of diagnostic imaging of a pregnant patient is a suspected acute pulmonary embolism. Imaging can be done either by performing a perfusion scintigram (mostly without corresponding ventilation scintigram and with a lower dose of radionuclide) or CT. There has been an extensive discussion also in the literature about which examination is preferable, considering that a CTA causes a lower fetal dose but a higher maternal dose to the breasts than the nuclear medicine procedure.25 A summary of fetal doses from a range of common diagnostic procedures is given in Table 1-7.


TABLE 1-7

Fetal Doses from a Selection of Common Diagnostic Procedures



	Examination
	Effective Dose to the Mother (mSv)
	Absorbed Dose by the Fetus (mGy), First Trimester



	Radiography


	CT head
	2
	< 0.001



	CT chest
	6
	0.02



	CT abdomen
	10
	20 mSv


	Computed Tomography


	Chest PA
	0.02
	< 0.001



	Chest LAT
	0.04
	< 0.001



	Abdomen AP
	0.45
	1 mSv


	Nuclear Medicine


	
	Typical Injected Dose (MBq)
	Absorbed Dose by the Fetus (mGy)



	early
	3 months

	6 months

	9 months




	
99mTc-macrosalb (MAA)
	Lung perfusion
	100
	0.3
	0.4
	0.5
	0.4



	
18F-FDG
	Oncology
	350
	8.1
	8.1
	6.3
	6.3



	
99mTc-medronate (MDP)
	Skeleton
	750
	4.6
	4.0
	2.0
	1.8



	
99mTc-mertiatide (MAG3)
	Renogram
	750
	14.0
	10.0
	4.1
	3.9
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It must be noted that at no point exposure of the fetus to diagnostic levels of radiation represents, in itself, a reason to terminate a pregnancy, but efforts should be made to avoid or minimise the irradiation of known pregnant or potentially pregnant women.




Infants and Children

As children are more radiosensitive than adults and their longer life expectancy gives greater opportunity for the radiation detriment to be expressed, special care must be taken to ensure that any radiation doses to children are justified by the diagnostic provided by the procedure. In addition, very young children may be uncooperative and need some form of sedation or immobilisation. The assistance of a parent will usually help to increase the cooperation of the child, but the parent should be provided with protective clothing and the possibility of a mother being pregnant must be considered.

The use of a grid is often unnecessary, particularly with smaller children, and removing it can reduce the dose by as much as 50%. The X-ray beam should be well collimated and appropriately sized and gonad shielding could be used to minimise the dose to organs outside the area of interest.

In nuclear medicine procedures, the biological distribution, uptake and retention of radiopharmaceuticals vary considerably throughout childhood. The activity administered should be the minimum consistent with obtaining a diagnostic result. For a child, the adult-administered activity in simple proportion to the smaller body weight (as long as the activity is not too low) will usually produce an image quality and imaging time comparable with that expected for adults.

Care needs to be taken to ensure that infants are not inadvertently irradiated if their breastfeeding mother receives a nuclear medicine procedure. Breastfeeding may need to be suspended for some time after the administration of a radiopharmaceutical.




Research Exposures

All research involving exposure of individuals to ionising radiation must be approved by an ethics committee. A practitioner must justify the use of radiation in the study and a medical physicist should estimate the effective dose, recommend a dose constraint and give an indication of the consequent risk. The employer's procedures must ensure that individuals participate voluntarily and that they are informed about the radiation risks. Children and pregnant women are generally not to be included in the research project except if problems specific to them are under investigation.




Health Screening Programmes

Screening programmes like breast screening require the exposure of a healthy population. The object is early detection of breast cancers so as to give a significant improvement in prognosis. Screening for colon cancer and lung cancer may be performed with CT. The radiation that is used in screening programmes is associated with a small risk, so that the benefits of screening must be outweighed carefully against the possible radiation detriment.




High-Dose Techniques

High-dose techniques require special attention because of the increased risk they carry. In diagnostic radiology, particularly, CT can be considered as a high-dose technique. Applications like CT perfusion and CT fluoroscopy require special attention, since entrance skin dose levels high enough to induce deterministic effects, in particular skin erythema (if doses are ≥ 2 Gy) and epilation (permanent at doses >7 Gy), may be reached.







Radiation Protection of Staff and Public

The principles of justification and optimisation apply to both staff and the general public just as much as they apply to patients. In addition, for staff and general public, dose limits apply. The presence of staff in a radiation area is only justified if they are essential to the procedure or if they are being trained. The public should be excluded from radiation areas unless they are accompanying a patient, for example a child, and their presence is essential. In radiation areas designated as controlled areas, like X-ray rooms, local rules are applicable and all those entering such areas must have the principles of radiation protection brought to their attention.

With regard to optimisation, keeping radiation doses as low as reasonably practicable, almost anything that will reduce patient doses will also reduce the dose to the staff; for example, reducing the irradiated field size reduces scattered radiation dose. In addition, the staff should be aware of the three physical parameters that are essential for them: these are distance, time and shielding. For unsealed radionuclides, containment in addition to these factors must also be used to minimise the risk of contamination.


Distance, Time and Shielding

The intensity of scattered X-radiation or gamma radiation roughly decreases with the square of the distance from the source. The source may be the patient that undergoes fluoroscopy or a patient that was injected with a radionuclide. Applications of the use of keeping distance are, for example, stepping back when carrying out image acquisition in a fluoroscopy procedure, ensuring adequate distance between patients when patients are radiographed on the ward, using remote handling tools to maximise the distance of the hands from a radioactive source, having the room designed so that staff can be at a reasonable distance from the patient and radiation source, arranging the nuclear medicine waiting area so that injected patients do not have to wait in close proximity to reception staff or visitors and ensuring that nuclear medicine patients returning home are given instructions that they should avoid close contact with others for a period of time. The radiation exposure is directly proportional to the duration of the exposure time and so may be minimised by conducting procedures as quickly as possible. Applications of the use of reducing exposure time are, for example, keeping the duration of fluoroscopy and digital subtraction angiography short, keeping the number of exposures low, using image storage facilities and last image hold. Training is important; this includes the use of simulators to practise technique, so that the procedure can be done as quickly as possible in the patient, practising radioactive manipulations with an inactive material and the use of butterfly needles or cannulas for administering radionuclide to patients.

A barrier between the radiation source and the recipient will reduce the dose by an amount dependent on the (average) energy of the radiation (photons) and the composition and thickness of the barrier. It is most effective to place barriers as close to the radiation source as practicable. Shielding is achieved by designing X-ray rooms with walls that contain lead shielding, by providing protective clothing and by using syringe shields in nuclear medicine.

Staff working close to the patient during fluoroscopic procedures should wear personal protection consisting of lead aprons. Aprons of 0.25- to 0.35-mm lead equivalent attenuate the radiation by a factor of about 10, depending on the thickness and tube voltage and provide a reasonable compromise between weight and attenuation.26,27 Thicker lead aprons, for example 0.5-mm lead equivalent, thyroid shields, and lead glasses can be considered by workers that receive relatively high doses. Lead gloves should be worn if the hands are near the X-ray beam.

In undercouch fluoroscopy, the X-ray tube is located beneath the table, while the intensifier is mounted above. Most of the scattered radiation is in the downward direction (with the table horizontal) and is absorbed in the floor or the side panels of the table (Fig. 1-2). The detector sometimes has a lead-equivalent curtain attached to its edge; this absorbs much of the scattered radiation emerging from the upper side of the patient and gives effective shielding to the radiologist and other staff in the room.
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FIGURE 1-2 Dose distribution during fluoroscopy at the operator's position 80 cm from a water phantom placed on the table for under- and overcouch X-ray tube configurations. Operating conditions: 125 kVp, 1 mA.





In overcouch fluoroscopy the position of the X-ray tube and intensifier is reversed, allowing a greater versatility in positioning without moving the patient and enables much routine fluoroscopy work to be conducted by remote control, with the radiologist seated behind the protective screen. However, if the radiologist must remain close by the table, accessible dose rates are higher than in the undercouch tube case (Fig. 1-2) and thyroid and eye shielding should be considered in addition to the lead apron. C-arm units are very versatile in their use: fixed C-arms are used in interventional radiology and cardiology, while mobile C-arms are used in the operating room. It is preferred that C-arms are used with the X-ray tube beneath the patient. Fixed C-arms may be equipped with table-side lead rubber curtains to reduce scattered radiation to the lower legs and ceiling-suspended shields to reduce dose to the trunk and the eyes. Mobile barriers may be used during fluoroscopic procedures where a member of staff needs to remain near the patient. It is important that as many staff as possible move behind a protective screen, leave the X-ray room or maximise their distance from the patient for the duration of the acquisition. Radiation-resistant gloves of similar flexibility to ordinary disposable rubber gloves are available and claim to reduce doses to the hands by up to 30% at 60 kVp. However, the attenuation will be less at higher kVp and may tend to give staff a false sense of security: it is preferable to develop techniques so that the hands are well away from the beam.

CT data acquisition equipment generally poses few protection problems to the staff who are normally outside the examination room. Occasionally anaesthetic or nursing staff may need to remain near the patient during image acquisition, or a radiologist may need to manually inject a contrast medium. CT systems produce a collimated, fan-shaped X-ray beam that is almost completely intercepted by the detector assembly. The maximum intensity of scattered radiation will be close to the entrance of the patient ‘tunnel’—normally higher at the front than at the back of the gantry. For CT fluoroscopy the same precautions apply as for general fluoroscopy.




Personal Protection in Nuclear Medicine

There are two principal hazards when handling unsealed radioactive materials: external radiation and contamination. Of the two, contamination is generally the more serious as it can result in a higher overall radiation dose. Because of the higher energy radiation used in nuclear medicine, the use of lead aprons to reduce external radiation exposure is impractical. Instead, staff rely on efficient handling techniques and keeping close contact with the radioactive patient to the minimum. Syringe shields should be used to reduce finger dose, with doses for injection being drawn up behind a lead-glass barrier to reduce external exposure to the body. Disposable gloves must be worn when preparing and administering radionuclide injections to prevent skin contamination and the hands must be thoroughly washed and monitored for radioactive contamination after the injection. Accidents can happen—a syringe may detach from the needle or may be dropped on the floor—and prompt action must be taken to control the spread of contamination. Users of radioactive materials must be familiar with decontamination procedures.




Radiation Hazards from Nuclear Medicine Patients

It may be helpful for the patient if nuclear medicine and ultrasound, or any other procedures, can be carried out on the same day. Ideally, all the procedures other than nuclear medicine should be undertaken first. A sample of blood or urine taken from a person to whom an unsealed radioactive substance has been administered may need to be treated itself as a further radionuclide source. Radioactive pathology samples should be appropriately labelled with a warning notice. Both inpatients and outpatients may be allowed to leave hospital to return home or elsewhere, provided they are unlikely to create a hazard to other persons with whom they may come into contact. If a patient is returned or transferred to another hospital or a nursing home immediately after a diagnostic test, appropriate advice should be provided to the receiving establishment.




Dose Monitoring

There is a legal requirement for radiation doses to be monitored. This is normally done by TLD badges to assess whole-body dose. The badge should be positioned according to local or national practices. Instruction varies from country to country, and the instruction can be to wear badges at either the waist or the collar level; to wear them either under the lead apron or outside the lead apron. If there is potential for the eyes, hands, feet and ankles to be exposed significantly, additional dosimeters could be worn to assess these doses. Electronic dosimeters with solid-state detectors which give an instantaneous readout dose are useful when investigating the dose received in specific procedures. Doses for staff involved in PET imaging may be significantly higher than for conventional nuclear medicine because of the high energy of the annihilation radiation produced by FDG, which, during injection and positioning of the patient on the couch, is difficult to shield.




Pregnant Staff

The dose to the fetus during the declared term of pregnancy (i.e. after the employer has been informed in writing) should be less than 1 mSv. For those receiving exposure to diagnostic X-rays this is equivalent to about 2 mSv to the surface of the abdomen. The evidence available indicates that there should be no need for a change in work patterns except perhaps for staff who are involved in interventional radiology or working with high-activity unsealed sources like in radiopharmacy. In these cases it may be advisable to change work schedules or to limit the number of procedures performed and to offer additional monitoring.







Clinical Application of Radiation Dose Optimisation in CT


Introduction

In Western countries, CT is the most important source of medical radiation,28 and potential increase of cancer risk caused by CT examinations is a matter of increasing concern.29 Deterministic effects (such as hair loss) may occur but only for very specific examinations and under extreme conditions.30 Stochastic risks are cumulative and raise therefore concern, especially in patients that undergo multiple CT examinations. Radiation dose reduction is driven by two options: justification and optimisation. In the following section, techniques offered by the industry and suitable steps to be taken by the individual examiner that can be applied in daily clinical practice to optimise CT acquisition to reduce patient dose will be discussed.




Terms Describing CT Dose

Three terms are frequently used for describing CT dose: ‘standard dose’, ‘optimised dose’ and ‘low dose’. Unfortunately, these terms also lack precise definitions in the literature. For example, the term ‘low dose’ as applied in the well-known American lung cancer screening trial (NSLT research trial)31 refers to a dose that exceeds routinely delivered thoracic CT doses in other radiology departments.32 Because a strict definition of these terms does not exist, the following definitions are proposed.


Standard Dose

The term ‘standard dose’ refers to the dose usually recommended by CT manufacturers, very similar to the reference diagnostic levels (RDLs) defined by surveys. They are often used in routine practice but leave options for further dose reduction—to an optimised dose level—without deleterious effect on image quality, at least for certain indications. Table 1-8 lists typical volume CTDI (CTDIvol) values and RDLs for brain, chest and abdomen CT.33


TABLE 1-8

RDLs for Head, Chest and Abdominal CT33



	Body Region
	Year
	Origin
	CTDIvol (mGy)
	DLP (mGy.cm)




	Head
	1999
	EUR 16262
	60
	1050



	2010
	Germany
	65
	950



	2010
	Switzerland
	65
	1000



	2002
	Sweden
	75
	1200



	CHEST
	1999
	EUR 16262
	23
	650



	2008
	Switzerland
	15
	450



	2010
	France
	15
	475



	2005
	UK
	14
	580



	ABDOMEN
	1999
	EUR 16262
	25.0
	1100



	2002
	Germany
	14.6
	635



	2003
	UK
	15.3
	534



	2008
	France
	17.0
	800



	2010
	Belgium
	17.1
	830
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Note: Data are taken from EMAN 2011 report. Values are given for an average adult patient weighting 70 to 75 kg. RDLs correspond to the 75th percentile of observed dose values in survey and represent upper limits of acceptable practice; they are not meant to represent optimised radiation dose.






Optimised Dose

The term ‘optimised dose’ refers to a dose that provides adequate image quality but not with excessive radiation, and is the practical application of ALARA principle. At optimised dose, noise in images is higher than at standard dose but does not significantly affect subjective assessment of image quality and certainly does not interfere with the diagnostic purpose of the study. Table 1-9 lists achievable optimised dose settings for head, sinus, chest, abdomen and lumbar spine.31,34–45 Optimised dose levels are often close to the 25th percentile observed in surveys (P25). These values can thus reflect the actual objectives (upper limit) for optimisation.


TABLE 1-9

Optimised and Low-Dose MDCT31,34–45



	Body Region
	Year/Quality
	Origin/Reference
	CTDIvol (mGy)
	DLP (mGy.cm)




	Head
	2006/OD
	Tsapaki et al.34

	40
	520



	2011/OD
	Mulkens et al.35

	30
	400



	Sinus
	2010/OD
	Switzerland P25
	10
	150



	2010/OD
	Belgium P25
	5
	70



	Chest
	2010/OD
	Switzerland P25
	5
	250



	2010/OD
	Belgium P25
	5
	240



	2010/OD
	NLST31

	3–5
	120–180



	2011/OD
	Singh et al.36

	3.5
	120



	2007/LD
	Bankier et al.37

	2
	70



	2011/LD
	Fig. 1-15
	0.5
	20



	2010/LD/Seq
	O'Connor et al.38

	NA
	8–12



	Abdomen
	2010/OD
	Switzerland P25
	10
	350



	2010 /OD
	Luxembourg P25
	7.9
	352



	2010/OD
	Allen BC et al.39

	8,7
	400



	2010/OD
	Kambadakone AR et al.40

	5.9–8.9
	250–400



	2009/OD
	Seo H et al.41

	6.0
	240



	2004/LD
	Keyzer et al.42

	3.0
	100–150



	2009/LD
	Keyzer et al.43

	2.0–3.0
	80–150



	2009/LD
	Platon et al.44

	2.1
	84 ± 10



	Lumbar spine
	2010/OD
	Luxembourg P25
	20
	400



	2010/OD
	Switzerland P25
	15
	300



	2010/OD
	Belgium P25
	NA
	475



	2007/OD
	Bohy et al.45

	26
	400
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Note: Dose descriptors for head, sinus, chest and abdomen are given for an average size adult patient. CTDIvol values are measured on a 16-cm phantom for head and sinus and a 32-cm phantom for body CT. Quality refers to optimised dose (OD) as the result of ALARA and low-dose (LD) representing degraded image quality but with preserved diagnosis. P25: 25th percentile of dose values as observed in nationwide surveys. NA = non-available. NLST = National Lung Screening Trial Research Team. Seq = acquisition in sequential mode.






Low Dose

The term ‘low dose’ should be restricted to a dose not higher than that delivered by a set of plain films investigating the considered clinical condition. At low dose, image quality is significantly lower but diagnostic accuracy for a specific indication is preserved (e.g. detection of intrapulmonary nodules). At low dose, the higher image noise is clearly visible but does not impair the recognition of pathology under evaluation; for other diagnostic questions, however, image quality may not be sufficient (e.g. diseases within the mediastinum). DLPs delivered by low-dose protocols for these examinations are listed31,34–45 in Table 1-9.







Radiation Dose Descriptors in CT

Two parameters describe the dose delivered by CT, the volume computed tomography dose index and the dose–length product.46


Volume Computed Tomography Dose Index (CTDIvol)

The CTDI was introduced by the FDA in 1984 and was aimed to standardise the description of the absorbed dose during CT examinations. Two plastic cylinder PMMA phantoms were used, one of 16 cm in diameter representing the head, and one of 32 cm in diameter representing the trunk. The phantom has five holes, one in the centre and four in the periphery, located 1 cm next to its surface, at 3, 6, 9 and 12:00. Because the dose in the periphery is approximately twice as high as that in the centre, a so-called ‘weighted CTDI’ (CTDIw) was defined representing the sum of one-third of the dose absorbed in the centre and two-thirds of the dose absorbed in the periphery. Because the CTDIw is obtained from sequential acquisitions without table movement, it does not take into account the table feed and anatomical coverage. The CTDIvol is defined as the ratio of the CTDIw to the pitch factor, the latter being the ratio between the table feed multiplied by the rotation divided by the X-ray beam width. The CTDIvol is expressed in milligrays (mGy). It is to note that the CTDIvol for a CT of the head refers to the value measured using the 16-cm phantom. The CTDIvol for the 16-cm phantom is approximately 1.7 to 2.0 times higher than the value of the CTDIvol for the 32-cm phantom.




Dose–Length Products (DLPs)

The DLP corresponds to the product of the CTDIvol (average) and the acquisition height and is expressed in milligray × centimetres (mGy × cm). This value represents the dose either of one CT data acquisition or of the entire examination if the DLP of multiple acquisitions (e.g. with arterial and portal venous perfusion phase imaging) are summed.







How to Set Up a Dose Optimisation Process

Optimisation of CT dose should consider all CT parameters that influence the dose and thus include automatic exposure control (AEC) system, the tube current–time product, reconstruction algorithm or kernel, tube potential, collimation, reconstructed slice thickness, pitch factor and acquisition direction.


AEC System: Principles and Pitfalls

The dose required to produce a CT image of certain quality strongly depends on the size of the patient. Images with a constant noise will need a dose being doubled if the patient's diameter increases by 4 cm, i.e. from 28 to 32 cm. CT systems are designed to adapt the dose to the ‘object’ diameter by applying AEC systems, named with specific acronyms by each manufacturer (Auto-mA, CareDose4D, Z-Dom, etc.). They measure the absorption of the patient in the scout view (also named topogram) and adapt the mean tube current to this absorption. AEC systems thus decrease the dose in small individuals and increase it is obese patients.47–49 It is to note that AEC systems do not adapt any other parameter such as tube voltage. AEC also modulates the tube current during one tube rotation to adapt the dose according to the absorption difference in the xy plane (sagittal versus coronal) and along the patient z axis (neck versus shoulders). The efficacy of dose modulation along the three dimensions (3D modulation) depends on the number of detector rows and on the pitch: the higher the X-ray beam and the larger the pitch, the lower the effect of 3D modulation.

Finally, AEC is also designed to adapt the dose during the cardiac R-R cycle in cardiac CT angiography (CAT). The efficacy of this modulation depends on the heart rate (HR) and is the highest for HRs between 50 and 60 beats per minute (BPM).

AEC systems are most appropriate for achieving constant image quality throughout the complete CT data acquisition without investing dose when it is not needed. AEC systems should therefore always be activated.

Two concepts of AEC exist: one is designed to keep image noise constant (GE and Toshiba CT systems) and expresses the index of image quality as a noise index (NI); the other is designed to yield a constant image quality (and not necessarily constant noise) and expresses the index of image quality in terms of ‘quality reference effective mAs’ (Philips and Siemens). These two concepts imply consequences on patient's dose, in particular in obese patients: AEC aiming for a constant noise level may require higher doses in obese patients than an AEC designed to achieve a certain image quality (Fig. 1-3). As investigated by Meeson et al.,47 the relationship between CTDIvol and cross-sectional area is logarithmic rather than linear when applying AEC, aiming a constant noise. In order to avoid an excessively increased dose in obese patients when examining the trunk, specific protocols with higher noise index should therefore be used with GE and Toshiba CT machines. For lumbar and cervical spine CT, however, the amount of fat in the region of interest does not differ significantly between standard and obese patients. Only thin layers of fat tissue are present in the spinal canal. Thus, AEC systems that tolerate higher noise in the obese patient (Siemens and Philips) do not provide sufficient image quality in the spine of obese patients when using an average curve of dose increase according to the patient's diameter (Fig. 1-3). For these examinations and at 120-kV tube potential, a ‘strong’ or ‘very strong’ curve for adjustment of the AEC is therefore recommended.

[image: image]
FIGURE 1-3 Chart representing the relationship between dose and relative average diameter as measured by the scout view (topogram) used by AEC systems to adapt the dose to the patient's weight. The strongest increase in dose is expected with AEC warranting a constant noise (GE and Toshiba CT systems), whereas the dose increase may be moderate with AEC tolerating more noise in obese patients (Siemens and Philips CT systems).








Two Methods for Validating Dose Optimisation


Step-by-Step Reductions

A simple method to optimise CT dose is to lower step by step the mAs by adapting the AEC index of image quality accordingly. This is achieved by increasing the noise index (= NI) on GE and Toshiba slice systems or by decreasing the nominal mAs effective on Philips and Siemens slice systems (named Quality Reference mAs by Siemens). It may be considered to adapt the reconstruction kernel to ‘smooth’ the image and decrease the visualised noise level.


Side-by-Side Comparisons of Standard and Optimised CT Studies

Knowing the approximate dose level of an optimised acquisition as described in Table 1-9,33 a straightforward way to optimise standard CT is to compare standard and optimised CT acquisitions of the same patient. In general an ‘optimised’ CT aquisition imparts about 40% (range 30–50%) less radiation than the standard dose CT.

Such a direct intraindividual comparison may be realised by the following means: performing CT on the same patient twice with identical settings except for the CTDIvol, set at standard level and at optimised level (Fig. 1-4).


• Use a CT examination from the archives as reference standard and re-examine the patient with optimised parameters (Fig. 1-5).

• Adapt the dose level during a multiphase examination (e.g. of the liver) by using standard parameters for the portal venous perfusion phase, and an optimised protocol for the unenhanced or arterial phase imaging.
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FIGURE 1-4 Brain CT performed in two consecutive acquisitions obtained at 120 kV (64 × 0.6 mm) in a 70-year-old man with acute stroke. Arrows show a hypoattenuated area in the left parietotemporal region. Image thickness is 3 mm. (A) was obtained at 120 kV and 300 mAseff with AEC switched off and the corresponding CTDIvol is 63 mGy. (B) was obtained at 120 kV and 280 mAseff (quality reference index) with AEC switched on. The tube current–time product is lowered at 198 mGy by the AEC system and the corresponding CTDIvol is 42 mGy. The reconstruction filtered back projection kernel is H20, slightly smoother than the filtered back projection H30 used in (B).
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FIGURE 1-5 Two consecutive brain CT examinations in a 42-year-old man who had a motor vehicle accident. Acquisitions were obtained at 120 kV and with a collimation of 16 × 0.6 mm. Image thickness is 3 mm. (A) was obtained with fixed tube current at 450 mAseff and resulted in a CTDIvol of 61 mGy (reconstruction filtered back projection kernel is H30). (B) was obtained 3 months after (A) with AEC switched ‘on’, a quality reference mAs at 380 mAs and mean effective tube current–time product of 312 mAs, resulting in a CTDIvol reduced to 42 mGy (reconstruction filtered back projection kernel H20). An arachnoid cyst is seen in the left temporal region.












Parameter Optimisation

Optimisation of the dose per slice is one of the main steps for realising the ALARA principle. The dose descriptor to be considered is the CTDIvol as displayed on the CT console. This value is dependent on the slice collimation, the tube current–time product, the pitch and the tube voltage.


Tube Current–Time Product

The radiation dose is proportional to the tube current–time product. Thus, reduction of mAs seems simplest. However, with respect to constant image quality, it is preferable to adapt the tube current time–product using the AEC than rather just reducing the overall mAs. The following two considerations need to be made:


• With GE and Toshiba CT systems, it is mandatory to set appropriate upper and lower values of tube current–time products (mAs) as limits for the tube current modulation by the AEC. The lower limit is intended to guarantee a minimal image quality in very small patients; the higher value intends to avoid radiation dose excess in obese patients. The AEC system modulates the tube current within these two limits. If the mAs gap between these limits is too small, the tube current will be either at the upper limit in small patients or at the lower limit in large patients. In both situations, AEC is practically disabled and tube current modulation in xyz-axes will not occur, though the AEC function had been switched ‘on’. Therefore, it is important to check the mAs table displaying the mAs per slice along the z-axis before the actual CT data acquisition: a table with constant mAs values indicates inadequate mAs limits.

• With Siemens and Philips CT systems, the image quality index is expressed in ‘quality reference effective mAs’ or in ‘effective mAs’ (mAseff). Thus users need to distinguish the mAseff applied to the patient by the AEC system after the topogram has measured the individual absorption, and the quality reference mAseff that is representative of the image quality to be aimed for.






Reconstruction Algorithm or Kernel

The historical kernels provided by manufacturers are based on filter back projection (FBP) technique. Recently, iterative reconstructions algorithms have been introduced. Iterative reconstruction is now proposed by all manufacturers as options for improving CT reconstructions as they are able to reduce the noise in images. The variety of FBP kernels differ between manufacturers and cannot be easily compared. Typically, each manufacturer provides three or more FBP algorithms achieving a soft, standard and high-resolution (or bone) image with an increasing spatial resolution and an increasing noise level going from soft to standard to high. As a general rule, the noise linked to high-resolution algorithms is very similar to the increased noise resulting from reductions in tube current–time product. Thus in low-dose protocols, the increased noise may be compensated for by switching from standard to soft reconstruction kernels. Applying this, similar image quality can be achieved as illustrated by Figs. 1-4–1-6.
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FIGURE 1-6 Optimised brain CT acquisition obtained with 40 × 0.6 mm collimation, 140 kV, AEC switched ‘on’, a quality reference mAs at 170. The resulting delivered tube current–time product is 114 mAseff and the CTDIvol is 30 mGy. DLP is 442 mGy.cm, approximately one-half of the RDL for brain CT that is usually set at 1000 mGy.cm. (A) Axial 2-mm slice and (B) coronal 3-mm slice reconstructed with filtered back projection kernel H20.








The Tube Potential

The tube voltage largely influences the radiation dose with a factor of 2.5 to 2.8, e.g. when changing from 120 to 100 kVp.50 Reduction of tube voltage thus provides substantial dose savings. However, as the relationship between tube voltage and image quality is complex, and as the available tube voltage settings are restricted to few predefined values (typically 80, 100, 120 and 140 kV), protocol optimisation rarely includes modifications of tube voltage. The only currently widely accepted recommendation refers to using a reduced tube voltage in CT angiography.51–54

Table 1-8 lists33 a series of CT protocols and their corresponding tube voltages. The default tube voltage is mostly set at 120 kV. At lower tube voltages of 100 or 80 kV, the absorption of iodine increases because the K edge of iodine is 57 keV. A tube potential at 100 kV has been recommended for CT angiography in patients with a body weight up to 100 kg,53–55 for routine CT of the head in children up to 10 years of age, and for contrast-enhanced abdominal CTs in patients with an abdominal diameter below 35 cm and a body weight below 80 kg.56





The Collimation and Reconstructed Slice Thickness

The ‘scan thin—read thick’ principle refers to the use of thin (submillimetre) collimations during acquisition and reconstruction of thicker slices (e.g. 3–5 mm) in axial and multiplanar reconstructions.57 Acquisition with thin collimation ensures high spatial resolution in all three planes, while thicker reconstructions help to increase the signal to noise per slice and thus image quality and to decrease the number of slices to be reviewed.

Collimation thickness may be adapted to the required spatial resolution in the z-direction. In general, higher resolution (i.e. a minimum section collimation) is used for skeletal structures or for the chest, while a slightly lower resolution is acceptable for the abdomen. Dose efficiency of many CT systems (< 64 slice) is higher (approximately 12–15%) for a slightly wider collimation.57

The thinnest possible collimation at acquisition with MDCT systems is 0.6 or 0.625 mm. A valuable alternative for abdominal CT is to use a 1.20 (Siemens) or 1.25 mm (GE) collimation by electronically sampling pairs of adjacent detector rows.




The Pitch Factor and the Concept of Effective mAs

For GE and Toshiba CT systems, the dose is proportional to the duration of the acquisition, and thus is dependent on the pitch. The higher the pitch factor (and thus the table feed), the lower the dose. For Philips and Siemens CT systems, any modification of the table feed is accompanied by an automatic adaptation of the tube current–time product in order to maintain a constant effective tube current–time product defined as the mAs divided by the pitch. The effective mAs displayed on the CT console are thus independent of the pitch factor.







Adequate References as Goals for Optimisation

The most used reference values are those derived from surveys, named reference diagnostic levels (RDLs), corresponding to the 75th percentile (P75) of observed dose in survey studies. These surveys had been introduced for radiation dose management by the European Union in the EUr 97/43 Directive. The objectives were to collect dose data from patient examinations and to define limits for acceptable practice, the latter arbitrarily being set at the P75 and named RDL. By definition, the 25% of the CT centres who are delivering doses higher than the P75 are advised to reduce their dose levels. If adequate steps are taken in these institutions, subsequent surveys should ideally lead to reduced RDL.

The P25 is considered as an indicator of optimised practice, whereas the P1 is considered as the goal to achieve.

As a consequence of how the RDL is calculated, it is not recommended to use RDLs as a reference for CT dose because the P75 values are reflecting a limit of malpractice and not an optimised value.

Table 1-9 displays some values as P25 of surveys that can be used as objectives for optimisation or even as upper acceptable limits.31,34–45 These values are usually at half or the dose of the P75.







Up-to-Date Optimised CT Parameters


CT of the Brain

RDLs expressed in CTDIvol for brain CT are at 60 mGy, whereas the P25 is 50 mGy. A CTDIvol at 40 mGy has been found to be the reasonable limit for optimised MDCT systems of the first and second generation.34 From 2008, with new MDCT technology including new geometry, detectors and reconstructions technique (iterative), the lowest CTDIvol observed in surveys that correspond to the first percentile (P1) for head CT in adults is approximately 30 mGy. Such doses can be obtained using high tube potential (140 kV) and low tube current–time product (170 mAseff).

Iterative reconstruction at 30 mGy provides excellent image quality, equal to ‘standard setting’ with 60 mGy (Figs. 1-4–1-6).

In paediatric patients (below 12 years of age), a tube potential at 100 kV with a tube current–time product at 300 mAs should be preferred to the 140 kV–170 mAs settings applied in adults (Fig. 1-7). Protection of the eye lens using bismuth shields with minimal artefacts on images has been proposed. It is also possible to reduce the dose to the eyes using the organ-based tube current modulation (the tube current is reduced anteriorly during 90° of the tube rotation and is increased during the remaining 270° of tube rotation).58
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FIGURE 1-7 Optimised brain CT acquisition in an 8-year-old boy with 100 kV, activated AEC and quality reference tube current–time product at 300 mAseff. The resultant tube current–time product is 237 mAseff and the CTDIvol at 20.7 mGy. Slice thickness is 3 mm and reconstruction filtered back projection kernel is H20.






CT of the Sinus

The natural contrast between structures within sinonasal cavities makes it possible to use very low-dose settings.59 CTDIvol values (with 16-cm CTDI phantom) may range between 2 and 4 mGy (Fig. 1-8).

[image: image][image: image]
FIGURE 1-8 Comparison of two consecutive CT images of sinunasal cavities obtained from a 34-year-old woman, including axial and coronal 2-mm-thick CT slices. The first examination (A) was acquired in 2010 on a 16-slice MDCT system with a CTDIvol of 6.75 mGy and a DLP of 66 mGy.cm. The second examination (B) was acquired on a 2 × 64-slice MDCT system with a CTDIvol of 3.3 mGy and a DLP of 40 mGy.cm. Kernel is a filtered back projection algorithm for both examinations (H50).





The newest generation of CT systems, and in particular the sequential mode using 320 detector rows, enables further reductions in dose while maintaining image quality at an acceptable level.




CT of the Thorax

The chest is the body region with the highest risk of cancer induction because it contains highly radiosensitive organs such as the lungs and the breast.28,60,61 However, the natural contrast between structures in the chest allow reduction of the dose from standard settings to low-dose conditions with a CTDIvol reduction by a factor of 4 to 10 without impairing the diagnosis (Fig. 1-9). Typically, a CTDIvol of 3.5 mGy in a standard patient (70 kg in body weight) is achievable without using iterative reconstruction whereas the CTDIvol could even be lower if using iterative technique.36

[image: image]
FIGURE 1-9 Axial 3-mm slices at the level of lung bases obtained in two male patients weighing 85 kg, with similar chest wall thickness and 33 cm in lateral chest diameter. On the left, the acquisition parameters were not optimised and the noise index specific to the AEC system was set at 11 HU. The resulting CTDIvol is of 28.3 mGy and exceeds the French national DRL (set at 15 mGy for chest CT). On the right, acquisition parameters were optimised and the AEC system tolerated a noise of 15 HU and limited the dose increase from 80 to 100 mAseff. The resulting CTDIvol is 7.7 mGy.





AEC systems should be activated. The optimisation process consists of increasing the noise index (GE–Toshiba CT systems) or decreasing the quality reference mAs (Siemens–Philips). The selection of the tube voltage is crucial. Unenhanced CT can be performed with high tube potential (140 kV) and low tube current (30 mAs in a 70-kg patient; Fig. 1-10), whereas contrast-enhanced MCT should be obtained with low tube potential (typically 80 or 100 kV; Fig. 1-11). Obesity is a known restriction to use 100 kV and also CTPA should be performed using the 120-kV setting (Fig. 1-12).
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FIGURE 1-10 Consecutive chest CT examinations in the same patient with stable body weight of 65 kg obtained in 2010 and in 2011. A pulmonary lesion appeared in 2011 in the left upper lobe. The 2010 acquisition was obtained with 120 kV and 80 mAs, whereas the second CT was obtained at 140 kV and 38 mAs default setting. The CTDIvol was reduced from 4.24 to 2.36 mGy (–45%). Image quality is very similar between both acquisitions, as shown in mediastinal window in (A), and in pulmonary windows in coronal (B), axial (C) and sagittal views (D).
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FIGURE 1-11 CTPA examination in a patient weighing 55 kg obtained at 80 kV and with a quality reference mAs AEC setting at 12 mAs, reduced by the AEC to 56 mAseff in the present patient. The CTDIvol of this acquisition is 1.1 mGy and the DLP of the entire examination is 39 mGy.cm. The use of a 80-kV tube potential reduces the dose and makes it possible to obtain a perfect vessel opacification.





[image: image]
FIGURE 1-12 CTPA examination in a patient weighing 115 kg obtained at 120 kV. The CTDIvol of this acquisition is 10.5 mGy and the DLP 394 mGy.cm. The vessel enhancement is not excellent, probably because of tube potential at 120 kV. A pulmonary embolism is seen in the right upper lobe. Note that this obese patient was exposed to a DLP that does not exceed the RDL of a standard patient.





A low-dose chest CT acquisition can be obtained with a tube current–time product divided by approximately 5 as compared to the optimised one. The subsequent noise can be reduced by iterative noise reconstruction algorithms (Figs. 1-13 and 1-14).
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FIGURE 1-13 Low-dose chest CT examination acquisition obtained in a 23-year-old woman with suspected tuberculosis. Tube potential is 140 kV, quality reference mAs (and the tube current is 9 mAs) of AEC is set at 9 mAs and the CTDIvol is 0.97 mGy, whereas the DLP is 33 mGy.cm. Slice thickness is 3 mm and reconstruction kernel uses iterative technique. As shown in Fig. 1-14, in a standard patient weighing 70 kg, such low-dose chest CT protocol delivers a DLP not higher than 20 mGy.cm. Using 0.017 mSv/mGy.cm as conversion factor, the effective dose is 0.34 mSv, equivalent to the dose of a two-view radiographic examination.
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FIGURE 1-14 Low-dose chest CT examination obtained in a patient weighing 65 kg with the same tube potential and quality reference mAS as in Fig. 1-13. AEC system reduced the tube current from 9 to 5 mAseff. The CTDIvol is of 0.57 mGy and the DLP of 18 mGy.cm. Note the tracheobronchial diverticuli.








CT of the Abdomen and Pelvis

Approximately 50% of abdominal CTs are obtained in patients younger than 50 years.28 In addition, abdominal pain is the most frequent clinical indication for performing an abdominal CT, meaning that most of the patients have no known malignancy. It is therefore of utmost importance to optimise and further minimise the dose of abdominal CT examinations.

In a standard patient (70 kg body weight), an abdominal CT can be optimised to a CTDIvol of 5–6 mGy. Because of the design of AEC systems, it is important to pay attention to the dose delivered in obese patients: AEC systems yielding for a constant image noise (GE and Toshiba) tend to deliver a significantly higher dose to obese patients than other AEC systems (GE–Philips). Bench-markings obtained from surveys help finding reference values for optimised abdominal CT shown in Table 1-9,31,34–45 whereas CT parameters and dose descriptors in optimised and low-dose abdominal CT as a function of body weight are listed in Table 1-10 (Figs. 1-15–1-25).


TABLE 1-10

CT Parameters and CTDIvol and DLP in Optimised and Low-Dose MDCT of the Abdomen as a Function of Body Weight



	Patient's Weight (kg)
	Tube Potential (kV)
	Example
	CTDIvol (mGy)
	DLP (mGy.cm)



	Optimised CT in Adult Patients


	> 120
	140
	Fig. 1-15
	12.0–15.0
	600–1000



	100–120
	120–140
	NA
	8.0–12.0
	400–600



	80–100
	120–140
	
Figs. 1-17 and 1-26

	4.0–8.0
	300–400



	60–80
	100–120
	
Figs. 1-18 and 1-28

	3.0–4.0
	200–300


	Low-Dose CT in Adult Patients


	> 120
	140
	Fig. 1-19
	6.0–10.0
	300–500



	100–120
	120–140
	Fig. 1-20
	3.5–6.0
	120–300



	80–100
	120–140
	Fig. 1-21
	2.0–4.0
	150–200



	60–80
	100–120
	Fig. 1-22
	1.5–3.0
	100–150


	Low-Dose CT in Children


	40–60
	100
	
Figs. 1-23 and 1-24

	1.5–3.0
	50–100



	< 40
	80
	Fig. 1-25
	1.0–2.0
	25–50
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Note:


1. AEC current modulation should always be activated.

2. The choice of the tube potential is dependent on the use of iodine contrast and on the body weight.

3. Low-dose protocols suppose accepted higher noise levels as compared with routine optimised MDCT acquisitions.

4. In adults, DLP values are given for an optimised acquisition length of 30 cm, set from the top of the kidneys to the superior aspect of the symphysis pubis.

5. In children, acquisition length is 25 cm in those weighing < 40 kg and 30 cm for all others.

6. These protocols can be applied on most MDCT systems.

7. Using newly developed slice systems (GE HD750, Siemens Definition and Philips ICT) and using iterative reconstruction algorithms, noise can be reduced, enabling further significant dose reductions by 30–50%.





[image: image]
FIGURE 1-15 Optimised dose unenhanced MDCT obtained in an obese patient weigting 135 kg, with acute appendicitis. The high tube potential and low tube current strategy is used (140 kV–120 mAs). CTDIvol is 15 mGy and dose–length product is 747 mGy.cm. Average abdominal diameter is 40 cm.
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FIGURE 1-16 Optimised dose 16-detector row CT (Emotions 16, Siemens, Forchheim, Germany) in a 68-year-old man weighing 75 kg (standard size patient) and with right lower quadrant pain. Image noise measured in inferior vena cava is 16 HU. Tube potential is 130 kV, quality reference mAs at 80 mAseff and is lowered to 50 mAseff by the AEC. The subsequent CTDIvol is 5.6 mGy. Acquisition height is 37 cm and the corresponding DLP is 233 mGy.cm.





[image: image]
FIGURE 1-17 Reduction of tube potential in a patient weighing 67 kg with chronic pancreatitis and a pseudocyst in the head of the pancreas. On the left, 120-kV MDCT with default 120-mAs quality reference tube current. The CTDIvol is 4.2 mGy and the DLP is 194 mGy.cm. On the right, tube potential was set at 100 kV with unchanged quality reference tube current (120 mAs). The CTDIvol is reduced to 2.5 mGy and the DLP is 101 mGy.cm. For the examinations, the AEC system has adjusted the tube current from 120 to 62 mAseff.
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FIGURE 1-18 Low-dose unenhanced MDCT of the abdomen in an extremely obese 22-year-old woman with right iliac fossa pain. Tube potential is 140 kV and the quality reference mAs at 30 mAseff. AEC system adapted the tube current–time product to 57 mAs. The CDTIvol is 5.9 mGy, whereas the DLP is 290 mGy.cm. Arrow shows the normal appendix.
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FIGURE 1-19 Low-dose unenhanced MDCT of the abdomen in an obese 21-year-old, 1.78-m-tall man, weighing 105 kg referred for acute pain in the right iliac fossa. Tube potential is 140 kV and quality reference tube current is set at 20 mAseff. AEC increased this default tube current to 35 mASeff. The CDTIvol is 3.7 mGy, whereas the DLP is 131 mGy.cm. Note that this low DLP was achieved because the acquisition height has been limited to the lower three-quarters of the abdomen. A standard acquisition would have delivered 900 mGy.cm in this patient.
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FIGURE 1-20 Low-dose unenhanced MDCT of the abdomen in a 21-year-old man weighing 90 kg and 1.78 m tall, with suspected acute left renal colic. Tube potential is 140 kV and quality reference tube current is set at 30 mAseff. AEC adapted the tube current–time product to 32 mAseff. The CDTIvol is 3.4 mGy and the DLP is127 mGy.cm. A 2-mm large calculus is seen in the distal left ureter.





[image: image]
FIGURE 1-21 Low-dose iodine-enhanced MDCT of the upper abdomen with a 21-cm acquisition height performed in order to confirm acute right pyelonephritis (arrow) in a 22-year-old woman. Tube potential is lowered at 110 kV and the quality reference tube current is set at 60 mAs, reduced to 28 mAs by the AEC. The applied CTDIvol is 2 mGy and the DLP is limited to 42 mGy.cm, equivalent to the risk of an abdominal plain radiograph.
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FIGURE 1-22 Iodine-enhanced abdominal MDCT in a 12-year-old boy weighing 45 kg complaining of right iliac fossa pain. No sign of appendicitis was found by CT. Tube potential is 100 kV and quality reference tube current is 120 mAseff. The AEC reduced this tube current to 57 mAseff. The resulting CTDIvol is 2.6 mGy and the DLP is 101 mGy.cm. (A) A representative 3-mm axial view and (B) coronal and sagittal 3-mm views.
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FIGURE 1-23 Low-dose unenhanced MDCT of the abdomen obtained in a 11-year-old boy weighing 40 kg, referred for right iliac fossa pain after inconclusive US examination. Tube potential is 100 kV and quality reference tube current at 70 mAseff. This preset is reduced to 37 mAseff by the AEC system. The resulting CTDIvol is 1.7 mGy and the DLP is 51 mGy.cm. The appendix (arrows) is normal in axial (A) and in coronal and sagittal orientations (B).
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FIGURE 1-24 Unenhanced MDCT obtained at 80 kV in a 9-year-old boy weighing 34 kg after inconclusive ultrasound examination showing an acute appendicitis (arrow) while delivering 1.4 mGy (CTDIvol) and 50 mGy.cm (DLP).
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FIGURE 1-25 Comparison of two consecutive CT-enhanced acquisitions of the abdomen with a dose reduction of 33% in an 87-year-old woman weightng 88 kg. The first one is performed with 120 kV and 150 mAseff, and the second one with the same tube potential but 100 mAs. Slice thickness is 3 mm. Image noise is slightly higher in the 100-mAs axial (A) and coronal (B) orientations, but the 100-mAs images are of acceptable quality.





For unenhanced CT, the tube potential may be as high as 140 kV combined with a low tube current–time product (typically 60 mAseff in a 80-kg patient).

For enhanced CT, the tube potential may be at 100 kV instead of 120 kV in patients below 90 kg. The noise generated by tube potential reductions can be eliminated either by slightly increasing the tube current–time product or by using iterative reconstruction.62





CT of the Lumbar Spine

Optimising the lumbar spine CT acquisitions is particularly difficult for various reasons. First, obesity is one of the main risk factor for low back pain. Secondly, the increased fat component in abdominal CT slices of obese patients making it possible to tolerate higher noise is not present in the spinal canal. Thus, similar noise in lumbar spine imaging cannot be tolerated in obese patients as compared with that in abdominal imaging.45 Research on the effects of dose reduction by means of simulated tube current reduction for CT of the lumbar spine suggests that a mAs reduction by 35–50% is feasible (Figs. 1-26–1-29).
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FIGURE 1-26 Comparison of two consecutive unenhanced MDCT examinations in a 48-year-old man weighing 75 kg who had a sigmoid perforation on a foreign body that proved to be a swallowed toothpick. The toothpick is visible on the right-sided coronal reformat. The first CT was not optimised and at 120 kV and a noise index of 10 UH for 1.25-mm slices. The resultant CTDIvol is approximately 20 mGy and the DLP is 1009 mGy.cm. The second CT displayed on the left was acquired after endoscopic removal of the toothpick at 140 kV and a quality reference tube current of 40 mAseff, reduced to 36 mAseff by AEC. The corresponding CTDIvol was 3.8 mGy and the DLP was 148 mGy.cm, the dose being reduced by a factor of 7.
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FIGURE 1-27 Side-by-side comparison of two consecutive unenhanced MDCT of the lumbar spine obtained in a 67-year-old patient weighing 92 kg, with stage IV colon carcinoma and complaining of low-back pain. Two acquisitions are obtained, one at standard dose of 68 mGy (CTDIvol, displayed on the right), and the second at an optimised dose of 36 mGy (CTDIvol, displayed on the left). (A) Sagittal reformats in soft-tissue algorithm and window, (B) axial slices and (C) sagittal reformats with bone algorithm and window.
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FIGURE 1-28 Side-by-side comparison of two consecutive unenhanced MDCT of the lumbar spine obtained in a 72-year-old man weighing 71 kg, with stage III non-small cell lung carcinoma who complained of low-back pain. Two acquisitions are obtained, one at a standard dose of 38 mGy (CTDIvol, displayed on the right), and the second at an optimised dose of 23 mGy (CTDIvol, displayed on the left). (A) Axial slices at the level of L5–S1 disc showing a disc herniation. (B) The same herniation (arrow) in left parasagittal orientation. Sagittal reformats in soft-tissue algorithm and window.
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FIGURE 1-29 Side-by-side comparison of sagittal reformats of the lumbar spine showing the potential benefit of iterative reconstruction technique for imaging low-back pain with CT. The right one is obtained with iterative reconstruction and the left one with usual filtered back projection technique. Noise seen in FBP reformat is significantly reduced by the iterative technique.











Summary and Conclusion

Optimisation of CT protocols to ensure the ALARA principle is part of the everyday practice. Vendors are welcome to help in this process but the final decision on the ALARA image quality and dose relies on the radiologists. The historical references for radiation dose in CT (RDLs) are very high. Current CT technology makes it possible to reduce by 50% of the RDLs, with or without iterative reconstruction. AEC systems are a helpful tool for maintaining the image quality. Nowadays, low-dose protocols deliver a dose very close to that of radiographic examinations. In clinical work-up, special attention must be paid to justifying multiphasic series and extended anatomical coverage.

For a full list of references, please see ExpertConsult.
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Introduction

Contrast media are commonly used for imaging to enhance the differences of structures or fluids within the body tissue. They may be used in radiological procedures such as radiography, fluoroscopy, angiography, computed tomography (CT), magnetic resonance imaging (MRI) and ultrasound. Various types of contrast media exist for each technique, and their applications depend on the chemical and physical properties of the agents. The ideal contrast medium does not exist. It should be possible to inject the ideal agent fast or drink it. It should leave the body as soon as possible—after it has enhanced the structures in question—in unchanged form and without causing any harm to the body, including adverse reactions. Almost all agents cause discomfort and adverse reactions to some degree. Discomfort, e.g. metal taste and/or feeling of warmth, is frequent. Serious reactions requiring treatment are infrequent. Acute non-renal adverse reactions are the same for all types of contrast media, whereas there are differences regarding acute renal adverse reactions, late reactions and very late reactions. Most of the agents are out of the body within 24 hours if the patient has normal renal function. It may take weeks before the agent is out of the body if the patient has severely reduced renal function. Iron-based agents enter the natural circulation like any other iron ion. Hepatobiliary gadolinium-based agents are partially excreted via the hepatobiliary system, whereas the ion manganese is excreted solely by the liver. Barium products or iodine-based oral agents stay in the intact gastrointestinal tract. Products like air, carbon dioxide, tap water, and juices containing manganese, e.g. blueberry juice, pineapple juice, can be used as contrast media, but their use is beyond the scope of this chapter.




Contrast Media for Radiography and CT

A positive contrast medium attenuates the X-rays significantly stronger than the body's soft tissues and in the appropriate concentration and dose could be applied in—or even reach—the body system which is imaged. They can be divided into (1) water-soluble (iodine-containing) substances and (2) non-water-soluble (barium) compounds. The atoms barium and iodine absorb X-rays significantly in a wavelength of 0.02 to 0.3 nm equal to that used in diagnostic radiology.

A negative contrast agent absorbs X-rays less than the soft tissue does. Water and air can be used as negative contrast agents.


Barium-Based Contrast Agents

The gastrointestinal tract is most frequently studied with very poorly soluble barium sulphate, BaSO4, which is administered orally or rectally, in a finely divided aqueous suspension with 0.3 to 1 g dry weight per millilitre. Barium sulphate is normally not absorbed during passage through the digestive tract. It may overflow into the lungs and leak into the mediastinum, the tissue around the rectum or intraperitoneal cavity causing granuloma and occasional fatal reactions.1 Therefore, when one suspects aspiration, a fistula between the oesophagus and lungs, or perforation of the gastrointestinal tract, the use of barium sulphate should be avoided. Leakage into the vasculature is life threatening and it is therefore important to be aware of this during the study, so treatment can be initiated immediately. Side effects include barium causing or exacerbating constipation, worsening ulcerative colitis inflammation, e.g. peritonitis through perforation (Table 2-1).


TABLE 2-1

Safety of Barium-Based Contrast Media: Contraindications, Complications and Recommended Actions



	
	
	Recommended Action




	Contraindications
	Integrity of gut wall compromised
	Use iodine-based, water-soluble contrast media
In neonates and patients at risk of leakage into mediastinum and/or lungs use low- or iso-osmolar contrast media



	Previous allergic reactions to barium products
	Use iodine-based, water-soluble contrast media and be prepared to treat a reaction



	Cautions
	Bowel strictures
	Use only small amounts



	Extensive colitis
	Avoid barium enemas



	Complications
	Reduced bowel motility
	Encourage fluid intake



	Venous intravasation
	
• Early identification and careful observation

• Antibiotics and intravenous fluids

• Emergency treatment may be needed






	Aspiration
	
• Bronchoscopic removal for large amounts

• Chest physiotherapy

• Antibiotics









[image: image]







Iodine-Based Contrast Media

Iodine (atomic number 53 and atomic weight of 127) is the only element that is proved satisfactory for general use as an intravascular contrast medium for radiography including angiography and CT.2 The iodine provides the radiopacity; the other elements of the contrast medium molecule provide no radiopacity but act as carriers of the iodine, greatly increasing the solubility and markedly reducing the toxicity of the molecule.3 The problem has always been how to pack the iodine so it may be delivered safely into very sensitive arterial systems (e.g. brain, heart, kidneys) in the very large amounts required to produce adequate radiopacity.4 Some agents can even be administered into the cerebrospinal fluid without causing major problems.

Organic carriers of iodine will probably remain the basis of all intravascular contrast media for the foreseeable future. Since the 1950s, four chemical varieties of iodine-based contrast media in clinical use have been introduced.5 All four are tri-iodo benzene ring derivatives with three atoms of iodine at 2,4,6 positions in monomers and six atoms of iodine per molecule of the ring atom in dimers; they are very hydrophilic; have low lipid solubility, low toxicity, low binding affinities for protein, receptors or membranes; and have molecular weights less than 2000.4 Their osmolality and viscosity appear in Figs. 2-1 and 2-2, respectively.

[image: image]
FIGURE 2-1 Osmolality (mosmol/kg) of the various iodine-based contrast agents at a concentration around 300 mgI/mL.





[image: image]
FIGURE 2-2 Viscosity (mPa.s) of the various iodine-based contrast agents at a concentration around 300 mgI/mL and at 37°C.






High-Osmolar Ionic Contrast Media (Fig. 2-3)

All ionic monomers are salts with sodium or meglumine (N-methylglucamine) as the non-radiopaque cation and a radiopaque tri-iodinated fully substituted benzoic acid ring as the anion. These anions include diatrizoate, ioxitalamate and iothalamate. Each molecule completely dissociates in water into two ions—one non-radiopaque cation and one tri-iodinated radiopaque anion, giving iodine a particle ratio of 3 : 2. They are very hypertonic ~1600 mosmol/kg water at 300 mgI/kg compared with the physiological osmolality of 300 mosmol/kg water (Fig. 2-1). High-osmolar monomeric contrast media are rarely used intravascularly nowadays and have almost been replaced by non-ionic low-osmolar contrast media.

[image: image]
FIGURE 2-3 Ionic high-osmolar iodine-based contrast media, also called HOCM or ratio 1.5 agents.








Low-Osmolar Ionic Contrast Media (Fig. 2-4)

Ioxaglate is the only compound in this group. It is a mixture of sodium and meglumine salts of a mono acidic double benzene ring with each benzene ring having three atoms of iodine at C2, C4, C6 positions. The total molecule, therefore, contains six atoms of iodine and in solution each molecule dissociates into one radiopaque hexa-iodinated anion and one non-radiopaque cation (sodium and/or meglumine). Ioxaglate, therefore, has an iodine-to-particle ratio of 6 : 2 or 3 : 1. The osmolality is similar to that of the non-ionic monomers.

[image: image]
FIGURE 2-4 Ionic low-osmolar iodine-based contrast medium.








Low-Osmolar Non-ionic Contrast Media (Fig. 2-5)

The first agent was metrizamide introduced by Torsten Almén in 1969.2 Today, second-generation non-ionic monomers (iohexol, iopamidol, iopromide, ioversol, ioxilan, iomeron, iobitridol, iopentol, iobiditrol) have taken over and are much more stable, much more soluble and much less toxic. None of these molecules dissociate in solution. They are iodinated non-ionic compounds and therefore in solution they provide three atoms of iodine to one osmotically active particle (the entire molecule), producing an iodine-to-particle ratio of 3 : 1. They have less than half of the osmolality of HOCM. They have an osmolality of about 600 mosmol/kg water at a concentration of 300 mgI/mL compared with the physiological osmolality around 300 mosmol/kg (Fig. 2-1).

[image: image]
FIGURE 2-5 Non-ionic low-osmolar contrast media, also called LOCM or ratio 3.0 agents.








Iso-Osmolar Non-ionic Contrast Media (Fig. 2-6)

Isomenol, iotrolan, iodixanol and GE-145 are examples of non-ionic chemicals. They do not dissociate in solution. Each molecule, therefore, provides in solution six atoms of iodine for one molecule, i.e. an iodine-to-particle ratio of 6 : 1. Non-ionic dimers are sold as physiologically isotonic (300 mg/kg water) in solution at 300 mgI/mL. Various electrolytes (i.e. trometamol, sodium chloride, calcium chloride dihydrate, sodium calcium edetate) are added to keep the medium at isotonic levels at all iodine concentrations. Having an osmolality lower than that for the non-ionic monomers has a price: the viscosity is high even at body temperature (Fig. 2-2). The high viscosity makes it more difficult to inject the agent through thin IV lines or angiography catheters with small lumen. Therefore, the contrast agents are typically preheated before injection.

[image: image]
FIGURE 2-6 Non-ionic iso-osmolar contrast agents, also called IOCM or ratio 6.0 agents.








Pharmacokinetics

None of the four chemical types of contrast media have marked pharmacological actions. This is highly desirable as they are used purely for imaging and not as therapeutic drugs.

After intravascular injection, all of the four types are distributed rapidly because of high capillary permeability into the extravascular, extracellular space (except in the central nervous system as they do not pass an intact blood–brain barrier). They do not enter the interior of blood cells or tissue cells. Protein binding is minimal. The agents follow two-compartment kinetics (Fig. 2-7). Contrast substances are excreted unchanged by glomerular filtration. In people with normal glomerular filtration rate (GFR; >60 mL/min/1.73 m2) more than 80% is excreted after 4 hours, and 98% after 24 hours. In renal disease, it can take days/weeks depending on their impairment. In most patients, small amounts (<1%) are excreted via the bile, but in some patients a little more biliary excretion is seen; on the following day, contrast medium can be found in the gallbladder at CT. This is normal.

[image: image][image: image]
FIGURE 2-7 Normal CT urography. (A) Unenhanced image of the posterior part of the abdomen. (B) 10 and 2 minutes after contrast medium administration. Some areas of the soft tissue have changed colour due to the iodine-based contrast media. The contrast media is filtered in the kidney, causing significant opacification of the urinary tract due to the higher concentration in urine than in blood.





The hydrophilic contrast agents are not absorbed from the intact gastrointestinal tract and, in particular, the high-osmolar contrast agents will draw water into the gastrointestinal lumen, with the risk of dehydrating the patient.





Quantity of Contrast Medium Required

Very large amounts of iodine used to be necessary because of the low sensitivity inherent in conventional film-screen radiography. This low sensitivity to iodine is not an inherent property of the X-ray beam but is due to the low sensitivity of projection images where everything between the X-ray tube and the detector is added up to a single image. Techniques used in CT imaging and digital subtraction angiography (DSA) are more sensitive to minor differences in iodine concentration.

In complex cardiac interventional cases, the use of more than 1000 mL of iodine-based contrast medium has been reported,6 indicating the relative safety of the agents even when used in large amounts. However, one should never use more contrast medium than necessary to confirm the presence of a lesion or to confirm the absence of a lesion in any patient.










Contrast Media for MR Imaging

MR contrast agents are diagnostic pharmaceutical compounds, which mainly contain paramagnetic metal ions that affect MR signal properties of surrounding tissues. Paramagnetic agents are positive enhancers that reduce the T1 and T2 relaxation times and increase tissue signal intensity on T1-weighted MR images and have nearly no effect on T2-weighted images (Fig. 2-8). Superparamagnetic ions have a signal-enhancing effect on T1-weighted images at low concentrations, whereas in higher concentrations they have a negative effect on the signal from the surrounding tissue on T2/T2*-weighted images and nearly no effect on T1-weighted images. Copper (Cu2+), manganese (Mn2+) and gadolinium (Gd3+) were considered as potential paramagnetic ions to be used for MRI in the 1980s. However, Gd (atomic number 64 and atomic weight of 157) turned out to be the most powerful, with seven unpaired electrons, but, unfortunately, the most toxic of those ions.7 Therefore, it is necessary to encapsulate it by a chelate. As a supraparamagnetic ion, iron (Fe2+) was introduced.

[image: image][image: image]
FIGURE 2-8 T1-weighted images of the brain showing a lymphoma with and without gadolinium-based contrast medium.





The first MR contrast agent to be introduced into clinical practice was the gadolinium diethylenetriamine pentaacetic acid salt (Gd-DTPA).8 The chelate DTPA was already known from its use in nuclear medicine (99mTc-DTPA). Several gadolinium-based MR contrast agents are currently available for clinical use in addition to Gd-DTPA (Fig. 2-9). Over the years, contrast media based on manganese and iron for intravenous use have been introduced, but most of them have been taken off the market for various reasons (production problems, limited sale, etc.).

[image: image]
FIGURE 2-9 Chemistry of the various commercially available gadolinium-based contrast media.






Gadolinium-Based Contrast Media

Two principally different chelates were introduced to detoxify gadolinium: (1) linear or acyclic and (2) macrocyclic or cyclic.5 Just like the iodine-based contrast media, both are available as ionic and non-ionic.5 Physical data9 for the various gadolinium-based agents are shown in Table 2-2 and Figs. 2-10 and 2-11. Three of the nine agents have more or less affinity to albumin (4–90%).


TABLE 2-2

Physical Data for Commercial Gadolinium-Based MR Contrast Media



	Name
	Gadodiamide
	Gadoversetamide
	Gadopentetate dimeglumine
	Gadobenate dimeglumine
	Gadoxetate disodium
	Gadofosveset trisodium
	Gadobutrol
	Gadoteridol
	Gadoterate meglumine



	Brand name
	Omniscan
	Optimark
	Magnevist
	Multihance
	Primovist, Eovist
	Vasovist, Ablavar
	Gadovist, Gadavist
	Prohance
	Dotarem, Magnescope



	Chelate/ionicity
	Acyclic/Non-ionic
	Acyclic/Non-ionic
	Acyclic/Ionic
	Acyclic/Ionic
	Acyclic/Ionic
	Acyclic/Ionic
	Cyclic/Non-ionic
	Cyclic/Non-ionic
	Cyclic/Ionic



	Viscosity (mPa.S) at 37°C
	1.4
	2.0
	2.9
	5.3
	1.2
	2.1
	5.0
	1.3
	2.0



	Organ specific
	No
	No
	No
	Yes (liver)
	Yes (liver)
	Yes (blood)
	No
	No
	No



	Hepatobiliary excretion
	No
	No
	No
	Yes (1–4%)
	Yes (42–51%)
	Yes (5%)
	No
	No
	No



	Log Keq, M−1
	16.9
	16.6
	22.5
	22.6
	23.5
	22.1
	21.8
	23.8
	25.6



	Log Keq, pH 7
	14.9
	15.0
	18.4
	18.4
	18.7
	18.9
	15.5
	17.1
	19.3



	
[image: image] dissociation pH 1

	<5 s
	<5 s
	<5 s
	<5 s
	<5 s
	<5 s
	7.9 h
	2.0 h
	26 h
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FIGURE 2-10 Osmolality of the various gadolinium-based contrast media at the concentrations (mmol/mL) at which they are marketed.





[image: image]
FIGURE 2-11 Relaxivity (r1, mM−1 s−1) of the various gadolinium-based contrast media in plasma in 1.5 T and 3 T (37°C).





The differences in osmolality (Fig. 2-10) do not have any effect on the incidence of adverse reactions compared with the situation for iodine-based contrast agents. The lack of a difference is likely due to the small amounts of the agent used for MRI.10 The viscosity of the agents is low and unimportant.

Gadolinium in itself does not change the signal; it is the surroundings that change signal intensity when the agent is there.11 The effect increases when gadolinium is bound to a chelate and the addition of albumin increases the effect further.9 Relaxivity of the various agents at 1.5 and 3 T are shown in Fig. 2-11. The increase in field strength has no major impact on the relaxivity of the agents except for the gadofosveset, which is highly bound to albumin.

The molecular structure of the chelate affects the stability of the molecules, i.e. how tightly the gadolinium is held within them.12,13 In vitro measurements of the chemical stability of gadolinium-based contrast media show that the cyclic chelates are the most stable and that the non-ionic linear chelates are the least stable.14 The conditional stability constant and thermodynamic stability constant are shown in Table 2-2. In the cyclic molecules, the gadolinium is caged in the molecular ring (Fig. 2-6), while in the acyclic molecules the gadolinium is held less strongly. Ionic acyclic molecules are generally more stable than non-ionic. In vivo animal measurements support these findings, with three times more gadolinium retention in the tissues of rats and mice with normal renal function two weeks after the non-ionic acyclic agent gadodiamide than after the ionic acyclic agent gadopentetate dimeglumine.13 Only very small amounts of gadolinium were retained in the tissues after the cyclic agents gadobutrol, gadoterate meglumine and gadoteridol were used.15


Pharmacokinetics

The pharmacokinetics of all extracellular MR contrast agents are similar to that of iodine-based, water-soluble contrast media. The agents have low molecular mass and they rapidly diffuse into the interstitial extravascular space after intravenous injection. Reverse diffusion into the intravascular compartment also occurs and a state of equilibrium between diffusion in and out is usually reached within two hours. Gadolinium chelates are constantly eliminated from the intravascular compartment by passive glomerular filtration. Subsequently, more than 95% of the injected dose is excreted in urine within 24 hours in the presence of normal renal function. In patients with severely reduced renal function, it may take several days/weeks before the agents have left the body. During the prolonged elimination, transmetallation may occur, particular in acyclic non-ionic agents.13 Gadolinium is liberated from the chelate and another ion, e.g. zinc and iron, has taken its place. Very small amounts <0.1% are eliminated via feces. Extracellular MR contrast agents do not cross-intact specialised vascular blood–brain barrier nor bind to proteins or receptors and there is no intracellular penetration.

These agents accumulate in tissues with abnormal vascularity (malignant and inflammatory lesions) and in regions where the blood–brain barrier is disrupted. Because of their rapid equilibration in the interstitial space of both normal and tumours/inflammatory tissues, use of dynamic MRI after bolus injection utilising the narrow imaging window with a transiently increased tumour/inflammatory to normal tissue contrast is recommended.

Gadobenate dimeglumine has a capacity for weak and transient protein binding and is eliminated through both the renal and hepatobiliary pathways.16 The hepatic uptake represents 2–4% of the injected dose. Otherwise, it behaves as a conventional extracellular contrast agent in the first minutes following intravenous administration and as a liver-specific agent in a later delayed phase (40–120 min after administration) when it is taken up specifically by normal functioning hepatocytes. Gado­fosveset trisodium is a blood pool agent with high affinity to albumin.16 The biological half-life is 12 times longer than that for extracellular agents in patients with normal renal function (18 hours). Gadoxetic acid is a hepatobiliary-specific, gadolinium-based contrast agent with 10% protein binding and 50% excretion by the hepatocytes, providing clinically useful signal characteristics in the hepatobiliary phase.16




Quantity of Contrast Medium Required

Generally, the recommended dose for clinical use of the extracellular agents is 0.1 mmol/kg but up to 0.3 mmol/kg may be used, particularly in MR angiography. Because of the protein binding, three organ-specific agents can be given in doses lower than those of the extracellular agents and similar diagnostic results can be obtained. In no case should one ever use more contrast medium than necessary to verify a lesion or rule out its presence.







Iron-Based Contrast Media

These comprise superparamagnetic iron oxide (SPIO) that is administered intravenously or orally.17 The iron is covered by dextran or carbodextran and is produced in three sizes: large, medium and ultra small. The medium-sized particles accumulate within the Kupffer cells in the normal liver within less than 60 minutes, resulting in reduction in signal intensity of the liver at T2*-weighted gradient-echo imaging. Lesions containing Kupffer cells demonstrate signal reduction, whereas lesions that are Kupffer cell-depleted retain high signal. Some ultra small particles (USPIO) also accumulate in normal lymph nodes or in their portion with normal tissue and in other reticuloendothelial system (RES)-containing organs such as liver, spleen or bone marrow during the 24 hours after administration.18,19 The large particles are used for enhancement of the gastrointestinal tract. Currently, iron-based contrast media are no longer marketed in many countries.




Manganese-Based Contrast Media

Manganese-based agents can be infused intravenously or be administered orally. Compared with other ions, manganese is selectively taken up by the hepatocytes and excreted via the bile (Fig. 2-12).20 The uptake is correlated with the mitochondrial function and is thus a sign of the oxygenation of the hepatocyte. After infusion, manganese can be seen in the pancreas, adrenal glands and the pituitary, but not after oral intake, which also opacifies the bowel content. Manganese is a relatively non-toxic ion, but in high doses it may be toxic; it may accumulate, for example, in the brain, where it may cause degenerative lesions with Parkinsonism as a result. Therefore, manganese may not be administered in high doses into a peripheral vein. A normal liver removes 80 to 90% of the manganese during a single passage. Manganese-based contrast agents for signal-enhanced lumen filling of the gastrointestinal tract have also been on the market. For the time being, manganese-based contrast media are no longer marketed in most countries.
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FIGURE 2-12 (A, B) MRI of the upper abdomen before and after administration of manganese. Only the signal from the liver is increased.








Tissue-Specific MR Contrast Agents

The principle of tissue specificity means directing a contrast agent towards a certain tissue like liver tissue or the intravascular space. The most thoroughly investigated and approved tissue-specific contrast agents relate to hepatic MRI. A variety of liver contrast agents have been developed for contrast-enhanced MRI of the liver, designed to overcome the limitations of unspecific tissue uptake by extracellular low-molecular-weight gadolinium chelates. The two main classes of liver-specific contrast agents are SPIO, with uptake via the reticuloendothelial system mainly into the liver and spleen, and hepatobiliary contrast agents, with uptake into hepatocytes followed by variable biliary excretion. Two hepatobiliary contrast agents—gadobenate dimeglumine with somewhat weak hepatic uptake and subsequent biliary excretion and gadoxetic acid with a much higher biliary uptake rate and stronger biliary excretion—are already clinically approved in many countries. Hepatobiliary agents exhibit different features for the detection and characterisation of liver tumours. Enhancement during the distribution phase of contrast agents mainly depends on tumour vascularity and its blood supply, while enhancement on delayed images is characterised by the cellular specificity of MR contrast agents. Therefore, enhancement characteristics of hepatobiliary contrast agents are applicable to the diagnosis of primary hepatocellular liver tumours.21

Blood pool contrast agents are specifically designed through persistence in the intravascular space without the passage to extravascular interstitial or extracellular fluid spaces that is the hallmark of conventional extracellular contrast (i.e. their vascular half-life is much greater than that of the extracellular agents). Furthermore, the high protein binding causes higher relaxivity, allowing the use of smaller amounts of gadolinium than of the extracellular agents. The group of ‘blood-specific’ paramagnetic intravascular contrast agents is characterised by a prolonged circulation time within the blood pool.22 The agent resembles a low-molecular-weight gadolinium complex with strong binding to albumin. The compounds demonstrated an excellent enhancement of the vascular space in clinical setting. Again, somewhat weak protein binding is also exhibited by gadobenate dimeglumine, with increased intravascular signal during contrast-enhanced MRA compared with non-specific low-molecular-weight gadolinium chelates.23




Use of Extracellular MR Contrast Agents for Radiographic Examinations

Gadolinium attenuates X-rays. Hence, their use for radiographic examinations instead of iodinated contrast media has been advocated in patients with a history of serious adverse reactions to iodinated contrast media (a gadolinium-based contrast medium is definitely safer than 4 days in an intensive care unit due to an anaphylactoid reaction to an iodine-based contrast agent) and in patients undergoing imminent thyroid treatment with radioactive iodine providing the renal function of these patients is normal. In patients with renal impairment, gadolinium-based contrast media should not be used for radiographic examinations as they can induce nephrotoxicity at the doses required to produce adequate radiographic enhancement. It is also important to point out that gadolinium-based contrast agents have not been approved for radiographic examinations or intra-arterial injection and the doses approved for MR examinations will provide only a limited enhancement in radiographic examinations. Thus, its use is definitively off-label.







Contrast Media for Ultrasound

The development of ultrasound contrast agents, which perform as blood pool tracers, has overcome some of the limitations of conventional B-mode and colour or power Doppler ultrasound and enables the display of parenchymal microvasculature. Depending on the contrast agent and the ultrasound mode, the dynamic lesion enhancement pattern is visualised during intermittent or continuous imaging. An inherent advantage of contrast-enhanced ultrasound is the possibility of assessing the contrast enhancement patterns in real time with a substantially higher temporal resolution than other imaging techniques, without the need to predefine time points or to perform bolus-tracking. Furthermore, administration can be repeated due to the favourable safety profile and patient tolerance of ultrasound contrast agents.



Microbubbles

Ultrasound contrast media for intravenous injections are usually gas-filled microbubbles with a mean diameter less than a red blood cell (i.e. 2–6 µm). They are composed of a shell of biocompatible materials, including proteins, lipids, or biopolymers containing a filling gas. The contrast agents can be described according to the concentration of particles, size of particles or microbubbles, volume of gas, kind of gas, kind of shell, additives, etc. The microbubble shell may be stiff (e.g. denaturated albumin) or flexible (phospholipids) and has a thickness ranging from 10 to 200 nm. High-molecular-weight and low-solubility filling gases (perfluorocarbon or sulphur hexafluoride) produce a raised vapour concentration inside the microbubble relative to surrounding blood and increase the microbubble stability in the peripheral circulation.24

There are currently three principally different agents available: (1) air with a galactose and palmitic acid as a surfactant; (2) octafluoropropane (perflutren) with an albumin shell or a lipid shell; and (3) sulphur hexafluoride with a phospholipid shell. From 10 to 15 min after injection, the microbubble gas content is exhaled via the lungs, while the components of the shell are metabolised or filtered by the kidney and eliminated by the liver.

In general, ultrasound contrast agents can be detected with any ultrasound technique. However, adequate detection of such small amounts of contrast agent, particularly against the background of a strong tissue signal (when used for imaging of blood circulation in the parenchyma of solid organs), requires the use of a dedicated imaging technique.




Pharmacokinetics

Contrast-enhanced ultrasound, contrast-enhanced CT or contrast-enhanced MRI are not equivalent, as ultrasound contrast media have different pharmacokinetics and are confined to the intravascular space, whereas the majority of currently approved contrast agents for CT and MRI are rapidly cleared from the blood pool into the extravascular/extracellular space.




Effect on Echogenicity

The ultrasound contrast agents increase the ultrasound backscatter and therefore are useful in the enhancement of echogenicity for the assessment of blood flow (Fig. 2-13). While conventional ultrasound can detect high concentrations of microbubbles, in practice their assessment usually requires contrast-specific imaging modes. Contrast-specific ultrasound modes are generally based on the cancellation and/or separation of linear ultrasound signals from tissue and utilisation of the non-linear response from microbubbles. Non-linear response from microbubbles is based on two different mechanisms: (1) non-linear response from microbubble oscillations at low acoustic pressure, chosen to minimise disruption of the microbubbles, and (2) high-energy broadband non-linear response arising from microbubble disruption.
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FIGURE 2-13 Ultrasound image of a kidney with contrast medium showing absence of perfusion in the upper pole.





Non-linear harmonic ultrasound signals may arise also in tissues themselves due to a distortion of the sound wave during its propagation through the tissue. The extent of this harmonic response from tissue at a given frequency increases with the acoustic pressure, which is proportional to the mechanical index. Low solubility gas ultrasound contrast agents are characterised by the combination of improved stability with favourable resonance behaviour at low acoustic pressure. This allows minimally disruptive contrast-specific imaging at low mechanical index and enables effective investigations over several minutes with the visualisation of the dynamic enhancement pattern in real time. Low mechanical index techniques, furthermore, lead to effective tissue signal suppression, as the non-linear response from the tissue is minimal when low acoustic pressures are used. Ultrasound with air-filled microbubbles at high pressure is dependent on microbubble disruption, which is a significant limitation for real-time imaging.




Safety

Ultrasound contrast agents are generally safe with a low incidence of side effects. They are not nephrotoxic and do not interact with the thyroid gland and it is, therefore, not necessary to perform laboratory tests before their administration. The incidence of severe hypersensitivity or anaphylactic reactions is lower than with current iodine-based contrast agents and to a lesser degree with MR contrast agents. Ultrasound agents are not approved for use during pregnancy. Breastfeeding is a contraindication in some countries. Life-threatening anaphylactic reactions have been reported with a rate of less than 0.002%. Previous allergic/anaphylactic reaction to iodine- or gadolinium-based contrast agents does not necessitate any prophylaxis since the two types of agent are completely different.

There is a theoretical possibility that the interaction of diagnostic ultrasound and ultrasound contrast agents could produce bioeffects. In vitro cellular effects that have been observed include sonoporation, haemolysis and cell death. Although observed in vitro, such bio­effects may have relevance for the in vivo situation, as they result from interactions between gas bodies and cells. Data from small animal models suggest that glomerular capillary haemorrhage and other microvascular rupture could occur when microbubbles are insonated at high mechanical index. This could be injurious in specific situations in which such vascular damage would be clinically important such as in the eye and brain. This potential for non-thermal bioeffects exists with all modes, including conventional 2D imaging and 3D methods. The mechanical index provides a useful, albeit very rough, on-screen indicator of the potential for non-thermal effects. Changes have been observed in vivo in mammalian tissue models for diagnostic ultrasound exposures with a mechanical index (MI) greater than ~0.4 in the presence of ultrasound contrast agents. In addition, premature ventricular contractions have been described when high MI end systolic triggering is used in echocardiography.

Users should balance the potential clinical benefit of the use of ultrasound contrast agents against the theoretical possibility of associated adverse bioeffects in humans.25,26


Recommendations


1. Resuscitation facilities should be available exactly as for contrast media for radiography and CT and MR contrast agents (see 6.2.2).

2. The operator should be mindful of the desirability of keeping the displayed MI low and of avoiding unduly long exposure times.

3. Caution should be exercised:

a. For off-label use of ultrasound contrast media in tissues in which damage to the microvasculature may have serious clinical implications, such as in the eye, the brain and the neonate.

b. In patients with severe coronary artery disease and pulmonary hypertension. Unstable ischaemic heart disease in the 7 days before administration is a relative contraindication. Caution with respect to the use of ultrasound contrast agents in these cardiac instances derives from an anecdotal temporal, but unproven causal association between contrast injection and death in severely compromised cardiac patients. However, in very large patient cohorts, the use of ultrasound contrast agents for acute cardiac patients has been shown to be associated with a decreased, not increased, risk of death, thanks to the efficacy of the investigation.









Potential Developments

Microbubble agents have the potential for important further developments. The outer membrane of the microbubbles may be loaded with bioactive molecules (e.g. antibody fragments or peptides), resulting in an interaction with the tissue surface. Such labelled microbubbles can bind to specific molecules within the body, anchoring the microbubble in the target tissue.27 After washout of free-floating microbubbles, imaging of the bound agent can demonstrate the presence of binding sites, allowing molecular imaging. The high sensitivity of contrast-enhanced ultrasound (ability to detect even single microbubbles in vivo) and the possibility of microbubble-specific signal detection make ultrasound a highly competitive technique in the rapidly developing field of molecular imaging. Furthermore, the cavity of the microbubble allows the incorporation of active substances, making microbubbles a vehicle for drug delivery. Microbubble-encapsulated drugs can be injected intravenously and released locally, either by short ultrasound-mediated microbubble destruction or by retarded release after local binding of target-specific microbubbles. Using such drug delivery systems, a high local drug concentration and effect can be achieved with a markedly reduced systemic effect. Microbubbles can also be used to deliver gene fragments to living cells in endothelial and parenchymal tissue. In that case, lipid-coated microbubbles serve as a vector for gene fragments, avoiding the use of adeno- or retroviruses. A series of successful animal experiments have already demonstrated the feasibility of these concepts, although many technical and pharmaceutical issues must be resolved before using microbubble-mediated treatments in humans.







Informed Consent

Information should be given to the patient before any radiological procedure at the time of referral. This gives the patient time to think about the examination. In some countries, the fact that the patient comes for an examination is considered as an indirect informed consent, whereas in other countries the patient must sign a document.

Like every other drug, contrast agents should be administered only when there are clear and defensible clinical indications and when prospects of benefit to the patient outweigh the risks and discomfort that may occur.


Summary of Product Characteristics (sPc)

The manufacturer must submit specified information on quality, safety and efficacy of the contrast agents to the relevant national medicine regulatory body, before a contrast agent can be approved by a medicine agency for use by patients. If the new medicine is approved, a marketing authorisation is issued. The summary of product characteristics is an important document as it is the result of the whole process. It is also the legal document about the agent. It provides vital information for the prescriber; it includes the precise indication and dosage of the product, instructions for administration, contraindications, interactions and possible known adverse reactions. As a condition of the approval the drug may only be marketed for use under the terms outlined in the marketing authorisation since these terms reflect the content of the original information submitted by the manufacturer.

Registration practice has changed over the past two decades. Twenty years ago one could get a contrast medium generally approved for intravenous injection (meaning approved for every part of the body). Since then, the authorities have started to require not only safety data but also efficacy data for various parts of the body.




Off-Label Use

Individual clinicians are allowed to use the drug outside the indications listed in the summary of product characteristics.28 This use is called ‘off-label’. Although the precise definitions have changed over time, in general, off-label drug use is the practice of prescribing drugs outside their authorised indications with respect to dosage, age, indication or route. The off-label use of drugs has become an important issue throughout the world regarding contrast media due to the change in policy of the regulatory bodies. For registration, a certain amount of facts must be forwarded as documentation, whereas for off-label use the documentation varies from randomised trials in a highly ranked journal to a case report presented at a scientific meeting. In many countries, off-label use requires a special informed consent, but the facts to be included in the information to patient may not be there. A marketing authorisation holder is not allowed to market unapproved indication, including advising the physician about off-label use. Most iodine-based contrast agents are approved for nearly all radiographic examinations, so off-label use is no major issue as it is for MRI and ultrasound contrast media.







Adverse reactions

In clinical medicine, every technical procedure and every drug given to a patient by whatever route may cause adverse reactions, which are sometimes fatal. Diagnostic procedures and contrast media for radiography and CT, MRI and ultrasound are no exceptions. It is inevitable that, even when administered appropriately, contrast agents will occasionally result in a severe or even fatal adverse reaction. They are generally classified into those that occur only in susceptible subjects and those that may occur in anyone. Reactions occurring in susceptible subjects include drug intolerance (low threshold to the normal pharmacological action of a drug), drug idiosyncrasy (a genetically determined, qualitatively abnormal reaction to a drug related to metabolic or enzyme deficiency), drug allergy (an immunologically mediated reaction characterised by specificity, prior exposure, transferability by antibodies or lymphocytes and recurrence on re-exposure) and pseudo-allergic reactions, which are the same as allergic reactions but are lacking immunological specificity (non-specific complement activation and non-specific histamine release mimicking type 1 allergic reactions).

Types of adverse reaction are (1) idiosyncratic reactions (even tiny amounts of contrast media may cause it), (2) chemotoxic reactions (the more contrast, the higher the likelihood) or (3) a combination of 1 and 2.29


Types of Reactions


Idiosyncratic Reactions

Although some reactions are difficult to categorise, the majority of non-renal side effects of intravascular contrast media are considered idiosyncratic or pseudo-allergic reactions. They are unpredictable, are not dose-dependent and may involve the release of histamine and other active biological mediators such as serotonin, prostaglandins, bradykinin, leukotrienes, adenosine and endothelin. Activation and inhibition of several enzyme systems have also been implicated. There is no conclusive evidence to indicate that reactions to iodinated contrast media are allergic in nature since antibodies against contrast media including IgE have not been consistently demonstrated.

These adverse reactions are the most dreaded and most serious and fatal complications of contrast medium injection as they occur without warning, cannot be reliably predicted and are not preventable. These reactions usually begin either during or immediately after the injection of contrast medium. Adverse reactions are more frequent in patients who have had a previous adverse reaction to contrast media, asthmatics, allergic and atopic patients and patients on β-adrenergic blockers.

Idiosyncratic reactions may vary greatly in severity and may clinically closely mimic true anaphylactic and allergic reactions, although there is no confirmatory evidence of true antigen IgE antibody immunological reactions to contrast media.

Some possible mechanisms involved in causing these reactions are the following:


1. Inhibition of enzymes such as cholinesterase (which deactivates and hydrolyses acetylcholine), resulting in increased concentration of acetylcholine; this may result in symptoms of vagal overstimulation, e.g. cardiovascular collapse, bradycardia, bronchospasm.

2. Release of vasoactive substances such as histamine, serotonin or bradykinine may result in vasomotor collapse.

3. Activation of physiological cascade systems including the complement activation system, the kinin system with bradykinin release, the coagulation system inducing intravascular coagulation and the fibrinolytic system causing lysis of fibrin and blood clots.

4. Immune system disturbances.

5. Anxiety, apprehension and fear of the radiological procedure probably play a significant part in adverse reactions by activating a hypothalamic reaction, resulting in cardiovascular and respiratory collapse and even death.



It is probable that many of these mechanisms are inter-related and that a self-perpetuating vicious circle is established, resulting in severe and perhaps fatal cardiovascular collapse.

Unlike the chemotoxic and hyperosmolar reactions, the anaphylactic reactions mentioned earlier are not dose-dependent and death has been known to occur following a 1-mL IV test dose, or after the full dose of contrast medium has been given after a negative test dose.



Chemotoxic Reactions

Chemotoxic-type effects are determined by dose, the molecular toxicity of each agent and the physiological characteristics of the contrast agents (i.e. osmolality, viscosity, hydrophilicity, affinity to proteins, calcium binding properties and sodium content). Chemotoxic effects of iodine-based contrast media are more likely to occur in patients who are debilitated or medically unstable. High osmolality (osmotoxicity) causes shift of fluids from the intracellular to the extracellular space, leading to cell dehydration and an increase in intracellular fluid viscosity precipitating cellular dysfunction. Low hydrophilicity may reduce the biological tolerance to iodinated contrast media since it is associated with an increase in lipophilicity and higher affinity of the contrast medium molecule to plasma proteins and cell membrane. High hydrophilicity of non-ionic contrast media is produced by hydroxyl (-OH) groups, which are symmetrically distributed, thereby offering a good coverage of the benzene ring and restricting access to lipophilic areas of the iodinated contrast molecule.




Vasomotor Reactions

These vasomotor adverse reactions may occur following either idiosyncratic (not dose-dependent) or chemotoxic (dose-dependent) reactions induced by contrast media or may develop independent of other adverse reactions. There may be severe hypotension, tachycardia or bradycardia with marked apprehension, anxiety, sweating and disturbance, and depression of myocardial contraction with a markedly reduced cardiac output leading to unconsciousness and cardiopulmonary collapse and possible death. Vasovagal reactions may also occur, characterised by bradycardia, whereas vasomotor collapse is usually accompanied by tachycardia.

Acute reactions are those which occur within 60 min after administration of the drug; late reactions are those which occur between 1 hour after administration of the drug and within 7 days; and very late reactions are those occurring more than 7 days after administration.







Acute Non-renal Adverse Reactions

All currently available agents can cause an acute non-renal adverse reaction.29 The majority of anaphylactic reactions occur within 20 min after intravenous injection. Reactions can be divided into mild, moderate and severe (Table 2-3). The mild reactions are usually of short duration, are self-limiting and generally require no specific treatment. Moderate reactions usually respond readily to appropriate treatment. Severe life-threatening reactions also include severe manifestations of all of the symptoms included under mild and moderate reactions in addition to those listed in Table 2-3.


TABLE 2-3

Acute Non-renal Adverse Reactions: Classification, Risk Factors and Management



	Classification of Acute Non-Renal Adverse Reactions


	Mild
	Moderate
	Severe




	
Nausea, mild vomiting

Urticaria

Itching



	
Severe vomiting

Marked urticaria

Bronchospasm

Facial/laryngeal oedema

Vasovagal attack



	
Hypotensive shock

Respiratory arrest

Cardiac arrest

Convulsion









	Acute Adverse Reactions to Iodine-Based Contrast Media


	Risk Factors for Acute Reactions


	Patient-related
	Patient with a history of:

• Previous moderate or severe acute reaction (see classification above) to an iodine-based contrast agent

• Asthma

• Allergy requiring medical treatment







	Contrast medium-related
	• High osmolality ionic contrast media




	To Reduce the Risk of an Acute Reaction


	For all patients
	
• Use a non-ionic contrast medium

• Keep the patient in the Radiology Department for 30 min after contrast medium injection

• Have the drugs and equipment for resuscitation readily available (see below)






	For patients at increased risk of reaction (see Risk Factors above)
	
• Consider an alternative test not requiring an iodine-based contrast agent

• Use a different iodine-based agent for previous reactors to contrast medium

• Consider the use of premedication. Clinical evidence of the effectiveness of premedication is limited. If used, a suitable premedication regime is prednisolone 30 mg (or methylprednisolone 32 mg) orally given 12 and 2 hours before contrast medium






	Extravascular administration of iodine-based contrast media
	When absorption or leakage into the circulation is possible, take the same precautions as for intravascular administration







	Acute Adverse Reactions to Gadolinium-Based Contrast Media


	Risk Factors for Acute Reactions


	Patient-related
	Patients with a history of:

• Previous acute reaction to gadolinium-based contrast agent

• Asthma

• Allergy requiring medical treatment







	Contrast medium-related
	The risk of reaction is not related to the osmolality of the contrast agent: the low doses used make the osmolar load very small


	To Reduce the Risk of an Acute Reaction


	For all patients
	
• Keep the patient in the Radiology Department for 30 min after contrast medium injection

• Have the drugs and equipment for resuscitation readily available (see below)






	For patients at increased risk of reaction (see Risk Factors above)
	
• Consider an alternative test not requiring a gadolinium-based contrast agent

• Use a different gadolinium-based agent for previous reactors to contrast medium

• Consider the use of premedication. There is no clinical evidence of the effectiveness of premedication. If used, a suitable premedication regime is prednisolone 30 mg (or methylprednisolone 32 mg) orally given 12 and 2 hours before contrast medium





	
Note: The risk of an acute reaction to a gadolinium-based contrast agent is lower than the risk with an iodine-based contrast agent, but severe reactions to gadolinium-based contrast media may occur.






	Management


	First-Line Emergency Drugs and Instruments which Should be in the Examination Room

	Oxygen

	Adrenaline 1 : 1000

	Antihistamine H1—suitable for injection

	Atropine

	β2-agonist metred dose inhaler

	IV fluids—normal saline or Ringer's solution

	Anticonvulsive drugs (diazepam)

	Sphygmomanometer

	One-way mouth ‘breather’ apparatus

	Simple Guidelines for First-Line Treatment of Acute Reactions to All Contrast Media

	The same reactions are seen after iodine- and gadolinium-based contrast agents and after ultrasound contrast agents. The incidence is highest after iodine-based contrast agents and lowest after ultrasound agents

	Nausea/Vomiting

	
Transient: Supportive treatment

	
Severe, protracted: Appropriate antiemetic drugs should be considered

	Urticaria

	
Scattered, transient: Supportive treatment including observation

	
Scattered, protracted: Appropriate H1-antihistamine intramuscularly or intravenously should be considered. Drowsiness and/or hypotension may occur

	
Generalised: Appropriate H1-antihistamine intramuscularly or intravenously should be given. Drowsiness and/or hypotension may occur. Consider adrenaline 1 : 1000, 0.1–0.3 mL (0.1–0.3 mg) intramuscularly in adults, 50% of adult dose to paediatric patients between 6 and 12 years old and 25% of adult dose to paediatric patients below 6 years old. Repeat as needed

	Bronchospasm

	
1. Oxygen by mask (6–10 L/min)

2. β2-agonist metred dose inhaler (2–3 deep inhalations)

3. Adrenaline




	Normal blood pressure

	Intramuscular: 1 : 1000, 0.1–0.3 mL (0.1–0.3 mg) (use smaller dose in a patient with coronary artery disease or elderly patient)

	In paediatric patients: 50% of adult dose for paediatric patients between 6 and 12 years old and 25% of adult dose for paediatric patients below 6 years old. Repeat as needed

	Decreased blood pressure

	Intramuscular: 1 : 1000, 0.5 mL (0.5 mg)

	In paediatric patients: 6–12 years: 0.3 mL (0.3 mg) intramuscularly

	 < 6 years: 0.15 mL (0.15 mg) intramuscularly

	Laryngeal Oedema

	
1. Oxygen by mask (6–10 L/min)

2. Intramuscular adrenaline (1 : 1000), 0.5 mL (0.5 mg) for adults, repeat as needed




	In paediatric patients: 6–12 years: 0.3 mL (0.3 mg) intramuscularly

	 < 6 years: 0.15 mL (0.15 mg) intramuscularly

	Hypotension

	isolated hypotension

	
1. Elevate patient's legs

2. Oxygen by mask (6–10 L/min)

3. Intravenous fluid: rapidly, normal saline or Ringer's solution

4. If unresponsive: adrenaline: 1 : 1000, 0.5 mL (0.5 mg) intramuscularly. Repeat as needed.




	In paediatric patients: 6–12 years: 0.3 mL (0.3 mg) intramuscularly

	 < 6 years: 0.15 mL (0.15 mg) intramuscularly

	vagal reaction (hypotension and bradycardia)

	
1. Elevate patient's legs

2. Oxygen by mask (6–10 L/min)

3. Atropine 0.6–1.0 mg intravenously, repeat if necessary after 3–5 min, to 3 mg total (0.04 mg/kg) in adults. In paediatric patients give 0.02 mg/kg intravenously (max. 0.6 mg per dose). Repeat if necessary to 2 mg total

4. Intravenous fluids: rapidly, normal saline or Ringer's solution




	Generalised Anaphylactoid Reaction

	
1. Call for resuscitation team

2. Suction airway as needed

3. Elevate patient's legs if hypotensive

4. Oxygen by mask (6–10 L/min)

5. Intramuscular adrenaline (1 : 1000), 0.5 mL (0.5 mg) in adults. Repeat as needed.




	In paediatric patients: 6–12 years: 0.3 mL (0.3 mg) intramuscularly

	 < 6 years: 0.15 mL (0.15 mg) intramuscularly

	
6. Intravenous fluids (e.g. normal saline, Ringer's solution)

7. H1-blocker, e.g. diphenhydramine 25–50 mg intravenously
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Definition: An adverse reaction which occurs within 1 hour of contrast medium injection.




Incidence

Mild adverse reactions are encountered in as many as 15% of patients after intravenous ionic high-osmolar iodine-based contrast agents (1000–2000 mOsm/kg water) and up to 3% of patients after non-ionic low-osmolality contrast media (500–1000 mOsm/kg water). Discomfort (e.g. feeling some chilling during the injection in the arm, metal taste) is not included in the above-mentioned figures. Severe and very severe reactions occur much less frequently, with an incidence of 0.22 and 0.04% (respectively) in patients after intravenous high-osmolar contrast media and 0.04 and 0.004% in patients after low-osmolality contrast media.30 Thus, the incidence of contrast reactions with low-osmolar contrast media is lower than that with high-osmolar contrast media by a factor of 5 for mild reactions and a factor of 10 for severe reactions. Fatal reactions to both types of contrast media are exceedingly rare (1 : 170,000), with no difference in mortality reported between the two agents. No difference has been shown in incidence between the non-ionic monomers and the non-ionic dimer, and between the various non-ionic monomers in prospective randomised studies.

The incidence of acute non-renal reactions are 2–3 times lower after gadolinium-based contrast agents than after the non-ionic (monomer and dimer) iodine-based agents, as well as there is no difference in incidence between the various extracellular gadolinium-based agents. Thanks to the small amounts of agents used for MRI there is no difference in incidence between the high-osmolar (1500–2000 mosmol/kg) and low-osmolar (600–800 mosmol/kg) gadolinium-based agents as well as between the various high- and low-osmolar agents in prospective randomised studies.

The incidence of acute adverse reactions is even lower after ultrasound agents than after gadolinium-based agents.




Treatment

The vast majority of patients with severe anaphylactic-type reactions recover if they are treated quickly and appropriately.31 Most patients experience the reactions while they are still in the Radiology Department and 94–100% of severe and fatal reactions occur within 20 min of the contrast medium injection. The ability to assess and treat the contrast reaction effectively is an essential skill that the radiologist should have and maintain. The first-line drugs and equipment should be readily available in rooms in which either iodine- or gadolinium-based contrast agents and ultrasound contrast media are injected. A list of recommended drugs and equipment as a guideline for treatment is given in Table 2-3.

The radiologist should remain nearby for at least the first critical minutes following contrast injection and should remain in the immediate vicinity for the next 30 min. If there is an increased risk of an adverse reaction, the venous access should be left in place.

Important first-line management includes establishment of an adequate airway, oxygen supplementation, administration of intravascular physiological fluids and measuring the blood pressure and heart rate.31 Talking to the patient as you check their pulse rate provides useful initial information: breathing is assessed, the possibility of a vagal reaction (bradycardia) is determined and a rough estimate of systolic pressure is obtained (a palpable radial artery pulse approximates a systolic pressure of 80–90 mmHg).

Oxygen by mask at relatively high rate (6–10 L/min) is very important in the initial treatment of all severe reactions to intravascular contrast media and for other emergencies unrelated to contrast media (e.g. vagal reaction, hypotension, cardiac ischaemia). Hypoxia can be a major complicating factor in all these situations, and can be induced by drugs such as adrenaline used for treating reactions. A ‘non-rebreather’ mask is optimal; nasal ‘prongs’ are much less effective and should be avoided in an acute situation for preventing hypoxaemia. Oxygen should be used for all patients; a history of chronic obstructive pulmonary disease or emphysema is not a contraindication to starting oxygen therapy for an acute reaction.

Intravascular fluid administration is very important and it alone has been reported to be the most effective treatment for hypotension. Starting intravenous fluid early before drug treatment is the highest priority in treating hypotension. There is no evidence to support the use of colloids over crystalloids in this setting. Normal (0.9%) saline is a suitable fluid for initial resuscitation.

Adrenaline is an effective drug for treating certain serious contrast reactions. Although there are no randomised controlled trials, adrenaline is a logical treatment. There is consistent anecdotal evidence supporting its use to ease breathing difficulty and restore adequate cardiac output. The α-agonist effects of adrenaline increase blood pressure and reverse peripheral vasodilatation. The vasoconstriction induced decreases angio-oedema and urticaria. The β-agonist actions of adrenaline reverse bronchoconstriction, produce positive inotropic and chronotropic cardiac effects (increase in strength and rate of cardiac contractions) and may increase intracellular cyclic adenosine monophosphate (AMP). Increments in baseline cyclic AMP levels are generally considered to inhibit mediator release from inflammatory cells. There are β2-adrenergic receptors on mast cells that inhibit activation. The use of adrenaline demands careful attention. For example, in individuals with a fragile intracerebral or coronary circulation, the α-agonist effects of a large dose of adrenaline may provoke a hypertensive crisis that could produce a stroke or myocardial ischaemia. β-Receptor sites usually respond to lower doses of adrenaline than α-sites, but if a patient is on β-blockers, the refractory response that may occur might encourage the radiologist to increase the dose of adrenaline to the point that there were unwanted α-effects. Patients with chronic asthma may simulate patients receiving β-blockers since they may have a systemic β-adrenergic hyporesponsiveness. When chronic asthmatics develop an anaphylaxis-like reaction with asthmatic symptoms requiring β-receptor stimulation, one option is to use isoproterenol as the primary adrenergic drug, combined with more conservative doses of adrenaline. Only one concentration (1 : 1000) of adrenaline should be available in the Radiology Department to avoid confusion under stressful emergency conditions, where ampoules of different concentrations can be misidentified. The 1 : 1000 preparations should only be given intramuscularly and in the dose of 0.5 mg. Intravenous administration of adrenaline by non-experienced staff can be dangerous. As mentioned earlier, there are potential complications to adrenaline. The intramuscular route has several benefits: (1) there is a greater margin of safety; (2) it does not require intravenous access; and (3) the intramuscular route is easier to learn. The best site for intramuscular injection is the anterolateral aspect of the middle third of the thigh. The needle used for injection needs to be sufficiently long to ensure that the adrenaline is injected into the muscle. If there is no improvement in the patient's condition, the intramuscular adrenaline dose can be repeated at about 5-min intervals by non-specialists if the specialist resuscitation team has not arrived.

H2-antihistamines and H2-receptor blockers have a limited role in treating contrast media reactions. They are used primarily to reduce symptoms from skin reactions.

High-dose intravenous corticosteroids do not play a role in the first-line treatment of the acute adverse reaction. However, very high doses of corticosteroids may have an immediate stabilising effect on cell membranes and may be used in the second-line treatment. Standard doses can be effective in reducing delayed recurrent symptoms, which can be observed for as long as 48 hours after an initial reaction. It takes 6 hours before cortico­steroids are fully active

Inhaled β2-adrenergic agonists such as albuterol, meta­proterenol and terbutaline deliver large doses of bronchodilating β2-agonist drugs directly to the airways with minimal systemic absorption and, therefore, minimal cardiovascular effects.

Atropine blocks vagal stimulation of the cardiac conduction system. Large doses of atropine (0.6–1.0 mg) are indicated, since low doses (e.g. less than 0.5 mg) of atropine can be detrimental for treating bradycardia associated with contrast media-induced vagal reactions.

The severe adverse reactions mentioned earlier may not respond even to expert, rapidly administered treatment and the patient may die. Death may, however, be immediate and without warning. It usually results from intractable cardiopulmonary collapse, pulmonary oedema or intense bronchospasm. The death rate following IV injection of contrast media is not known with accuracy. Figures between 1 : 40,000 and 1 : 250,000 have been quoted. A significant decrease in death rate after switch from high- to low-osmolar contrast media has not been documented. It could be because more sick patients are now examined. The death rate after gadolinium-based contrast agents and ultrasound contrast agents is unknown.

Prompt recognition and treatment can be invaluable in blunting an adverse response of a patient to iodine-based contrast agents and may prevent a reaction from becoming severe or even life-threatening. Radiologists and their staff should review treatment protocols regularly (e.g. at 6–12 monthly intervals) so that each can accomplish his or her role efficiently. Knowledge, training and preparation are crucial for guaranteeing appropriate and effective treatment if there is an adverse contrast-related event.31




Risk Factors

With the newer low-osmolality non-ionic agents, the reaction rates are lower than those for high-osmolar contrast media, by a factor of approximately 4 to 5. Thus, in Katayama's series of over 300,000 patients, the reaction rates for ionic and non-ionic agents were overall 12.66 and 3.13% with severe reactions in 0.22 and 0.04%, respectively.30 Based on a meta-analysis of all data published between 1980 and 1991, it was concluded that using low-osmolality agents could prevent 80% of contrast media reactions.

A previous reaction to an iodinated contrast medium is the most important patient factor predisposing to an acute idiosyncratic reaction.29 With ionic agents, the risk of a reaction in a patient who reacted previously has been stated to be 16–35% and to be 11 times greater than the risk in a non-reactor. When a patient who previously reacted to an ionic agent is given a non-ionic agent, the risk of a repeated reaction is reduced to approximately 5%.

Asthma is another important risk factor, as 11% of asthmatics have a reaction to ionic contrast media. The risk of reaction to ionic agents was increased five times in an asthmatic. In patients with asthma, an 8.5 times increased risk with ionic agents and a 5.8 times increased risk with non-ionics has been reported. Other conditions, such as hay fever, eczema, etc., are associated with an increased risk of reaction, but by a lesser amount than asthma.

A history of allergy to foods, drugs or other substances is associated with an increased risk of contrast medium reaction, usually by a lesser amount than a history of asthma. A two- to fourfold increase in risk of a reaction has been shown.

Allergy to foodstuffs which contain iodine, e.g. seafood, often causes particular anxiety. However, the available data suggest that allergy to seafood is no more significant than allergy to other foodstuffs. Allergy to topical iodine skin preparations is a type of contact dermatitis and does not seem to predispose to acute idiosyncratic contrast medium reactions.




Prevention

There is no known premedication regimen that can be relied upon to completely eliminate the risk of an adverse reaction to a contrast medium.29 Several strategies for prophylactic premedication have been suggested usually involving the use of (some or all of) corticosteroids, antihistamines, H1- and H2-antagonists and adrenaline. These recommendations are based on studies with high-osmolar contrast media. There is no study showing that those drugs have an effect when low-osmolar contrast media is used and we certainly know that adverse reactions may occur despite premedication (breakthrough reactions).




Gadolinium-Based Contrast Agents

Extracellular MR contrast agents are well tolerated with low incidence of adverse effects. There are no differences in the safety of the various agents, except when it comes to extravasation in soft tissue; then the osmolality is important and high-osmolar agents are likely to induce more damage. However, it is not a problem if the agents are only injected into a catheter that is well placed in the vein. In blood, the osmotic load of all gadolinium-based contrast media is low, compared with iodinated contrast media, because only a small dose of the contrast agent is required to produce a diagnostic MR examination.10

It is not recommended to give any prophylaxis before administering extracellular MR agents (Table 2-3). However, if there has been a previous hypersensitivity-like reaction to a gadolinium-based compound, an alternative imaging technique should be considered. If the administration of gadolinium-based contrast agent is deemed essential, a different MR contrast agent to the one incriminated in the previous reaction should be used and corticosteroid prophylaxis might offer some protection. There is no cross-reaction between extracellular MR contrast agents and radiographic iodinated contrast media. Patients with multiple allergies may react to both iodinated and gadolinium-based contrast media.







Acute Renal Adverse Reactions (Contrast-Induced Nephropathy)

In patients with reduced renal function, iodine- and gadolinium-based contrast media may cause further reduction in renal function. In most instances, it is a temporary reduction.32 The incidence is higher after supra­renal arterial injection than after intravenous injection. All iodine-based contrast media cause contrast-induced nephropathy; the risk is higher after ionic agents than after the non-ionic agents. No difference between the various non-ionic agents (monomers and dimer) has ever been shown. Patient factors include reduced renal function, in particular, due to diabetes mellitus, old age, dehydration, congestive heart failure, gout and concurrent administration of nephrotoxic drugs (Table 2-4). A questionnaire can identify most of the patients with reduced renal function. Their identification is of utmost importance in order to reduce the risk of contrast-induced nephropathy, which seems to be correlated with an increased morbidity and mortality seen over a 2-year period. If the patient has a GFR < 45 mL/min/1.73 m2 and the iodine-based contrast agent is planned to be administered intravenously or the patient has a GFR < 60 mL/min/1.73 m2 and he or she is to have the iodine-based contrast medium intra-arterially, one should consider (1) referring the patient to another imaging investigation where iodine-based contrast media are not used, (2) doing the examination without enhancement or (3) starting hydration with either saline or sodium bicarbonate in order to reduce the risk of contrast-induced nephropathy (Table 2-4). Pharmacologic manipulation with, e.g. acetylcysteine, vasodilators have not been shown to work and are therefore NOT recommended. The most recent recommendations from the Contrast Media Safety Committee of the European Society of Urogenital Radiology are shown in Table 2-4.


TABLE 2-4

Renal Adverse Reactions: Risk Factors and Measures to Reduce the Risk


	Iodine-Based Contrast Media


	Risk Factors for Contrast Medium-Induced Nephropathy


	Patient-related
	
• eGFR < 60 mL/min/1.73 m2 before intra-arterial administration

• eGFR < 45 mL/min/1.73 m2 before intravenous administration

• In particular in combination with:

• Diabetic nephropathy

• Dehydration

• Congestive heart failure (NYHA grade 3–4) and low LVEF

• Recent myocardial infarction (<24 h)

• Intra-aortic balloon pump

• Peri-procedural hypotension

• Low haematocrit level

• Age over 70

• Concurrent administration of nephrotoxic drugs

• Known or suspected acute renal failure






	Procedure-related
	
• Intra-arterial administration of contrast medium

• High-osmolality agents

• Large doses of contrast medium

• Multiple contrast medium administrations within a few days





	Time of Referral

	Elective Examination

	Identify patients who require measurement of renal function


	
• Patients with known eGFR < 60 mL/min/1.73 m2

• Patients who will receive intra-arterial contrast medium

• Age over 70

• Patients with a history of:

• Renal disease

• Renal surgery

• Proteinuria

• Diabetes mellitus

• Hypertension

• Gout

• Recent nephrotoxic drugs



	Determine eGFR within 7 days of contrast medium administration


	Emergency Examination


	Identify at-risk patients (see above) if possible:
	
• Determine eGFR if the procedure can be deferred until the result is available without harm to the patient

• If eGFR cannot be obtained, follow the protocols for patients with eGFR less than 60 mL/min/1.73 m2 for intra-arterial administration and eGFR less than 45 mL/min/1.73 m2 for intravenous administration as closely as clinical circumstances permit





	Before the Examination

	Elective Examination


	At-risk patients (see above)
	
• Consider an alternative imaging method not using iodine-based contrast media

• Discuss the need to stop nephrotoxic drugs with the referring physician

• Start volume expansion. A suitable protocol is intravenous normal saline, 1.0–1.5 mL/kg/h, for at least 6 h before and after contrast medium. An alternative protocol is intravenous sodium bicarbonate, 3 mL/kg/h for 1 h before contrast medium and 1 mL/kg/h for 6 h after contrast medium





	Emergency Examination


	At-risk patients (see above)
	
• Consider an alternative imaging method not using iodine-based contrast media

• Start volume expansion as early as possible before contrast medium administration (See Elective Examination)





	Time of Examination


	At-risk patients (see above)
	
• Use low or iso-osmolar contrast media

• Use the lowest dose of contrast medium consistent with a diagnostic result






	Patients not at increased risk
	• Use the lowest dose of contrast medium consistent with a diagnostic result




	
After the Examination



	At-risk patients
	
• Continue volume expansion

• Determine eGFR 48–72 h after contrast medium





	Note: No pharmacological prophylaxis (with renal vasodilators, receptor antagonists of endogenous vasoactive mediators or cytoprotective drugs) has yet been shown to offer consistent protection against contrast-induced nephropathy.






	Gadolinium-Based Contrast Media


	MR Examinations

	
• The risk of nephrotoxicity is very low when gadolinium-based contrast media are used in approved doses

• In patients with reduced renal function, refer to the NSF guidelines in Table 2-6




	Radiographic Examinations

	
• Gadolinium-based contrast media should not be used for radiographic examinations in patients with renal impairment

• Gadolinium-based contrast media are more nephrotoxic than iodine-based contrast media in equivalent X-ray attenuating doses









	Patients Taking Metformin


	Iodine-Based Contrast Media

	
1. Patients with eGFR ≥ 60 mL/min/1.73 m2 (CKD 1 and 2) can continue to take metformin normally

2. Patients with eGFR = 30–59 mL/min/1.73 m2 (CKD 3)

a. Patients receiving intravenous contrast medium with eGFR ≥ 45 mL/min/1.73 m2 can continue to take metformin normally

b. Patients receiving intra-arterial contrast medium, and those receiving intravenous contrast medium with an eGFR between 30 and 44 mL/min/1.73 m2 should stop metformin 48 h before contrast medium and should only restart metformin 48 h after contrast medium if renal function has not deteriorated

3. Patients with eGFR < 30 mL/min/1.73 m2 (CKD 4 and 5), or with an intercurrent illness causing reduced liver function or hypoxia. Metformin is contraindicated and iodine-based contrast media should be avoided

4. Emergency patients. Metformin should be stopped from the time of contrast medium administration. After the procedure, the patient should be monitored for signs of lactic acidosis. Metformin should be restarted 48 h after contrast medium if serum creatinine/eGFR is unchanged from the pre-imaging level




	Gadolinium-Based Contrast Media

	No special precautions are necessary when diabetic patients on metformin are given gadolinium-based contrast medium
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Definition: Contrast-induced nephropathy (CIN) is a condition in which a decrease in renal function occurs within 3 days of the intravascular administration of a CM in the absence of an alternative aetiology. An increase in serum creatinine by more than 25% or 44 µmol/L (0.5 mg/dL) indicates CIN.



Contrast agents for MRI are probably more nephrotoxic than iodinated contrast media in equimolar doses. However, nephrotoxicity after contrast-enhanced MR examinations is not common even in patients with renal disease as the dose of gadolinium-based contrast medium required for a diagnostic MR examination is small in comparison to the doses of iodine-based contrast media routinely used for CT or other radiographic examinations. In patients with marked reduction in renal function—particularly due to diabetes mellitus—contrast medium-induced nephropathy may occur even at the standard doses of extracellular MR contrast agents, but it is infrequent.

Metformin- and iodine-based contrast media are not the best combination in all instances.32 Metformin is excreted via the kidney. The poorer the renal function is, the slower the excretion is. Further, the drug is now also available as tablets with delayed uptake. There is no interaction between iodine-based contrast media and metformin. Metfomin is used in patients with diabetes mellitus. Approximately 50% of such patients will develop diabetic nephropathy after 10 years. Diabetic nephropathy is an important risk factor regarding contrast-induced nephropathy. Thus, if a patient with diabetic nephropathy develops contrast-induced nephropathy after exposure to an iodine-based contrast agent, the excretion of metformin decreases and the extended stay for metformin in the body may result in lactic acidosis. As the risk for contrast-induced nephropathy after intravenous injection is low in patients with a GFR > 45 mL/min/1.73 m2 and after intra-arterial injection in a patient with a GFR > 60 mL/min/1.73 m2, no special precautions are recommended in these patients (Table 2-4). There is no reason to stop the metformin intake. For patients with a GFR between 30 and 45 mL/min/1.73 m2 before intravenous injection and between 30 and 60 mL/min/1.73 m2 before intra-arterial injection, metformin intake should be stopped 48 h before the injection; also, hydration should be started. The cessation is important as contrast-induced nephropathy occurs immediately after the contrast molecules have reached the kidney; there is no time for metformin to escape from the body afterwards and it simply accumulates in the body, causing lactic acidosis. For patients with a glomerular filtration rate below 30 mL/min/1.73 m2, the use of iodine-based contrast media should be discussed. Furthermore, in several countries (not all) it is contraindicated to use metformin in patients with a glomerular filtration rate below 60 mL/min/1.73 m2. Therefore, it may not be appropriate to restart the intake in such patients.





Late Adverse Reactions

Late adverse reactions after iodine-based contrast media include symptoms such as nausea, vomiting, headache, itching, skin rash, musculoskeletal pain and fever. Skin reactions are well-documented late adverse reactions to contrast media, with an incidence of approximately 2–4% after non-ionic monomers.33 Late adverse reactions are commoner by a factor of 3 to 4 after non-ionic dimers. The commonest skin reactions are maculopapular rashes, erythema and skin swelling. These reactions are T-cell-mediated immune reactions, and the diagnosis may be confirmed using skin tests (patch or delayed reading intradermal). The main risk factors for late adverse reactions are a previous reaction to contrast medium, a history of allergy, and interleukin-2 treatment. Most skin reactions are mild or moderate and self-limiting. Management is symptomatic and similar to the management of other drug-induced skin reactions. To reduce the risk of repeat reactions, avoidance of the relevant contrast medium and any cross-reacting agents identified by skin testing is recommended. Late adverse reactions have not been reported after gadolinium-based contrast media or ultrasound contrast media. The most recent guidelines from the European Society of Urogenital Radiology regarding late reactions appear in Table 2-5.


TABLE 2-5

Late Adverse Reactions: Reactions, Risk Factors, Management and Recommendations



	Reactions
	Skin reactions similar in type to other drug-induced eruptions Maculopapular rashes, erythema, swelling and pruritus are most common. Most skin reactions are mild to moderate and self-limiting
A variety of late symptoms (e.g. nausea, vomiting, headache, musculoskeletal pains, fever) following contrast medium have been described, but many are not related to contrast medium



	Risk factors for skin reactions
	
• Previous late contrast medium reaction

• Interleukin-2 treatment

• Use of non-ionic dimers






	Management
	Symptomatic and similar to the management of other drug-induced skin reactions, e.g. antihistamines, topical steroids and emollients



	Recommendations
	Patients who have had a previous contrast medium reaction, or who are on interleukin-2 treatment should be advised that a late skin reaction is possible and that they should contact a doctor if they have a problem
Patch and delayed reading intradermal tests may be useful to confirm a late skin reaction to contrast medium and to study cross-reactivity patterns with other agents
To reduce the risk of repeat reaction, use a contrast agent other than the agent precipitating the first reaction. Avoid agents which have shown cross-reactivity on skin testing
Drug prophylaxis is generally not recommended
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Note: Late skin reactions of the type which occur after iodine-based contrast media have not been described after gadolinium-based and ultrasound contrast media.

Definition: A late adverse reaction to intravascular iodine-based contrast medium is defined as a reaction which occurs 1 h to 1 week after contrast medium injection.






Very Late Adverse Reactions

These reactions include thyrotoxicosis for iodine-based contrast media and nephrogenic systemic fibrosis for some gadolinium-based agents.


Thyrotoxicosis

Vials with iodine-based contrast media contain free iodine. The average daily physiological turnover of iodine is 0.0001 g. The total iodine content in the body (mainly the thyroid) is 0.01 g. Iodine-based contrast medium contains free iodine. A 300 mgI/mL solution may contain <50 µg/mL right after production and < 90 µg/mL 3 to 5 years after production. Normally, they only contain 1/5–1/10 of the allowed amount.34 Free iodine can also come from the tiny metabolism of the iodine based-contrast medium in the body. A 200-mL bottle containing 35 mgI/mL gives 7000 µg free iodine or approximately 45 times the daily recommended dose. The iodine fills up the iodine depots in the thyroid gland, making therapy with radioactive iodine and thyroid scintigraphy impossible for the following 2 months.

For patients with untreated Graves' disease and/or with multinodular goitre and thyroid autonomy, increased free iodine may induce thyrotoxicosis, in particular in elderly patients living in an area of dietary iodine deficiency. The most recent guidelines from the European Society of Urogenital Radiology appear in Table 2-6.


TABLE 2-6

Very Late Adverse Reactions to Iodine- and Gadolinium-Based Contrast Media: Patients at Risk and Recommendations


	Iodine-Based Contrast Media


	Thyrotoxicosis


	At risk
	
• Patients with untreated Graves' disease

• Patients with multinodular goitre and thyroid autonomy, especially if they are elderly and/or live in area of dietary iodine deficiency






	Not at risk
	• Patients with normal thyroid function





	Recommendations
	
• Iodinated contrast media should not be given to patients with manifest hyperthyroidism

• Prophylaxis is generally not necessary

• In selected high-risk patients, prophylactic treatment may be given by an endocrinologist; this is more relevant in areas of dietary iodine deficiency

• Patients at risk should be closely monitored by endocrinologists after iodine-based contrast medium injection

• Intravenous cholangiographic contrast media should not be given to patients at risk










	Gadolinium-Based Contrast Media


	Nephrogenic Systemic Fibrosis

	A diagnosis of nephrogenic systemic fibrosis (NSF) should only be made if the Yale NSF Registry clinical and histopathological criteria are met.35 The link between NSF and gadolinium-based contrast agents was recognised in 2006.


	Clinical features of NSF
	
Onset: From the day of exposure for up to 2–3 months, sometimes up to years after exposure
Initially:

• Pain

• Pruritus

• Swelling

• Erythema

• Usually starts in the legs




Later:

• Thickened skin and subcutaneous tissues—‘woody’ texture and brawny plaques

• Fibrosis of internal organs, e.g. muscle, diaphragm, heart, liver, lungs




Result:

• Contractures

• Cachexia

• Death, in a proportion of patients






	Patients


	At higher risk
	
• Patients with CKD 4 and 5 (GFR <30 mL/min)

• Patients on dialysis

• Patients with acute kidney insufficiency






	At lower risk
	• Patients with CKD 3 (GFR 30–59 mL/min)





	Not at risk of NSF
	• Patients with stable GFR >60 mL/min




	Contrast Agents: Risk Classification (Based on Laboratory Data) and Recommendations

	Highest Risk of NSF


	Contrast agents
	Gadodiamide (Omniscan)
 Ligand: Non-ionic linear chelate (DTPA-BMA)
 Incidence of NSF: 3–18% in at-risk subjects
Gadopentetate dimeglumine (Magnevist plus generic products)
 Ligand: Ionic linear chelate (DTPA)
 Incidence of NSF: Estimated to be 0.1 to 1% in at-risk subjects
Gadoversetamide (Optimark)
 Ligand: Non-ionic linear chelate (DTPA-BMEA)
 Incidence of NSF: Unknown.



	Recommendations
	These agents are contraindicated in:

• Patients with CKD 4 and 5 (GFR <30 mL/min), including those on dialysis

• Acute renal insufficiency

• Pregnant women

• Neonates




These agents should be used with caution in:

• Patients with CKD 3 (GFR = 30–60 mL/min)

• There should be at least 7 days between two injections

• Children less than 1 year old




Lactating women: Stop breastfeeding for 24 hours and discard the milk.
Serum creatinine (eGFR) measurement and clinical assessment of patient before administration are mandatory.
These agents should never be given in doses higher than 0.1 mmol/kg per examination in any patient.


	
Intermediate and Low Risk of NSF


	Contrast agents


	Intermediate-risk NSF agents
	Gadobenate dimeglumine (Multihance)
 Ligand: Ionic linear chelate (BOPTA)
 Incidence of NSF: No unconfounded* cases have been reported
 Special feature: It is a combined extracellular and liver specific agent with 2–3% albumin binding
 In man ~4% is excreted via the liver
Gadofosveset trisodium (Vasovist, Ablavar)
 Ligand: Ionic linear chelate (DTPA-DPCP)
 Incidence of NSF: No unconfounded* cases reported, but experience is limited
 Special feature: It is a blood-pool agent with affinity to albumin (>90%) Biological half-life is 12 times longer than that for extracellular agents (18 h compared to [image: image] h, respectively); 5% is excreted via the bile
Gadoxetate disodium (Primovist, Eovist)
 Ligand: Ionic linear chelate (EOB-DTPA)
 Incidence of NSF: No unconfounded* cases have been reported but experience is limited.
 Special feature: It is an organ-specific gadolinium contrast agent with 10% protein binding and 50% excretion by hepatocytes.



	Lowest risk of NSF
	Gadobutrol (Gadovist, Gadavist)
 Ligand: Non-ionic cyclic chelate (BT-DO3A)
 Incidence of NSF: A few unconfounded* cases have been reported, but there is uncertainty about the histopathologic changes
Gadoterate meglumine (Dotarem, Magnescope)
 Ligand: Ionic cyclic chelate (DOTA)
 Incidence of NSF: No unconfounded* cases have been reported
Gadoteridol (Prohance)
 Ligand: Non-ionic cyclic chelate (HP-DO3A)
 Incidence of NSF: No unconfounded* cases have been reported


	Recommendation


	Intermediate and lowest risk of NSF agents
	These agents should be used with caution in:

• Patients with CKD 4 and 5 (GFR <30 mL/min)

• There should be at least 7 days between two injections




Pregnant women: Can be used to give essential diagnostic information
Lactating women: The patient should discuss with the doctor whether the breast milk should be discarded in the 24 hours after contrast medium
Laboratory testing of renal function (eGFR) is not mandatory



	Patients with NSF

	Gadolinium-based contrast media should only be used if the indication is vital and then only intermediate- or low-risk agents should be used

	Recommendation for All Patients

	Never deny a patient a clinically well-indicated enhanced MR examination
In all patients, use the smallest amount of contrast medium necessary for a diagnostic result
Always record the name and dose of the contrast agent used in the patient records
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* Confounded cases: If two different Gd-CM have been injected, it is impossible to determine with certainty which agent triggered the development of NSF and the situation is described as 'confounded'.


Unconfounded cases: The patient has never been exposed to more than one agent.

Definition: A very late adverse reaction occurs more than 1 week after contrast medium injection.






Nephrogenic Systemic Fibrosis (NSF)

Administration of some extracellular gadolinium-based contrast agents may trigger the development of NSF in patients with advanced renal impairment (GFR <30 mL/min) or on dialysis. The incidence of this condition in this group of patients is around 5% according to studies based on reviews of registries. In studies of all end-stage renal failure patients exposed to gadodiamide, the incidence approaches 20%. This is probably due to the fact that the disease varies considerably from a tiny plaque on the lower extremity to severe disabling disease. The onset varies from a few days to 3 months (mean 5 weeks) after administration of a gadolinium-based contrast medium; it may also develop years after exposure.35 The disease is characterised by scleroderma-like skin changes that mainly affect the limbs and trunk. The indurations of the skin can progress to cause flexion contracture of joints. The fibrotic changes may also affect other organs such as muscles, heart, liver and lungs. The disease can be aggressive in some patients, leading to serious physical disability or even death. Strikingly, the overwhelming majority (~80%) of reported cases followed administration of the non-ionic agent gadodiamide.

The stability of the binding of the gadolinium ion (Gd3+) within the chelate is an important factor in the pathogenesis of NSF and may explain the strong association between gadodiamide and this condition.12,13 The stability of the gadolinium chelates is influenced by the configuration of the molecule, whether cyclic or acyclic, and iconicity.9 Cyclic chelates offer better protection and binding to Gd3+ in comparison to the acyclic molecules. Replacement of a carboxyl group by a less strongly coordinating group to produce a non-ionic gadolinium-based contrast medium also weakens the binding of the chelate to Gd3+ as we have seen with the non-ionic linear molecules. Stability measurements (Table 2-2) indicate that the least stable molecules are the non-ionic acyclic chelates and the most stable is the ionic cyclic chelate. In fresh blood between 20 and 40% of the gadolinium is free from the non-ionic acyclic chelate after 2 weeks, whereas nearly no gadolinium is liberated from the cyclic cage. If phosphate is added to the blood (patients with end-stage renal failure frequently have increased phosphate in the blood) the liberation from the linear chelate starts immediately after blood, phosphate and contrast medium have been mixed. In vivo, transmetallation with endogenous ions leading to the release of the highly toxic gadolinium ions (Gd3+) is likely to occur with unstable gadolinium-based contrast media, particularly if they remain in the body for a long period as is the case in patients with advanced renal impairment or on dialysis; e.g. gadolinium-based contrast media can be found more than 3 weeks after the injection in the blood of the patients on continuous ambulatory peritoneal dialyses. Gadolinium can be demonstrated in the skin lesions of patients with NSF, strengthening the hypothesis that free gadolinium plays an important role in triggering this condition.

Since 2007 in Europe and since 2010 in United States it has been contraindicated to use non-ionic linear chelate (gadoversetamide and gadodiamide) and one ionic linear chelate (gadopentetate dimegluimine) in patients with advanced renal impairment (GFR <30 mL/min) including those on dialysis. The recent guidelines for use of gadolinium-based contrast agents are shown in Table 2-6 (study-modified ESUR guidelines).

It seems like the recommendations shown in Table 2-6 have erased NSF. However, it will still occur as long as high-risk agents are on the shelves in the MR unit, as a medical staff member may take the wrong vial by mistake, and thereby inject a high-risk agent into a patient with reduced renal function. It happens. A patient should not be denied enhancement at MRI if it is needed to determine the presence or absence of a potential lesion.

The long-term effects of the transmetallation are still unknown. Accumulation of gadolinium in the bone is greater after exposure to low stability agents than after high stability agents also in patients with normal renal function. Animal studies have indicated an at least 10 times difference. Gadolinium may accumulate in the bone for years. Some patients undergo repetitive examinations with gadolinium-based contrast media. What will happen to them when gadolinium is released from the bone? We do not know.13 Release could be due to uraemia or osteoporosis. Only time will tell whether non-ionic linear agents are too unstable to use in patients with normal renal function, as they are in patients with reduced renal function.










Pregnancy and Lactation

No contrast agent has been tested in pregnant and lactating women. Generally, contrast media should not be administered to pregnant women. However, there are instances where enhanced imaging is vital for the mother or the child. With regard to iodine-based agents, they are considered safe, whereas X-rays are more harmful. If an enhanced MRI is clinically indicated, a low- or intermediate-risk NSF agent should be used (Table 2-6).

With regard to the lactating mother, very small amounts of iodine-based contrast media will enter the gut of the child as the agents are water-soluble with nearly no protein binding. Therefore, one should go ahead with clinically indicated imaging. It is recommended (Table 2-6) that the milk produced during the first 24 hours after the injection is discarded if high-risk NSF agents are used, whereas there is no reason to discard the milk if an intermediate- or low-risk NSF agent is used.36




Interaction

The free iodine fills up the iodine deposits in the thyroid gland, making therapy with radioactive iodine and thyroid scintigraphy impossible within the following 2 months.37 Iodine-based contrast media may interfere with the labeling procedures in nuclear medicine examinations. Therefore, scintigraphy should in general not be undertaken within 24 h after administration of iodine-based contrast media.37 Similar findings have not been reported after administration of MR and ultrasound contrast media.

MR contrast agents may cause spurious hypocalcaemia as they can interfere with the assay method of calcium measurement. Awareness of this effect on calcium measurements by some MR contrast agents is important in order to avoid incorrect and potentially hazardous treatment. Caution should be exercised when using colorimetric assays for angiotensin-converting enzyme, calcium, iron, magnesium, total iron binding capacity and zinc in serum samples of patients who have recently received gadolinium-based contrast media.

Measurements of clotting time and other coagulation factors can be falsely increased after the intravascular administration of contrast media.37 Therefore, clotting tests should be avoided for 6 h or more after injection of contrast media. Iodinated contrast media in the urine may also interfere with some of the protein assay techniques, leading to false-positive results. Care must be exercised in interpreting tests for proteinuria for 24-h post-contrast media injection. Iodinated contrast media may interfere with determination of bilirubin, copper, iron, phosphate and proteins in blood. Therefore, biochemical assays are better performed before contrast media injection, or delayed for at least 24 h afterwards or longer in patients with renal impairment.36 Urgent laboratory tests shortly after contrast media injection should be carefully assessed. Accuracy of unexpected abnormal results should be questioned and discussed with colleagues from hospital laboratories.




Extravasation

In most cases, extravasation of contrast media is a self-limiting event that resolves spontaneously within 2–4 days. However, severe cases may progress to tissue necrosis or even acute compartment syndrome.38 Most cases are seen following CT or MRI using automated power injectors.

The exact pathogenic mechanism leading to tissue damage after extravasation of contrast media is unclear. It is, however, clear that osmolality and volume of the extravasated contrast media play a role. High-osmolar agents induce more damage than low-/iso-osmolar agents. Severe skin lesions are more common following extravasation of larger volumes.

Patients unable to complain about pain at the injection area (i.e. infants, small children and unconscious patients) are at increased risk of contrast media extravasation. Other risk factors include chemotherapy, arterial or venous insufficiency, atrophy of muscles and subcutaneous fatty tissue. Chemotherapy is a risk factor as it might induce weakness of the vascular walls.

The clinical presentation of contrast media extravasation is variable. Usual symptoms are pain and discomfort at the injection area, but some cases are asymptomatic. Clinical findings are a red, swollen and tender extravasation area. It may be difficult to separate extravasation from local irritation and hypersensitivity reactions.

There is no consensus on treatment of contrast media extravasation. Conservative treatment with elevation of the limb along with topical application of warm or cold is used in the majority of cases.38 Limb elevation reduces the hydrostatic pressure and thus reduces swelling. Topical application of warmth leads to vasodilatation, promoting resorption of extracellular fluid. On the other hand, application of cold leads to vasoconstriction and has an anti-inflammatory effect. More aggressive therapy with surgical suction or topical aspiration of the extravasated contrast media is controversial and should be reserved to the most severe cases.




Measurement of Glomerular Filtration Rate

The stages of chronic kidney disease (CKD) are defined according to the glomerular filtration rate (Table 2-7).39 Accurate determination of the GFR is not easy. The most precise method measures inulin clearance and isotope methods give similar results. However, both methods are cumbersome and impractical for daily use. Measurement of serum creatinine is not satisfactory because more than 25% of older patients have normal serum creatinine levels but reduced GFRs. A single determination of the GFR does not exclude acute renal insufficiency


TABLE 2-7

Stages of Chronic Kidney Disease39



	Stages
	GFR (mL/min/1.73 m2)
	Description




	1
	≥ 90
	Normal or increased GFR, with other evidence of kidney damage



	2
	60–89
	Slight decrease in GFR, with other evidence of kidney damage



	3A
	45–59
	Moderate decrease in GFR, with or without other evidence of kidney damage



	3B
	30–44



	4
	15–29
	Severe decrease in GFR, with or without other evidence of kidney damage



	5
	< 15
	Established renal failure including on dialysis







Renal function can also be estimated using specially derived predictive equations that use not only serum creatinine but also characteristics such as weight, height, race and gender. The equations avoid collection of urine over 24 h.40

The Cockcroft–Gault equation was published in 1976 and was widely adopted for estimation of creatinine clearance from serum creatinine levels. The hospitalised patients who were used to develop the Cockcroft–Gault equation had lower muscle mass (creatinine excretion) than healthier individuals in the general population.

The modification of diet in renal disease (MDRD) equation was published in 1999 and later simplified. The equation was developed using patients who had CKD identified by elevated serum creatinine levels and who had a fourfold higher risk for progressing to end-stage renal failure. Despite the selective nature of the equation population, it has been widely advocated that eGFR be reported when < 60 mL/min/1.73 m2 instead of reporting serum creatinine levels.

Unfortunately, the predictive capabilities of these formulae are suboptimal. In addition, they are not useful for patients with a GFR > 60 mL/min. Different methods can also result in very different values for GFR. For example, a 43-year-old 70-kg male patient with a creatinine level of 264 µmol/L has a glomerular filtration level of 32 mL/min/1.73 m2 if it is calculated by the Cockcroft–Gault equation. The same patient will have a glomerular filtration level calculated by the MDRD equation of 33 mL/min/1.73 m2 if he is African-American and 27 mL/min/1.73 m2 if he is Caucasian.

In 2009, a third equation—chronic kidney disease epidemiology collaboration (CKD-EPI)—was developed in an effort to create a formula more accurate than the MDRD formula, especially when the actual GFR is greater than 60 mL/min/1.73 m2. The CKD-EPI equation performs better than the MDRD equation, especially at higher GFR, with less bias and greater accuracy, and should, therefore, be preferred before contrast administration.40

For a full list of references, please see ExpertConsult.
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Ultrasound is an important technique for tomographic imaging of soft tissues. It provides images in real time and so can also be used to interrogate the movement of structures such as cardiac valves and biopsy needles and, using Doppler, the patterns of blood flow in both large and small vessels. Contrast agents in the form of microbubbles are invaluable in cardiology and the liver, but images are generally obtained without them and thus are not dependent on organ function. Elastography adds information on tissue stiffness, an extension of manual palpation. Ultrasound at diagnostic intensities does not cause damage to tissues and, although complete safety is difficult to prove, it can be used for ovarian follicles and in the developing fetus.

Despite its very wide application in obstetrics, cardiology, abdominal and small parts imaging, the parts of the body that can be imaged with ultrasound are limited because ultrasound does not cross tissue–gas or tissue–bone boundaries so that structures lying deeper to them are obscured. Thus, ultrasound is not generally useful for the lungs and is difficult to use in the head—except in the neonate, as the open fontanelles provide an excellent ‘window’. In other areas, overcoming the barrier caused by the bony skeleton and gassy viscera requires technical expertise. Ultrasound is also subject to many artefactual signals, which complicate interpretation and add to the operator skills required.

Patient acceptance is high and preparation is minimal: bladder filling is required for pelvic imaging and fasting is helpful for the gallbladder. Mobile imaging systems for theatre and emergency point-of-care use are widely available and are being miniaturised while retaining their quality, so that in the future they may become used by all medical practitioners, though training will have to be made available.

Ultrasound is the ideal technique for biopsy and interventional guidance because it operates in real time. Real-time ultrasound can be fused with previously acquired 3D CT or MR data sets to improve the precision of biopsies and tumour ablation. A position sensor then adjusts the CT or MR image to match the ultrasound slice, thus combining the strengths of each technique.


Nature of Ultrasound

Ultrasound is a coherent, mechanical vibration at high frequencies. In most diagnostic applications, frequencies in the 2–20 MHz (megahertz = million cycles per second) range are used, corresponding to wavelengths of 1–0.1 mm in tissue.


Ultrasonic Transducers

Ultrasound is generated by piezoelectric materials which have the property of changing thickness when a voltage is applied across them. Lead zirconate titanate (PZT) is the most widely used. The piezoelectric effect derives from movements of a heavy, charged atom that is loosely bound within a complex crystal; when an electrical field is applied, the atom moves and distorts the crystal. PZT is a ceramic that is cast as a thin plate that may be disc-shaped or more usually is formed into a strip that is then sliced into several hundred tiny elements as an array, with metal electrodes on the two surfaces. It is polarised by heating it above a critical temperature (the Curie point, which is around 200°C) and then allowing it to cool in an electric field, a process similar to that used to polarise a magnet. When electrically pulsed, the crystal rings like a bell at a resonant frequency which is mainly determined by its thickness. Higher-frequency crystals are thinner and thus more difficult to manufacture. The piezoelectric effect is symmetrical, so that the same or a similar crystal is used as the receiver to produce small electrical signals when struck by an ultrasound wave.

The crystal is mounted in a conveniently shaped holder which contains the electrodes and any associated electronics as well as the lenses and matching layers required to improve the beam shape and enable efficient transfer of acoustic energy between the crystal and the patient (see later). The whole assembly is known as the probe or transducer.

The development of single crystal piezoelectric materials is improving the sensitivity and the bandwidth of transducers because the piezo domains are more truly aligned than in a traditional amorphous ceramic material. Manufacture is similar to silicon chip technology, seeding a molten pot of the material in a crucible and slowly cooling it to allow crystallization. The material is then machined to the required shape (usually as a multi-element array).




Propagation in Tissue

Ultrasound travels through tissue as a beam, which, for most clinical applications, is focused to around 1 mm or less in diameter at the focal zone. It propagates as a sequence of compression and rarefaction waves which are transmitted by the elastic forces between adjacent tissue particles. The particles move in the same direction as the wave—thus ultrasound is a longitudinal wave unlike the transverse waves that occur at the surface of water where the particles move up and down as the wave travels horizontally. The frequency of the oscillations is inversely proportional to the wavelength ( f = c/λ, where f is frequency, c is the velocity of ultrasound and λ is the wavelength).

The way in which the ultrasound wave is transmitted varies with the strength of the elastic forces between adjacent particles (which relates to the elasticity of the tissue and thus to the velocity of ultrasound) and with the masses of the particles (which determines density). These two factors determine the acoustic impedance (Z) of the tissue (Z ≅ ρc, where ρ is density and c is the velocity of ultrasound). When the particles are heavy, a given amount of energy is transmitted with small movements of the particles; when they are light, larger excursions occur, though it should be understood that the actual distance a particle is moved at diagnostic ultrasound intensities is less than a nanometre. In clinical practice, since the velocity of ultrasound in tissue is almost constant (at 1540 m s−1), changes in impedance are mainly attributable to differences in density.

The constant speed of ultrasound in soft tissues allows the depth of reflectors to be calculated by measuring the delay in the return of echoes after the ultrasound pulse has been transmitted. This is the essence of the pulse-echo method used in both ultrasound imaging and most forms of Doppler ultrasound. (Note that the position of reflectors across the imaged plane is determined in a quite different manner, by the direction in which the ultrasound beam is transmitted; see below.)


Attenuation

Provided that the constituent particles of a tissue are small enough to move as a single entity, the acoustical vibrations are transmitted in an orderly and efficient manner. However, when very large molecules are involved, the vibrations become disorganised, one part of the molecule responding more or less than another. While coherent vibration is what we know as sound, chaotic vibration is heat. This loss of coherence, the most important cause of dissipation of ultrasound energy, is known as absorption and is approximately proportional to the concentration of large molecules which correlates fairly well with viscosity.

Absorption is also highly dependent on the ultrasound frequency, higher frequencies being more strongly absorbed. For average soft tissues the loss amounts to approximately 1 dB per cm tissue depth for each megahertz. Thus, when using a 3-MHz probe, for every 2 cm of tissue penetration there will be a loss of 6 dB, which is a halving of the pressure amplitude of the signal. The noise floor (produced by random vibrations in the tissue and the transducer as well as by imperfections in the electronics) lies some 60–90 dB below the peak signal so the penetration of such a probe would be limited to about 20 cm depth and to 10 cm for a 6-MHz probe.

Ultrasound energy is also lost to the receiving transducer when it is reflected or refracted away from the returning line of sight or if the beam diverges. The total loss from all these mechanisms is called attenuation.

High-frequency ultrasound gives better resolution because of the shorter wavelength, but the frequency dependence of attenuation in tissue is the limiting factor to the maximum that can be used in any given clinical application. Frequencies as high as 20 MHz can be used when only a few millimetres of tissue are to be traversed, such as for examining the eye and skin and for intravascular ultrasound (IVUS). For superficial tissues, such as the thyroid, breast and scrotum, 10–18 MHz is appropriate. For the heart, abdomen and second and third tri­mester obstetrics, 3–7 MHz is optimal, while for some difficult applications, such as the abdomen in obese subjects, and for transcranial studies (most of which use Doppler), one has to resort to 1.5- or 2.5-MHz transducers. This frequency limitation can be reduced by the use of longer-duration coded transmit pulses, which essentially impose a signature on the pulse (for example, by making the frequency increase during the pulse, so-called chirp encoding). This approach allows the spatial resolution to be maintained while using longer transmit pulses and improving the sensitivity of the system to weak echoes.

Obviously a way to compensate for this rapid reduction in signal intensity is required if the image is to display similar reflectors as equal in brightness over a range of tissue depths. This is achieved by applying progressively increasing amplification (gain) to later echoes in proportion to their depth using a time-varying amplifier that is triggered when each ultrasound pulse is sent. This is the TGC (time gain compensation), an important user control that must be set to equalise the image brightness for superficial and deep structures. Most imaging now incorporates automatic gain and TGC correction which makes it easier to set the imaging parameters correctly.

This trade-off between depth and resolution is the chief reason for the development of intracavitary probes which have the additional advantage of avoiding gas and bone barriers. Examples are transrectal probes for the prostate and transvaginal probes for gynaecology and first trimester obstetrics, as well as transoesophageal probes for echocardiography. These can operate at 7–15 MHz to give excellent spatial resolution and, since the barriers caused by impenetrable overlying structures are obviated, high-quality images are reliably achieved. Intracavitary probes can be combined with endoscopes for transoesophageal and transgastric ultrasound to evaluate the submucosal and deeper layers of the viscera that are not accessible to endoscopy and to provide high-resolution images of adjacent structures, such as regional lymph nodes, the pancreas, the lower bile duct, the gallbladder and parts of the liver.




Reflection

The other important mode of ultrasonic interaction with tissue is reflection. Some of the transmitted energy is reflected whenever the beam crosses an interface where the transmission properties change, the proportion depending on the degree of impedance mismatch (change of Z). The phenomenon is similar to that occurring in a rope that is fixed at one end and made to oscillate by shaking the free end up and down: provided the rope is of uniform construction, waves travel along it until they die out or reach the fixed end. But if a part of the rope is thicker or more rigid (or the reverse), then the waves are partly reflected back when they reach this ‘obstruction’. At the fixed end the same effect occurs but to a greater extent, all of the vibrational energy being returned as a full-strength ‘echo’ because this part of the rope cannot move at all.

Thus the intensity of the reflection depends on the degree of change in the rigidity or elasticity of the tissue (and potentially also of velocity, though this varies very little in soft tissues). Ultrasound that is not reflected passes through and is available for imaging deeper tissues. Only a small fraction (2–10%) is reflected at each soft- tissue interface but almost total reflection occurs at tissue–gas interfaces and some two-thirds of the incident ultrasound is reflected at a tissue–bone or tissue–calculus interface so that an acoustic ‘shadow’ is produced deep to these surfaces. They are essentially opaque to ultrasound, which therefore cannot be used to image aerated lung, nor generally where the tissue is covered by bone, for example, the brain.

Two main types of echoes are encountered clinically, depending on the structure of the reflecting surface (Table 3-1). Where this is smooth compared with the ultrasonic wavelength (i.e. the surface is flat over an extent of several millimetres) the reflected wave obeys Snell's law for light and is reflected at an angle equal to the angle of incidence. By analogy these echoes are sometimes known as specular or mirror-like echoes. In the usual arrangement for ultrasound imaging, where the same transducer is used both for generation and reception of the ultrasound, only those smooth surfaces that lie close to right angles to the sound beam return these echoes. The directed reflection means that the echo is of high intensity: strength and directionality are the cardinal features of these echoes from flat surfaces. They arise from the linings of hollow viscera and blood vessels, from the valves of the heart, from organ capsules and fascial planes, from the skin and from gas and bone surfaces.


TABLE 3-1

Echo-Producing Mechanisms



	
Specular: mirror-like reflections from flat surfaces
	Strong, directional echoes



	
Scattered: interference patterns from small parenchymal discontinuities
	Weak, non-directional echoes






Where the irregularities in the surface are of the same order of size as the ultrasound wavelength itself, i.e. 0.01–1 mm, a different mechanism known as scattering produces echoes; here each small interface (e.g. a lobule of an organ, arterioles, venules, etc.) is vibrated by the mechanical shock it has received from the incident ultrasound pulse. The vibratory energy is re-radiated more-or-less equally in all directions, each discontinuity behaving as an isolated point source of ultrasound. Thus the echoes are isotropic and potentially detectable from any direction. However, because the energy is distributed across the surface of an expanding sphere, the signal received by the transducer from any single vibrating particle is weak and in practice is only detectable when several wavelets from adjacent particles happen to be superimposed and produce an additive effect. Low intensity and detectability from any angle are the cardinal features of these scattered echoes. They arise from soft-tissue parenchyma and thus are usually the more important diagnostically. It is important to note that the texture in the image is an interference pattern and is not a one-to-one representation of the histological reality. This is why tissues of very different structures (e.g. liver and spleen) can produce similar echo textures. Many soft tissue reflectors actually display properties that are intermediate between specular and scattered echoes.

Ultrasound is generally considered to be conducted in a linear manner whereby the waveform of the pulse is preserved with depth. In fact, this is not quite true and non-linear propagation is an important phenomenon in which the sine wave shape of the original pulse emanating from the transducer becomes distorted so that it comes to contain higher-frequency components or harmonics. This occurs because the speed of sound conduction increases with increasing density of the conducting medium (tissue or biological fluids) so that the compression part of the cycle travels slightly faster than the rarefaction part and this distorts the wave much in the way that an ocean wave builds and breaks as it approaches the shore (though the mechanism is not identical). The development of these harmonics depends on the sound intensity: higher acoustic powers produce stronger harmonics and therefore they are weak in the parts of the sound beam away from the central, desired portion. They are also weak for the first few millimetres of tissue depth because they take a few cycles to build up. These facts have been exploited in ultrasound systems that use software to select for the harmonics in the returning echoes by transmitting at, say, 1.5 MHz, and tuning the receiver to 3 MHz to remove the fundamental echoes. In doing so, the beam aberrations from side lobes and from reverberations in the superficial tissue layers are suppressed (see under ‘Resolution’). The tissue harmonic image is cleaner with higher contrast and this has been especially useful in echocardiography and in abdominal imaging (Fig. 3-1).

[image: image][image: image]
FIGURE 3-1 Harmonic imaging. (A) Conventional grey-scale imaging through the liver at the porta hepatis. (B) In harmonic mode (note the diff logo on the left) the image has much higher contrast and the portal vein is more clearly delineated. PV = portal vein.














Ultrasound Methods


The Pulse-Echo Method

In the conventional pulse-echo ultrasound imaging process, signals are displayed corresponding to the depth calculated from the time elapsed between transmission and receipt of the echoes, using the speed of sound; the same principle is used in radar and sonar.

In the simplest system, which is rarely used nowadays, only the depth of the echo-producing interface is determined. It is displayed as a vertical deflection on a monitor and is known as an A-scan (A for amplitude). It has one spatial dimension and the strength of the echoes is indicated by the height of the deflection (Fig. 3-2).

[image: image]
FIGURE 3-2 The A-scan. The A-scan is a trace indicating echo intensity of tissue with depth. In this example, there is a fluid space from 6 to 10 cm, from which no echoes arise. Tissues superficial and deep to this produce echoes of varying intensities and there is a particularly strong echo from the skin (0–5 cm). The time gain compensation (TGC) curve is also shown.





If the transmitted pulse is repeated rapidly, then the position and intensity of any interfaces that arise from moving structures change with time. A simple way to display these changes is to modulate the intensity of the spot on the monitor in proportion to the intensity of the echoes and then to sweep the line of echoes across the screen. The resultant trace, showing depth versus time, is known as an M-mode display (M for movement; sometimes also referred to as TM, for time-motion imaging) and is especially useful in echocardiography for evaluating the rapid movements of valve leaflets (Fig. 3-3).

[image: image]
FIGURE 3-3 M-mode trace. The echo intensity is displayed as brightness and the trace is swept across the screen so that the x-axis represents time. This is an M-mode echocardiogram showing the rapid movement of the valve apparatus with thicker proximal and distal moving bands representing the ventricular walls. There is a small pericardial effusion separating the epicardium of the right ventricle from the chest wall.





A two-dimensional tomographic ultrasound image is formed by sweeping the beam through a slice of tissue and mapping the echogenicity of the reflectors as shades of grey to form a B-mode image (B for brightness), also known as a grey-scale imaging. This is the main mode used for ultrasound imaging. While the depth of the reflectors is determined by the delay in the return of the echoes to the transducer (the pulse-echo principle), their lateral position is determined by the direction in which the ultrasound beam was sent.


Beam Steering

The direction in which the beam is sent can be determined mechanically or electronically. Mechanical steering systems were used widely but are now restricted to intracavitary techniques (endoscopic and intravascular). They use a simple, single element transducer which is mechanically swept through an arc, typically of 360°, by spinning it on a wheel (Fig. 3-4). The resulting image has a circular shape with the transducer itself at the centre and the tissues arranged around it with the intima closest to the transducer.
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FIGURE 3-4 Mechanical transducer. (A) Diagram of a mechanical endoprobe transducer. A motor rotates the transducer assembly to sweep out a circular path. (B) An intravascular image of a coronary artery showing the endothelium as a bright inner layer interrupted by an atheromatous plaque (arrowhead). T = transducer. (Figure B courtesy of Professor Ton van der Steen, Erasmus Medical College, Rotterdam, the Netherlands.)





Electronic sector systems (also known as phased arrays) have replaced mechanical systems for most applications. Here the beam direction is controlled by building up interference patterns between the waves transmitted from an array of a large number of small transducer elements. The usual arrangement consists of numerous PZT elements (512 in state-of-the-art systems), each 1 mm or less in width and 5–10 mm in length, stacked up to form a strip. Each has separate electrical contacts and the pulses to each element are serially delayed from one end of the array to the other. These minute differences in timing occur within the short time needed to form an individual pulse and they produce interference patterns in which the troughs and peaks of the pressure waves add where they coincide and subtract where they are out of phase (hence the term ‘phased array’) (Fig. 3-5). This results in a beam that is directed to one side. For the next pulse, a slightly different set of delays is applied to adjust the steering. During receipt of the returning echoes the electrical signals from the individual elements are delayed before they are summed in the beam former, exploiting the same summing and cancelling approach; the aggregate signal produced is the electronic equivalent of mechanically angling the transducer face in the required direction. Though the concept is fairly easy to understand, the underlying mathematics is complex and generally requires dedicated hardware; however, software emulations have been developed so that beam forming can be performed in a PC, opening the way to cheaper and more flexible machines. The resulting image has a triangular or sector shape which has the important practical advantage of requiring only a small skin contact area (or footprint), although it provides only a limited display of the superficial tissues.
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FIGURE 3-5 Phased array. (A) Diagram illustrating steering an ultrasound beam with a phased array transducer. The delay lines introduce small timing differences in the pulses driving the elements so that those at one end are fired earlier than those further along the array. This has the effect of steering the beam away from the centre line, rather as if the transducer face had been tilted. (B) Right lobe of liver taken with a phased array showing the advantage of the small footprint in accessing the portions that lie high under the diaphragm, especially segment 8. 7 and 8 = segments 7 and 8, D = diaphragm.





The operation of electronic linear array transducers is a little simpler. They are longer than phased arrays and the beam is moved across the imaged plane by firing the elements in groups, starting from one end of the array and stepping along to the other (Fig. 3-6). This produces an image with a rectangular shape, best suited for the superficial structures that are of prime interest in small parts imaging (Fig. 3-7). In a simple variant, the linear array is shaped as a curve so that the field of view is almost trapezoidal, as with sector imaging, but with a longer skin line. This compromise is particularly useful when both superficial and deeper structures need to be imaged, for example in obstetrics (Fig. 3-8).

[image: image]
FIGURE 3-6 Linear array. Diagram of a linear array showing the formation of one ultrasound beam by triggering a set of elements at one end of the probe. The next beam would be formed by the adjacent or partially overlapping set of elements so that the beam is swept along the transducer face to give a rectangular image.
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FIGURE 3-7 Breast carcinoma. A heterogeneous mass (arrowheads) with irregular margins and distal shadowing are characteristics of a breast cancer. This image was taken with an 18-MHz linear array probe. The rectangular format is particularly suitable for superficial structures.
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FIGURE 3-8 Convex array. (A) Sagittal image of a normal upper abdomen taken with a 6-MHz curved array. (B) Transvaginal image of a uterus with a fibroid (arrowheads) taken with a tightly curved 9-MHz array. The convex format is a compromise between the footprint requirements of sector and linear probes and has the advantage of giving a wide field of view for deeper structures. E = endometrium, GB = gallbladder, IVC = inferior vena cava, L = liver, PV = portal vein.





Electronic arrays are more difficult to manufacture than mechanical probes and the dedicated electronics adds to their overall cost. However, they can be made very small and light and the flexibility and rapidity with which the beam can be steered are important advantages where complex functions, such as combined imaging and Doppler (duplex), are required.

An important limit to the rate at which ultrasound information can be acquired is set by the speed of sound in tissue (average in soft tissue 1540 m s−1). It is necessary to wait for the echoes from each pulse to have faded away before the next is transmitted, since if the second pulse is sent too early the last echoes from the first pulse overlap early echoes from the second and are falsely registered on the image as superficial structures. To avoid this range ambiguity artefact, the pulse repetition frequency (PRF) must allow a delay of at least the time taken for the most distant echoes to return or fade away. In practice, this limits the PRF to about 1000 pulses per second (lower for deep structures, higher for superficial). The choice of the way these pulses are distributed in time and space is determined by the priorities for each particular application. They may be spread apart and the imaging area restricted in order to maximise the frame rate, a solution that is appropriate for echocardiography. However, this results in a coarse image because of the low line density. The resulting sacrifice in spatial resolution and the small image size are not ideal for general applications where image quality is important. Here the low frame rate is generally less of a sacrifice, so a high line density and wider imaging area are the better trade-off.





Resolution

Ultrasound resolution must be considered separately for the two dimensions, along and across the beam. Depth or range resolution is determined by the length of the ultrasound pulse, which is kept as short as possible by placing a sound-absorbing backing block behind the piezo material and by shortening the driving pulse with damping circuitry. These result in an emitted pulse some two wavelengths long; this equates to a shorter physical pulse if higher frequencies can be used and this is the main reason for the improved resolution of high-frequency systems.

Lateral resolution, in contradistinction, depends on the width of the ultrasound beam. Two means of controlling this have been exploited: the use of large aperture transducers and the addition of mechanical or electronic lenses.

The ultrasound emitted from a point source spreads in a hemisphere but, as the source is enlarged, it forms a beam with near-parallel sides for a few centimetres of depth before the beam diverges again (Fig. 3-9). The changeover is the transition between the near (Fresnel) and far (Fraunhofer) zones. In fact it represents the point beyond which the ultrasound waves from the edge of the transducer arrive less than a wavelength later than those from the transducer centre so that larger aperture transducers have longer near fields. The beam is actually formed by the same interference effects that are exploited to steer the beam in electronic transducers and occur because the compression and rarefaction phases of the ultrasound pulse add in the direction of the beam but cancel elsewhere.
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FIGURE 3-9 Ultrasound beam shapes. The shapes of the ultrasound beam from four transducers are indicated. All are of the same frequency (3.5 MHz). The beam from the 10-mm probe in (A) has a complex region close to the transducer face, then a mid-portion with near parallel sides, before the beam spreads out in the far field. The white lines indicate the half-power limits. Increasing the probe diameter (B) improves the overall beam width. In (C), weak focusing has been added by concave shaping of the crystal. This further improves the beam shape in the focal zone but causes it to spread more severely further out. This would be a useful compromise for general abdominal imaging. Stronger focusing (D) exaggerates these effects, producing a fine beam but only over a short distance. This would be useful for imaging superficial structures.





Adding a converging lens (usually a curved layer of plastic bonded to the front of the piezo material), or simply shaping the transducer face into a shallow dish, acts to narrow the beam (Fig. 3-9). This can be thought of as working in the same way as an optical lens, i.e. by beam refraction, but a more useful concept is based on the fact that the lens conducts ultrasound more rapidly than tissue, so that waves emanating from the transducer edge are fractionally ahead of those from the centre as they enter the tissue. Thus interference patterns are set up across the sound field that emphasise the centre region of the ultrasound beam and cancel ultrasound waves that otherwise would spread laterally.

The same effect can be produced with a multi-element array by sending the transmit pulses to the outer elements fractionally ahead of those to more central elements—this is the electronic equivalent of shaping the transducer surface into a dish (Fig. 3-10). Focusing also occurs on receipt of the echoes, in a reciprocal fashion. While electronic focusing is complex, it confers two benefits. First, the focal position can be altered by changing the delays within the transmit pulse so that the probe can be optimised for each clinical situation—with a mechanical probe the focus is fixed and so the entire probe must be exchanged if the focal zone needs to be altered. In addition, with electronic focusing on receipt of the echoes, the focus can be set close to the transducer initially (to optimise resolution of superficial tissues) and then progressively refocused deeper into the body to track the train of echoes returning from deeper interfaces. This dynamic focusing optimises resolution over the entire depth of the image.
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FIGURE 3-10 Electronic focusing. Diagram to illustrate the principle of electronic focusing. The delay lines are set to send the pulses from the outer elements fractionally ahead of those from more central elements. The resulting interference patterns accentuate the central part of the beam and cancel the off-axis portions. The effect is greatest at the focal zone.





Tight focusing of the ultrasound beam has the undesired effect of accentuating its divergence in the far field, so that the beam is only optimal over a short depth (Fig. 3-9D). While such a transducer would be appropriate for structures where only a narrow strip of tissue is of interest, e.g. the retina in the eye, generally a better compromise is to use weak focusing together with as large an aperture as can reasonably be maintained in contact with the skin.

In practice, the ultrasound beam achieved is far from perfect (Fig. 3-11). Not only is the optimum beam width achieved over only a relatively short focal depth but also its profile, a bell-shaped curve across the beam, leads to smearing of signals from strong reflectors since they are detected from some distance off-axis (Fig. 3-12). In addition, the real beam has side lobes which are emitted at steep angles from the main beam so that unwanted echoes may be received from interfaces that lie a long way off-axis. These signals further smear the image, particularly when strong reflectors such as gas bubbles lie in their direction. These limitations also apply across the imaging plane, so that out-of-plane reflectors may also interfere. Minimising the loss of spatial and contrast resolution that results from these deficiencies is a major emphasis of the art and science of transducer design and is an area where marked progress continues to be made (see tissue harmonic imaging, above and Fig. 3-1).
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FIGURE 3-11 Ultrasound beam plot. The complexity and marked deviation from the ideal of a practical diagnostic ultrasound beam is shown in this intensity plot. The beam is very complex for the first few millimetres from the transducer face (on the left of the figure) but improves towards the focal zone where it reaches an effective diameter of a few millimetres before spreading out again in the far field. Unfortunately, some ultrasound energy is also sent out as side lobes at angles to the main beam, further complicating the effective beam shape. These divergences from the ideal narrow shape limit both the spatial and contrast resolution of ultrasound images. (Beam plot kindly supplied by Dr Adam Shaw of the National Physical Laboratory, Teddington.)
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FIGURE 3-12 Beam width artefact. In this ultrasound exami­nation of the bladder, the intense echoes from gas in a loop of bowel (arrow) have spread across into the urine (arrowhead). This artefact results from the finite width of the ultrasound beam.





In the slice thickness, or azimuthal, direction the beam width is determined by similar limiting factors to the lateral dimension as described above. In this case in a simple 1D array probe there is no possibility to control the aperture width dynamically. Physical aperture size and mechanical focusing determine resolution in this direction. This is generally the poorest resolution of the three spatial dimensions.







Artefacts

The assumptions made in generating ultrasound images are that ultrasound travels at a constant speed in tissue and that the beam is ‘well behaved’. Artefacts arise whenever these principles are violated.

The speed of ultrasound varies by only a few per cent in watery soft tissues but fat conducts approximately 20% more slowly. This means that the depth of echoes arising beyond large fatty regions is overestimated and this distorts the image of deeper lying structures so that they are depicted as further away from the skin than they actually are. It may be seen as a shelf in the diaphragm, if, for example, a fatty tumour is found in the liver (e.g. a lipoma). An even more dramatic version of this same artefact occurs with silicone implants in which the ultrasound velocity is about half that of soft tissue (Fig. 3-13). The chest wall deep to a breast prosthesis, for example, can appear to be twice its true distance from the skin.
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FIGURE 3-13 Velocity artefact from a silicone prosthesis. This unfortunate young man developed a second teratoma having had an orchiectomy on the right with insertion of a prosthesis. The depth of the prosthesis is depicted as being greater than that of the tumour-bearing testis, in conflict with the clinical impression, which was the reverse; this geometric distortion is the result of the lower speed of sound in the prosthetic material that delays the echoes so that they are plotted as lying deeper than they really are. P = prosthesis, T = teratoma.





The difference between the velocity in adipose and watery tissues can refract the ultrasound beam so that it deviates from its straight-line path. An obvious example of this artefact occurs in the hypogastrium, where the fatty triangle lying between the lower ends of the two rectus abdominus muscles acts like an optical prism. The refraction of the ultrasound beam in transverse suprapubic images can produce double outlines of pelvic structures and even, in extreme cases, complete double images. This artefact may well be the cause of the ‘vanishing twin’ phenomenon (when one of a pair of twin embryos disappears early in pregnancy) described when ultrasound was first introduced in obstetrics.

More generally, the different velocities at multiple small tissue–fat interfaces produce minor deviations of the ultrasound beam that defocus and disperse it so that its profile in vivo is much less well controlled than measurements in a water bath indicate. The clinical effect of this is loss of contrast, with the image appearing noisy and blurred (Fig. 3-14). The problem is worse when there is marked admixture of fatty and watery tissues as may occur in fatty infiltration of muscle, a feature that may explain why poorer images are obtained from an out-of-training athlete than from an obese female patient. The degradation of ultrasound images and its variability from patient to patient are two of the most important limitations to the diagnostic use of ultrasound in the abdomen and strenuous efforts are made by equipment manufacturers to minimise these problems. Tissue harmonics has greatly reduced this inter-patient variability and thereby the number of unsuccessful images.
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FIGURE 3-14 Beam dispersion by fat. Deep to this fatty renal hilum, the retroperitoneal tissue layers (arrowheads) are less clear than adjacent tissue planes because the hilar fat has defocused the beam. S = renal sinus.





A ‘well-behaved’ beam would be laser-thin and travel directly through the tissues to and from the transducer. The real-life situation is far from this ideal—the effects of beam spreading, side lobes, refraction and diffraction on spatial and contrast resolution have been mentioned. Multiple reflections are another common artefact that produces a series of parallel false images of flat interfaces that happen to lie parallel to the skin. They are the result of repeated reflections of the incident ultrasound pulse between the transducer and the flat surface or between two such surfaces within the body. A common example is seen as parallel lines deep to the superficial fascia produced by the ultrasound being reflected from the transducer back into the tissue a second time. Similar linear artefacts are commonly seen in the superficial portions of the lumen of viscera such as the bladder and gallbladder and in blood vessels. The difficulty in measuring the thickness of the superficial intima–media layer of the carotid artery results from this artefact (Fig. 3-15).
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FIGURE 3-15 Reverberation artefacts. (A) Multiple internal reflections within tissue layers give rise to false repeated signals, which are most obvious where they fall over echo-free fluid spaces such as the gallbladder (arrowhead). (B) Whereas the intima–media layer is well delineated at the deeper surface of this normal common carotid artery (arrow), the superficial layer is partly obscured by reverberation artefact (arrowheads). C = common carotid artery.





A similar situation where multiple reverberations occur is with closely packed bubbles in the foam that may occur in bowel gas. Here the intense reflections repeat in near-random sequence, depending on the precise arrangement of the bubbles, so as to produce a train of echoes that fades over a few millimetres as the ultrasound is reflected or absorbed. On the screen, a bright streak, the ‘comet tail’ artefact, is seen extending for a few millimetres deep to the gas bubble. The same effect may occur deep to calcifications and behind metallic or plastic foreign bodies.

Re-reflection from the transducer surface is reduced by applying quarter-wave matching layers which make it less reflective by reducing the impedance mismatch between the transducer and the skin, resulting in much less noisy images. However, it is difficult to envisage how reverberations between parallel layers of tissues within the body could be reduced.

Where a flat reflector lies at an angle to the ultrasound beam, ultrasound may be sent back into the tissue at an angle and then be reflected back from any interface it encounters. These echoes retrace the incident pathway and are picked up by the transducer to be depicted as though lying deep to the angled reflector, exactly as objects are seen ‘through’ an optical mirror. This ‘mirror image’ artefact is commonly encountered at the air–pleura interface above the diaphragm—the echoes apparently above the diaphragm actually arise from the hepatic or splenic parenchyma viewed via the diaphragmatic mirror (Fig. 3-16). They are quite different from the appearance of the lung when imaged intercostally, where a very strong linear echo is seen, usually followed by strong reverberation echoes that fade over a millimetre or so.
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FIGURE 3-16 Mirror image artefact. One of the structures in the liver such as this cyst is mirrored at the air–pleura surface and appears in the position of the lower lobe of the lung, producing the ‘percentage sign’ artefact (arrowhead). When this surface is absent, for example when a pleural effusion is present, the effect does not occur. C = cyst.








Interpretative Principles


Shadowing and Increased Through Transmission

Acoustic shadowing and increased through transmission of sound (often referred to as enhancement, though this term is better reserved for the effects of microbubble contrast agents) are important components of the ultrasound image. Shadowing occurs when little or no ultrasound can penetrate an interface, and results in a dark band over the deeper tissues, bounded by the ultrasound beam lines, which are parallel for a linear transducer and radiating for a sector transducer (Fig. 3-17).
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FIGURE 3-17 Acoustic shadowing. The dark band (arrowheads) deep to the gallstones (arrow) is an example of shadowing produced by a combination of high absorption and reflection. GB = gallbladder, K = kidney.





Absorption and reflection are the two main causes of shadowing. If a portion of the tissue being imaged absorbs ultrasound more strongly than the background, the chosen TGC will be insufficient to compensate properly and tissues deeper to the highly attenuating region will be undercorrected and appear darker than adjacent tissue. Fibrous tissue and fat attenuate at a higher rate than the usual 1 dB MHz−1 cm−1 and are common causes of acoustic shadowing, for example behind scars and scirrhous breast carcinomas and in a fatty liver. High attenuation also partly accounts for the shadows seen deep to calcific lesions such as biliary and renal stones, but here intense reflection is also a factor. Whatever proportion of the incident ultrasound is reflected is not available to continue through for imaging. For stones, this amounts to about 60% of the incident energy but for tissue–gas interfaces almost all the incident ultrasound is reflected and these produce dense shadows. In this case, the shadows are often partially filled in by reverberant echoes which form because of the efficiency of these gas–tissue boundaries as reflectors, so that reverberation artefacts commonly occur. The noise in gas shadows has given rise to their designation as ‘dirty shadows’ in stones, as compared with the ‘clean shadows’ behind stones, and this is sometimes a useful differential diagnostic feature.

Whether a stone or gas bubble actually casts a shadow depends on its size relative to the ultrasound beam width. A significant fraction (about three-quarters) of the beam must be obstructed to cause a perceptible shadow. If a stone is smaller than this or lies away from the central axis of the beam, enough ultrasound passes beside it to insonate the deeper tissues. In practice, shadowing is usually apparent behind renal and biliary stones of 5 mm or more in diameter and much smaller calcifications may also shadow if high-resolution transducers are used. Groups of fine calcification can also shadow if their aggregate size and density is high enough, e.g. in severe nephrocalcinosis.

A third important type of shadowing, ‘edge shadows’, are sometimes known as ‘refractive shadows’ based on one explanation of their origin. They are seen as fine dark lines extending deep to strongly curved surfaces and do not imply attenuation or strong reflections. Cysts and the fetal skull are typical examples and fascial sheaths are often also responsible, e.g. the fine shadows seen beyond Cooper's ligaments in the breast and those caused by the neck of the gallbladder. These edge shadows must be recognised as different from attenuating and reflective shadows, to avoid errors in their interpretation.

Increased through transmission is the exact opposite of attenuation shadowing: here a region of tissue has a lower than average attenuation and so the TGC (which is adjusted to compensate for the average attenuation) is inappropriately high for that region. Thus the echoes from deeper tissues are overamplified. It is the hallmark of cystic spaces and the bright-up is often accentuated by the darker banding lines of the edge shadows typically formed from the cyst wall (Fig. 3-18). However, some solid tissues also show increased sound transmission, usually because they have a high proportion of fluid. Many tumours fall into this category, especially fibroadenomas in the breast, while lymphoma deposits and inflammatory masses may behave in the same way. Even those fluid cavities that contain echogenic material, such as suspended crystals in the gallbladder, pus, blood or necrotic tissue, usually still produce increased transmission, depending largely on the proportion of fluid present.
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FIGURE 3-18 Increased sound transmission. The echoes (arrowheads) deep to this liver cyst (arrow) appear brighter than those from the rest of the liver; this is because the cyst fluid attenuates less than the solid liver and so signals from beyond it are relatively overamplified.







Echogenicity

The prime determinant of the strength of ultrasonic echoes is the impedance mismatch (Z) between adjacent tissue components. The larger the mismatch, the stronger the echo, so that interfaces between soft tissues and bone, for example, give very strong echoes and, within soft tissues, the most significant components are fibrous tissue (often in the form of the perivascular microskeleton) and fatty tissue. Thus, while uniform regions of fibre or fat are echo poor (subcutaneous fat and retroperitoneal fibrosis are examples), admixtures between them and watery tissues give stronger echoes.

A second important factor is the concentration of the scatterers: for a given impedance mismatch, a region that contains a large number of scatterers is more echogenic than one where they are spread out. Commonly the ‘dilution’ of scatterers is caused by an increase in water content. The low reflectivity of the congested liver in right heart failure is an example (Fig. 3-19). Malignant tumours are a general case: until they grow large enough to undergo necrosis or calcification (which produce new reflectors), they tend to be echo poor. Similarly, the oedematous tissues in acute inflammation give low-level echoes; examples include the echo-poor pancreas in acute pancreatitis and the ‘dark liver’ in acute hepatitis. On the other hand, the high concentration of reflectors is the cause of the echogenic kidneys in recessive (infantile) polycystic renal disease (the interfaces between the innumerable cysts cause strong echoes), and strong echoes are obtained from the multiple interfaces of the vessel walls of haemangiomas and even more so in angiomyolipomas, where there is also admixed fatty tissue. Fatty infiltration in the liver (steatosis) is a common example (Fig. 3-20).
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FIGURE 3-19 Congested liver. In heart failure, the liver may become congested with extra fluid. The separation of the reflectors reduces the liver echoes so that it becomes less echogenic than the kidney. In addition, the vascular markings are accentuated because they are not affected. GB = gallbladder, K = kidney.
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FIGURE 3-20 Fatty liver. The multiple interfaces between fat-laden liver lobules and the surrounding watery tissues give these fatty liver high-intensity echoes which can be seen as increased contrast with the adjacent renal cortex (compare Fig 3-19). K = kidney, L = liver.











Doppler

The Doppler principle has been utilised in diagnostic ultrasound since 1954 with the development of spectral analysis of the Doppler-shifted echoes, displayed as a time–velocity trace. Colour Doppler is a refinement of the technique whereby the regions of blood flow are displayed in colour as an overlay on the grey-scale 2D image. ‘Duplex’ is used to imply that two types of information are being collected simultaneously: typically, 2D imaging (possibly with colour Doppler) and spectral Doppler.

The Doppler effect is a change in the frequency of sound being reflected from a moving target. In its simplest form, it is used to detect the beating fetal heart lying anywhere in the sound field of a large, unfocused and continually transmitting transducer. With these systems there is no way to determine either the direction of motion or the depth of the fetal heart beneath the transducer, which is an advantage in this application because the fetal heartbeat can be detected successfully without accurate positioning of the transducer.

In vascular applications, a wide, continuous ultrasound beam might result in confusing signals being received from several vessels simultaneously. This limitation is overcome by utilising a narrow beam, similar to that used for grey-scale imaging, and by transmitting the ultrasound in short pulses and processing only the information returning from a specific depth. Accurate positioning of the sensitive region (the sample volume) is achieved by positioning an electronic gate in the 2D image. Array transducers permit the collection of Doppler information while continuing with real-time imaging, albeit at a reduced frame rate, since the machine has to interleave the pulses between the modes.


Theoretical Basis of Doppler Studies

An ultrasound beam insonating a blood vessel is partially reflected by red blood cells. If these are moving, there is a change in the frequency of the reflected pulse: an increase in frequency if the flow is towards the probe and a decrease if it is away from it. This is the Doppler effect and the changes in frequency, referred to as the Doppler shift, may be calculated from the equation:

fd=2fovcosθc
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This indicates that the Doppler frequency shift ( fd) depends on the transmitted frequency ( fo), the velocity of the blood (v) and the angle between the ultrasound beam and the direction of flow (θ). The speed of ultrasound (c) is constant. If the angle is known and the frequency shift measured, the computer can calculate the blood flow velocity. The operator places a cursor appropriately in the vessel and marks the direction of the vessel axis. It is necessary to achieve an angle of considerably less than 90° between the direction of blood flow and the direction of the ultrasound beam as no Doppler signal results if the beam/vessel angle is 90° (cos 90° = 0 in the above equation). The accuracy of the calculated velocities is inversely proportional to the beam/vessel angle. At an angle of 0° the error is up to 3%, at 70° it is 30% and at 80° it may approach 100%.




Characteristics of Blood Flow

When blood is flowing in a straight vessel, the drag effects of the vessel wall and the viscosity of blood slow the flow near the wall, so blood can be considered as flowing in a series of concentric layers, the blood in adjacent laminae having different velocities (Fig. 3-21). This type of flow is termed ‘laminar flow’ and is assumed to be present in many of the calculations made from Doppler data. However, flow is non-laminar in many vessel segments, including near bends, branches and junctions, and around plaques of atheroma. Values derived from Doppler signals in these circumstances may be inaccurate.

[image: image]
FIGURE 3-21 Laminar flow. Diagrammatic representation of the concentric layers of blood flowing at different velocities, with the highest velocity in the centre of the vessel.





If flow is not pulsatile and the velocity is not high, the ‘velocity profile’ across the vessel is approximately parabolic (Fig. 3-22). If the blood is flowing fast or is being accelerated rapidly, it tends to move with the same velocity, so-called ‘plug flow’ (Fig. 3-23). In a major artery the flow usually approximates to plug flow during systole and to parabolic flow during diastole. Venous flow is normally parabolic.
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FIGURE 3-22 Parabolic velocity profile. The fastest flow is in the centre of the vessel, with a progressive reduction in velocity towards the vessel wall.
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FIGURE 3-23 Plug flow. The flow velocities are almost equal across the whole vessel diameter.





The mildest form of flow disturbance (usually encountered downstream of a moderate stenosis) results in an increase in the range of velocities present, giving rise to spectral broadening in the Doppler trace. More severe lesions may be accompanied by ‘disturbed flow’ in which eddies or vortices of flow occur beyond the lesion, giving rise to simultaneous forward and reverse flow components in the Doppler signal.

The flow velocity waveform through the cardiac cycle depends on cardiac function, the type of blood vessel and the state of the distal vascular bed. Elastic arteries such as the femoral, supplying high-resistance beds, exhibit a pronounced triphasic flow pattern (Fig. 3-24). There is a rapid systolic upstroke but, because of the combination of arterial wall rebound and high peripheral resistance (if the supplied muscles are at rest), almost immediate flow reversal occurs, resulting in a transient negative Doppler component. There may be no forward flow during diastole. However, if the peripheral resistance is low, as in the internal carotid, hepatic and renal arteries, a uniphasic pattern is seen with forward flow throughout diastole (Fig. 3-25). A switch from the former to the latter occurs in the limb vessels with exercise and in the mesenteric vessels with digestion. The waveform of the display may also be modified by many factors above, at or below the sampling site. In a major artery the waveform is determined by cardiac contractility, aortic valve function, the proximal arterial tree, the state of the vessel at the examination site and disease in the distal arterial tree supplied by the vessel.
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FIGURE 3-24 Normal common femoral artery flow. There is triphasic flow with early diastolic flow reversal.
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FIGURE 3-25 Low-resistance flow. The flow is continuously forward throughout the cardiac cycle, with moderately high flow throughout diastole. There is very little low-velocity flow throughout most of the cardiac cycle (compare with Figs 3-26 and 3-27).





When quantifying the severity of a stenosis, it is important to be clear as to whether a reduction in cross-sectional area (CSA) or diameter is being described; for example, a 70% diameter reduction gives rise to a 90% area reduction (Table 3-2).


TABLE 3-2

Relative Values for Area and Diameter Reduction in Stenoses



	Diameter Reduction (%)
	CSA Reduction (%)




	10
	20



	20
	36



	30
	51



	40
	64



	50
	75



	60
	84



	70
	91



	80
	96



	90
	99



	95
	99.75







Narrowing of the CSA of an artery by up to 50% (diameter reduction 30%) does not cause a reduction in the volume of blood flowing and therefore there must be an increase in the peak flow velocity. This is usually accompanied by an increase in the range of velocities present (spectral broadening) (Fig. 3-26). If the stenosis is greater than 50%, there is a much greater increase in the velocity, and the flow beyond the stenosis forms eddies (disturbed flow) that give rise to 100% spectral broadening with small amounts of simultaneous reverse flow (Fig. 3-27). The disturbed flow propagates for a few centimetres beyond the lesion. Narrowing of the CSA by more than 75% (50% diameter reduction) reduces volume flow, which produces a fall in flow velocity in the proximal vessel segment. Stenoses of more than 90% CSA reduction (70% diameter reduction) give rise to a severe reduction in volume flow, very high jet velocities through and beyond the lesion and turbulence beyond the lesion (Fig. 3-28). In addition, there is an increase in the pulsatility of the flow proximal to the lesion and a decrease beyond. These indirect signs may be the only available indicators of disease in some clinical situations; for example, in renal artery stenosis, where the stenotic segment may not be accessible to ultrasound examination.
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FIGURE 3-26 Moderate spectral broadening. The spectrum throughout late systole and most of diastole has been filled in by an increased range of blood flow velocities.
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FIGURE 3-27 Complete spectral broadening. There is now complete filling of the spectrum throughout the cardiac cycle, with brief periods of simultaneous reverse flow during systole.
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FIGURE 3-28 Turbulence beyond a stenosis. There is high-velocity flow beyond this carotid artery stenosis, with simul­taneous forward and reverse velocities. The internal : common carotid peak systolic velocity ratio is 2.14, indicating a haemodynamically significant stenosis.








Information in the Doppler Signal

The frequency content and waveform of the Doppler signals contain a wealth of information about the nature of the blood flow in the vessel and it is easier to appreciate and interpret this information if a visual display is created rather than simply listening to the audio output. In spectral Doppler systems, this is derived from a ‘spectrum analyser’ which determines the strength of components in the Doppler signal that fall into each of numerous frequency bands during a time interval of typically 5–20 ms. The resultant display represents frequency on the vertical axis and time on the horizontal axis. The brightness of the tracing at any point indicates the amount of signal at each specific frequency over each time interval and is proportional to the number of red cells in the sample volume that are moving at each velocity (Fig. 3-29). The outline of the spectral display gives information about the direction of the flow, the maximum Doppler frequency at any moment, and the nature and magnitude of any pulsations or other periodic changes in flow velocity. By convention, flow towards the transducer is displayed above the baseline and away from the transducer below.

[image: image]
FIGURE 3-29 Close-up view of the spectral trace. The spectral trace is composed of increments on both the vertical and horizontal axes. The horizontal increments indicate the individual time intervals during which Doppler sampling occurs, 20 ms in this example. The vertical increments indicate increasing frequency. The brightness of the trace within each pixel indicates the number of blood cells moving with that velocity at that time.





There are several simple observations that permit the diagnosis and grading of disease, and some of these can be supported by simple mathematical calculations.


Pulsatility Measurements

Many indices of waveform analysis have been devised but only two are in regular clinical use. These are the resistance index (RI) and the pulsatility index (PI). Because they are ratios, they are independent of the beam/vessel angle (although acquiring a good-quality Doppler trace from which to make the measurements does require a beam/vessel angle of <60°). Their derivations are:

RI=maximum velocity−minimum velocitymaximum velocity
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PI=maximum velocity−minimum velocitytime-averaged maximumvelocity over a cardiac cycle

[image: image]

The PI was devised to characterise the triphasic flows typically seen in the femoral artery. Its main disadvantage is that it requires calculation of the mean peak frequency, whereas the RI only requires the measurement of two values. The RI is particularly sensitive to changes in downstream flow resistance and was devised to assess changes in diastolic flow in low-resistance vascular beds. The resistance may be increased by vascular stenosis or by disease in the organ supplied by the vessel. However, as it also depends on the ‘end-diastolic’ velocity, the RI increases as the heart rate decreases, allowing a longer duration for the diastolic flow to fall (Fig. 3-30). In theory, it is possible to correct the RI for a normalised heart rate; in practice, however, this is seldom done.

[image: image]
FIGURE 3-30 Dependence of RI on heart rate. The value of end- diastole is relatively high if the heart rate is rapid (1). A slower heart rate allows a greater time for diastolic deceleration, leading to a lower end-diastolic velocity (2) and a higher resis­tance index. V = velocity, T = time.








Spectral Content

The distribution of the shades of grey in each time slot indicates the range of flow velocities present in the vessel at that time. If there is plug flow, this distribution is very narrow (Fig. 3-31A), whereas parabolic flow gives rise to a wider range of frequencies (Fig. 3-31B). The spectral broadening produced by a stenosing lesion is shown in Fig. 3-28.

[image: image][image: image]
FIGURE 3-31 (A) Spectral distribution in plug flow. A very narrow band of velocities is present throughout the cardiac cycle in this artery. (B) Spectral distribution in parabolic flow. The slower flow in this wide portal vein gives rise to a wide range of velocities during each time interval.











Colour Doppler

With this form of display, areas of blood flow are represented as colour within the image, by convention, with flow towards the transducer in red and flow away from it in blue (Fig. 3-32). The operator can reverse these assignments and select alternative colours. The velocity information is an estimate of the mean velocity at each location. The colour display may also be set to highlight the variance of the velocity rather than its mean, usually by including a green hue; this may be helpful for the detection of flow disturbance or turbulence as an indication of the site of significant vascular disease.

[image: image]
FIGURE 3-32 Colour Doppler. Fetal circle of Willis. The flow in the right middle cerebral artery, the left anterior communicating artery, the left posterior communicating artery and the right posterior cerebral artery is displayed in red as the flow is towards the transducer. The flow in the other vessels is passing away from the transducer and is therefore represented by blue.





Colour Doppler information is typically generated for a large number of pixels across the image. The derived velocity information displayed for pixels along each image line is built up from a number of consecutive ultrasound echoes, and this necessarily reduces the number of complete frames of Doppler information that can be acquired in any time period. The frame rate for colour Doppler is therefore less than that for grey-scale imaging, although it can be improved by reducing the width of the Doppler window and by enlarging each pixel. In practice, a compromise between frame rate, spatial resolution and accuracy of the colour velocity information has to be accepted.

The main advantages of colour Doppler are the ease with which vessels can be detected and their patency confirmed. In many applications, this may be all that is required for confirming that a structure is a vessel, or that a known vessel is patent. The direction of flow can also be confirmed (e.g. in the portal vein). The wealth of information contained in the Doppler spectrum is not available in colour Doppler and it is often necessary to perform a conventional spectral Doppler study as well. Positioning the Doppler gate is greatly facilitated by colour Doppler. In addition, colour Doppler readily shows up vessels that are too small to be resolved in the 2D image and that otherwise could not be studied.

The major clinical applications of colour Doppler are the same as those for spectral Doppler, though the ease of examination is improved and the operator's confidence enhanced. In addition, colour Doppler permits the detection of very small vessels and the assessment of the number and distribution of vessels within a tissue volume. This is of relevance when attempting to record blood flow signals from vessels such as the renal arcuate arteries or the uterine arteries, and in the assessment of the vascularity in and around focal lesions. For example, the colour Doppler-detected vascular pattern around malignant breast lesions shows more numerous vessels, often with abnormal courses, than are seen in benign lesions, and primary hepatomas appear more obviously vascular than most metastases in the liver.




Power Doppler

The Doppler information used in power Doppler is the same as for colour Doppler but the velocity information is discarded and usually also the directional information. The colour is modulated by the strength of the Doppler signal, which, in turn, is proportional to the number of red cells moving within the sample volume. Thus the display is a map of the distribution of moving red cells (above the sensitivity threshold of the system). Large vessels give high signals; small vessels in the sensitive region give a weaker signal. Fortunately, the random noise that impairs conventional velocity colour Doppler is self-cancelling with this form of display, thus enabling the use of higher gains (around 10 dB) and increasing the sensitivity for vessel detection.

Power Doppler is useful for depicting slow flow in smaller vessels—for example, in the kidney (Fig. 3-33)—and in malignancies. The reduction in signal strength when a volume element is only partially within a vessel gives an apparent improvement in vessel wall definition (Fig. 3-34). A further practical advantage is the reduced dependence on the beam/vessel angle (Fig. 3-35A). In power Doppler, the direction information is ignored and the signal amplitudes are averaged. As these are all positive, a strong signal results (Fig. 3-35B).

[image: image]
FIGURE 3-33 Power Doppler display of a right kidney. This extended field of view shows the flow in the inferior vena cava, main renal vessels and the intrarenal vessels right out to the capsule. The loss of directional information prevents the differentiation of arteries from veins.
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FIGURE 3-34 Vessel wall definition. Normal carotid artery. The power Doppler display colour intensity decreases near the vessel wall owing to the volume elements lying partly outside the vessel. This gives an apparent improvement in the definition of the intimal surface.
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FIGURE 3-35 (A) Colour Doppler with 90° beam-to-vessel angle. There is poor flow detection and direction ambiguity throughout the vessel. (B) Power Doppler display with 90° beam-to-vessel angle. As direction information is not used in the display, uniform flow detection is achieved throughout the vessel segment.











Volume Flow Measurement

It is theoretically possible to measure the volume of blood flowing within a vessel using Doppler ultrasound. This requires calculation of the mean blood velocity in the vessel and the cross-sectional area of the vessel. The product of these two values is the volume of blood flowing. In practice, there are significant uncertainties about both values, which may lead to errors in excess of 100%. Calculation of the mean velocity should take into consideration the distribution of velocities across the vessel in each time interval and the average of these over several cardiac cycles (Fig. 3-36). It is also assumed that the vessel is uniformly insonated and that signals are detected from all the blood in the cross-section of the vessel. In practice, slow-moving blood is missed and the range gate or beam width may encompass only a fraction of the vessel's area. These errors may not be obvious from visual inspection of the spectral display. If the cross-sectional area of a vessel is calculated from a single diameter, any error is squared. Measuring the area from an image at right angles to the vessel axis may be more accurate, but this information cannot be obtained at the same time and site as the Doppler signal, owing to the inappropriate beam/vessel angle. Volume blood flow measurements in the carotid and femoral vessels and in the abdomen have not been shown to be of clinical value.

[image: image]
FIGURE 3-36 Calculation of time-averaged mean velocity. The weighted mean velocity during each time interval has been calculated. The average of these throughout the trace is a close estimate of the true mean velocity.









Doppler Artefacts, Errors and Pitfalls

Doppler examinations are subject to a range of artefacts and potential errors that are not encountered in 2D imaging.


Sample Volume Size and Position

The length of the range gate and the width of the ultrasound beam at the depth of the gate determine the shape of the sample volume. The depth and length of the sample volume are determined by the operator and should be matched to the size of the vessel under investigation. If the sample volume is too small or does not encompass the whole cross-section of the vessel, the resulting spectrum underestimates the range of velocities present in the vessel. For example, if the vessel is mobile, a discontinuous Doppler signal results: if the movement of the vessel is due to respiration, the cause for the changes in the spectral display can usually be recognised. If, however, an artery moves as a result of intrinsic pulsations, it may move in and out of the beam with each cardiac cycle. This can give rise to loss of the diastolic signal in each cycle, resulting in falsely high PI and RI values (Fig. 3-37).

[image: image][image: image]
FIGURE 3-37 Superior mesenteric arterial trace. (A) Normal: the vessel has remained within the range gate throughout the cardiac cycle, giving a satisfactory Doppler trace. (B) Artefactually abnormal SMA trace: the gate is too small and is misplaced so that the vessel moves out of the range gate during diastole, giving rise to the false appearance of increased vascular resistance.





If the sample volume is too large or the beam width too great, more than one vessel may lie in the beam at the same time and give rise to a confusing spectral display, especially if flow in both vessels is in the same direction. Sometimes this is an advantage; for example, when searching for a renal vein signal alongside the renal artery. The actual length of the sample volume is usually greater than that displayed on the image. This has led to the false assertion that it is acceptable to have a sample volume smaller than the vessel diameter.




Velocity Information

An important source of error when attempting a velocity calculation is the effect of the beam/vessel angle. At angles greater than 50° there is a rapid increase in error that approaches 100% at 80° (Fig. 3-38). Major errors may also arise from the way the mean velocity is calculated: calculating the mean value of the peaks is only accurate for pure plug flow (Fig. 3-39). Strictly, the mean velocity should be calculated for each time interval, taking into account the distribution of velocities in that time interval. The mean of a large number of these values over several cardiac cycles should then be calculated (Fig. 3-36). For a vessel with true laminar flow and a parabolic profile, this more accurate method produces a value half that of the mean peak method.

[image: image]
FIGURE 3-38 Dependence of velocity error on beam-to-vessel angle. The error in velocity calculation is less than 10% for angles of less than 50°. There is a rapid and unacceptable rise in the error rate for angles greater than 70°.
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FIGURE 3-39 Mean peak velocity calculation. Automatic software has calculated the peak instantaneous velocity for each time interval throughout the cardiac cycle. The mean of these values is the mean peak velocity.





The pulse repetition frequency (PRF) of the ultrasound system imposes limitations on the range of Doppler frequencies that can be measured. The depth from which echoes are to be recorded limits the maximum value of the PRF, which may be up to 15 cm for abdominal studies. In order to allow time for the echoes to dissipate before the next pulse is transmitted, about 250 µs must elapse between pulses. Thus, the pulses can only be repeated at about 4000 s−1 (4 kHz). The Doppler detectors can only measure frequencies accurately if they are less than half of the PRF (the Nyquist limit), i.e. less than 2 kHz in this example. Doppler shift frequencies above this level are frequently encountered in the abdomen, are misinterpreted by the apparatus, and displayed on the wrong side of the baseline, giving rise to a characteristic discontinuous waveform display (Fig. 3-40A). The technical term for this phenomenon is ‘aliasing’ and it may sometimes be overcome by viewing the vessel from a steeper angle, by using a lower ultrasound frequency, a higher PRF or continuous Doppler beam, or by electronic correction (Fig. 3-40B).

[image: image][image: image]
FIGURE 3-40 Aliasing. (A) The frequencies above the Nyquist limit have appeared on the wrong side of the baseline. (Note that no beam-to-vessel angle has been set so the velocity values are uncorrected and therefore meaningless.) (B) The aliased peaks have been electronically transposed to their correct locations.








Wall Filters

The pulsating walls of arteries give rise to high-amplitude, low-frequency Doppler signals that may overload the spectrum analyser and appear in the spectral display as high-intensity spikes. Rejecting the very low frequencies in the Doppler signal can filter out this ‘wall thump’. If the filter is set too high, however, true flow information may be lost (Fig. 3-41). For abdominal venous studies, a filter value as low as 25–50 Hz is appropriate. In some makes of imaging equipment, settings up to 800 Hz are available for arterial studies but this eliminates the Doppler information from many veins.

[image: image]
FIGURE 3-41 Inappropriately high wall filter. The wall filter has been set at 200 Hz and has removed all the low-velocity information in this venous study.








Colour Artefacts

The most common problem with colour Doppler is failure to appreciate that the colours represent flow direction with respect to the transducer. If a vessel curves or bifurcates in the image plane, the flow in different segments is represented in different colours. The same artefact may result if a straight vessel is imaged with a curvilinear or sector transducer (Fig. 3-42). Attempts to obviate this problem are being developed.

[image: image]
FIGURE 3-42 Artefactual flow reversal on colour flow imaging. Flow within the splenic vein (arrowheads) is from left to right. In this transverse epigastric image, on the left side of the image the flow is towards the curvilinear array probe and is therefore displayed as red. On the right side, the flow is away from the probe and is therefore displayed as blue. There is a thin black area at the point where the colour changes, indicating a true flow direction reversal, rather than aliasing, as the cause of the colour change. A = aorta, I = inferior vena cava.





As with spectral Doppler, aliasing also occurs in colour flow imaging and results in reversal of colour and thus apparent flow reversal. Aliasing can be identified by noting that the areas of colour reversal are contiguous (Fig. 3-43). If the flow reversal is genuine, the forward and reverse flow colours are separated by black margins.

[image: image]
FIGURE 3-43 True and artefactual colour flow reversal. The high-velocity jet through this portal vein stenosis has given rise to aliasing. The aliased green signal passes through yellow to red in a continuous gradation (in the vertical limb of the vessel in this display). The coarse vortex within the poststenotic dilatation gives rise to a true area of flow reversal, colour-coded blue, which is separated from the forward flow red component by a black margin.












Contrast Agents

An important development has been the introduction of microbubble contrast agents to enhance ultrasound signals. They are small enough to cross the lung capillary bed so that systemic (including myocardial) ultrasound enhancement can be achieved following an intravenous injection. Since they contain gas, they change size in response to the alternating pressures in the ultrasound field, in contradistinction to tissue, which is virtually incompressible. Thus they resonate in the ultrasound beam when there is a match between their diameter and the ultrasonic wavelength, which, fortuitously, occurs for microbubbles in the 2–7 µ range (needed to allow transcapillary passage) at ultrasound frequencies of 2–10 MHz. Their response is asymmetrical in that they resist compression more than expansion and this results in higher frequencies (harmonics) being present in the echoes from them. Microbubble-specific multipulse methods have been developed to select for these harmonics so as to produce real-time images solely of the microbubbles, usually displayed alongside a B-mode image to assist in locating the region of interest. These operate at low MIs to minimise destruction of the microbubbles.

A technical difficulty with making bubbles in this size range is that their surface tension is so high that they collapse and dissolve within a few seconds of formation. To produce enhancement of useful duration, the microbubbles must be encapsulated in a membrane, which must be flexible enough to allow them to oscillate. The gas they contain is important: high-molecular-weight but inert gases are chosen to slow diffusion and provide a useful duration of enhancement after injection (Fig. 3-44).
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FIGURE 3-44 Contrast-enhanced ultrasound (CEUS) of a haemangioma. The baseline transverse section through the right lobe of the liver (A) shows a subtle lesion (arrowheads). The system was then reset to display the contrast image on the left (using contrast pulse sequences) and the B-mode image on the right, both with low mechanical indices. SonoVue (2.4 mL) was given IV and the haemodynamics of the flow through the lesion observed in real time. At 11 s after injection (B), the lesion showed peripheral nodular enhancement (arrowhead). By 22 s (C), the lesion shows centripetal filling and by 41 s (D) it had almost completely filled, a pattern characteristic of a haemangioma. The liver and the kidney also show enhancement. The ability to provide a firm diagnosis of a benign mass as soon as it was detected is a benefit of CEUS. K = kidney.





The temporal filling patterns of focal lesions such as liver masses can be studied in similar ways to successful dynamic CT and MRI methods. A particularly useful feature is that many types of microbubble dwell in the liver's sinusoids for longer than they circulate in the bloodstream. This ‘late phase’ acts as a form of molecular imaging for functioning sinusoids, which are present in most benign liver lesions but are absent from most malignancies and almost all metastases. Thus, a late-phase filling defect is a marker for malignancy while a liver mass that retains microbubbles is likely to be benign. The arterial haemodynamics help distinguish the various benign lesions.

In addition, microbubbles can be used as tracers to measure time–intensity curves, analogous to dynamic radioisotope studies. Dynamic contrast-enhanced ultrasound (DCE-US) has proved to be particularly valuable for monitoring the vascular response to antiangiogenesis tumour therapy: it can reveal reductions in neovascu­larisation in responders within a few days of commencing therapy, far earlier than conventional volume measurements, and these changes predict eventual survival.

An approach that may be especially important for the myocardium depends on the fragility of the microbubbles such that they are destroyed by the ultrasound beam at the higher ranges of permitted intensity. If after such a destructive pulse (or ‘flash’), the tissue is interrogated with a low-power non-destructive beam, the speed with which microbubbles (and therefore red blood cells) reperfuse the slice can be measured. The slope of this refill curve relates to flow rate while its peak level relates to the fractional vascular volume, the two measurements needed to estimate true perfusion. Its potential importance in ischaemic heart disease is obvious but it also illustrates the innovative ways that the special properties of microbubbles can be used, such as in these aspects example to create a ‘negative bolus’ for haemodynamic measurements.

Despite their simple structure, ligands can be attached to microbubbles and these can be directed to endothelial targets: for example, to highlight activated endothelium and newly formed blood vessels. These are forms of molecular imaging that are starting to be explored clinically. Furthermore, therapeutic drugs can be incorporated into microbubbles and their ‘payload’ released at high local concentration by using higher MI pulses. Either alone or coupled with targeting, this promises to open up therapeutic applications of major importance.




Safety

An important feature of diagnostic ultrasound, especially in obstetric applications, is its apparent safety. This is evidenced by the very many studies that have failed to show any damaging effect of pulsed ultrasound at diagnostic intensities when applied to the intact fetus in utero. These studies include the follow-up of growth, the development of cataracts, hearing loss and the induction of childhood malignancies. Occasional reports of effects (usually unimportant and found on searching the data collected for other purposes, a statistically unacceptable methodology) have failed to be substantiated on repeat studies. One curiosity that seems to be statistically sound was the unexpected finding in a Norwegian study that male fetuses examined with ultrasound were less likely to be right-handed (23% were left-handed or without a dominant hand compared with 17% in unimaged controls). While unimportant in itself, this finding suggests that ultrasound can induce changes in cell migration at an early developmental stage.

There have been several reports of biochemical alterations to cells in suspension, including changes to DNA and to surface membrane behaviour, both of which are obvious at high intensities but are demonstrable also (at least in some studies) at diagnostic power levels. It is debatable whether these biochemical changes are significant for the intact animal and it is notable that many of them have proved elusive when repeat studies have been attempted. They do, however, inject a note of caution and reinforce the importance of using common sense in restricting the use of high-power modes and long imaging durations to situations where the clinical benefit outweighs any possible ill effects: there is no proper place in medicine for a quick (i.e. inadequate) ultrasound image or for one ‘just to have a look’, for example, at a fetus. The entire subject of safety is being kept under continuous review and up-to-date information is available from the European Federation of Societies for Ultrasound in Medicine and Biology (http://www.efsumb.org/intro/home.asp).

Ultrasound intensity is the energy flowing across a surface in unit time; the usual units are watts per square centimetre. For pulsed ultrasound, one may take a peak or average value. Because of focusing, the energy distribution along and across the beam is non-uniform, and the peak intensity at the maximum point is usually quoted. Mean spatial peak temporal average intensities for B-mode imaging are ~175 mW cm−2 and for spectral Doppler are ~1600 mW cm−2.

High intensities of ultrasound are capable of causing significant biological effects. This is used to therapeutic benefit both in physiotherapy, where the changes sought (mainly local heating) are often reversible in nature, and in ultrasound surgery (high-intensity focused ultrasound, HIFU), where instantaneous cell killing is the aim. The primary mechanism inducing biological change is thermal. The ultrasound beam is attenuated by its passage through tissue, with some of the lost energy (20–40%) being scattered by tissue structures and the remainder being absorbed, thus leading to heating. In the case of B-mode imaging and Doppler examinations of soft tissue, this results in a biologically insignificant temperature rise. However, significant temperature rises may be induced when a Doppler beam at its highest power is incident on a bone surface because of the high absorption at this interface where the impedance changes markedly. The problem is worst for spectral Doppler where the beam is held over one tissue region for long periods of time. It is therefore recommended that Doppler exposures should be performed at the lowest power level consistent with obtaining the desired information and that the time the beam is held stationary is kept to a minimum. Particular care is advised when Doppler is used during late pregnancy when the skull has begun to calcify and when examining the neonatal brain in the vicinity of the skull.

The vibration of particles caused by a high-intensity ultrasound beam may produce mechanical disruption of intracellular membranes and the pressure can cause fluids to flow in streaming movements. Extreme ultrasound powers can produce regions of such low pressure during the rarefaction phase of the cycle that dissolved gases (mainly nitrogen) can come out of solution, or water may vaporise to produce minute gas bubbles which pulsate in the sound field. This process, known as cavitation, can cause mechanical damage to the tissue and even lead to ionisation. Cavitation is unlikely to occur at diagnostic imaging intensities in vivo but has been demonstrated with the higher powers and continuous-wave conditions used in ultrasound therapy.

The way that safety-related information is presented to the operator has been refined in what is known as the output display standard (ODS). There are two indices, one of which, the mechanical index, indicates the probability of mechanically induced damage: an MI of 1 indicates the possibility of mechanical effects in tissue. The second is the thermal index, which is related to the possible heating of tissues. Separate indices have been defined for soft tissue and for bone (TIS and TIB) because heating at a bone surface is likely to be higher. A TIS of 1 suggests that, in the worst case, tissue could be heated by 1°C; since damage is unlikely until temperature rises of 1.5°C or more are achieved (and maintained for some time), this is a conservative estimate, as is the MI indication. Although rather vague in their real-life meaning (as they are derived from conservative computer simulations), the ODS does provide guidance to users who can then make up their minds whether any possible risk to, for example, the fetus, is outweighed by the potential benefit of the investigation.




Developments in Ultrasound


High Frequencies, 3D, Elastography

Recent trends in ultrasound technology that can be expected to develop further are the use of higher frequencies, often linked with intracavitary transducers, and exploitation of the power of modern microprocessors. Probes operating at frequencies as high as 30 MHz are being developed for specialised purposes such as intravascular ultrasound, intraductal probes for the pancreas and biliary tree, and even higher-frequency devices for examination of the skin and experimental small animal work.

Fast microprocessors allow better control of beam profiles and open the way to encode pulses so that their echoes can be distinguished from noise to improve image contrast, or be allowed to overlap but still be separated out for display, overcoming the conventional limitations of the PRF (see under ‘Ultrasound Methods’, above). This increases the frame rate and allows multiple focusing to be applied on transmit, as well as making it possible to run Doppler and imaging simultaneously at fast frame rates. More sophisticated image processing methods such as automatic time gain compensation, speckle reduction and clutter suppression can be applied in real time. An important trend is the development of plane wave (‘ultrafast’) imaging in which the transmitted wave is unfocussed; all the elements of the array are active on receive and the focussing is performed electronically. The advantage over the traditional line-by-line approach is a massive increase in frame rate (as high as 20,000 fps for small fields of view). This can be used to capture fast processes, as in tracking the shear waves in elastography and the motion of fetal heart valves and in Doppler. It can also be traded against multipulse techniques that offer improvements in fields such as microbubble detection.

3D reconstruction is now a real-time operation thanks to the combination of 2D arrays and fast signal processors. It is of proven value in obstetrics where the 3D display of complex fetal anatomy facilitates recognition of developmental anomalies, especially around the face; here the sharp difference between the echo-poor liquor and the tissue echoes makes segmentation (the automatic separation of surfaces) relatively simple. In many other potential applications, re-slicing is more promising than 3D display, for example to display the coronal (C-plane) to reveal the infiltrating structure of breast carcinomas.

Elasticity imaging or elastography is a new method that is interesting because of the very high contrast it offers between masses, especially tumours, and the host tissue. The principle is simple: image before and after applying a distorting force (stress) that moves the tissues by a few millimetres, and create an image of the tissue's response (strain) by comparing the two (Fig. 3-45). In principle, any imaging method can be used: ultrasound has the advantage that the transducer can be used to apply the stress and of working in real time while magnetic resonance has also been used successfully. For ultrasound, the transducer is usually used to apply the stress manually and the strain is detected by tracking the speckle pattern as it changes during probe-induced distortion. Another approach is to use the acoustic radiation force (impulse ARFI) to move the tissues and either detect the resulting distortion by speckle tracking or by detecting the shear wave that is set up—its speed is related to Young's modulus. An advantage of this technique is that the results are quantitative. The information used to create the images is similar to that gained from clinical palpation except that it is much more sensitive, especially to deeper structures. It has already found clinical applications in the breast, liver and prostate, and is an active research area.
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FIGURE 3-45 Elastography. The echogenic lesion in the left pane has the appearances of a haemangioma (arrowhead). In the elastogram in the right pane, it is seen as a blue region against the liver's mainly green coloration; this indicates that the lesion is stiffer than the liver.







Ultrasound Therapy

Ultrasound seems likely to also find a role in tissue ablation therapy in the form of high-intensity focused ultrasound (HIFU). HIFU exploits the thermal effects of high-power ultrasound beams that are tightly focused so that very small target tissue regions can be heated and coagulated. The general approach is very similar to radiotherapy, but ultrasound therapy has the advantages of being much more precise, easy to handle and of not damaging adjacent tissues. It is also possible to monitor its effects in real time with ultrasound equipment. The physical limitations to accessible anatomical regions are the same as those for diagnostic ultrasound.
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Computed Tomography (CT): A Brief History

In 1917, Johann Radon, an Austrian mathematician, presented an algorithm for creating an image from a set of measured projection data. However, it took almost 50 years before theoretical physics and mathematics were developed far enough to allow construction of such a device By the early 1970s, further significant advances in computing and increased understanding of the mathematics of line integrals and Fourier analysis enabled a prototype CT machine to be developed.1,2

The first CT machine used for clinical purposes, developed by the late Sir Godfrey Hounsfield, was installed at the Atkinson Morley Hospital, London, in the early 1970s. Each axial image of the head took several minutes to acquire and days to reconstruct at the laboratories of the record company EMI. Over the next decade, CT machines became faster as the processing power of computers improved. Intravenous contrast material injection was used to better delineate abnormalities. Still, the body had to be examined one slice at a time, which made total acquisition slow and hampered the exploit­ation of the differential contrast enhancement occurring in the various phases after contrast injection. The only way to exploit this was dynamic image acquisition at one predefined anatomical level. Techniques such as CT perfusion and dual energy were introduced at that time.

In the late 1980s, the development of slip-ring technology enabled continuous revolution of the X-ray unit, which not only reduced the acquisition time per axial image to 1 s but also allowed helical data to be acquired.3 This revolutionised CT because whole organ systems could now be examined continuously during a single breath hold. This removed problems of repro­ducibility of breath hold levels and allowed for CT data acquisition during predefined phases of enhancement with intravenous contrast agents. CT data acquisition in the arterial phase and CT angiography could be introduced. Computer analysis of routine helical CT acquisitions provided 3D data sets allowing multiplanar reconstructions, but the spatial resolution was still substantially higher in the original axial images than in the coronal or sagittal reformatted images.

The next step of development occurred in the late 1990s, when detectors were split into multiple thin rows along the z-axis to permit acquisition of multiple sections simultaneously (multidetector CT). This decreased acquisition time yet further and made it possible to routinely use thin sections. As a result, multidetector CT is nowadays able to provide near isotropic volumetric data sets in which spatial resolution is similar in all planes. The 2000s saw the introduction of cardiac CT which is based on ECG-synchronisation to freeze cardiac motion. The number of detector rows increased from 4 to somewhere between 64 and 320 rows, depending on the manufacturer. Rapid tube rotation (<0.3 s) and dual-source systems with two X-ray tubes were developed to optimise cardiac imaging. The exponential doubling of CT performance every two years4 in the 1980s, 1990s and 2000s slowed around 2010 (Fig. 4-1). CT presents itself nowadays as a mature technology. Current developments focus on reducing radiation exposure and further exploitation of dual-energy CT, dynamic imaging and CT perfusion techniques.
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FIGURE 4-1 CT performance. Performance doubled every two years. This trend has stopped around 2010.








Principles of Computed Tomography

CT involves the imaging of thin axial sections of the body with X-rays. The X-rays pass through the body and are detected by a detector positioned on the opposite side of the body. The projection data must be acquired from multiple angles around the body. From these raw data, a computer reconstructs a map of the local attenuation within the examined section.


CT Numbers and Image Matrix

Each image in the transverse (= axial) plane consists of a matrix of data points (picture elements, pixels) that are assigned a number that represents the X-ray attenuation (µ) at that particular point in the body. This CT number is actually a scaled version of µ that is normalised to the X-ray attenuation of water µW: CT = 1000 × (µ/µW − 1). The resulting numbers are called ‘Hounsfield units’ (HU). As a result of the normalisation, air is assigned a CT number of −1000 HU and water is assigned 0 HU. The CT numbers of solid soft tissues are centred around 0 HU, the lungs around −1000 HU and bone usually well above 200 HU, with dense cortical bone often nearing +1000 HU.

The size of the image matrix used in modern multidetector CT systems is usually 512 × 512 pixels. However, some manufacturers provide 768 and 1024 matrices for high-resolution applications. The pixel size is derived from the reconstructed field of view (FOV) and the matrix size. For body applications, the pixel size is usually in the range of 0.6–0.8 mm, for the brain it is approximately 0.5 mm and for extremities it varies between 0.3 and 0.5 mm.

Each pixel collects attenuation data from a corresponding small volume (voxel) within the body region being examined by CT. The body is represented in a CT data set as a 3D matrix. Each matrix element contains the CT number of its respective voxel in the human body although voxels within a CT matrix usually overlap. This is most apparent when data sets are reconstructed with a reconstruction interval that is smaller than the section thickness used for the original image acquisition.




Generations of CT Development

The first- and second-generation CT machines constructed in the 1970s and early 1980s were limited by complex motion patterns that made it time-consuming to acquire a single image. Third-generation CT systems had an X-ray tube rotate around the patient. Fourth-generation CT machines employed a static ring of detectors with a rotating tube. The physical hard-wiring of the tube, however, allowed for only one revolution at a time before having to ‘unwind’ the tube. Slip-ring technology introduced in the late 1980s enabled continuous rotation of the X-ray tube (and detectors) synchronously around the patient. Helical (or spiral CT) is based on a continuously rotating tube and simultaneous movement of the patient through the image acquisition fan plane. Instead of the original stop and start acquisitions, helical CT provided true volumetric acquisitions. Multidetector CT technology then split the detector into multiple thin rows (Fig. 4-2A), thus allowing simultaneous acquisition of multiple axial sections to be obtained during one rotation of the tube. All multidetector systems use third-generation technology with rotating tube and detectors because of better scatter suppression and lower detector cost compared with a fourth-generation setup. Indeed the whole original concept of ‘generations’ has been somewhat superseded by the further development of tubes, detectors and reconstruction processes.
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FIGURE 4-2 (A) Multidetector (MDCT) Principle. Modern multidetector CT machines use a third-generation setup with a rotating tube–detector combination. The detector is split into multiple thin parallel detector rows. (B) Dual-source CT. Two tube–detector units are combined in one machine. This requires only a quarter rotation to complete a 180° half-scan. (C) z-Flying focal spot (from Flohr et al.16). A z-FFS rapidly toggles the position of the focal spot in the z-direction. This produces twice the number of projections per rotation but does not increase detector width, image acquisition speed or number of available detector rows. In addition, the tissue covered by the two beams is separated towards the tube and overlaps towards the detector.








X-Ray Tubes

Most current CT machines employ a single X-ray tube and require at least a 180° rotation to supply sufficient data for image reconstruction. Dual-source CT machines, however, employ two separate tube/detector systems lying roughly perpendicular to each other (Fig. 4-2B) and require only a 90° rotation to supply the 180° of projectional data required for image reconstruction. Tube designs have improved substantially over the past decades and nowadays are able to deliver sufficient radiation even during the very short acquisition times of 80–200 ms required for cardiac CT.

Usually, X-ray tubes use a fixed focal spot to create radiation. Flying focal spot techniques vary the position of the X-ray focus on the tube anode so that slightly different projections are created during one tube rotation around the patient (Fig. 4-2C). This technique reduces aliasing effects and improves image quality. The focus originally was switched between two points parallel to the acquired CT section (xy-plane). Many modern CT systems now also allow acquisition of added projections in the z-direction (z-flying focal spot, z-FFS). Since it doubles the number of projections in the z-direction, the technique has been used as an argument to refer to CT systems with 32 rows of detectors as ‘64-slice’ machines. However, while a z-FFS does reduce aliasing artefacts in the z-direction, it does not double maximum coverage, maximum speed or maximum resolution, all factors that characterise a true 64-detector CT system.




X-Ray Detectors

The detectors used in CT typically comprise several components: a scintillator absorbs the X-rays and converts them into visible light. The light in turn stimulates a photodiode to produce an electrical signal from which the image can be constructed. In order to improve spatial resolution, detectors have become smaller (typically around 0.5 mm in the direction of the acquisition plane and 1 mm in the z-direction), more sensitive (allowing some dose reduction) and react faster (allowing increased gantry rotation speeds). Better construction of modern detectors also reduces the length of wiring and, thus, electrical noise, a factor that is essential for low-dose imaging.

Detectors used for multidetector CT consist of multiple parallel rows of detector elements. Due to the cone shape of the X-ray beam and the usual enlargement of an object at the centre of the field of view (e.g. the human torso), the width of the detector rows is roughly double that of the minimum section thickness available. Most current CT systems do not vary the width of these detector rows but some use wider detector rows towards the edge of the detector array.

CT systems are now usually classified by the maximum number of rows of detectors that can be used simultaneously (4-row, 16-row, 64-row, 320-row systems, etc.). In most systems, the terms ‘row’ and ‘slice’ can be used interchangeably, which means that a 64-slice multidetector CT system usually has 64 rows of detectors. The exception are systems with a z-FFS (see above), in which a 64-slice CT system, for example, signifies actually has only 32 rows but they are doubled due to an oscillating focal spot.

The confusion is further increased by the fact that in the first years of multidetector CT the number of axial slices that could be reconstructed from one rotation was equal to the number of slices indicated in the name of the CT system; for example, exactly 16 axial slices could be reconstructed from one rotation of a multidetector composed of 16 units. However, on a 64-slice CT system with a z-FFS the maximum number of slices that could be reconstructed from one rotation was only 32. As reconstruction technology evolved and detectors became even wider, sections could be reconstructed in an overlapping fashion from data acquired during one rotation. This made it possible to reconstruct, for example, 640 axial slices from one rotation of a 320-slice CT system.




Slice Wars and Beyond

The consequence of the ‘slice wars’ of the late 2000s, in which vendors tried to outdo each other with the performance parameters of their CT systems, is that the user must be careful to fully understand what stands behind each technology. Thus, 16-row multidetector CT systems were able to acquire data with submillimetre resolution in all planes in 10 s or less for most organ systems. A 64-slice CT system was able to do the same, but even faster, and added good cardiac capabilities.

While vendors chose relatively parallel technological paths in the past, their more recent development paths are diverging. Dual-source technology focuses on speed for cardiac imaging. Wide detectors aim to cover large areas of anatomy, ideally a whole organ such as heart or liver, within one rotation. They reduce artefacts between adjacent sections and are well suited for perfusion imaging. Faster rotation speed has been developed to reduce (cardiac) motion artefacts. Dual-energy imaging is achieved using dual-source technology, rapid kV switching, dual rotation techniques and sandwich detectors for separating high- and low-energy photons. Some techniques, like ultrafast ‘flash’ or single-shot CT, are limited to CT systems from particular vendors.

In general, however, most clinical questions can very well be answered with current 64-slice technology. When it comes to high-end applications, each user must carefully weigh up the clinical requirements for advanced imaging and the capabilities of each technology platform.







Image Reconstruction

In order to be able to calculate a CT image (axial image data) from projectional raw CT data acquired from various angles, the section must be sampled adequately. For third-generation geometry, data from at least a 180° rotation are required. CT data acquisitions that involve 180° of data are called ‘half-scan’ reconstructions, while those that involve a full 360° rotation are called ‘full-scan’ reconstructions. Because of a better image quality, full 360° rotation acquisitions are standard in clinical practice, but 180° rotation acquisitions can be superior because of a shorter sampling duration whenever motion is to be suppressed, particularly during cardiac imaging.


Filtered Back Projection

The reconstruction process involves a technique called filtered back projection (FBP) in which the raw data is first filtered and then projected back over the area that needs to be reconstructed. The result is a CT image in which the spatial resolution is determined by the sharpness of the filter kernel used for reconstruction (Fig. 4-3).
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FIGURE 4-3 Two pairs of images demonstrating the effect of using different reconstruction kernels. Images through the thorax on lung windows at the level of the aortic arch using (A) soft tissue and (B) lung algorithms show the latter to give a much sharper image of the focal lesion within the left upper lobe and of the background emphysema. Images through the upper lumbar spine on bone windows using (C) soft tissue and (D) bone algorithms show the latter to give a much sharper image of the focal metastatic deposit within the vertebral body.





With the increasing width of modern detectors, the slice geometry can no longer be approximated by a thin parallel beam but must consider the fact that the X-ray beam diverges also in the z-direction. Various techniques to compensate for this effect have been developed. Adaptive multiplanar reconstruction (AMPR), for example, reconstructs intermediate data consisting of a vast number of half-scans in planes that best fit the fan-beam trajectory and wobble around the z-axis. Images in arbitrary planes can be reconstructed from the raw data by interpolating the intermediate data. AMPR works well for modest cone angles. As cone angles get wider, so-called Feldkamp algorithms that mathematically correct for the cone geometry must be used but these are computationally expensive and relatively time-consuming. Nevertheless, cone beam CT is gaining certain applications where rapid imaging is required—vascular and interventional are examples.




Iterative Reconstruction

With increasing power of modern computers, image reconstruction can also be performed using an iterative optimisation step. Ideally, the projection data derived from the calculated image are compared with the original data. Reconstruction is stopped as soon as these two entities are reasonably similar. This so-called ‘iterative reconstruction’ (IR) is much more time-consuming than FBP but is also much less affected by random variations (quantum or electronic noise) in the raw data. The result is either superior image quality or lower radiation dose requirements for IR. In practice, IR is now often used to provide similar image quality but with a lower radiation dose and, sometimes, a lower dose of intravenous contrast agent.5

Most vendors nowadays offer iterative reconstruction as a routine but the chosen techniques vary substantially. Some only involve image data and act like an advanced noise-reducing filter. Techniques that only use raw data can integrate realistic information about detector geometry, electronic noise, quantum statistics, tube filtering, etc., to create excellent image quality at massively reduced radiation dose and with fewer artefacts. The penalty, however, is the extremely long reconstruction, even with dedicated hardware. For this reason, most techniques use image data as well as raw data to achieve a good compromise between reconstruction speed, image quality and noise reduction. One must be aware, however, that even IR cannot retrieve information that is not there: at very low-dose levels, low-contrast resolution suffers first, and the image can have a ‘plasticy’ look that will reduce acceptance among radiologists (Fig. 4-4).
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FIGURE 4-4 Comparison of filtered back projection (FBP). (A) and (C) and iterative reconstructions (IR; (B) and (D)). If the filter settings of IR are set to maximum noise reduction, a plastic look with isolated noise pixels may arise (B). For appropriate settings, image quality can be substantially improved, especially in areas of high absorption, such as the shoulders, or high contrast, such as the lungs (D).








Helical CT

Helical CT involves moving the patient through the CT gantry aperture during data acquisition and has become standard for nearly all CT body acquisitions. Without compensating for that movement, substantial motion artefacts would result. By clever interpolation, table motion can be compensated for and a consistent 3D data set without steps or other artefacts can be created. With single-slice CT systems, the pitch factor that describes the relation between table feed (distance travelled per rotation) and the section thickness had an influence on reconstructed image quality. With modern multidetector CT systems, this influence is minimised.




Reconstruction of Arbitrary Section Thickness and Orientation

The thinnest section thickness that can be reconstructed is determined by the minimum detector width available at a chosen detector configuration. By combining data from multiple adjacent detector rows and/or multiple rotations, thicker sections can be reconstructed. In an example from clinical practice, detector configurations of 16 × 1.5 mm and 16 × 0.75 mm will both allow for reconstructing 5-mm sections, while only the 16 × 0.75 mm configuration will make it possible to reconstruct 1-mm sections (Fig. 4-5).
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FIGURE 4-5 Effect of imaging and reconstruction thickness. Sagittal images through the lumbar spine using (A) 1-mm imaging reconstructed in 1-mm-thick slices, (B) 1-mm-thick slices reconstructed in 5-mm-thick slices and (C) 5-mm-thick images reconstructed in 5-mm thick slices. Note the progressive deterioration in image detail, development of a step artefact and blurring of the images.





Some CT systems allow reconstruction of coronal sections directly from raw data (using the AMPR algorithm). Most systems, however, first require reconstruction of a volumetric data set consisting of thin axial sections, from which other planes can be reconstructed using an arbitrary orientation and section thickness.








Image Quality and Radiation Dose

Image quality in CT is mainly determined by image noise, spatial resolution and (lack of) artefacts. Image (or pixel) noise is measured as the standard deviation of CT numbers in a homogeneous background. Increasing image noise decreases first the detection of low-contrast structures and, as it gets larger, also the detection of small high-contrast structures. Image noise is determined by the following factors: radiation dose, X-ray attenuation within the patient, efficiency of the detection chain (scintillator, photodiode and detector electronics), section thickness and image reconstruction filter and technique.

Image noise is inversely related to the square root of the exposure dose used for reconstructing a particular image, which in turn is proportional to tube current, section acquisition time and section thickness. Put more simply, if all other factors remain constant, the dose must be increased fourfold to reduce the image noise by half, whereas using a collimation of 1.25 mm rather than 5 mm will double the image noise.

The size of a patient has massive influence on image noise: every 4–5 cm of additional soft-tissue thickness will double attenuation, depending on the kilovoltage setting. Regions such as the lung, which contain lots of air, require therefore much less exposure dose than, for example, the abdomen. New adaptive exposure control (AEC) techniques will adjust exposure (mA) to the X-ray attenuation within the patient. In order to know how to adjust milliamperes, these techniques use either digitally acquired radiographs in one or two planes or the previous half-rotation to estimate the X-ray attenuation within the patient.

In addition, the convolution kernel used to reconstruct the images also has a significant effect, with higher-resolution (lung, bone) algorithms demanding a higher dose. Iterative reconstruction, on the other hand, will reduce noise and dose requirements. With the most extreme iterative reconstruction techniques, noise is reduced almost to 0, thus effectively decoupling dose and image noise. The penalty for low-dose imaging using these iterative reconstruction techniques is no longer increased image noise but loss of low-contrast resolution.

The minimum dose required in a CT examination depends on the level of image noise that is deemed acceptable at the required spatial resolution. Patient size, the attenuation of the region of the body that is being imaged, the contrast resolution required and the window width that will be used will impact on the acceptable image noise level.

In attempting to reduce the radiation dose to which patients are exposed, there are a number of key principles and technical innovations that need comprehension. The physical design of the CT system may influence dose: newer machines tend to have a faster rotation speed; hence, in order to reduce the centrifugal force on the tube, the radius of the rotation is reduced, bringing the tube closer to the patient. This increases the patient dose and in particular skin entrance dose; hence, tube milliamperes need to be adjusted accordingly. The relationship between the tube and the detector has been improved through the routine use of focal spot tracking to adjust collimators to the X-ray source.

The efficiency of detection has been improved by several methods: multidetector CT machines are able to use a greater proportion of the X-ray beam in contributing to the image than single-slice machines, an effect that improves with greater numbers of detector rows. Solid-state detectors (scintillators) have replaced gas detectors, and are significantly more efficient in utilising the available photons. The background electronic noise has been reduced by reducing the number of connections or embedding the electronics within the scintillator. Adaptive noise filters can virtually increase the detector dose used for image reconstruction in body areas with high attenuation, such as the shoulders, by averaging the signal of detectors nearby. They are particularly useful in reducing streak artefacts.




Contrast Media

Intravenous contrast medium is essential for optimising most CT examinations because the resulting differential contrast enhancement of the various tissues improves delineation of normal and abnormal structures.


Preparation

Before imaging, the patient record should be checked for a history of known allergies, previous reactions to contrast agents, renal function, thyroid disease and medication with metformin.

Patients with a history of severe allergy or a previous reaction to contrast agent, in whom a contrast-enhanced study is deemed essential and where there are no alternative choices for imaging (US, MRI), should be given medication to try to reduce the possibility and severity of reactions. Precise protocols may vary between centres but, where utilised, it is important that corticosteroid administration be commenced at least 12 h before administration of contrast agent.

Patients with renal dysfunction should be hydrated before and after the procedure, with monitoring of renal function; there is no evidence to support the routine use of pharmacological agents.6 Patients being treated with metformin who have abnormal renal function are at risk of developing lactic acidosis and should withhold medic­ation for 48 h following intravenous contrast medium.

Overt hyperthyroidism is an absolute contraindication to iodinated contrast medium. Intravenous contrast injection in patients due to have radioiodine therapy or scintigraphy should only be performed after discussion, as the iodine will block uptake of radioactive iodine for several weeks. Pregnant patients require no particular considerations, but the newborn child should have their thyroid function checked within the first week of life.




Contrast Medium Injection

For injection of contrast agents, an 18-20G intravenous cannula should ideally be sited in an antecubital vein. If the chest or neck are to be examined a right-sided approach is preferred because the horizontal course of the left brachiocephalic vein may lead to more artefacts.

With the exception of young children, the injection of contrast medium is ideally performed by a mechanical injector, which will produce a consistent high flow rate (typically 3–5 mL/s) and monitor the pressure within the syringe to alert the technician to potential problems. A saline bolus may be delivered immediately following the contrast medium to flush the arm veins and ensure full utilisation of the injected contrast material. This is of particular value in CT angiography or in arterial phase imaging.




Potential Complications

Extravasation of contrast medium at the injection site is often painful. If this occurs, the injection should be stopped immediately. Aspiration of contrast medium via the cannula should be attempted and the area of extravasation should be massaged to both try and disperse the material and ‘milk’ some out through the cannula puncture site. A dry compress may be applied to the region (a wet compress may lead to skin maceration), which should also be elevated; simple analgesics may be required. If there is evidence of skin blistering, vascular or neurological compromise, plastic surgery consultation is recommended.

A warm, flushing sensation is normal following administration of intravenous contrast medium. The frequency of adverse reactions depends on the type of contrast agent used, concentration, volume and injection rate. Non-ionic low osmolar contrast media have replaced ionic high osmolar contrast agents in most Western countries, as they have a significantly lower rate of adverse events including allergy. Reactions may be divided into early (<60 min) or delayed (>60 min). Early reactions are most usefully categorised as mild-to-moderate (nausea, vomiting, urticaria, bronchospasm, vasovagal reaction) or severe (laryngeal or pulmonary oedema, hypotension, anaphylactoid shock, respiratory or cardiac arrest). With low osmolar agents, the incidence of these is approximately 3 and 0.04%, respectively, in the general population. Delayed reactions include skin rashes, pruritus, headache, dizziness, nausea, diarrhoea, chills, rigors, flu-like symptoms and arm pain. The frequency of these reactions varies widely in the literature. Radiologists should be familiar with local policy and procedures for the management of these complications.7




Gastrointestinal Contrast Agents

Gastrointestinal contrast medium is routinely administered for abdominal CT imaging to distend the bowel and distinguish it from abnormal structures. Oral contrast medium may be negative, e.g. water or methylcellulose preparation, or positive, e.g. barium sulphate suspension or iodinated solution.

Water is particularly useful if examining the stomach, duodenum and pancreatic regions, with methylcellulose better at distending the small bowel (e.g. for enteroclysis/enterography). Mannitol is a negative agent that is less readily resorbed than water and leads to better small bowel distension.

Positive agents have wide applications within abdominal imaging, but barium suspensions should be avoided where there is a possibility of perforation and iodinated solutions should be avoided in hyperthyroidism. Positive contrast media also increase X-ray attenuation and will lead to higher dose settings when using automated exposure control.

Rectal contrast agents may also be used; in particular, the combination of positive oral agent(s) to ‘tag’ faeces together with insufflation of the colon with air or CO2 is routinely practised in colonography. In certain circumstances, contrast medium may be introduced into other body cavities, including the peritoneum, bladder or a fistula. These situations typically require the use of iodinated contrast medium.







Optimising Image Acquisition

In order to obtain optimal images, it is important to consider both the clinical indication and the particular characteristics of the patient. The patient should be positioned appropriately, e.g. with arms down for cervical imaging and raised for thoracic imaging, to reduce artefacts, with the area to be imaged positioned in the centre of the gantry. A digitally acquired radiograph (scout view, scanogram, topogram) should be obtained to plan the anatomical length and field of view to be examined; reducing the former will decrease radiation exposure, whereas decreasing the latter will improve spatial resolution. The speed of CT data acquisition, determined by pitch (generally defined as the table travel per rotation divided by the collimation of the X-ray beam), table speed, collimation and gantry rotation, is often a balance of image quality versus the need to avoid motion artefact. Therefore, high-speed imaging may be particularly beneficial, say, in the breathless patient. The direction of CT data acquisition may be a factor with slower machines; caudocranial thoracic imaging, for example, reduces both streak artefacts from contrast medium and overcomes some respiratory artefacts in the breathless patient. Optimal kilovoltage peak will depend on the clinical indication and the size of the patient, whereas tube current is usually modulated automatically on current machines.


CT Protocols


Planning

The clinical details supplied with the request for CT should be sufficient to enable the radiologist or technician to select the appropriate protocol to answer the clinical question with a radiation dose ‘as low as reasonably achievable’ (ALARA principle). A CT protocol essentially requires the following elements: What enteral/intracavitary contrast medium is required before imaging? If intravenous contrast medium is required, which phases are needed? Which region needs to be imaged for each phase? What resolution (collimation, field of view, filter) is required for each phase?


CT Parameters

Multidetector CT made it possible to combine rapid CT data acquisition with near isotropic resolution. The general ideal is to ‘scan thin—read thick’. This means that thin sections are used for data acquisition while thicker sections (3–5 mm) are used for image review.

Virtually all modern CT systems can now image any body region within less than 10 s at submillimetre resolution. High-resolution filters are used for lung and skeletal imaging. For all other regions, standard filters suffice.




CT Data Acquisition Timing

The timing of imaging acquisition is usually stated from the commencement of the intravenous contrast medium injection. For some protocols a standard delay may be used, e.g. portal phase abdominal imaging at 70–90 s. The arrival of contrast medium in the aorta, however, varies depending on cardiac output and other factors. Individualised timing is possible using bolus triggering: a region of interest may be preset, the CT data acquisition being triggered to start when the arrival of contrast medium reaches a critical threshold. This latter technique is particularly useful in CT angiography or for arterial phase imaging of the liver and pancreas.

The advent of multidetector CT brought multiphase CT protocols and, given the speed of current equipment, it would be easy to obtain these on every patient. However, in order to reduce radiation dose, it is important to only obtain relevant phases. For example, unenhanced images are essential in characterising adrenal lesions but have no value in routine oncological staging studies, whereas arterial phase pancreatic studies are crucial in staging pancreatic carcinoma but are of no value in acute pancreatitis.

In some instances, e.g. CT urography, it has become standard practice in many centres to split the bolus of intravenous contrast medium into two or three aliquots that are given at different times, and then perform a single study effectively giving several different phases, i.e. nephrographic and excretory, rather than perform multiphase imaging.










Image Analysis

The analysis of multidetector CT images requires the use of a workstation, a sound knowledge of anatomy and familiarity with potential artefacts. The reader should be familiar with the techniques that have been employed in obtaining the images, and in particular each phase of the study should be clearly labelled, e.g. arterial, portal, to avoid any confusion both at the time of reporting and in later clinical situations.

CT data sets are usually interpreted on 3–5 mm axial sections. Additional coronal or sagittal multiplanar reconstructions (MPR), curved planar reformations (CPR), maximum (or minimum) intensity projection (MIP/MinIP) and volume-rendered (VR) images can be reconstructed from thin-slice data sets. These additional image reconstructions may be available routinely or on demand, or may have to be created interactively on a workstation, all depending on the clinical indication and the chosen workflow in a Department of Radiology.

When an abnormality is recognised, the site and size of the lesion should be recorded; this is often easier with smaller lesions than larger ones invading several structures. The density (or CT number/Hounsfield units) may be helpful in some situations, particularly in determining the presence of fat, or evaluating the degree to which a structure has enhanced, but caution should be exercised in this regard with very small lesions or regions of interest, which may be misleading.

Air may be easily identified by its very low attenuation (−1000 HU). The presence of free air within the abdomen or mediastinum may be more easily determined using lung windows than standard soft-tissue windows. In addition, the distribution of air should be analysed; pockets of air that have not risen to the most superior point of the cavity must be constrained by septae or walls that may be beyond the resolution of the CT system.

Fat has a density on the low negative range (around −100 HU) and may be useful in identifying adrenal adenomas, angiomyolipomas, dermoid cysts or extramedullary haematopoeisis, for example.

Water has a density of approximately 0 HU, but the presence of proteins within many bodily fluids will increase this. Acute haemorrhage will often be of high density (up to 80 HU), reducing over time. As haemorrhage matures, the dependent portion will often be denser than the non-dependent fluid. Many soft tissues have similar density, and are best evaluated following contrast medium.

A high-density structure (>150 HU) generally implies calcification or the presence of contrast medium. Metallic structures, e.g. prostheses, have a density of several thousand Hounsfield units and lead to streak artefacts. Other foreign bodies will have a variable density and it is important to be aware of these in reporting such cases.

The effect of a lesion on neighbouring structures should also be described: is the lesion invading/displacing/causing retraction of an adjacent structure or vessel? When measuring lesions, it is important to be consistent between studies. Pulmonary lesions should always be measured using lung windows, whereas for abdominal lesions and lymph nodes, soft-tissue windows should be used. The latter will underestimate the size of pulmonary lesions. For oncology clinical trials, it is imperative that the reader is familiar with the various response assessment criteria (e.g. RECIST) and is aware of which criteria are being used in any particular case.




CT-Guided Interventions

Biopsy, drainage, aspiration, injection and ablation procedures under CT guidance are well established and, in general, have a relatively low complication rate. The use of CT to guide procedures is complementary to US and fluoroscopy, and best used where the latter techniques would not allow safe access.


Planning and Patient Preparation

Informed consent should be acquired before undertaking any interventional procedures, with the patient advised of all relevant risks. The risk of bleeding from the procedure should be assessed—patients with low platelet counts or who have a coagulopathy are at higher risk of bleeding. However, a precise ‘safe’ level for any given procedure is difficult to define and the risks will need to be balanced against the urgency of the case and the exact nature of the procedure. It is important to bear in mind that a ‘normal’ coagulation screen does not exclude a clotting disorder, e.g. von Willebrand disease, and simply asking the patient if they have had any bleeding problems after previous minor procedures is invaluable.

The images, ideally contrast-enhanced, should be viewed to establish the safest approach. Deviating from either a horizontal or vertical approach, or crossing axial planes, significantly increases the complexity of a procedure and should be avoided wherever possible. The patient should be placed in a comfortable position suited to the chosen approach, ideally with the arms extended to avoid artefacts. The patient should often be positioned slightly off-centre so that there is adequate space for the needle between the patient and the gantry. The skin entry site should be localised, marked and cleaned; all procedures should be performed under aseptic conditions. Local anaesthetic should be injected as required, but key sites for infiltration are skin, pleura, peritoneum and periosteum. A topical anaesthetic should be applied before the procedure in children.




Procedure

Following suitable anaesthesia, the skin should be punctured by a small blade and the needle advanced. Low-dose images may be acquired at intervals to assess the position of the needle in relation to the target, either by a technician in the control room or by the operator within the CT room, sometimes by means of CT fluoroscopy. However, a single-shot acquisition is usually preferred over CT fluoroscopy because of substantially lower radiation exposure. CT fluoroscopy, however, may be required in complex procedures that require real-time guidance. By lowering the CT table so that there is enough space for access within the gantry, the patient can remain in a position that allows for immediate imaging control, which can substantially speed up the procedure.

For biopsies, the choice of needle design, gauge and length will depend upon the intended biopsy site, the associated risks and the volume of tissue required. The use of a coaxial needle, comprising an outer core which remains in position whilst multiple samples are taken by a needle passed through it, may be utilised where there is concern about making multiple passes, e.g. pulmonary lesions. Similarly, the choice of drainage catheter will depend on the nature of collection being drained (Fig. 4-6).
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FIGURE 4-6 CT-guided drainage procedure. The diagnostic study (A) demonstrates an abscess within the sigmoid mesentery following an episode of diverticulitis. Under CT guidance (B) a drainage catheter is inserted from the left side of the anterior abdominal wall and the abscess completely drained.








Follow-Up

Following completion of the CT-guided procedure, a final series of images encompassing the target site should be acquired to exclude any significant complications or to show the final position of the drainage catheter. Once the patient has been transferred from the CT table, regular routine observations (pulse, blood pressure, oxygen saturations) should be performed for 4–6 h with the patient on bed rest. Following pulmonary procedures, a chest radiograph should be performed 1–4 h after the procedure to exclude or document a pneumothorax.







Advanced Techniques


Cardiac CT

Cardiac imaging was the driving force behind the increasingly rapid acquisition times and higher spatial resolution of MDCT. Modern CT techniques can quantify coronary calcium and evaluate cardiac morphology, coronary arteries, cardiac function and perfusion.8,9 Cardiac CT is based on synchronisation of the data acquisition with the cardiac cycle (Fig. 4-7).

[image: image]
FIGURE 4-7 ECG-synchronised CT acquisitions. Spiral CT with retrospective gating (A) keeps the tube current constant throughout the entire data acquisition process while only a small portion (8–20%) of the data (grey) is used for image reconstruction. ECG dose modulation (B) reduces the tube current during systole and has a higher dose efficiency of 16–40%. Prospective triggering (C) with a stop-and-start technique uses 50–100% of the data, depending on the amount of padding. ‘Flash scanning’ (D)uses a very fast spiral data acquisition process with prospective triggering, and has a dose efficiency of nearly 100%.





Retrospective gating requires data acquisition during one or more cardiac cycles and retrospective analysis of the phases with the least motion to reconstruct an image. This technique can increase temporal resolution if small amounts of projection data can be selected from multiple cardiac cycles to create enough data for a 180° ‘half-scan’ reconstruction (Fig. 4-8). However, this is only possible if cardiac contraction and rotation speed of the X-ray tube are not synchronised. Radiation dose is high because only a small amount of data is used from the whole cardiac cycle. Therefore, retrospective gating is usually combined with ECG dose modulation in which milli­ampere values are downregulated in phases not likely to be used for coronary imaging. Retrospective gating, however, is the only technique that allows the reconstruction of multiple phases for the assessment of cardiac motion. Because of the potentially high temporal resolution, even in slower CT systems, this technique was extensively used in the early 2000s but has now been almost abandoned because of its high radiation exposure.
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FIGURE 4-8 Effect of cardiac gating. Conventional axial CT image (A) through the left atrium in a patient with a history of ischaemic stroke shows extensive motion artefacts. However, retrospective gating of the images (B) clearly demonstrates thrombus within the left atrial appendage.





Prospective triggering starts the acquisition at a certain time interval after the R-peak of the ECG, usually the diastole, and switches radiation on only during a short time interval. By increasing this time interval by adding some ‘padding’, the technique becomes less vulnerable to changes in heart rate and inter-individual differences in the precise timing of the acquisition interval. Depending on the amount of padding, radiation dose is slightly higher than that used for regular spiral CT. A sequential step-and-shoot technique is used to cover the heart, with the number of steps depending on the total detector width. In the case of 320-row systems with 16-cm coverage, the heart can be covered in one beat. For CT systems with 64 detector rows (64- and 128-slice with z-FFS), three to four steps are required. A reasonably low heart rate (below 60–75 bpm, depending on technology) is required to be able to use prospective triggering successfully.

Prospective triggering can also be used to start a very fast spiral CT data acquisition that covers the whole chest in less than 1 s. By timing the CT data acquisition so that the heart is covered during diastole in some 0.3 s, this ‘flash scanning’ technique may be able to create motion-free images of the heart and coronaries; prerequisites for success are correct timing, low heart rates and very high table speeds. So far this ‘flash scanning’ technique can only be performed on modern dual-source CT systems. It requires the least radiation dose.



Dual-Energy CT

Dual-energy imaging exploits the energy dependence of the attenuation difference between materials containing elements with a high atomic number, such as calcium or iodine, and those with a low atomic number, such as water or soft tissues (Fig. 4-9).
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FIGURE 4-9 (A) The Hounsfield units of different structures vary with the energy of the X-ray photons and, more importantly, so does the rate of change. Dual-energy imaging exploits this to identify individual chemical components within a structure. Imaging of a thoracic aortic dissection with (B) conventional unenhanced and (C) arterial phase imaging. A ‘virtual unenhanced’ image (D), created by subtracting the iodine from the arterial phase study, enhances the conspicuity of the dissection flap and removes the need for the unenhanced phase.





Dual-energy CT imaging provides images in which one material is eliminated. Elimination of soft tissue creates so-called iodine maps; elimination of calcium removes bones and calcified plaques; and elimination of iodine creates a virtual unenhanced image. Dual-energy CT can characterise renal calculi and distinguish between gout and other crystal arthropathies.

A prerequisite for dual-energy CT is the near-simultaneous acquisition of high- and low-energy CT data sets. At present, each CT vendor has chosen a different technique to do so. High- and low-energy CT data sets can be acquired by rapidly alternating the potential of a single tube, by switching the tube potential during successive rotations or by using two separate X-ray tubes (dual source) that use different kilovoltage settings. Finally, there is also a technique that splits the X-ray detector so that high- and low-energy photons can be separated in the detector system.

The principle of the technique is not new, having first been identified in the 1970s,10,11 but its clinical applications were beyond the capabilities of the technology at that time. Typically, images are acquired at 135–140 kVp and 100 or 80 kVp. By blending these images together, normal-looking CT images of good signal-to-noise ratio can be created. True dual-energy images eliminate one preselected material but suffer from a much lower signal-to-noise ratio than blended images. The technique to do so is called material decomposition and separates the attenuation properties of the examined object into virtual contributions from two base materials, e.g. water and iodine or water and calcium.12 Material decomposition simultaneously eliminates beam hardening effects, which can be used to synthesise virtual monoenergetic images in which the kiloelectron volt value can be chosen arbitrarily. This can be used, for example, to strongly increase the contrast between vessels and surrounding tissues in CT angiography. Because of the very unfavourable signal-to-noise ratio, all vendors apply various degrees of proprietary post-processing to reduce image noise.




Subtraction Imaging

Subtraction imaging is a technique in which a CT data set acquired before contrast injection is subtracted from data sets after contrast injection. This provides iodine maps similar to those acquired with dual-energy imaging. Because the signal difference between images acquired at two different energies is smaller than the difference between enhanced and unenhanced images, subtraction imaging provides a 2–4 times higher signal-to-noise ratio than dual-energy imaging. The downside, however, is that motion between the two images needs to be compensated for, which requires sophisticated image registration techniques. As for dual-energy imaging, post-processing is required to reduce image noise.

Subtraction imaging is helpful for eliminating bony structures in CT angiography, for example the skull base, neck or for run-off studies. It can also be used for creating iodine maps in various organs and allows the detection of regions with reduced perfusion in the lungs or the differentiation of small cysts from enhancing tumours.





CT Perfusion

CT perfusion (CTP) imaging is a technique that uses the contrast attenuation curves within tissues and their afferent and efferent vessels to provide measures of blood volume, blood flow, transit of blood through the tissue (mean transit time) and leakiness of blood vessels (permeability × surface area).13 CTP requires rapid intravenous bolus injection (4–10 mL/s) and repeated CT data acquisition of the same anatomical area. It is therefore an extreme form of multiphase imaging, in which the radiation dose during each phase is minimised to avoid excessive radiation exposure while still providing physiological information. CTP is now well-established in the brain for the diagnosis of stroke14 (Fig. 4-10) and is becoming increasingly important in oncological imaging to determine the effects of anti-angiogenic treatment in the context of early-phase clinical trials.15
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FIGURE 4-10 Perfusion CT in left middle cerebral artery territory infarct. Mean transit time (MTT) map (A) shows an area of delayed MTT in the posterior part of the left middle cerebral artery territory. Cerebral blood flow (CBF) map (B) shows a larger area of reduced CBF indicating ischaemic and infarcted tissue. Cerebral blood volume CBV map (C) shows a small area of reduced CBV in the left parietal convexity corresponding to core infarct. The area of mismatch between the regions of reduced CBF and CBV is potentially salvageable ischaemic penumbra.





Two principal methods for analysis of the images have been described: one based on the slope of contrast enhancement and the other based on Fourier deconvolution methods. The former requires higher injection rates, is more robust, but does not give absolute measurements. The latter is more susceptible to noise and data inconsistencies but does provide absolute values.




Motion Analysis

With increasing width of the detectors, CT can be used to evaluate the effects of motion. This technique requires multiple data sets of the region of interest, either in a continuous fashion or with very short time intervals between CT acquisitions. Applications include evaluation of carpal or tarsal joint instability and functional examinations of arterial compression syndromes.

For a full list of references, please see ExpertConsult.
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Magnetic resonance imaging (MRI) is a non-invasive method of mapping structure and various aspects of function within the body. It uses non-ionising electromagnetic radiation and is without known exposure-related hazard. It employs alternating magnetic fields in the radiofrequency (RF) part of the electromagnetic spectrum together with carefully controlled magnetic field gradients in order to produce high-quality cross-sectional images of the body in any plane. It is primarily used to portray the distribution of hydrogen nuclei and parameters relating to their physical surroundings in water and lipids. MRI has advanced dramatically over the past 40 years, from showing great potential to being the primary investigation for many clinical conditions.

The information available via different types of image contrast that can be obtained is a great asset: modern MR is truly multimodal, depicting normal and abnormal function and anatomy. Finite healthcare funding demands high patient throughput; technical developments reduce image acquisition times whilst maintaining true and artefact-free information.


Historical Perspective

The phenomenon of ‘nuclear induction’, later to be termed ‘nuclear magnetic resonance’ (NMR), was described by Bloch1 and Purcell2 and their colleagues in 1946. Since its discovery, NMR has been used extensively for studying the properties of matter at the molecular level (NMR spectroscopy). In applications to medicine, the term ‘nuclear’ has been dropped, leaving it as magnetic resonance or MR.

In 1971, Damadian noted that in vitro, animal tumours had elevated MR signal characteristics. The application of MR to imaging required a method of spatial localisation. Published in 1973,3 Lauterbur's paper showed how this could be done by applying a linearly varying magnetic field across an inanimate object. Human in vivo images were first published in 1977 by Mansfield and Maudsley, Damadian et al. and Hinshaw et al.4–6 Multiplanar imaging ability was first demonstrated by Hawkes et al. in 1980, who also demonstrated intracranial lesions.7 Functional MR of the brain which uses endogenous blood oxygenation level-dependent (BOLD) contrast was introduced by Ogawa et al. and developed by Rosen et al.8,9 Previously, difficult areas of assessment such as pulmonary ventilation can now be imaged with the aid of hyperpolarised gas MRI.10 Improvements in diffusion, perfusion, flow and spectroscopy continue to provide fascinating new insights into cardiac and cerebral abnormalities. New parallel encoding methods enabled by arrays of RF coils, such as SMASH introduced by Sodickson et al. and SENSE introduced by Pruessmann et al., have changed the rules of effective imaging speed in certain situations.11,12




Spin Physics

Magnetic resonance is a phenomenon whereby the nuclei of certain atoms, when placed in a magnetic field, absorb and emit energy at a specific or resonant frequency.

Nuclei suitable for MR are those that have an odd number of protons and/or neutrons, having an overall nuclear charge distribution. They also exhibit the property of nuclear spin, which gives them angular momentum. The combination of charge and angular momentum causes these nuclei to behave as magnetic dipoles or microscopic bar magnets. Almost all clinical MR images are produced using the simplest of all nuclei, that of hydrogen (comprising a single proton), which is present in virtually all biological material and exhibits relatively high MR sensitivity. Other relevant naturally occurring MR active nuclei include phosphorus (31P), sodium (23Na), carbon (13C) and potassium (39K). Inert gases such as helium (3He) and xenon (129Xe) can also be made sufficiently sensitive using what are termed pre-polarisation techniques.

The proton can be regarded as a small, freely suspended bar magnet spinning rapidly about its magnetic axis. Place a group of protons or ‘spins’ in a uniform magnetic field (B0) and their magnetic moments experience a force tending to line them up with the applied field. This is termed nuclear polarisation. Due to thermal energy, not all spins line up and at body temperatures the difference in numbers between those that do and those that don't (the net magnetisation) is small; typically, there will only be an excess of 10 in every two million nuclei. The stronger the applied magnetic field, the larger this net magnetisation or polarisation and the higher the available MR signal. The direction of the applied magnetic field conventionally defines the z-axis, which is generally in the craniocaudal direction in the common cylindrical clinical system.

The slight excess of spins that line up with the field are in a lower energy state than those that line up against it. This difference in energy levels (ΔE) is dependent on the magnetic field strength (B0): the higher the B0, the greater the difference between energy states. Spins can move between these two energy states: to enter the higher energy state, the spins need to undergo excitation; to return back to the lower energy state the spins need to undergo relaxation. A combination of these two processes generates a signal from the spins within the patient.




Excitation and Relaxation: Free Induction Decay and Echoes

The excitation part of MRI involves applying photons that have energy ΔE to the spins. As Einstein pointed out, the energy of electromagnetic radiation governs its frequency, or ΔE = hω0, where h is Planck's constant. This means that the energy needs to be applied at a certain angular frequency, denoted by ω0. This is the resonance condition, i.e. only an external magnetic field alternating at ω0 will excite the nuclei, causing them to absorb energy and flip into the higher energy state. Since there are huge numbers of protons in a single imaging voxel it is not necessary to consider the behaviour of individual spins but to consider the overall or net magnetisation. When in equilibrium, this net magnetisation can be considered to precess about the direction of the static magnetic field at ω0. When RF is applied at this resonance frequency, the absorption of energy at ω0 tips the net magnetisation away from the longitudinal z-direction through a desired angle, termed the flip angle. Since ΔE depends on B0, ω0 will also depend on B0 according to Larmor's equation, ω0 = γB0, where γ is termed the gyromagnetic ratio and is constant for a particular nuclear species, such as the proton that forms the hydrogen nucleus (γ = 42.57 MHz/T). In MRI, ω0 falls within the RF part of the electromagnetic spectrum and hence excitation in MRI is commonly referred to as being obtained by the application of RF pulses, typically in the range of 8 (0.2 T) to 128 MHz (3 T) in clinical practice.

During excitation, the amplitude and duration of the RF pulse is sufficient to rotate the net magnetisation by the desired flip angle. The flip angle α is given by α = γB1τ, where B1 is the amplitude of the RF pulse and τ is the duration of the pulse. Although the net magnetisation can be tipped from the longitudinal, or z-direction, through any desired flip angle, only the component in the transverse (xy) plane can be subsequently detected and used to create the MR image: for example, a 90° pulse will tip all the magnetisation from z into the transverse plane, generating the maximum transverse signal whilst a 45° pulse will only generate a signal of sin (45°) = 0.707 of the maximum magnetisation. The precession of the transverse component of the net magnetisation induces a voltage in the receiver coil(s) which is then amplified and digitised as part of the image formation process.

Following the RF excitation pulse the transverse component of the net magnetisation will start to reduce in amplitude. This reduction is caused by the individual spins that make up the net magnetisation, precessing at slightly different frequencies with respect to each other. This is known as dephasing and is caused by (i) spatial non-uniformities in the static magnetic field B0, as well as patient-induced field non-uniformities such as those due to air–tissue interfaces or metallic implants; and (ii) the influence of each spin's magnetic moment acting upon other spins' magnetic moments. The latter process is tissue-dependent and is known as spin–spin, or T2, relaxation and provides one source of image contrast. The former process accelerates the dephasing, and the overall signal reduction can be described as an exponential decay with a time constant of T2*. T2* is linked to T2 by the relationship [image: image], where T2′ represents the contribution from (i) above. The initial signal induced in the coil, following the excitation pulse, is commonly referred to as a free induction decay (FID) (Fig. 5-1A). As with all physical systems, the spins that absorbed energy, as part of the excitation process in order to flip the magnetisation, need to give up this energy so that they can return to thermal equilibrium. Whilst the dephasing of the magnetisation in the transverse plane does not involve any overall loss of energy, occurring as a result of the spins exchanging energy between themselves, there is a contemporaneous process whereby the spins do release their energy. This is known as spin–lattice, or T1, relaxation and is also tissue-dependent and therefore another source of image contrast. T1 relaxation describes the recovery of the magnetisation back along the longitudinal direction and can be described as an exponential recovery with a time constant of T1.
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FIGURE 5-1 Schematic depiction of signal formation. (A) Application of a 90° RF pulse leads to the production of the free induction decay (FID); (B) a spin echo (SE) is produced at the time to echo (TE) by the application of a 180° RF pulse at TE/2; (C) a gradient echo (GE) is produced by the application of a magnetic field gradient (G).





Once the initial dephasing in the xy-plane has occurred, and since the MRI signal can only be detected in this transverse plane, it is necessary to manipulate the transverse magnetisation so that it forms a signal as spins rephase and subsequently dephase again. This rephase-dephase signal is known as an echo. There are two main ways of forming an echo (Fig. 5-1). The first method is to use an additional RF pulse which flips the magnetisation 180° in the transverse plane, which can reverse the dephasing caused by (i) (above) forming what is known as a spin echo. Since the dephasing caused by (ii) cannot be reversed, the signal is T2 dependent. The second method is to apply magnetic field gradients, which forcibly increase the dephasing, then reverse the polarity of the gradient to forcibly rephase the magnetisation, forming what is known as a gradient echo. Since neither (i) or (ii) above can be corrected using this method, the signal is T2* dependent.

The time between the initial excitatory RF pulse and the middle of the echo is termed the time to echo, or TE. The delays introduced by the production of echoes enable alterations in the relative amounts of signal (i.e. contrast) produced by spins that have different T2 or T2* values and, importantly, they enable other events to occur which are necessary for spatial encoding or image formation.




Signal Localisation: Techniques for Building Images

Since the wavelength of the magnetic radiation used in MRI is much larger than the desired spatial resolution, unlike the case with X-ray techniques, it is necessary to spatially encode the frequencies and phases of the NMR signal in order to create images with sufficient spatial resolution. Paul Lauterbur's 1973 article3 showed how magnetic field gradients could distinguish between MR signals originating from different locations, by applying projection reconstruction methods, as used in CT, to form an image.


2D Encoding

In modern MRI systems the main method of image reconstruction is not projection reconstruction but a blending of a mathematical tool known as Fourier transformation with data encoded primarily using the spin-warp method (developed by Hutchinson and co-workers at the University of Aberdeen13).

There are three main steps involved in two-dimensional (2D) spatial localisation. These enable spins within a finite ‘slice’ of tissue to be excited, followed by encoding the in-plane information within this slice into the MR signal. The spin-warp method creates a 2D array of encoded signals, which is often referred to as k-space (Fig. 5-2A). The encoding process is such that reconstruction of an image is achieved by 2D Fourier transformation of this k-space data (Fig. 5-2B). The Fourier transformation produces an image based on the spatial frequency components that have been encoded by the spin-warp sequence, in much the same way as the brain can distinguish the characteristic frequency of an oboe whilst the ears are exposed to sound from a whole orchestra.


Step 1—Slice selection involves the application of an RF excitation pulse whilst simultaneously applying a linear magnetic field gradient in the direction of the desired slice. If we reform the Larmor equation to include a linear magnetic field gradient in, say the z-direction (Gz), we obtain ωz(z) = γ(B0 + Gz ⋅ z) such that the resonant frequency ωz varies with position (z) along the gradient. If the RF excitation pulse is shaped such that it excites a range of frequencies centred on ωz, i.e. ωz ± Δωz, then all the spins within a desired slice thickness (Δz) centred at location z, i.e. z ± Δz, will be excited, and all other spins outside of this slice thickness will be unperturbed. All those spins that were excited will then precess at the Larmor frequency ω0. It should be noted that as well as causing a change in the Larmor frequency a magnetic field gradient will also induce a concomitant position-dependent phase shift in the precessional frequency of the individual spins, proportional to the amplitude and duration, i.e. area, of the gradient pulse. In the case of the slice selection gradient this phase shift will occur across the slice thickness and will result in signal cancellation. Therefore a gradient of equal but opposite area is applied after the slice selection gradient to produce the end result of slice selection: an excited slice of tissue of defined thickness and position within which all spins precess in phase.

Step 2—Frequency encoding operates in a similar fashion; however, in this case, the frequency encoding gradient is applied during the formation of an MR signal echo (rather than the excitation part as in Step 1) in one of the in-plane directions, e.g. x or y. The presence of the gradient means that every position along, say the x-direction, has a unique spatial, i.e. positional, frequency, which is encoded into the echo signal (kx). In order to extract the individual frequencies from the echo signal sampled in the time domain, the Fourier transform is used to separate the signal in the time domain into its constituent spatial components. Hence the echo signal can be processed using the Fourier transform to yield an array whose component amplitudes are proportional to the signal intensities of the tissue distribution along the x-direction. Similar to the slice selection process, in order to compensate for concomitant phase shifts induced by this gradient, an additional gradient of equal but opposite area must be applied. In frequency encoding, it is applied before the frequency-encoding gradient, thereby creating zero phase shift at the centre of the echo.

Step 3—It should be noted that the spatial frequency distribution is a sum of all the data in the y-direction and the unique concept in spin-warp imaging is the ability to spatially localise the signal in the y-direction using gradients applied along this second in-plane direction. In the spin-warp method a gradient is applied, along the y-axis in our example, after the slice selection gradient but before the frequency-encoding gradient (i.e. before the echo forms and is sampled). This gradient induces a spatially dependent frequency in the precessing nuclei along the y-direction, in a manner not too dissimilar from frequency encoding outlined in Step 2. However, unlike the frequency-encoding gradient, the concomitant phase shift is not compensated for, resulting in a position-dependent phase variation along the y-direction that is still present during echo formation and sampling. Indeed, this phase variation, for a given phase-encoding gradient amplitude, appears as a ‘pseudo-spatial frequency’, or a particular value of ky, over the y-direction. To sample different values of ky in order to build up the k-space matrix along the ky axis, the whole excitation/relaxation and echo-forming process needs to be repeated with a different amplitude of the phase-encoding gradient. Each of these repeats occurs within a repeat time or time to repeat (TR).
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FIGURE 5-2 (A) Two-dimensional (2D) ‘k-space’ magnitude data array and (B) corresponding sagittal image formed by 2D Fourier transformation of the k-space data.





The spin-warp method therefore repeats the pulse sequence (Fig. 5-3) Ny times. Whilst the slice select and frequency-encoding gradients are identical for each repetition, as indicated, the amplitude of the phase-encoding gradient is changed so as to generate a different spatial frequency in the y-direction (ky). With Nx spatial frequencies being sampled in the x-direction (kx) for each ky, the result is a 2D array (Nx × Ny) of spatial frequencies (kx, ky). Applying a 2D Fourier transformation to the k-space array produces a spatially resolved representation of the object with the signal intensities proportional to the tissue MR properties, e.g. proton density, T1, T2 and the pulse sequence imaging parameters, e.g. TE, TR, flip angle.

[image: image]
FIGURE 5-3 Basis of the gradient-echo (spin-warp) pulse sequence. Three orthogonal gradients are used for: slice selection (SS) (while the RF excitation pulse is applied, producing a flip of α0); phase encoding (PE) (the amplitude of which is iterated every repeat time (TR)); and frequency encoding (FE) (leads to echo formation at the echo time (TE)). The process is repeated after time TR for the total number of required phase-encoding steps.





Depending upon the desired image contrast, TR will generally be substantially longer than TE; hence there is a considerable period of free time before the next excitation. Most pulse sequences allow additional slices to be acquired during this time period. This is known as multi-slice imaging and allows the pulse sequence to be repeated a number of times during the remainder of the TR period but with the transmit RF frequency ωz adjusted to allow the other slice locations to be excited (see the section ‘Pulse Sequences’, below). The choice of TE and TR will determine how many slices can be acquired in a TR period. One potential problem manifesting itself as artefactual interference between slices can result from cross-talk between spins in adjacent slices. This highlights an important feature of 2D MRI slices: their profile is not strictly shaped like a top hat with straight sides; rather it forms a curve (often a Gaussian distribution). To reduce cross-slice interference where the curves overlap, the excitation of physically adjacent slices is often not performed sequentially, i.e. slices may be acquired in the order 1, 3, 5, 2, 4, 6 … or, particularly when the TR is very short, slice gaps may be introduced. In the latter case, not all of the patient will necessarily have been imaged, but the apparent quality of the images may be higher! True slice profiles and gaps should be taken into account when assessing the presence or absence of small features within a set of 2D images.




3D Encoding

In addition to 2D multislice imaging techniques it is also possible to acquire three-dimensional (3D) volumetric examinations. In this method Steps 1 and 3 are altered so that a thick slab of tissue is excited and a second phase-encoding gradient is applied along the axis of this slab to encode a user-selectable number of partitions. In the same way as for the in-plane phase encoding, the sequence is repeated a further Nz times with the partition (secondary phase) encoding gradient applied having a different area, with each iteration encoding a different kz spatial frequency. The result is a 3D array (Nx × Ny × Nz) of spatial frequencies (kx, ky, kz). Applying a 3D Fourier transformation to the k-space data results in Nz partitions. 3D acquisitions have the advantage of allowing very thin partitions to be encoded, capable of yielding isometric voxels, which aid reformatting of 3D data into arbitrary cut planes. A disadvantage is that the acquisition time is increased by Nz, requiring the use of fast pulse sequences, with short TRs, in order to keep the overall acquisition time acceptable.




Fast and Alternative k-space Tranversal

One very fast method for acquiring data is the technique of echo planar imaging (EPI) introduced by Mansfield and co-workers at the University of Nottingham.14 EPI speeds up the rectilinear k-space sampling strategy by sampling more than one phase encoding (often 128 or more), for each slice, following a single RF excitation. So, instead of only one frequency-encoded echo for a particular phase encode being sampled at each TR, a number of successive phase-encoded ‘blips’ are applied to move the data acquisition along ky. After each ‘blip’, an echo is sampled at a different, new ky. This creates all the lines of k-space in a single TR, which can typically yield an image in less than 100 ms. As well as having very high temporal resolution capable of capturing physiological motion or function (e.g. fMRI), certain artefacts (e.g. signal dropout) and differences (e.g. mix of contrasts) can be present, so EPI can be very useful, in certain applications and situations. In addition to standard Cartesian spin-warp imaging schemes, other methods exist, including radial and spiral techniques that can fill k-space more efficiently, possibly at the cost of increased artefacts.




Parallel Imaging

Great progress has been made in the speed in which spatial encoding can be performed since the introduction of parallel encoding methods.11,12 These methods link the spatial response or sensitivity of RF receiver coil arrays (see the section ‘Instrumentation’, below) (Fig. 5-4) with sophisticated image reconstruction algorithms and, in so doing, replace the need for as many phase-encoding steps, thus accelerating the acquisition process (Fig. 5-5). Typical acceleration factors in clinical use lie between 1.5 and 4; however, a decrease in signal-to-noise ratio can be expected together with the possible generation of reconstruction artefacts.
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FIGURE 5-4 An example 8-channel brain RF coil showing low-resolution images of a homogeneous phantom depicting the sensitivity of the 8 coil elements. This sensitivity information is used for SENSE-based parallel imaging reconstruction.
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FIGURE 5-5 Principles of parallel imaging. In (A) the k-space acquisition is subsampled, i.e. every other phase-encoding step is missed. This halves the MR data acquisition time but also means that the field of view (FOV) in the phase-encoding direction is halved and the image appears ‘wrapped’ in the phase-encoding (left-right) direction (B). In the SENSE reconstruction the coil sensitivity information as depicted in Fig. 5-4 is used to unwrap the image, effectively resulting in a full FOV (D). In the SMASH reconstruction the missing phase-encoding steps are synthesised in k-space to produce full k-space data (C). Standard reconstruction is then used to create the final full FOV image (D).











Pulse Sequences

The well-defined timing of events used to acquire particular types of images, which involve excitation, spatial encoding, echo formation and sampling, are described as pulse sequences. The most commonly used groups of pulse sequences are outlined below. Two main groupings are given: sequences where the echo results from the application of (A) an RF pulse, spin echo (SE) and (B) a gradient echo (GE). Indications of the basic contrast that is available with these sequences are given.


Variations on a Spin Echo


Basic Two-Dimensional Spin-Echo Sequence

In this pulse sequence (Fig. 5-6), the echo signal is produced by flipping the spins over in the xy-plane by a 180° RF ‘refocusing’ pulse. This is applied at a time TE/2 after an initial 90° excitation pulse, producing a spin echo at time TE. Multiple slices are encoded by staggering each slice-selecting excitation pulse within each TR period and adjusting the excitation frequency of each slice. Each of these slices experiences the application of one phase-encoding step. The main parameters that alter image contrast are TE and TR. This is a very versatile sequence that can be proton density (PD), T2- or T1-weighted. PD-weighted images result by minimising any differences in signal due to differences in T2 or T1, i.e., if (i) TE is short (≤ 20 ms), thereby not allowing any differences in signal to evolve between tissues that may have different T2 values, at the same time as (ii) TR is long (≈3000 ms), enabling the spins to return to equilibrium between each RF excitation pulse. A high PD will be represented by a bright pixel, while a low PD will be represented by a dark pixel. If the TR is kept long, then as TE is increased (80–100 ms), different tissues with different T2 values will return different signals, and the T2 weighting of the resultant images will increase. In this case, tissues with long T2 values (e.g. CSF) will still have high signal at long TE and be represented by a bright pixel and vice versa. If, on the other hand, TE is short (to minimise T2 influences as in the PD-weighted case) but TR is decreased (≈500 ms), the T1 weighting of the sequence increases. The latter occurs due to different amounts of recovery experienced by tissues that have different T1 values. A tissue with a short T1 (e.g. fat) with respect to the specified TR, will fully relax back to equilibrium before the next excitation pulse: hence maximum magnetisation will be available and so a bright pixel will ensue. A tissue with a long T1 (e.g. CSF) will not have time to relax back to its equilibrium state before the next excitation: hence only a small component of its longitudinal magnetisation will produce a signal and hence the corresponding pixels will be dark. Thus, pixel intensity resulting from a T1-weighted spin-echo sequence is inversely related to T1. A data set can be obtained from the spin-echo technique in the order of minutes.
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FIGURE 5-6 The spin-echo pulse sequence where a spin echo is refocused at time TE by a 180° RF pulse. Slice selection (SS) gradients are applied in conjunction with the RF pulses. One amplitude of a phase-encoding (PE) gradient is transiently applied within each TR period and frequency-encoding (FE) is performed during echo formation and readout.






Multi-Spin Echo

More than one echo can be formed per 90° excitation using multiple 180° refocusing pulses (Fig. 5-7) that yield images with increasing T2 weighting (as they are obtained at different TE values). In any particular TR interval, all of the echoes will have the same phase encode (position along ky). The maximum number of slices per TR will reduce as the number of recalled echoes increases, since both use sequence time. The dual spin-echo variant with both short and long TE (≈20 and 80 ms) at long TR, yield both PD- and T2-weighted data sets, respectively.
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FIGURE 5-7 A multi-echo spin-echo pulse sequence applies multiple 180° RF pulses to produce multiple echoes that are individually frequency-encoded (FE) from the same slice having the same phase encoding (PE). Each of the echoes is acquired at different echo times (TEs) and hence will have different T2-weighted signal components.








Fast Spin Echo (FSE) or Turbo Spin Echo (TSE) or Rapid Acquisition with Relaxation Enhancement (RARE)

One common variation on sampling a single echo for each slice, that speeds up acquisition, is the fast spin-echo (FSE) technique (Fig. 5-8). This method uses the multiple echo concept described above but individually phase encodes each echo so that multiple lines of ky at slightly different TE values are acquired within each TR. A train of 16 echoes will reduce the imaging time by a factor of 16. The length of the train is termed the echo train length (ETL). However, each of the echoes (or spatial frequencies in the phase-encoding direction) within one TR, being acquired at different echo times, will have a different proportion of T2 weighting and the final image contrast can be complex.

[image: image]
FIGURE 5-8 Train of 180° refocusing RF pulses that form the basis of the fast spin-echo (FSE) sequence. Each 180° RF pulse has a different magnitude phase-encoding (PE) gradient. A whole train of 2, 4, 8, etc., echoes are produced per TR, with each echo being frequency-encoded (FE), reducing the number of TR values required for a given total number of phase-encoding steps.









Single-Shot Fast Spin Echo (SS-FSE) or Half-Fourier Acquired Single-Shot Turbo Spin Echo (HASTE)

This is an extension of the FSE technique that enables all phase-encoding steps to be obtained following one initial excitation. One slice is acquired at a time, in approximately 1 s. This can produce artefact-free images in regions prone to movement but unwanted movement can occur between slices. Every phase-encoding step is acquired at a different TE; images appear heavily T2-weighted and blurring can occur in the phase-encoding direction. Applications of single-shot FSE (SS-FSE) technique include MR cholangiopancreatography (MRCP), imaging of the diaphragm, bowel imaging and imaging of the fetus (Fig. 5-9).
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FIGURE 5-9 Imaging of the fetus in utero using single-shot fast spin echo. This fetus has agenesis of the corpus callosum depicted in the (A) transverse and (B) midline sagittal planes.








Inversion Recovery

In this sequence type, the magnetisation is ‘prepared’ before the initial 90° excitation pulse by the addition of a 180° ‘inversion’ pulse. The signal obtained will be influenced by the relative degree of recovery experienced by the spins along the z-axis. The inversion time (TI) is the time allotted for this recovery process to evolve between the 180° inversion and 90° excitation pulses. The inversion pulse can be used to introduce heavy T1 weighting into this sequence, or even to ‘null’ particular tissue signals such as CSF or fat. Specific forms of the technique are fluid-attenuated inversion recovery (FLAIR) where the TI is chosen so that the magnetisation from fluid, typically CSF, is nulled (dependent on B0) and TE is long (80–100 ms), introducing a lot of T2 as well as some T1 weighting. The combination of fluid nulling with T2 weighting is particularly useful in assessing lesions with prolonged T2 adjacent to fluid structures (e.g. periventricular demyelination; see Fig. 5-10). In this same acquisition, T1 shortening brought about by the presence of exogenous Gd-based contrast agents will return high signal due to the sequence's T1 weighting. In short-tau inversion recovery (STIR), TI is kept short, and is typically used to null signal from fat. An example of its use in this context is in the delineation of breast lesions.
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FIGURE 5-10 Patient with multiple sclerosis with plaques of demyelination. (A) Fast spin-echo (FSE) proton density; (B) FSE T2; and (C) FSE FLAIR. There is no discernible abnormality on T1-weighted images (D).








Spin-Echo Echo Planar Imaging

In this variant of EPI, all lines of k-space are swept through at once during the evolution and decay of the main echo (Fig. 5-11). The main echo is produced by an 180° RF refocusing pulse; i.e. it is a spin echo which is less influenced by field non-uniformities than the gradient-echo variety (below). This spin-echo EPI variant tends to be used for diffusion-weighted imaging (DWI) as it is less prone to susceptibility-related artefacts than the gradient-echo EPI variant. The sequence is actually a mix of gradient echoes, refocused by the EPI technique, that occur during the evolution of the spin echo that results from the refocusing RF pulse. Readers are referred elsewhere for further explanation and discussion of mixed gradient- and spin-echo (GRASE) sequences which have mixed spin-echo/gradient-echo contrast features.15
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FIGURE 5-11 Spin-echo EPI sequence where the train of echoes is produced by a 180° RF pulse and each of the echoes within the train occurs at a different ky due to the gradient ‘blips’ applied along the phase-encoding (PE) axis.











Variations on a Gradient Echo/Field Echo


Basic Two-Dimensional Gradient-Echo Sequence

This is as above for the 2D spin-echo sequences, except that the echo is produced by a gradient reversal (Fig. 5-3), causing the components of the spin magnetisation to refocus in the xy-plane, producing an echo, without ‘flipping’ them over (i.e. without using an 180° refocusing pulse). In addition, gradient-echo sequences usually employ excitation flip angles (α) less than 90° so that when combined with short TR values the magnetisation does not rapidly become saturated. This then means that image contrast is not only dependent upon TE and TR but also on flip angle. Furthermore, unlike spin-echo sequences, reductions in signal amplitude resulting from faster dephasing due to the presence of magnetic susceptibility differences/localised non-uniformity are not cancelled. Images can have mixed contrast consisting of PD, T1 and T2* weighting. The very short TR used in a gradient-echo sequence is often shorter than the component tissue T2 values. In other words, the magnetisation in the xy-plane will not have completely dephased before the next excitation pulse is applied. This remaining transverse magnetisation can be effectively refocused by subsequent RF excitation pulses, leading to the production of a so-called Hahn echo.16 So, two echoes can be formed: the gradient echo and the Hahn echo. Each or both of these echoes can be used as follows (Fig. 5-12):


1. Spoiled gradient-recalled echo (SPGR), fast low-angle shot (FLASH) or T1 fast field echo (T1-FFE). Any residual transverse magnetisation in the xy-plane can be destroyed by the application of RF ‘spoiling’. This sequence is often termed a ‘spoiled gradient echo’ (Fig. 5-13). In this case there is no Hahn echo formed, just a gradient echo. At short TE and short TR, T1 weighting predominates

2. Coherent gradient recalled echo (GRE) or fast imaging with steady-state precession (FISP) or fast field echo (FFE). Residual phase coherence at the end of each TR is not destroyed. Instead, the residual phase shift caused by the phase-encoding gradient is rewound by the application of a further gradient of equal area to the phase-encoding gradient after the echo has been sampled (Fig. 5-14). Both the gradient and Hahn echoes contribute to the image, resulting in a T2/T1 contrast weighting. Further modifications to this sequence ensure that all gradients are balanced; i.e. they have equal positive and negative gradient areas on all axes (Fig. 5-15). These ‘balanced’ sequences are known as True-FISP, fast imaging with enhanced steady-state acquisition (FIESTA) or balanced fast field echo (bFFE)

3. Steady-state free precession (SSFP) or time-reversed FISP (PSIF) or T2 fast field echo (T2 FFE). T2-weighted images can be produced by acquiring the Hahn echo and not the gradient echo. The Hahn echoes are sampled immediately before the next excitation pulse and the effective TE is approximately twice the TR (Fig. 5-16).
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FIGURE 5-12 Formation of gradient and Hahn echoes. Following an (α) RF pulse, a free induction decay (FID) occurs. The next RF pulse, as well as creating its own FID, can also refocus the first FID, creating a Hahn echo that occurs at the time of the third RF pulse. Appropriate use of RF pulse, gradients and timing of the data acquisitions means that (1) the Hahn echo can be destroyed, sampling only the FID; (2) the FID and Hahn echo signals can be combined and sampled; or (3) only the Hahn echo can be sampled. In practice only one of 1, 2 or 3 is actually collected, depending upon the actual gradient-echo pulse sequence used.
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FIGURE 5-13 Spoiled gradient-echo pulse sequence. Note the phase of the RF pulse is modulated so as to cancel the production of a Hahn echo by destroying the residual transverse magnetisation.
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FIGURE 5-14 Rewound gradient-echo pulse sequence. Note the phase-encoding gradient is rewound after the echo and there is no RF ‘spoiling’. The echo is a mixture of both gradient and Hahn echoes.
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FIGURE 5-15 Balanced steady-state free precession sequence. A modification of the rewound gradient-echo sequence depicted in Fig. 5-14.
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FIGURE 5-16 Steady-state free precession sequence. This sequence is also known as a time-reversed PSIF, where the echo is a Hahn echo.






Three-Dimensional Gradient Echo

As described towards the end of the localisation section, a secondary phase encoding can be performed in lieu of slice selection. The penalty associated with this is an increase in acquisition time due to the additional phase-encoding steps. However, as gradient-echo sequences can run with very short TR and parallel imaging techniques can be used, this is manageable, with typical standard 3D gradient-echo acquisition times in the order of 3–10 min. Acquisition times can be further reduced with lower coverage and resolution, enabling 3D acquisitions to be performed in a breath-hold (10–20 s). The spatial resolution in the second phase-encoding direction is generally less than 2 mm (above this, 2D techniques tend to be used) and the signal-to-noise ratio per unit volume is superior to 2D techniques. Isotropic, submillimetre voxels facilitate true 3D visualisation strategies.




Magnetisation Prepared Rapid Acquisition Gradient Echo (MP-RAGE) or Turbo-FLASH or Inversion Recovery-Prepared Fast Spoiled Gradient-Recalled Echo

As with the inversion recovery spin-echo sequence, an inversion pulse is applied before the excitation pulse, producing a T1-weighted sequence that is often used with rapid 3D encoding for high-resolution brain morphometry. Coupled with its ability to depict exogenous contrast which has traversed a damaged blood–brain barrier, it is also useful for intraoperative neurosurgical guidance.




Gradient-Echo Echo Planar Imaging

This is similar to spin-echo EPI but a gradient reversal produces the main echo (Fig. 5-17). This sequence is heavily T2*-weighted to reflect differences in magnetic susceptibility. It is often used for BOLD fMRI studies and EPI-based brain perfusion assessment using an exogenous paramagnetic contrast agent.
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FIGURE 5-17 Gradient-echo EPI pulse sequence. The train of echoes is produced by sampling the FID. In a similar manner to spin-echo EPI (Fig. 5-11), each of the echoes within the train occurs at a different ky due to the gradient ‘blips’ applied along the phase-encoding (PE) axis.














Instrumentation

An MRI system comprises four main components. The first is an appropriate magnet to generate the strong static magnetic field (B0) that is required to induce nuclear polarisation. The second is an RF system that generates the required alternating magnetic field (B1), at the Larmor frequency, ω0, and also detects the weak MR signal being returned from the patient. The third component is the gradient system that generates the required linear magnetic field variations that are superimposed upon B0 and are used to spatially encode the MR signal. The gradient and whole-body RF coils are typically concentrically positioned inside the bore of the magnet. Finally, the fourth component consists of a number of computers used to provide the user interface, generate the digital representations of the RF and gradient pulses and also perform the mathematical operations (Fourier transformations, filtering, etc.) required to reconstruct an image from the digitised signals returned from the patient.


Magnets

The requirements for the static field are that it should be reasonably strong, stable and uniform. Magnetic field strength or, more accurately, ‘magnetic flux density’, is measured in the SI-derived unit of tesla (symbol T). Whilst it is certainly true that bigger is not necessarily better, there is an approximate linear increase in signal-to-noise ratio (SNR) with increasing field strength. Over the past 30 years of MRI development, various technologies and designs have been used to create magnets of an appropriate configuration that a human body can be placed inside. These designs have various trade-offs in terms of field strength as well as stability, uniformity and patient acceptance. It was not until the development of superconducting magnet technology that higher field strengths could be achieved. Typical clinical superconducting MRI systems are available at 1.0, 1.5 and 3.0 T (Fig. 5-18), having hydrogen nuclei Larmor frequencies of 42, 64 and 128 MHz, respectively. Most vendors have also developed 7.0-T whole-body systems for research purposes, with even higher field strengths, e.g. 11.7 T being custom-developed. Superconducting magnets generate their magnetic field by circulating an electric current through solenoidal coils of niobium-titanium (NbTi) filaments embedded in a copper matrix. At temperatures below 10 K, NbTi becomes superconducting, which means it has zero electric resistance and current will circulate indefinitely without an external power supply. Practically, a superconducting MRI magnet comprises a steel cryostat with the superconducting coils immersed in liquid helium at 4.2 K (−269°C or −452°F). Whilst iron-cored or permanent magnet designs can have a C- or H-shape and may therefore appear more patient-friendly, superconducting MRI system cryostats are most commonly shaped like a cylindrical tube with the patient placed inside the central bore. In addition to the patient, the gradient and the RF body coil (see the section ‘Radio­frequency’, below) are also positioned inside the bore, although hidden from the patient behind fibreglass covers. Although the diameter of the cryostat bore is approximately 100 cm, once these additional coils are installed, the patient accessible bore is reduced to approximately 60 cm. However, in response to demands for improved patient acceptance as well as an increasingly bariatric population, manufacturers have introduced systems to allow 70 cm (Fig. 5-18) or greater patient apertures as well as reducing overall magnet lengths.
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FIGURE 5-18 A 70-cm-bore 3-T magnet installation. (Courtesy of Philips Healthcare.)





Whilst a strong, but not necessarily very uniform, B0 is required to achieve a good nuclear polarisation, an extremely high uniformity is required to perform spatial localisation. The uniformity of B0 is usually defined as the variation of the field within a spherical volume of a given diameter which, for a 1.5-T magnet, would typically be less than 1 part per million (ppm) over a 40-cm diameter. Further improvements can be achieved over smaller volumes by a process known as ‘shimming’, which is often automatically performed by the system for each body part imaged. In addition, the field must be temporally very stable, with a typical superconducting magnet having a stability of better than 0.1 ppm/h.

Whilst the signal-to-noise ratio increases with field strength, often allowing higher spatial resolution, higher magnetic fields (e.g. 3 T and above) also bring additional challenges. These include: an increase in T1 relaxation times, resulting in poorer T1-weighted image contrast; increased magnetic susceptibility-gradient effects that can cause signal dropout and localised geometric non-linearity; increased artefacts associated with subject voluntary/involuntary motion, physiological flow and variation in RF homogeneity (dielectric shading—see below). The choice of optimal field strength for any particular clinical application can be complex. For example, pituitary imaging without CSF flow artefact and with high T1 contrast and low water/fat misregistration may be superior at 1 T, whilst long T1 values of intravascular blood can aid small vessel (e.g. ophthalmic artery) conspicuity on MRA at 3 T.

Magnets also have an associated fringe-field that needs to be considered when siting the system. Most superconducting magnets are now actively shielded, which means they have a separate set of superconducting coils inside the cryostat positioned outside the main magnet coils, in which the current flows in the opposite direction, reducing the magnitude and effect of the external magnetic field on the surrounding environment. However, due to siting space limitations, the exact provision of active versus passive shielding is often a procurement factor. MR systems are situated within a six-sided RF-shielded examination room with conductive metal lining (copper or aluminium) through which RF electromagnetic radiation will not pass.




Gradients

Linear magnetic field gradients are created by additional coils of wire which are positioned inside the magnet bore, adjacent to the liquid helium cryostat in a cylindrical superconducting system. These coils are designed to provide gradients in the three orthogonal physical directions x, y and z. The effective fulcrum point of each of the three gradients is at the centre of the magnet bore, known as the isocentre. Gradient pulses are trapezoidal in shape since it takes time for the gradient field to ramp up to the desired amplitude and then ramp down again. Gradient performance is defined by the maximum achievable amplitude of the gradient in mTm−1, typically in the range 30–50 mTm−1, and the time it takes to ramp up and down the waveform, known as the rise time, typically in the range 100-200 µs. Higher gradient amplitudes allow the system to achieve thinner slices or smaller fields of view, whilst shorter rise times allow shorter echo times, echo spacing or repetition times. Depending upon the desired imaging plane, the required logical gradient pulses, slice selection, phase and frequency encoding, are played out on the appropriate physical x, y and z gradients, with a mixed combination for oblique imaging.

Gradient switching is accountable for the characteristic knocking noise heard during MRI. As the coils lie within strong static magnetic fields and currents in the coils are pulsed, the coil windings experience a Lorenz force which causes minor flexion of the gradient coils, resulting in acoustic noise. The gradient switching also induces currents in the magnet cryostat, known as eddy currents. These currents decay with time but also cause their own magnetic fields, which can cause image artefacts. Gradient coils are themselves actively shielded by a second set of shield coils to minimise the production of unwanted eddy currents.

Gradient coils require high currents and voltages in order to produce field variations over the size of the human body. Hence, amplifiers are needed to convert the digital waveforms into gradient pulses. Most of this power is dissipated as heat and the gradient coils and often the amplifiers require water-cooling.




Radiofrequency

The RF transmitter creates shaped pulses, centred at the Larmor frequency, which can be used to tip the bulk magnetisation. The RF pulse waveform is amplified and applied to the transmitter coil. Most commonly this is a large diameter coil, known as the body coil, which is located just inside the gradient coil assembly. Whilst the MR signal received back from the patient can be detected by the body coil, its large size means that the SNR would be relatively poor. In order to maximise SNR, the receiver coil is often positioned closely to the anatomy of interest, hence the large number of anatomically optimised receiver coils available (e.g. head, spine, shoulder, knee, etc) (Fig. 5-19). In recent years most receiver coils have been constructed from arrays of smaller coil elements. The idea is that smaller coils have a better SNR but a limited field of view (FOV). Careful combination of multiple coils in a matrix configuration gains the advantage of small coil SNR but with a larger FOV. The signal from each individual coil element is amplified and digitised. To minimise noise induced in the receiver chain, detected signal digitisation occurs in close proximity to the RF receiver coil(s). One recently introduced approach is to directly digitise and convert electrical to optical encoding within the receiver-coil housing itself. Although the signal is centred on the Larmor frequency, the MRI encoding process only involves a small range of frequencies, typically in the range ±16 to ±250 kHz, known as the readout bandwidth. Part of the receiver processing is to extract this small readout bandwidth before passing the digitised signals from each coil to the reconstruction hardware.
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FIGURE 5-19 Examples of dedicated RF receiver coils. The coil elements are placed close to the anatomical area under investigation to give relatively high signal-to-noise ratio: (A) a 15-channel head coil, (B) an anterior coil suitable for the torso/legs and (C) an 8-channel semi-flexible wrap-around coil.





A complication of higher-field MR systems is that the power required to achieve a given flip angle is proportional to the square of the frequency. For example, a 180° pulse at 3 T requires four times the power than at 1.5 T. With RF power deposition restricted for safety reasons, it may be necessary to use fewer RF pulses or longer TR values at 3 T. A further issue at high B0 is that the wavelength of the RF pulses starts to become comparable with the size of the patient. This results in dielectric shading artefacts, particularly in abdominal imaging. These effects become more problematic with increasing bore diameter and now most 70-cm 3.0-T systems employ dual-channel transmit systems that attempt to mitigate this effect.




Computers

MRI systems utilise a number of computers to control the various subsystems. The operator's console computer (often termed the ‘host’) manages the graphical user interface (GUI) and converts the desired MR parameters, e.g. pulse sequence, slice thickness, FOV, bandwidth, into digital representations of the RF and gradient pulses needed to achieve these parameters. Separate computers then manage the timing of these pulses together with other inputs, e.g. ECG triggering. The reconstruction computer takes the digitised data from the receiver coils and performs the necessary mathematical steps required to reconstruct the final image. The reconstructed images are then passed back to the operator's console computer for image display, any further post-processing and ultimately archiving. In the modern-day hospital setting, archiving is usually performed on the local picture archiving and communication system (PACS); however, a local backup can be a useful resilient resource.







Physical Parameters That Provide Contrast

MR offers a vast range of possible image contrast, not only T1-, T2- and PD-weighted (Fig. 5-20), which can provide high sensitivity for depiction of many abnormalities. Despite this versatility, pixel values do not represent an absolute measure (e.g. absolute T2, in milliseconds). They are only absolute when specialist quantitative techniques are invoked (e.g. calculation of absolute T2). Rather, they reflect various physical parameters, including proton density, T1, and T2, and their scaling is influenced by factors such as body size (which affects RF coil loading and hence the induced voltage in the receiver coil). This is unlike CT, where pixel values in Hounsfield units correspond directly to X-ray attenuation (electron cloud density). When a particular physical parameter, e.g. T2 relaxation time, dominates the relative pixel intensities in the image (i.e. the image contrast mostly reflects differences in T2), that image is said to be T2-weighted. The diversity of available weightings can cause difficulties in determining the optimal amount of information to gather. As well as anatomical knowledge, interpretation requires sagacity regarding the type of weighting and how the resultant contrast varies in the normal population and with disease. This section outlines the most common contrast mechanisms in clinical use.
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FIGURE 5-20 Proton density (PD)-, T2- and T1-weighted contrast. Transverse (yellow and green) and longitudinal (blue and purple) magnetisation (Mxy and Mz, respectively) are shown graphically as a function of time for two tissues with different relaxivity and density characteristics. The vertical dashed lines indicate where the data are sampled: PD weighting is obtained when data are sampled at short TE where the TR is long; T2 weighting is obtained when data are sampled at a longer TE where the TR is still long and T1 weighting obtained when data are sampled at short TE with a short TR (before Mz has time for complete recovery).






Proton Density

The proton density (PD or ρ) of an object will fundamentally be linked to signal magnitude; the higher the number of ‘MR visible’ protons, the greater the potential signal becomes. To provide image weighting so that the PD dominates pixel intensity, the effects of other potential influences should be minimised. This approach, to providing most weighting by one factor, is common practice in sequence design and protocol implementation (see ‘Pulse sequence’ section above). The ‘MR visible’ proton pool consists of mobile protons; hydrogen nuclei that form part of large molecular structures or are immobilised in solids have tight chemical bonds that ensure that they interact with each other so rapidly (i.e. very short T2 values) that they provide no detectable signal during standard clinical MR techniques, and appear to have a PD of zero.

Proton density is increased in some lesions. These include oedema, infection, inflammation, acute demyelination, acute haemorrhage, various tumours and cysts. Since the formation of oedema is a common response to a wide variety of insults, an increase in PD is a frequent occurrence. A decrease in PD may be seen in scar formation, fibrosis, some tumours, capsule and membrane formation, and with calcification. Changes in PD are often relatively small in comparison to the changes seen on T2-weighted images.




T1 (Longitudinal Relaxation Time or Spin–Lattice Relaxation Time)

The T1 (longitudinal) relaxation time characterises the rate of the protons' recovery from their excited state to their resting or equilibrium state, in the longitudinal or z-direction (parallel to the main field), for each component of the object. It relates to the transfer of energy from the protons to the tissue's overall structure (or lattice). Body fluid T1 is long (typically 1500–2500 ms) compared to soft tissues (typically 300–1200 ms), while those of fatty structures are shorter still (100–150 ms). T1 increases with B0, requiring an alteration in sequence parameters to provide equivalent T1 image contrast at different field strengths. For any tissue, T1 is always longer than T2. Although the relaxation processes characterised by T1 and T2 are physically different, both tend to increase with most disease processes. T1-weighted images are often favoured for the depiction of anatomical structure. Images with T1 weighting are heavily influenced by the presence of the most common exogenous contrast agent, chelated gadolinium (Gd) (see the section ‘Exogenous contrast agents’, below), which can cause a dramatic increase in signal on T1-weighted imaging (Fig. 5-21) and demonstrate occult lesions (especially in the central nervous system (CNS)).
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FIGURE 5-21 Typical appearance of a brain tumour, specifically a cerebellar medulloblastoma. (A) The tumour has a low signal on spin-echo T1-weighted image owing to a prolonged T1. (B) After the injection of Gd-DTPA, the tumour enhances avidly, depicting breakdown of the blood–brain barrier.








T2 (Transverse Relaxation Time or Spin–Spin Relaxation Time)

T2 (transverse) relaxation time characterises the rate of phase dispersion of the spins' magnetisation in the transverse plane. This fanning out of the xy magnetisation occurs as the protons exchange energy (or quantum mechanical chatter) with each other. For a given tissue, the dependence of T2 on B0 is small when compared to that of T1. Fluids have long T2 values (typically 600–1200 ms), those of soft tissues being shorter (typically 50–200 ms) and fat shorter still (10–100 ms). The elevation of T2 in disease processes leads to a very high sensitivity using a standard T2-weighted spin-echo imaging technique, which has often been the ‘bread and butter’ sequence for detecting lesions. When Gd chelates are administered, T2 is shortened but in practice, this effect is not commonly used. However, monitoring the passage of Gd chelates is routinely performed using its modulatory effect on a closely related parameter, T2*.




T2* and Endogenous Susceptibility

When an image is T2*-weighted, not only is it weighted by tissue T2 but also by another component that can be ascribed to the hastening of the intrinsic spin–spin interaction by perturbations in the local magnetic field. Such perturbations are caused by the presence or introduction of objects that have different magnetic susceptibilities (χ). Magnetic susceptibility defines how magnetised an object becomes when placed in a magnetic field. When adjacent structures inside the homogeneous MR magnet have different χ, a small magnetic field gradient will be present. This gradient is the perturbing agent. Most of the constituents of the body are diamagnetic, having weak susceptibility, and they lead to a subtle reduction in the field that passes through them. Exogenous contrast agents (e.g. Gd chelates) and some endogenous agents (such as deoxyhaemoglobin) exhibit paramagnetic properties that enhance local magnetic flux. Ferromagnetic objects exhibit an extreme form of paramagnetism, experiencing strong forces when placed in a magnetic field. Increasing B0 leads to shortening in T2* and an increase in T2* contrast. Artefacts can result from local decreases in T2*. Signal dropout adjacent to non-ferrous metallic implants can be dramatic, even on low- and mid-field strength systems (0.2–1 T). At high field, signal dropout occurs at the edges of various intracranial structures, such as the base of the frontal lobes, due to differences between the χ of cortical parenchyma and air within the sinuses. Dropout can be minimised by the use of spatially localised high-order shimming and increasing the receiver bandwidth. The presence of endogenous susceptibility gradients can be put to good use, providing a valuable contrast mechanism. One such example is BOLD fMRI, which is able to detect regional haemodynamic responses to simple or complex stimulation tasks. Clinical applications include aiding preoperative neurosurgical planning and intraoperative neurosurgical guidance (Fig. 5-22). There are numerous other important uses of endogenous susceptibility-related, T2*-weighted contrast, such as the depiction and timing of blood breakdown products following haemorrhage (Fig. 5-23) which is useful in the depiction of certain lesions. A variation on standard gradient-echo T2*-weighted imaging is often termed susceptibility-weighted imaging (SWI) or BOLD venography. This technique acquires highly T2*-weighted gradient-echo images at long TE. Technique-specific post-processing combines both restrained phase and magnitude data to produce the SWI. Common applications include the evaluation of brain trauma and haemorrhagic stroke.
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FIGURE 5-22 Blood oxygen level-dependent functional MRI (fMRI). BOLD fMRI can be used to demonstrate magnetic susceptibility changes in close proximity to neuronal and synaptic activation associated with the vascular oxy-/deoxyhaemoglobin ratio. The subject rests, taps their fingers and repeats this pattern 5 times ((A) - blue line). Signal change within the right primary motor cortex is shown graphically as a function of time ((A) purple line). The anatomical regions where the haemodynamic response correlates with rest and movement are shown as a red overlay to the axial anatomical image (B).
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FIGURE 5-23 Haematoma. A patient presents with a history suggestive of subarachnoid haemorrhage but MRI shows an extensive left frontal haematoma. The haemoglobin in the haematoma is in different stages of breakdown as shown on (A) the spin-echo T1- and (B) fast spin-echo T2-weighted images. (C) Note the high signal rim on FLAIR imaging indicative of oedema. (D) Gradient-echo sequences are very sensitive for acute haemorrhage and show prominent ‘blooming’ of reduced signal due to susceptibility effects.








Exogenous Contrast Agents

The standard MRI contrast agent is a chelate of the rare-earth metal gadolinium (Gd). This has seven unpaired electrons in its outer shell and therefore demonstrates a very large magnetic dipole moment; hence its effect on reducing the relaxation times of certain tissues. Being a rare-earth metal, Gd is toxic in isolation. Its toxicity is predominantly negated by appropriate chelation: its initial introduction used diethylenetriamine penta-acetic acid for this purpose (Gd-DTPA, Magnevist, Bayer). Predominantly administered by intravenous injection, Gd-DTPA is rapidly distributed throughout the vasculature. It is excreted by the kidneys, having a biological half-life of approximately 90 min. The administration of some Gd chelates has been linked to a small incidence of nephrogenic systemic fibrosis (NSF) and current practice often requires determination of kidney function together with linked assessment of clinical need for contrast enhancement. The agent lowers localised T1, T2 and T2*, as outlined above. Decreased T1 leads to bright pixels on T1-weighted spin-echo images (the most commonly used contrast mechanism (see Fig. 5-21)), and decreased T2 can lead to less intense pixels on heavily T2-weighted images, particularly at high Gd concentrations. The effect on T2* is dramatic: the decrease causes low signal on T2*-weighted images, which, on a suitable dynamic data set, depicts parenchymal perfusion in real time during the passage of a bolus of the contrast agent (Fig. 5-24; see the section ‘Perfusion’, below).
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FIGURE 5-24 Exogenous perfusion data. This data was obtained from a time series of T2*-weighted echo planar images in a 70-year-old woman who presented with amaurosis fugax and was found to have a 95% stenosis of the right internal carotid artery. (A) A base image shows two regions of interest within the middle cerebral artery territories. (B) A drop in signal intensity can be seen due to the first pass of the Gd chelate, from which (C) a concentration–time curve is calculated and a gamma-variate fit is performed (solid lines). (D) The resultant time-to-peak (TTP) map shows prolonged TTP in the affected hemisphere shown as high signal.





Gd chelates do not cross the intact blood–brain barrier, but accumulate where it has been compromised (intra­cranial tumours, abscesses, acute demyelination, etc.). They are particularly effective in the delineation of small intracerebral tumours, such as acoustic neuromas and thus valuable for precision stereotactic radiosurgery. High-grade malignancies generally show more enhancement than tumours of lower grade. Areas of cystic necrosis may also show enhancement, but the greatest clinical value of chelated Gd has been in distinguishing tumour from oedema. Care should be exercised as the integrity of the blood–brain barrier may be altered by the modulatory influences of corticosteroids. Applications outside the CNS benefit: for example, dynamic uptake, may aid tumour characterisation. Circulating Gd chelates can increase overall vessel conspicuity when using standard TOF or phase-contrast angiography techniques, although the most common angiographic application is in contrast-enhanced MRA (CE-MRA), where blood T1-shortening effects are used to visualise the passage of a bolus of contrast medium.

A selection of other exogenous contrast agents have been investigated over the years, including superparamagnetic iron oxide (SPIO) nanoparticles that can aid liver and gut visualisation, coated iron oxide and Gd complex blood-pool agents/strong albumin-binding agents and hepatocyte-specific Gd chelates. Natural compounds, such as blueberry juice, may act as negative contrast agent in upper abdominal MR investigations. Other targeted agents, which may be necrosis-specific (bis-Gd-mesoporphyrin), provide lymphographic contrast, or are specific for inflammation detection. This is an area of ongoing development.




Chemical Shift

The phenomenon of chemical shift (δ) has important consequences for imaging as well as being the basis of MR spectrosopy. In imaging, artefacts may arise because the protons in adjacent tissues will resonate at slightly different frequencies; such artefacts are especially prominent at the interface between one organ and surrounding fat.


Proton Spectroscopy

In proton MR spectroscopy (1H-MRS), a hydrogen nucleus attached to a particular molecule does not ‘see’ the exact field produced by the magnet. This is because it is not a free proton; rather it is a proton in a chemical bond attached to a molecule. Neighbouring atoms that form that molecule have associated electron clouds that shield the hydrogen nucleus from the main magnetic field. The shielding effects within different molecules will differ. From the Larmor equation, the resonant frequency is proportional to the field; the hydrogen nucleus will resonate at a particular frequency characteristic of that molecular environment. A measurement of the frequency components that emanate from a sample (in the absence of a frequency-encoding imaging gradient) will yield a frequency spectrum. This usually contains a number of peaks, the position of which (or shift along the resonant frequency axis) is given in units of parts per million (ppm) of B0 and is commonly referenced to the position of tetra-methyl silane (TMS). Water, for example, resonates at 4.77 ppm. Each peak can be attributed to a chemical group. Thus, MRS provides direct biochemical information. This can be spatially localised using a number of methods: by the spatial sensitivity of a surface coil, by the intersection of three slice-select gradients (single-voxel selection (SVS)), or a 2D or 3D metabolite map can be created by phase encoding the spectroscopic signal (chemical shift imaging (CSI)). It has become feasible to assess clinically important chemicals and metabolites which are present in tissues in fairly low concentrations (millimoles/L in proton spectroscopy of the CNS).

Spectroscopy is demanding in terms of the system signal-to-noise ratio and B0 homogeneity. The homogeneity within the spectroscopic region of interest must be such that any changes in resonant frequency are dominated by the chemical shift and not non-uniformity in the static magnetic field. Spectroscopy packages (particularly proton) have developed over the past 30 years to a stage where complex high-order shimming (B0 homogeneity optimisation), signal localisation and data sampling and post-processing can be performed in many instances by ‘one-press’ button automation.

Since its implementation into whole-body medical imaging systems, MRS has sometimes struggled to find a true clinical role. In part, that may follow from being seen as a disparate, complicated technique compared to MRI. On the contrary, it is often simpler. The technique has become more robust, forming part of a clinical investigative brain examination in many centres. It is often sensitive to the presence of disease, but lacks specificity; its clinical use (as for many imaging techniques) relies on other contextual information. Just as with standard imaging, spectra can be metabolite concentration-, T1- or T2-weighted, or a mixture of the three, depending upon acquisition parameters such as TE and TR.

The brain has been the most extensively studied organ to date by proton MRS (Fig. 5-25). If left alone, the hydrogen nuclei from water will dominate the MR ‘visible’ cerebral metabolites. This large peak from water needs to be suppressed, so that an appropriate dynamic range can be obtained for metabolite detection. The three main cerebral metabolites are attributed to choline-containing compounds (Cho) centred at 3.2 ppm, the total creatine pool (creatine plus phosphocreatine) at 3.0 ppm and N-acetyl (NA) groups at 2.0 ppm (such as N-acetylaspartate (NAA) and N-acetyl-aspartyl-glutamate (NAG)). The biochemical role of NA is not completely understood, but the peak serves as a putative marker of neuronal integrity/function, being predominantly confined within neuronal cell bodies and axons. In a variety of disorders the NA signal may be decreased when there is little or no change on MRI. These include diseases in which there is acute or chronic neuronal loss, such as some of the dementias, chronic head injury, temporal lobe epilepsy and infective encephalopathies. Proton MRS appears complementary to MRI, which is generally of most value in acute and subacute disease. At short TE values (where T2 and modulation effects are reduced) more detail on other intracranial metabolites, such as glutamate, glutamine and myo-inositol can be obtained. Phase-encoded CSI yields metabolite images whose spatial resolution is sufficient to allow differentiation between normal and abnormal tissue.
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FIGURE 5-25 Proton density-weighted proton magnetic resonance spectrum (A) obtained from a glioma within the brainstem of a patient with neurofibromatosis type I (C - hyperintense central lesion). Compared to a normal-appearing brainstem spectrum (B), increases in the relative levels of myo-inositol (mI) and choline (Cho) plus decreases in N-acetyl (NA) compounds are apparent. The doublet seen at 1.3 ppm is consistent with the presence of lactate, a product of anaerobic metabolism.





Potential applications of proton MRS to other organ systems have been investigated. Most notably it has been investigated for the diagnosis and staging of prostate cancer, where citrate levels decrease while the choline peak is high. This is the reverse of findings in the normal peripheral zone of the prostate, where citrate is high and choline low, and benign prostatic hypertrophy, with intermediate citrate and choline levels.




Water/Fat Imaging

In vivo MR images usually contain signal from protons in both water and fat. Human fat, known as adipose tissue, is stored as triglycerides, which are a subgroup of lipid molecules. Triglycerides comprise multiple groups of protons (CH3, CH2, CHCH, etc.) that have a range of chemical shifts from 0.9 to 5.3 ppm. Since triglycerides have a different chemical shift from water, they provide us with a mechanism whereby the signal from fat can be either (i) saturated in order to improve the contrast in an image or eliminate artefacts or (ii) used to help diagnosis of lipid-containing lesions or quantitate measurements of subcutaneous, visceral or ectopic fat.

The chemical shift difference can be used to saturate fat by applying a spectrally selective RF pulse just before the imaging pulse sequence. If the excitation frequency of this selective pulse is adjusted to match the main triglyceride peak around 3.44 ppm lower than the water frequency, the pulse can saturate the signal from fat, resulting in a dark fat signal in the image.

The difference in precessional frequency between water and fat can also be utilised to obtain differences in fat and water signals depending upon the echo time of the imaging sequence. At 1.5 T the difference of 3.4 ppm means that fat precesses 220 Hz slower than water. This means that every 1/220 Hz = 4.6 ms the signals from fat and water are in phase, e.g. 4.6, 9.2, 13.8 ms, whilst at intermediate values, e.g. 2.3, 6.9, 11.1 ms, fat and water are out of phase. This is the basis of the spectroscopic imaging technique first proposed by Thomas W. Dixon in 1984.17 This method has recently resulted in clinical implementation with the development of robust algorithms that not only acquire in- and out-of-phase images with two different echo times but also calculated images of fat and water only. These methods are often referred to as 2-point Dixon (2PD) techniques. A limitation of the 2PD is that the B0 field non-uniformities cause a phase error that leads to an incorrect solution for the water and fat images; i.e. pixels can be erroneously allocated to the wrong image. Over the years various approaches have been employed to mitigate this effect. The acquisition of three different echo times, i.e. a 3-point Dixon (3PD) technique, allows the B0 non-uniformities to be determined and allows correction of the phase error, albeit at the time cost associated with three acquisitions. A more recent optimised variant of the 3PD method is the iterative decomposition of water and fat with echo asymmetry and least-squares estimation (IDEAL) technique. IDEAL has all the advantages of the 3PD method but allows flexibility in the choice of TE values that allows optimisation of the signal-to-noise ratio. Multiple echo acquisitions also allow accurate quantification of ectopic fat deposits in anatomical areas such as the liver.

Recent developments use 3D dual gradient-echo acquisitions to provide the data for a 2PD method. The techniques acquire images at out-of-phase and in-phase TE values and then apply sophisticated mathematical algorithms to reconstruct the separate water and fat only images without pixel misclassification (Fig. 5-26).
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FIGURE 5-26 Water (A) and fat (B) whole-body images obtained using an in- and out-of-phase dual echo, 3D gradient-echo sequence.











Flow

The sensitivity of the MR signal to moving spins has been known since the earliest days of NMR. Similarly, the effects of motion and flow were also recognised very early in the development of MR imaging and it was not long after the first MRI systems were built that researchers proposed techniques for obtaining magnetic resonance angiography (MRA) images.


Time-of-Flight MRA

Laub first introduced the background concepts behind time-of-flight (TOF) MRA in 1988.18 The TOF technique (Fig. 5-27) relies on the relative contrast developed between the high signal of blood flowing into an imaging slice and the reduced signal from the stationary background tissue. The basis for TOF angiography is a gradient-echo sequence in which some, or all, of the blood within an imaged slice is replaced during the repetition time (TR) by fresh blood that has not experienced any prior RF excitation. Stationary tissue within the slice will have experienced prior RF excitation(s) and will have, depending upon the tissue T1 and the sequence flip angle and TR, a somewhat lower signal. Usually a number of thin slices are acquired perpendicular to the direction of flow and a 3D image is obtained by stacking the slices and performing a maximum intensity projection (MIP) algorithm, in which parallel rays are cast through the 3D volume and a 2D projection image is created using the maximum pixel intensity traversed by the ray. Since TOF MRA relies on differences in longitudinal magnetisation for image contrast, any tissue with a short T1 may appear bright. This can potentially be problematic, for example, in patients with vascular thrombosis in which methaemoglobin is formed. Since methaemoglobin has a short T1, it can appear bright in TOF MRA, mimicking flowing blood.
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FIGURE 5-27 Three-dimensional time-of-flight MR angiography projection of an intracranial, middle cerebral artery berry aneurysm.








Phase Contrast MRA

Dumoulin et al. first described the method of phase contrast (PC) MRA in 1989.19 The PC technique relies on creating angiographic images based upon the relative phase shift induced in the signal as blood moves along the direction of a magnetic field gradient compared to stationary background tissue. As with TOF, the basis for PC MRA is a gradient-echo sequence but with an additional bipolar (positive followed by a negative) gradient pulse pair applied temporally between the slice select and readout gradients. These bipolar pulses are separately applied along each orthogonal axis in subsequent TR periods. Ignoring the imaging gradients, the pulse pair induces a non-zero phase shift that is proportional to the component of the blood's speed along each direction. Since there are a number of sources of background phase shifts in a gradient-echo acquisition, the bipolar pulses along each axis are then played out again, but this time with the polarities reversed, inducing a phase shift with the opposite sign to the previous acquisition. Subtraction of the alternate polarity phase shifts along each axis eliminates the background shifts and those due to the imaging gradients. Calculation of the phase differences (Δϕ), on a pixel-by-pixel basis, results in images of the net phase shift along each of the orthogonal (Δϕx, Δϕv, Δϕz) directions. Calculation of the Pythagorean resultant [image: image] results in an angiographic image. The acquisition is usually performed over multiple slices and the data are displayed using the same MIP algorithm described above. In principle the PC-MRA acquisition requires six TR values per phase-encoding step: two alternate polarity examinations for each of the three orthogonal directions. However, multiple encodings can be performed simultaneously and only four TR values are actually needed in practice. This does, however, mean PC-MRA acquisitions can be substantially longer than TOF MRA. However, in PC-MRA, spins must be moving to induce a phase shift so there is no possibility of the technique being ‘tricked’ by short T1 blood breakdown products.




Contrast-Enhanced MRA

Over the subsequent years TOF and PC-MRA techniques were refined but essentially remained unchanged. Since typical MRA acquisitions originally took several minutes to acquire, they found their primary application in the cranial and extracranial carotid circulation. Whilst thoracic, abdominal and peripheral MRA were attempted, image quality was not sufficient for routine clinical use, primarily due to artefact caused by cardiac and/or respiratory motion or pulsatile flow. It was not until Prince et al. introduced the concept of (exogenous) contrast-enhanced MRA (CE-MRA) in 199320 that it became possible to robustly image the systemic vasculature. CE-MRA involves rapidly imaging the desired vascular territory during the first pass of a gadolinium-based MR contrast agent, which has the effect of transiently decreasing the T1 of blood, thereby increasing its signal intensity. This transient increase in signal is achieved by administering the contrast agent as a compact bolus using a power injector. Careful determination of the circulation time from the point of injection to the time the contrast agent arrives at the anatomy of interest is crucial to obtaining high-quality images. Subsequent improvements in MR gradient performance as well as receiver coil technology, e.g. multi-element coil arrays, have further reduced CE-MRA acquisition times, to the point of allowing time-resolved 3D angiograms to be acquired with high temporal and spatial resolution, making the need for determination of the circulation time less necessary. The development of moving table technology allows extended FOV coverage by moving the patient during image acquisition. Such multi-station images allow the operator to chase the contrast agent bolus down the legs, producing high-quality peripheral angiograms.

CE-MRA has now become the standard method for thoracic, abdominal and peripheral angiography, as well as carotid MRA in some centres. However, in 2008 concerns concerning gadolinium-based contrast agents and nephrogenic systemic fibrosis (NSF) started to arise and have caused renewed interest in the development of so-called non-contrast-enhanced MRA (NCE-MRA) techniques. NCE-MRA has developed into a catch-all term that covers all MRA techniques without exogenous contrast agents, including both PC and TOF. However, the term has primarily been used to characterise a new class of methods that attempts to leverage more recent pulse sequence developments in order to address the deficiencies of TOF and PC in imaging the systemic vasculature.




Non-Contrast-Enhanced MRA (Fresh Blood Imaging)

A number of groups, mostly notably Miyazaki et al., have attempted to develop NCE-MRA methods for whole-body applications.21 In various implementations, two ECG-triggered 3D FSE acquisitions are performed (Fig. 5-28); the first is gated to systole and the second to diastole. In the systolic images fast arterial flow results in the dephasing of the MRI signal and hence the blood appears dark. In the diastolic image the arterial flow is comparatively slower; hence the blood is not substantially dephased and returns high signal. Venous flow is relatively slow and constant throughout the cardiac cycle and therefore appears bright in both acquisitions. Similarly, the signal from stationary background tissue is equivalent in both acquisitions. Subtraction of the matching systolic images from the diastolic images results in suppression of the background and venous signals, leaving only the arterial signal. The use of an additional STIR preparation helps to reduce the background signal from fat. Limitations of the technique include spatial misregistration between the two acquisitions, as only part of the 3D acquisition can be performed in each heartbeat, and image blurring caused by the FSE readout occurring whilst the MRI signal decays due to T2 relaxation. The latter can be partially addressed by reducing the echo train length using parallel imaging. Identification of the optimal systolic and diastolic trigger delays for each body area is also required, necessitating the use of acquiring separate ‘ECG-Prep’ images beforehand in order to determine the appropriate trigger delays. For example, a single-slice, multiphase, single-shot fast spin-echo acquisition with progressive ECG trigger delays can be used with visual inspection to identify the optimal systolic (darkest intravascular signal) and diastolic (brightest intravascular signal) trigger delays.
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FIGURE 5-28 Non-contrast-enhanced angiogram of the iliac arteries obtained by subtracting two IR-prepared, ECG-triggered, 3D fast spin-echo (FSE) acquisitions. The two acquisitions are interleaved: one acquired in systole where arterial flow is dark; and one in diastole where arterial flow is bright. Venous signal and background tissue appears with the same signal intensity in both acquisitions which cancel out after subtraction.





The MR data acquisition time for these methods is approximately four minutes for a single 3D location. Multiple vascular territories can be covered by moving the patient and repeating the acquisition. Given the differences in flow profiles it is often necessary to repeat the preparatory imaging in order to optimise the timings for each location. Since this technique primarily relies on having a good differential flow between systole and diastole, its primary application is in peripheral angiography. Limitations of the technique include difficulties in the presence of turbulent flow secondary to severe stenosis when the signals in both systole and diastole can be similar, resulting in loss of signal in the subtracted angio­gram. It is therefore important, like all MR angiography techniques, to review the source images.





Non-Contrast-Enhanced MRA (Balanced Steady-State Free Precession)

Balanced steady-state free precession (bSSFP; see the section ‘Pulse Sequences’, above) has also been used as the basis of NCE-MRA techniques which rely on the inherently high signal from blood (independent of flow). ECG and/or respiratory-triggered volumetric (3D) bSSFP techniques have been used in a number of body areas, including the coronaries and thoracic aorta. However, a disadvantage of standard 3D bSSFP sequences is that both arteries and veins appear bright as well as background tissues. This led to the development of inversion pulses being applied before the bSSFP readout.

One prime target area for these techniques is renal artery imaging, particularly in patients with impaired renal function in whom gadolinium-based agents are contraindicated. In this application an 180° inversion pulse is used to invert the signal from a large region encompassing the kidneys, inferior vena cava and other tissues. After a specific TI, a selective 3D bSSFP readout is performed in a smaller region just covering the kidneys and renal arteries (Fig. 5-29). Following the inversion pulse the tissue signal, including blood in the inferior vena cava, will recover due to T1 relaxation and will, after an appropriate TI (typically around 1 s), become zero. The TI is chosen such that, as far as possible, all the background signal will be near zero and there is sufficient time for arterial blood originally outside of the inverted region to flow into the imaging region, yielding a high signal. Since fat will recover very rapidly, due to its short T1 relaxation time, a fat suppression pulse is also used just before the bSSFP readout to reduce its high signal. The whole sequence is triggered to the respiratory waveform, with only part of the 3D bSSFP acquisition acquired in each respiratory cycle, to minimise misregistration artefact. The overall MR data acquisition time is around 2 to 4 min, depending upon patient cooperation and the required spatial resolution. Since the venous and background signals are naturally suppressed, there is no requirement for subtraction of data. The inversion and imaging regions are usually independently positioned to allow targeting of the desired vessels.
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FIGURE 5-29 Non-contrast-enhanced MRA of the renal arteries. This image was obtained using a respiratory-triggered, inversion recovery prepared 3D balanced steady-state free precession (bSSFP) acquisition.











Perfusion (Microvascular Flow)

One of the key indicators of normal tissue function is that of normal arterial flow and tissue perfusion. Perfusion-weighted MRI has also been developed and can be performed with the aid of endogenous or exogenous contrast agents. The latter are by far the most common implementation.

Techniques using endogenous contrast agents, i.e. tissue water, rely on the RF labelling of proximal arterial blood (arterial spin labelling, or ASL), which can then be detected as it reaches an image plane selected through the region of interest.22 The non-invasive nature of this measurement makes it ideal in certain situations, e.g. in the assessment of placental perfusion in utero or when several repeat studies are needed. However, the contrast-to-noise ratios are less than those that can be obtained following the administration of exogenous contrast media.

Gd chelates are suitable exogenous agents for use in MR perfusion studies of the brain. As detailed above, the presence of the Gd–ion complex shortens both T1 and T2*. If a time series of T2*-weighted images is acquired with high temporal resolution (approximately 1 frame s−1), the presence of Gd can be detected as a drop in signal as blood transporting the agent arrives at the image plane. This is known as dynamic susceptibility contrast (DSC) MRI. A concentration–time curve can be obtained, from which, parameters such as bolus arrival time (BAT), mean transit time (MTT), time to peak (TTP) and relative blood volume (rBV) can be derived, and the application of the central volume theorem can yield information regarding relative cerebral blood flow (rCBF).

Early MR perfusion studies performed using clinical systems were limited by image acquisition times. Fast gradient-echo techniques (such as FLASH) could be used but usually on a single-slice basis. The introduction of EPI into the clinical setting has revolutionised MR perfusion imaging, enabling subsecond, multislice data sets to be acquired.

One of the main applications of perfusion in the brain has been in the context of stroke and other vascular abnormalities. The most commonly encountered changes associated with ischaemic stroke are increased length of time for the contrast bolus to pass through the parenchymal bed (time to peak and mean transit time), reduced cerebral blood volume and flow. A combination of diffusion-weighted imaging (DWI) and perfusion-weighted imaging can indicate delineation of the ischaemic penumbra in acute stroke (Fig. 5-30), defining potentially salvageable tissue: of great importance in assessing potential acute intervention. DSC techniques can also be used for tumour vascular characterisation. Where intra-axial, intracranial lesions cause disruption to the blood–brain barrier, Gd chelate leakage effects can complicate interpretation and a pre-load bolus of contrast may lead to more effective radiological interpretation.

[image: image][image: image]
FIGURE 5-30 Imaging in stroke. (A) Diffusion weighting (b = 1000 s/mm2) and (B) the ‘mean transit time’ image derived from a dynamic susceptibility contrast (DSC)-MRI acquisition in the same patient. The focal acute abnormality representing ischaemic change on (A) also shows focal abnormality on (B). However, the perfusion map also shows diffuse, extensive, longer transit time to the right hemisphere that may represent parenchyma at risk of vascular compromise.





Kinetics associated with the uptake of contrast agents in extravascular areas of pathology can be modelled and determined by a time series of relatively fast T1-weighted images. This technique is termed dynamic contrast-enhanced (DCE) MRI. Measures of vascular-extravascular permeability to the contrast chelate, such as the volume transfer constant or Ktrans, can help characterise lesion features. This has been applied predominantly in the context of oncology (Fig. 5-31).

[image: image][image: image]
FIGURE 5-31 Multifunctional imaging in ovarian cancer. (A) The diffusion-weighted image (b = 500 s/mm2) as a colour overlay on a T2-weighted anatomical image and (B) the ‘perfusion’ image (Ktrans) derived from a dynamic contrast-enhanced (DCE) MRI acquisition in the same patient.








Diffusion

The diffusion of water molecules is a very slow random movement which can be thought of as slow directional flow when its randomness is restricted by a surrounding barrier (e.g. an axonal tract in brain parenchyma). Just as with arterial and venous intravascular blood flow and CSF flow, molecular DWI contrast can be introduced into MRI. The technique utilises the same principles as outlined in the phase-contrast MRA section above: depending on the alteration in the phase of protons attached to water molecules as they travel along a magnetic field gradient. If a bilobed diffusion-encoding gradient pulse scheme is applied along one physical direction between the initial RF excitation pulse and data collection, protons displaced along the direction of diffusion encoding will accumulate an overall relative phase change. Those that are stationary will not. The bipolar diffusion gradients are most commonly added to a single-shot EPI sequence, which enables a snapshot of the molecular diffusion to be obtained in one direction. This can be repeated along the three mutually orthogonal directions within the image plane. The degree of diffusion weighting can be changed by altering what is referred to as the b-value (Fig. 5-31). The amplitude and duration of the bipolar gradients determine this b-value and images that have strong diffusion weighting require the application of very strong field gradients. Because of the inclusion of the time-consuming bipolar gradient scheme, data collection occurs at a relatively long effective TE and thus the diffusion-weighted images are also T2-weighted. This can lead to ‘T2 shine through’—high pixel values in areas of increased T2 as well as in areas of abnormal diffusion—which can lead to confusion. It is common practice to acquire a set of images with the bipolar gradients turned off, yielding a set of images with identical T2 but no diffusion weighting. Post-processing can then be performed to eliminate the T2-dependent image contrast, yielding maps of apparent diffusion coefficients (ADCs).

DWI can be used to distinguish between cytotoxic oedema (which produces restricted diffusion) and vasogenic oedema (which does not restrict diffusion of water) and is often used in conjunction with dynamic, Gd-enhanced perfusion imaging in acute ischaemic stroke (Fig. 5-30).

Diffusion weighting gradients can also be applied in more than three orthogonal directions, thereby increasing the angular resolution of the net diffusion direction estimate within each voxel. The net diffusion direction and size can be represented mathematically as a tensor, and its acquisition technique is termed diffusion tensor imaging (DTI). In organs that contain structures that cause ‘pipes’ of net diffusion-related flow, such as the architecture of axonal tracts in the brain, mathematical models can yield quite startling images depicting directional connectivity pathways; such diffusion tractography can provide useful information regarding the influence of disease on normal pathways (Fig. 5-32).

[image: image][image: image]
FIGURE 5-32 Intracranial diffusion tensor imaging (DTI). A patient with an intra-axial brain glioma showing (A) directional tensor information overlaying a fast spin-echo T2-weighted transaxial image (red = right-left, blue = cranio-caudal and green = anterior-posterior) and (B) DTI-based tractography of modelled axonal tracts in the vicinity of the tumour.











Safety Considerations

Undergoing an MR investigation or working in an MR unit does not involve exposure to ionising radiation and no clear long-term biological effects have been reported. However, the environment is quite unusual, presenting several potential risks to human safety that need to be fully addressed by those who work in it and visit it. Each unit should have a set of local rules based on advice outlined in documents from the relevant regulatory bodies (e.g. the UK's Medicines and Healthcare products Regulatory Agency (MHRA), European Union, etc.) and all MR unit staff should be familiar with these. Inner and outer ‘controlled areas’ that have restricted access should be detailed. Accountability to the hospital's radiation safety committee is to be commended, ensuring that incidents are reported appropriately and that necessary safeguards/recommendations are acted upon. The invisible MR environment includes potential effects resulting from the following condtions.


Static Magnetic Field

Ferromagnetic objects (mainly containing iron, nickel or cobalt), when near to a magnet, experience a force of attraction towards the magnet bore (magnetic isocentre). The force depends upon factors including magnetic field magnitude, proximity, object mass and composition. The danger associated with this hazard is real: fatalities have resulted. All patients, visitors, non-MR personnel and pieces of equipment should be screened appropriately before entry into the controlled area. In practice, particular attention should be paid to oxygen-cylinders and wheelchairs. Most cardiac pacemakers contraindicate entry, as do intracranial aneurysm clips of ferromagnetic/unknown composition. MR-compatible cardiac pacemakers are now available which, once identified and the specific conditions have been adhered to, allow entrance to the examination room and imaging to proceed under strict conditions (they are MR-Conditional).23 In very high fields (e.g. 7 T) mild sensory activations (such as visual magnetophosphenes and balance alteration) have been reported, particularly by the entrance to the magnet bore. There is no evidence that these are harmful. If the magnet's liquid helium cryostat is being refilled (not a routine occurrence on modern, ‘zero’-boil-off cryogenic magnet systems), the magnet room should be kept clear due to risk of cryogenic burns and suffocation. There may be occasion when the magnet needs to be shut down in an emergency (‘quenched’), e.g. if a person becomes trapped between the magnet and a ferromagnetic object. Once the emergency run-down unit (ERDU) button is depressed, liquid helium will vaporise and there is a pressure-release disc/pipe system to vent this gas to the outside. However, as a matter of caution, all personnel should exit the magnet room and the door should be kept closed.




Time-Varying Magnetic Field Gradients

At high amplitudes and slew rates, magnetic field gradients can cause unpleasant peripheral nerve stimulation. This is an acute effect and not harmful. Modern system software will alert the operator when there is risk of attaining such levels. The acoustic noise generated due to the fast switching of currents within the gradient coils while restrained in a high static magnetic field may also be considerable, levels being up to 108 dBA. Protective ear plugs/headphones should be worn by patients (and accompanying personnel), particularly in systems operating at 1.5 T and above. Recent advances in gradient coil design and construction have led to a decrease in gradient-associated noise on some systems for given performance levels.




Radiofrequency Field

The transmitted RF field deposits energy within the body. Energy deposition is expressed as the specific absorption rate (SAR) in watts per kilogram. The levels given in MHRA guidelines (for SARs applied over a 15-min period) have been set to limit tissue heating to less than 1°C. Modern system software indicates the SAR to the operator for each acquisition. Care should be exercised when examining anaesthetised patients who require ECG monitoring. Burns can result from RF eddy currents being induced under the skin electrodes (e.g. where clinical indications suggest SAR-intensive sequences such as FSE imaging of the lumbar spine). In these circumstances, pain sensation cannot be communicated while a burn is developing. Caution should also be made when the patient's circulatory system is compromised. Clinical need should be noted in cases such as these.

MR is not advised during the first trimester of pregnancy. This is precautionary as no deleterious effects to mother or child are known. Patients with various implants (from deep brain stimulators to stents) should be assessed for possible interactions with static field and RF heating: evidence from an up-to-date reference should be sought.

A modified EU Directive covering work exposure to electromagnetic radiation which, in its original form had serious implications for MRI in the context of operators standing at the entrance to the magnet bore for patient comforting, monitoring or interventional procedures, was published in 2013. Transposition of the Directive into the laws of the EU member states is scheduled to take place by summer 2016 modified and subsequently published in 2013. The directiv up-to-date information regarding the euro-regulatory process can be found online <http://www.hse.gov.uk/radiation/nonionising/directive.htm>.







Conclusion

In the first 30 years of clinical practice, MRI has moved from being a curiosity to being the technique of first choice in a variety of diseases. The physics necessary for image interpretation is more complex than that for any other radiological technique, yet the great diversity of the technique provides a wide range of possibilities, many of which are being developed or are yet to be explored.

Clinical MR is truly 3D, and with the advent of modern workstations there is an opportunity to obtain radiographic views that have not been available previously. The recent development of fast imaging ciné studies, perfusion and diffusion techniques and hyper­polarised gas imaging (Fig. 5-33) provide new possibilities. The development of new contrast agents, targeted at specific organs, diseases, cell or gene types, is likely to result in a considerable expansion of the options now available. Parallel acquisition methods promise radically to increase the throughput of MR techniques and allow contrast mechanisms, which previously could only be acquired statically, to be acquired in dynamic mode. Specialised MR systems targeted at specific body regions or diseases may increase access to MR and provide options for monitoring and even performing minimally invasive therapy. The full potential of MR is yet to be realised.

[image: image]
FIGURE 5-33 Image of a healthy lung obtained with a two-dimensional, rapid, steady-state free precession sequence with 300 mL. Hyperpolarised 3He at 30% polarisation. (Courtesy of Professor J. M. Wild, University of Sheffield, UK.)
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Introduction and General Principles

Frequently, the first impression of radionuclide images is one of poor anatomical definition compared with other imaging techniques. If the aim of diagnostic imaging were merely the demonstration of human anatomy, the lower spatial resolution of radionuclide imaging would indeed be a disadvantage. However, the intent of diagnostic imaging is not illustration of anatomy, rather the improvement of health outcomes for patients through more accurate diagnosis. The increasing incorporation of radionuclide imaging into national clinical management guidelines illustrates radionuclide imaging's impact on the care of patients. The development of hybrid imaging in which radionuclide imaging devices are combined with computed tomography (CT), and more recently with magnetic resonance imaging (MRI), in a single imaging system has, to some extent, addressed the limited anatomical definition of radionuclide imaging. These systems produce images in which the functional data obtained from the radionuclide distribution (usually in colour) can be overlaid on the anatomical information from CT or MRI (usually in grey scale), thereby allowing more precise anatomical localisation of areas of abnormal radionuclide accumulation (Fig. 6-1). The aim of this chapter is to describe how the ‘fuzzy’ images produced using radionuclides, with or without CT or MRI co-registration, can achieve this clinical impact.

[image: image]
FIGURE 6-1 PET-CT images from a patient with active lymphoma. The 18F-FDG uptake has been displayed in colour over grey-scale CT images in (A) transaxial, (B) coronal and (C) sagittal formats.





Radionuclide images depict organ function rather than structure. The images are obtained by mapping the distribution of an administered radiopharmaceutical within the body. Thus, as for X-ray radiography and computed tomography, radionuclide imaging uses ionising radiation. However, the radiation is emitted from within the patient and subsequently detected in the imaging device, rather than transmitted through the patient from an external X-ray source. The specific organ function depicted is determined by the biological behaviour of the radiopharmaceutical. For example, a radiopharmaceutical excreted by the kidney will evaluate renal function whilst one excreted in the bile will depict the biliary tree. The biological behaviour of radiopharmaceuticals can be traced to particular cellular or molecular mechanisms. Thus, by using different radiopharmaceuticals, a range of cell types can be imaged within the same organ (Fig. 6-2), or different molecular mechanisms with the same cell type (Fig. 6-3). It is perhaps ironic that, despite limited spatial resolution, radionuclide images depict structures (i.e. cells and molecules) that are too small to be visualised by anatomical imaging techniques.

[image: image]
FIGURE 6-2 Radionuclide images depicting three different cell types within the liver obtained using different radiopharmaceuticals. (A) 99mTc sulphur colloid taken up by Küpfer cells. (B) 99mTc HIDA taken up and excreted by hepatocytes. (C) Leucocytes labelled (ex vivo) using 99mTc HMPAO. (The crosses mark the costal margins.)





[image: image]
FIGURE 6-3 Radionuclide images of breast cancer (arrows) demonstrating different uptake mechanisms in the same cell type (adenocarcinoma). Uptake of 18F-FDG on PET (A) is due to increased expression of glucose transporters and hexokinase. Uptake and retention of 99mTc methoxyisobutylisonitrile on gamma scintigraphy (B) are dependent on perfusion and expression of multidrug resistance p-glycoprotein. (Note uptake in nodal metastases in the axilla in case B, as indicated by the arrowhead.)





Another advantage of radionuclide imaging is that quantification of the amount of radiopharmaceutical within a particular organ can be achieved through counting the amount of radiation emitted within a specific time. By obtaining repeated images, the change in concentration of radiopharmaceutical over time can be measured and displayed as time–activity curves, giving additional insights into the functional status of tissues (Fig. 6-4). With appropriate mathematical modelling, these changes in concentration can be used to quantify particular physiological processes, such as glomerular filtration rate (GFR) or left ventricular ejection fraction. As repeated images can be obtained after a single administration of radiopharmaceutical, these temporal data are obtained with no additional radiation exposure to the patient.

[image: image]
FIGURE 6-4 Time–activity curves from the kidneys, bladder and aorta following intravenous injection of a radiopharmaceutical (99mTc MAG3) that is excreted by the kidney.





Radionuclide imaging devices are highly sensitive and can detect relatively small changes in functional activity and it is the magnitude of change in functional activity, rather than the size of an abnormality, which determines whether a disease can be detected by radionuclide imaging. Thus, a change in tissue function is frequently detectable before any change in structure has occurred or can be detected confidently by anatomical imaging. For example, increased glucose metabolism of cancer cells within lymph nodes can be detected using positron emission tomography (PET) before the size of the lymph node exceeds the threshold to be diagnosed as abnormal on CT (Fig. 6-5). Similarly, functional activity may return to normal following successful treatment before ana­tomical abnormalities have resolved; thus radionuclide imaging can be advantageous in monitoring treatment (e.g. in oncology). In other circumstances, the functional status of an organ is more important for determining clinical management than its structural appearance. For instance, the anatomical finding of a dilated renal collecting system does not necessarily indicate renal tract obstruction. It is the presence of obstruction and its impact on renal function, as demonstrated by renal radionuclide imaging, that more accurately determines whether clinical intervention is required.

[image: image]
FIGURE 6-5 CT (A, C) and PET-CT (B, D) images from a patient with right-sided non-small cell lung cancer (block arrow) shown in coronal (A, B) and transaxial (C, D) formats. A right hilar lymph node (arrow) is insufficiently enlarged to confidently diagnose nodal metastasis on CT but demonstrates uptake of 18F-FDG on PET, implying the presence of tumour cells.








Basic Physics


Structure of the Atom

Atoms are composed of three types of particle: protons, neutrons and electrons. The protons and neutrons form a central nucleus. Each proton has a positive electric charge (+); neutrons have no charge; electrons have a negative electric charge (–) and orbit around the nucleus, attracted by its positive charge. Protons and neutrons are nearly 2000 times heavier than electrons, so most of the mass of an atom is in the nucleus.

A nucleus is described by its mass number, A, which is the sum of the number of neutrons (N) and protons. The atomic number, Z, is equal to the number of protons. The mass number is therefore given by

A=Z+N

[image: image]

The atomic number Z is constant for a given element. The same element can have varying numbers of neutrons; these different forms of an element are called isotopes. The chemical properties of the different isotopes of an element are the same. Isotopes with more neutrons will be heavier, so some physical properties may differ.

To distinguish the isotopes of an element, the mass number A is normally written as a superscript. For example, the isotope of iodine with A = 131 is written 131I. Other conventions are I-131 and 53131I. In the latter example the subscript signifies Z, the atomic number of the element. A nuclide is the term to denote a type of atom characterised by both Z and N. A radionuclide is a nuclide that is radioactive.


Radioactivity

A radioactive nucleus is one that is unstable and will spontaneously disintegrate or decay at some time. The reason for the instability is either that the nucleus is too large or because there is an imbalance between the protons and neutrons. Unstable nuclei have an excess of energy. When a nucleus disintegrates, it will emit radiation either as photons (X or gamma rays) or as high-velocity particles. The remaining protons and neutrons will form a daughter nucleus, which may itself be radioactive, or may be stable.

The particular nature and energy of emissions are characteristic of each radionuclide. The radiation generally is ionising, meaning that it is highly energetic and damaging to living tissue. The rate of radioactive decay is characteristic of each radionuclide. Decay is governed by probability, which means that it is impossible to predict when a particular nucleus will disintegrate. However, with large numbers of nuclei the overall rate of decay is entirely predictable.

As the nuclei in a sample of radionuclide disintegrate, the number of radioactive nuclei left is reduced, and the rate of decay reduces in proportion. This effect is described mathematically by the equation of exponential decay. An important parameter is the half-life (T1/2) which is defined as the time period during which half the nuclei will decay. For example, the half-life of 131I is 8 days: in the course of 8 days, half the 131I nuclei in a sample will have decayed, and the rate of decay will have fallen to half its original value. In a further half-life the activity will drop again by half to a quarter of the original activity (and so on).

The rate of radioactive decay of a sample is called activity. The SI unit of activity is the becquerel (Bq), defined as one nuclear disintegration per second. Activity of radiolabelled compounds administered to patients for diagnostic purposes is usually measured in kBq or MBq. Originally the unit of activity was the curie (Ci), defined as 3.7 × 1010 disintegrations per second, thought to be the number of disintegrations/second obtained from 1 g of radium. Conversion factors are

1 mCi=37 MBq; 1 microCi=0.037 MBq=37 kBq

[image: image]

Table 6-1 lists some medically important radionuclides.


TABLE 6-1

Physical Properties of Some Commonly Used Radionuclides




	Radionuclide
	Half-Life
	Main Use
	Main Emissions (keV)



	Gamma or x
	Beta (Emax)





	Carbon-11 11C
	20 min
	p
	511
	960



	Carbon-14 14C
	5730 years
	n
	—
	157



	Chromium-51 51Cr
	27.7 d
	n
	320
	—



	Cobalt-57 57Co
	270 d
	n
	122
	—



	Cobalt-58 58Co
	71 d
	n
	811
	475



	Fluorine-18 18F
	109 min
	p
	511
	634



	Gallium-67 67Ga
	78 h
	g
	93, 185, 300
	—



	lndium-111 111ln
	67 h
	g
	171, 245
	—



	lodine-123 123l
	13.2 h
	g
	159
	—



	lodine-125 125l
	60 d
	n
	27, 31
	—



	lodine-131 131l
	8 d
	t (g)
	365
	606



	Krypton-81m 81mKr
	13.5 s
	g
	191
	—



	Nitrogen-13 13N
	10 min
	p
	511
	1199



	Oxygen-15 150
	2 min
	p
	511
	1732



	Selenium-75 75Se
	120 d
	g
	136, 265, 401
	—



	Strontium-89 89Sr
	50.7 d
	t
	—
	1492



	Technetium-99m 99mTc
	6 h
	g
	140
	—



	Thallium-201 201Tl
	3 d
	g
	71
	—



	Xenon-133 133Xe
	5.2 d
	g
	31, 81
	346



	Yttrium-90 90Y
	2.7 d
	t
	—
	2284






[image: image]


Main use: g = gamma camera, n = non-imaging diagnosis, p = PET, t = therapy.

Beta (Emax): maximum energy of continuous spectrum; mean energy = approximately one-third of Emax. Main source of decay data.1






Alpha Radiation

Alpha decay occurs only when a heavy nucleus ejects an alpha particle. The alpha particle (α) consists of two neutrons and two protons and is identical to a helium nucleus. Alpha particles interact strongly with matter, so have a very short range, typically 1 mm or less in tissue. Within this range, alpha particles repeatedly collide with molecules, disrupting their chemistry, which is extremely damaging in living tissue.

Historically, radium and radon were the principal alpha emitters of medical interest. These are no longer used in medicine. Other alpha emitters are being researched for therapeutic approaches using radiopharmaceuticals that can target the delivery of short half-life alpha emitters into cancerous cells.1 Due to their very short range, alpha particles have the potential to deliver a lethal radiation dose to small metastatic cell clusters, while mostly sparing the surrounding tissue. All work with alpha emitters must be conducted under very strictly controlled conditions. A significant health hazard would exist if these radionuclides were inadvertently ingested or inhaled, as cells lining the tracheobronchial tree or gastrointestinal tract would then receive high doses of radiation.




Beta Radiation

A beta particle (beta– or β–) is an electron emitted by a nucleus. Beta decay occurs in nuclei that contain an excess of neutrons. One of the neutrons (n) will convert to a proton (p+), an electron (e–) and a neutrino (v). This can be visualised as

n→p++β–+v+energy

[image: image]

The proton remains in the nucleus, and the beta and neutrino are emitted with high velocity. The electron and the neutrino share a set quantity of energy in variable proportions, so the electrons will have a continuous spectrum of energies.

An example of beta decay is that of strontium-89 89Sr:

3889​Sr → 3989Y+β–+v+energy

[image: image]

One of the neutrons has converted to a proton, increasing the atomic number from 38 to 39; strontium is converted to yttrium. The neutrino has an extremely small mass, no electric charge and interacts extremely weakly with matter. It will have no effect on the patient.

Beta particles cause damage to tissue in a similar manner to alphas, but less severely. They follow a zigzag path, undergoing many collisions with atoms. At each collision the beta gives up some of its energy, causing excitation and ionisation of the atoms. The range of betas depends on their initial energy and the electron density of the material. Typical ranges in tissue are a few millimetres; in air the range may be up to several metres.

Beta emitters are routinely used to deliver therapeutic radiation doses to tumours.




Positron Emission

A positron (beta+, β+ or e+) is a particle similar to an electron except that it has a positive electric charge. The decay process is a type of beta decay, except in this case the nucleus has an excess of protons rather than an excess of neutrons:

p+→n+β++v+energy

[image: image]

Positron emitters are used in PET imaging. An example is fluorine-18 (18F):

918​F → 818O+β++v+energy

[image: image]

The behaviour of positrons in tissue is very similar to beta particles, with one important difference: once a positron has been slowed down by atomic collisions, it is annihilated by interaction with an electron from a nearby atom. The combined mass of the β+ and e– is converted into two annihilation photons, each with energy 511 keV, in accordance with Einstein's famous equation, E = mc2:

β++e–→γ+γ

[image: image]

The two photons are emitted at 180° to each other, a property exploited by PET.




X and Gamma Radiation


Definitions

Gamma rays and X-rays are both a form of electromagnetic radiation, and have similar properties. The modern definitions are that gamma rays are emitted by an atomic nucleus in an excited state, whereas X-rays are the result of changes involving electrons.


Reactions that Produce X and Gamma Radiation

Some beta emitters produce gamma photons in the course of beta decay. The decay is a two-stage process, with beta emission leaving the nucleus in an excited state. The excited nucleus then decays to its stable daughter, emitting the excess energy as a gamma photon. There may be several possible excited states, each with a particular probability of occurrence. The result will be a range of gamma photons, each with its specific energy and probability. An example is the beta emitter 131I, used primarily for therapy, but whose principal gamma ray is used in imaging.

Certain excited nuclei do not decay immediately but remain in their excited state for some time. These nuclei are termed metastable. This type of decay is known as an isomeric transition (IT) because the parent and daughter nuclei are isomers; i.e. they contain the same number of protons and nuclei. An example is the metastable radionuclide of technetium, 99mTc, which emits a single gamma photon of energy 140 keV, and is the most commonly used radionuclide for imaging.

In many decay schemes, nuclear energy is transferred to the atom's orbital electrons. When the orbital electrons revert to their ground state they emit characteristic X-rays. In some cases, instead of producing an X-ray, the energy will eject an outer orbital electron as an Auger electron, with properties similar to a beta particle.

Electron capture (EC) is another radioactive decay process that can occur in a nucleus with excess protons. One of the orbital electrons is captured by a proton in the nucleus and changes the proton into a neutron. If the original nucleus has enough excess energy to produce two 511-keV photons, it may decay by either positron emission or electron capture. If the excess energy is less than 1022 keV, then positron emission cannot occur and electron capture is the only decay mode.

Electron capture can be visualised as

p++e–→n+v+energy

[image: image]

Some of the energy is carried off by the neutrino and some is transferred to the orbital electrons of the atom, resulting in characteristic X-rays and possibly Auger electrons. In some cases EC will leave the nucleus in an excited state, which will decay to its stable daughter by gamma emission.

Beta particles and Auger electrons can give rise to another form of radiation called bremsstrahlung (German for braking radiation). When a high-energy beta particle passes close to the nucleus of another atom, electrostatic attraction deflects and decelerates the beta particle, and its lost energy is converted to an X-ray photon (Fig. 6-6). This bremsstrahlung radiation has a continuous spectrum. The energy tends to be higher when the betas have high energy and the material they are passing through has a high atomic number. For this reason radiation shields for high-energy beta emitters are made of plastic which has a low atomic number.
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FIGURE 6-6 A fast-moving beta particle is deflected by a nucleus, producing a bremsstrahlung photon. (Redrawn from Hart G. Armes F 1992 Medical Physics for Advanced Level. Simon & Schuster Education, London.)











Interaction of X and Gamma Radiation with Matter

Two types of interaction are important in nuclear medicine (Fig. 6-7):


• In a photoelectric absorption, an atom absorbs all the energy of an incident photon. The photon ceases to exist but the energy is transferred to a photoelectron, which is ejected from the atom. This is the primary interaction of gamma photons in high atomic number materials such as those used in scintillation detectors.

• In a Compton scattering, the photon transfers only some of its energy to a recoil electron. As a result the photon is ‘scattered’ or deflected in a new direction with a lower energy. This is the primary interaction of gamma photons in tissue.



In both interactions an orbital electron is ejected. It will lose its energy locally in the same way as a beta particle. The Compton-scattered photon will subsequently undergo either another Compton scattering or photoelectric absorption.
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FIGURE 6-7 (A) Photoelectric absorption, (B) Compton scattering. (Redrawn from Hart G. Armes F 1992 Medical Physics for Advanced Level. Simon & Schuster Education, London.)





Unlike alphas and betas, gamma rays and X-rays do not have definite ranges but are attenuated on passing through matter. A certain fraction of the photons will pass through, the fraction depending on the material, its thickness and the energy of the photons. The stopping power of a particular material is defined by its linear attenuation coefficient µ and the amount of attenuation experienced by photons travelling through tissue is expressed as

C=C0e−μd

[image: image]

where C is the counts recorded after travelling a distance d through materials with attenuation coefficient µ, and C0 is the counts that would be detected in air.







The Gamma Camera

The main components of the gamma camera (Fig. 6-8), originally developed by Anger, are a scintillation detector coupled to a set of photomultipler tubes (PMTs).2 In front of the detector is a collimator, which limits detectable photons to those travelling ideally at right angles to the detector; without this the origin of the photons would be unknown. The crystal converts the incoming gamma ray to light, which is detected by the array of PMTs, which in turn convert the light to electrical signals. These signals are processed to determine the location on the detector and the energy of each detected photon; the photons of energy within a selected energy window are summed to form the image, which is stored on computer. Depending on the clinical information required, this computer may, for example, track changes with time, or utilise the data to reconstruct a tomographic set of slices similar to CT or MRI. A more detailed description follows.
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FIGURE 6-8 (A) A gamma camera. This model has two detectors mounted on the circular gantry ring to the left of the picture. SPECT studies are acquired by rotating these detectors around the patient. (B) Components of a modern ‘digital’ gamma camera with one analogue-to-digital converter (ADC) for each photomultiplier tube. (Image (A) courtesy of Siemens Medical Solutions.)






Detection System

The scintillator is usually a single crystal of sodium iodide doped with thallium (NaI(Tl)). It is typically large and rectangular, perhaps 40 × 55 cm, and usually 9.5 mm thick. When a gamma photon enters the crystal, electrons are ejected from their atomic orbits in photoelectric or Compton interactions (see above). The ejected electrons collide with nearby atoms in the crystal and energise them. The atoms of the crystal release their excess energy by scintillation, giving off a characteristic blue light. In most cases all the energy of the incoming gamma photon is converted to scintillation light.

Attached to the back of the crystal is an array of up to 90 PMTs. These extremely sensitive light detectors are coupled to the crystal with special grease to give maximum transmission of light from the crystal. Each PMT consists of an evacuated glass envelope, containing a series of electrodes. A scintillation photon striking the first electrode causes emission of an electron. This electron is accelerated towards the next electrode, which emits two or three electrons for every one striking it. This amplification process is repeated at each electrode in the cascade, until at the last electrode the signal may be amplified by a factor of about 1 million.

Image formation is accomplished by combining the signals from several PMTs. In the crystal, the scintillation light resulting from one gamma photon is given off in all directions, and is picked up by the nearby PMTs. From the relative size of signals from all the PMTs, the detector determines the position of the gamma photon's interaction in the crystal to within a few millimetres, even though each PMT is several centimetres in diameter.

It is important to exclude from the image radiation that has been scattered within the patient before interacting with the crystal. Ideally only those gamma rays that trace back to the distribution of radioactive material in the patient are used for image formation. Exclusion of scattered photons is made possible because the scattered rays have reduced energy (see above, Compton scattering). Figure 6-9 shows a typical energy spectrum for 99mTc displaying the number of events detected by the gamma camera across a range of photon energies. The tall peak, known as the photopeak, represents mainly unscattered gammas. These are recorded with an energy close to their original energy, which is 140 keV in the case of 99mTc (the spread around 140 keV is due to limited energy resolution in the detector: ~10% for NaI(Tl). The scattered gammas appear as the broad distribution to the left of the photopeak.
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FIGURE 6-9 99mTc spectrum and 20% energy window symmetrically placed around the primary emission at 140 keV. Note that some Compton scatter (dashed line) remains within the energy window around the photopeak.





The detector identifies the energy of each incoming gamma photon by summing the signals from all the PMTs. A suitable energy window is set around the photopeak as shown in Fig. 6-9. Each gamma within the energy window will register one count, and is saved in the pixel corresponding to the X and Y coordinates that denote the position of the photon interaction within the crystal. As most of the scattered gammas have energies outside the window, they are excluded from the image.




Collimators

Up to this point, only the physical steps involved in the detection of a gamma-ray interaction within the crystal have been discussed. To form a meaningful image of the distribution of radioactive material, a collimator is placed in front of the crystal to restrict the direction of gamma rays entering the crystal. Without a collimator, gamma rays arising from radioactivity in all parts of the body can strike all parts of the crystal and so no meaningful image would be formed.

The usual form of collimator is a honeycomb constructed in either lead or tungsten with an array of holes (typically 1.5–2.5 mm in diameter for a low-energy collimator) orientated perpendicular to the face of the crystal. Gamma rays that originate directly in front of a hole can pass through to the crystal, but rays arriving at an angle are stopped by the lead septa between the holes.

The performance of the collimator is determined by the number of holes, the diameter and length of each hole and the septal thickness. Collimators with differing performance can be chosen depending on the energy of the gamma rays being detected and whether high resolution or high sensitivity is needed. Due to thicker septa, collimators designed for high-energy isotopes generally have poorer resolution than those used for low-energy isotopes.

Several types of magnifying and minifying collimators have been used in the past. These have included converging, diverging and fan-beam collimators, all of which employ non-parallel arrangements of holes. The pinhole collimator (using principles similar to the pinhole camera) produces a magnified and inverted image by use of a small aperture.3 For planar imaging all of these collimators introduce spatial distortion as the scale of an anatomical feature depends on its distance from the detector. A range of collimators continue to be used on modern cameras, especially for tomography.

In a modern gamma camera, magnification is also controlled by choice of a zoom factor during acquisition. For a defined matrix size the choice of zoom factor limits the pixel size so as to cover only a portion of the detector's field-of-view.




Temporal Resolution

The speed at which a gamma camera can count incident photons is limited by the properties of the crystal and the electronics of the camera. The detector can only process one event at a time. After a photon is absorbed in the crystal, light will be emitted for a finite time. If a second photon hits the crystal during this ‘integration time’, the two photons will not be detected as separate events, but rather the signals will be summed to indicate a single detected photon with excess energy and misplaced position.

The capacity of the camera to record many scintillations rapidly is a function of the time for the electronics to process each event. The overall ‘dead time’ of a detector is that time during which the system cannot respond to a second incident photon. The count rate performance is described by the count rate at which there is a 20% loss of recorded scintillations due to dead time, which may then typically be around 250,000 counts per second. Most imaging is performed at count rates considerably less than this. Sometimes cameras have a high count rate mode with a slightly reduced integration time, and hence a reduced dead time, which can be used for quantitative dynamic studies with high count rates (e.g. radionuclide angiocardiography).




Techniques of Image Acquisition and Processing

A major strength of nuclear medicine imaging is its ability to show and quantify physiological function. This capability is supported by a range of acquisition protocols and image processing software. Planar images can be acquired in either static or dynamic mode, with the matrix size chosen so as to preserve the underlying resolution, which is largely determined by the collimator used. On some systems data can be acquired in list mode, which stores a list of the coordinates and energies for individual detected photons; these can be retrospectively framed, providing flexibility in choice of image parameters. Whole-body planar studies can be acquired by moving the patient linearly past the detector during acquisition. Gated studies can be acquired, using ECG (or respiratory) triggers to record data, sorted into short time frames following each trigger, accumulated over many triggers. In the case of ECG gating, the result is a series of images of the heart at points throughout the cardiac cycle that is built up over several hundred cardiac cycles. The different energy of single photon-emitting radionuclides can be used to advantage by simultaneously acquiring images from more than one radionuclide, using energy discrimination to separate the images.




Gamma Camera Limitations

The effects described here are not faults, but are inherent to the workings of gamma camera imaging. The resultant distortions of the image need to be understood and allowed for.


• The spatial resolution of a gamma camera is limited primarily by the size of the collimator holes and statistical variations in the distribution of light photons detected by the PMTs. A small radioactive source will appear as a broad 'blob' with a roughly Gaussian spread of counts. Manufacturers generally specify resolution in terms of full width at half maximum (FWHM) of this Gaussian distribution (Fig. 6-10A). A typical value 10 cm in front of a high-resolution low-energy collimator is 7–8 mm, and, for a high-sensitivity or a high-energy collimator, 10–12 mm. Note that resolution is degraded when the source is at a distance from the collimator (Fig. 6-10B).

[image: image][image: image]
FIGURE 6-10 (A) Full width at half maximum is a measure of the width of a peak, taken at half its maximum height. (B) The effect of distance on resolution. Gamma rays from source B will pass through a larger number of holes in the collimator, and activate a larger area of crystal. Resolution is therefore poorer for the more distant source B.





• A consequence of the limited resolution is the apparently reduced signal for small objects. When an object is smaller than the resolution of the camera, the measured signal is reduced in amplitude. For example, a tumour that is smaller than 2–3 times the FWHM will appear larger than its true size and will have reduced maximum counts compared to the counts expected from activity in the tumour. In nuclear medicine this is referred to as a partial volume effect, mainly of concern in emission tomography.

• Attenuation is the reduction in the number of gamma rays that reach the detector, due to absorption and scatter of photons in the patient. Patient tissue between the radioactive material and the detector can significantly reduce the radiation reaching the detector (Fig. 6-11). For 99mTc, a soft-tissue thickness of approximately 4.5 cm will reduce the recorded countrate to one-half. Accurate attenuation correction needs, as input, a map of the distribution of scattering material within the patient (see later section on SPECT).

[image: image]
FIGURE 6-11 (A) Simple illustration of reconstruction by filtered back projection. The cancellation of back projection errors as the number of projection angles increases can be seen. This is achieved using a ramp filter applied to projections. (B) Schematic of iterative reconstruction: the reconstructed image is obtained by ensuring that estimated projections match the measured projections.





• An important factor that affects image quality is the limited number of detected photons; the result is that images look noisy, having a speckled appearance. Although this can be improved by acquiring more counts, it will have consequences: lengthening the study risks the possibility of patient movement, increasing activity also increases radiation dose to the patient and changing collimators so as to improve sensitivity results in degraded resolution.

• Scattered radiation (Compton scattering) contributes photons that are misplaced in the form of a background ‘haze’ that tends to reduce contrast and obscure the signal. Much of the scattered radiation is eliminated by the selected photopeak energy window; however, scatter still typically constitutes approximately 30% of the recorded photons in this window.









Principles of Emission Tomography (PET and SPECT)

Emission tomography provides a means of displaying the complete 3D in vivo distribution of activity, rather than a planar projection, identical to the relationship between CT and planar X-ray imaging. Emission tomography is the general name that covers two closely related tomographic techniques, single photon emission computed tomography (SPECT) and positron emission tomography (PET). As the names suggest, these relate to the form of emission for the radionuclide used; single photon emission (as for radionuclides commonly used with the Anger gamma camera) or positron emission. Recall that, in the case of positron emission, the emitted charged positron travels a short distance in tissue, dissipating energy, before annihilating with an electron to produce two 511-keV photons travelling in opposite directions. It is these photons that are detected rather than the positron; so ‘dual photon’ emission rather than single photon emission! In this introductory section the basic principles of SPECT and PET are directly compared and the methods of tomographic reconstruction, which are essentially the same for both modalities, are discussed.

Both SPECT and PET were developed in the late 1960s and early 1970s, around the same time as the introduction of CT and MRI. SPECT found widespread use at an early stage, as it can be performed with only minor modification of the standard gamma camera as an option to planar imaging; acquisition simply involves rotation of the camera around the patient (most commonly with two detectors, rather than one). Images are acquired for a finite time (e.g. 30–40 s) at equally spaced angles around the patient, simultaneously acquiring data that can be used to reconstruct multiple tomographic axial images (not unlike modern multidetector CT systems). PET involves specifically designed instrumentation dedicated to tomographic imaging; as a more expensive, evolving technology, its use historically was in clinical research, but now it has an important role in clinical diagnosis and patient management. In the case of PET, multiple rings of detectors fully surround the patient so no rotation is necessary and fast dynamic acquisition is possible. The system checks pairs of detectors within a short time window for the ‘simultaneous’ detection of a pair of emitted annihilation photons: so-called coincidence detection. The event defines a line of response (LOR) between the two detectors that identifies the origin of the annihilation without the need for the physical collimation that is necessary in SPECT. As a result the PET system is much more sensitive than SPECT (typically around 100 times), and in modern clinical PET cameras resolution is roughly twice as good as SPECT (limited in SPECT due to the choice of collimation that balances resolution against sensitivity). Although appearing quite different from SPECT acquisition, the acquired PET data can be reorganised so as to represent a set of parallel projections, effectively the same as in SPECT; similar tomographic reconstruction can therefore be performed for both systems.


Tomographic Reconstruction

In the space available it is only possible to give an intuitive introduction to the reconstruction methods used in practice; for more information the reader is referred to Further Reading. Traditionally both SPECT and PET were reconstructed using filtered back projection, essentially the same algorithm as used in CT. However, more recently, PET, and increasingly SPECT, uses iterative reconstruction (also now becoming popular for CT).

The objective of reconstruction is to estimate the distribution of activity based on the measured projections. Consider the acquired counts at a point on a detector (or specific pair of PET detectors); the only information available is that these counts must have originated somewhere along the line perpendicular to the detector (or defined by the PET LOR); back projection simply assigns an equal probability that counts originate from locations along this line. This effectively smooths data along the back-projected lines, a step that can be exactly corrected by applying an appropriate filter (ramp). The result is filtered back projection (FBP) reconstruction which is sensitive to noise, with tendency for streaking artefacts (Fig. 6-11A).

The alternative iterative approach uses additional knowledge of the emission and acquisition processes to perform reconstruction without the need for filtering. The most commonly used iterative algorithm is maximum likelihood expectation maximisation (ML-EM)4,5 or its accelerated form, ordered subsets EM (OS-EM).6,7 These result in the activity distribution whose estimated projections best match the measured projections. The estimated projections are obtained by calculating the probability that photons will reach specific detectors, accounting for the system geometry and interaction of photons in the intervening tissues (e.g. due to attenuation or scatter); this system model is very flexible and can accommodate virtually any system design. The estimate has to be updated several times, accounting for differences between estimated and measured projections, before reaching an acceptable solution (i.e. involving an iterative loop) (Fig. 6-11B). The resulting reconstruction has attractive noise properties that improve the detection of small low-contrast lesions, of particular importance in PET oncological imaging.7




SPECT Design and Characteristics

As indicated above, most SPECT systems utilise conventional gamma cameras, mounted on a rotation-capable gantry. In early systems the rotation of the heavy shielded detectors was unstable, resulting in image artefacts. More recent systems rectify this, but acquisition continues to be relatively slow due to the poor system sensitivity (typical acquisition time is 10–20 min) and so fast dynamic acquisition is not normally possible. Gated acquisition can be performed, accumulating counts over an extended period.

Numerous organ-specific SPECT systems were developed, especially for brain imaging; however, few are now available as the demand was limited. One exception is the recent introduction of cardiac-specific systems, permitting fast SPECT acquisition for myocardial perfusion studies, an area where there are sufficient referrals to warrant dedicated design. The range of options includes use of small field-of-view cameras, desk-style systems for upright data acquisition, and even one that relies on rotating the patient rather than the camera. Of particular interest are systems that utilise solid state detectors (e.g. cadmium zinc telluride (CZT)) instead of NaI(Tl)). In these systems the interaction of photons in the pixelated detector leads to an induced charge which is directly measurable, avoiding light amplification and position estimation as in conventional detectors. The advantages of these systems include superior energy resolution (and better ability to discriminate radionuclides of different energies in dual radionuclide studies), high count-rate capability and compact design. Such systems (Fig. 6-12) include a novel system which uses multiple CZT detectors that rotate on their own axes, and one which uses multiple stationary pinhole collimators in association with CZT detectors. Interested readers are referred to relevant articles that describe these systems in detail.8–11 There has also been increased recent effort to design optimal systems for breast imaging.12
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FIGURE 6-12 A current generation dual-detector SPECT system (A) is much bulkier than the example of a system designed specifically for cardiac SPECT (D-SPECT: Spectrum Dynamics, Israel) (C). In the D-SPECT nine CZT detectors acquire during programmed rotation on their own axes so as to maximise counts from the cardiac region (D). The GE discovery NM570c uses similar CZT technology but is based on an array of fixed-position pinhole collimators (B).





SPECT images are degraded by attenuation, scatter, limited resolution and noise. Also the relatively long acquisition time means that patient motion is a definite concern. Accurate attenuation correction can easily be achieved by inclusion of an attenuation map in conjunction with iterative reconstruction;13 this information may be obtained from previously acquired CT or by using a hybrid SPECT-CT system (see later section on hybrid systems). Approximate corrections that simply estimate the average attenuation (e.g. Chang14) are not advisable if there is non-homogeneous attenuation such as in the thorax. Compton scatter accounts for up to 35% of the recorded photons in the photopeak, degrading image contrast. Practical solutions to correction include the subtraction of scatter acquired in adjacent energy windows or use of an appropriate scatter model.15,16 Due to collimator design, resolution which degrades at distance from the collimator face is of particular concern. Information on the resolution characteristics can also be included in the system model during reconstruction, with benefits both in contrast improvement and noise reduction.17 Alternatively, a range of techniques have been developed for correction of the partial volume losses and spillover effects that result from limited resolution. These tend to be application-specific, but are applicable to both SPECT and PET.18,19 With the long acquisition times used for SPECT it is hard to avoid patient motion, which can introduce serous artefacts. This is still largely overlooked despite early development of motion correction techniques.20 Despite the many limitations, careful correction of SPECT data can yield absolute quantification to within 5% for large objects,21,22 similar accuracy to that achieved with PET.




PET Design and Characteristics

Although sodium iodide detectors similar to those used in gamma cameras can be employed, the physical properties are less than ideal for the high-energy photons involved in PET. PET detectors typically use blocks of crystals using alternative scintillators such as bismuth germinate (BGO), lutetium oxyorthosilicate (LSO) or lutetium-yttrium oxyorthosilicate (LYSO). These detectors all have high density and so are efficient for stopping 511-keV photons, but they are also relatively ‘fast’, permitting coincidence detection at high counting rates. Lanthanum bromide (LaBr) is also promising but currently expensive.23 PET detectors surround the patient (Fig. 6-13) and acquire data from all angles simultaneously, which allows dynamic acquisitions with frame times as short as 1 s. Gated acquisitions are also possible.
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FIGURE 6-13 (A) PET detects the two colinear gammas that are emitted when a positron annihilates with an electron. The two photons are detected in coincidence, permitting localisation of a line-of-response. The image of the activity distribution is determined normally via iterative reconstruction. (B) Most PET detectors utlilise a block design with multiple crystals connected to a small number of photomultiplier tubes.





In 2D mode, each ring of detectors acquires independently, and only registers annihilations assumed to occur within a single plane. Lead septa between the rings absorb most oblique photons and prevent them from registering. As outlined above, using algorithms similar to SPECT, the data from each ring are reconstructed to form an axial image. The stack of transaxial images forms the complete tomographic data set. To increase sensitivity, each trans­axial slice includes coincidences between adjacent detector rings, with some loss of spatial resolution in the axial direction.

In 3D mode, the septa are removed, and sensitivity is greatly increased by acquiring coincidence events from any pair of detectors. Effective scatter correction algorithms compensate for the increased scatter resulting from the more open geometry. The 3D algorithms now used for image reconstruction simply extend the OS-EM system model to 3D; reconstruction is computationally demanding, but feasible on state-of-the-art processors.

Recently, a further option, time-of-flight, available in very early systems, was reintroduced.24 This involves measuring the difference in arrival time for the two annihilation photons, which determines the distance off-centre for the point of annihilation. If this could be accurately determined the exact point of emission could be directly estimated and tomographic reconstruction would not be necessary. However, uncertainty in timing leads currently to a fairly large uncertainty as to the point of annihilation (600 ps timing results in an uncertainty of 9 cm). Nevertheless, this information can be included in the reconstruction with a resulting gain in signal-to-noise up to a factor of two in large patients. Further improvements can be anticipated with use of yet faster detectors (e.g. LaBr) and improved electronics.

PET images are degraded by attenuation, scatter, random coincidences, dead time, limited resolution and noise. Attenuation correction is particularly important for PET because absorption or scatter of either of the pair of photons will result in loss of detection of the annihilation event. The resulting attenuation factors depend on the total patient thickness for each LOR, independent of source location along the LOR. Correction was traditionally applied by rescaling projections, but now the attenuation factors are included in the system model during iterative reconstruction. Spatial resolution of PET is limited by the length of the positron path (a few millimetres), non-colinearity of annihilation photons (about quarter of a degree) and the size of individual detectors. In most clinical systems reconstructed resolution is around 5–7 mm. Resolution modelling can be included in reconstruction, as in SPECT, but partial volume correction techniques are usually still required. As mentioned earlier, well-developed scatter models are used to correct for scatter,25 which would otherwise be problematic in 3D studies. Random coincidences result from simultaneous detection of two photons originating from two independent annihilations; these can be accurately corrected but contribute to the reconstructed noise.

Of particular appeal in PET is the range of radiopharmaceuticals that can be used. Most physiological molecules are made of carbon, nitrogen, oxygen and hydrogen, enabling them to be labelled with positron emitters 11C, 13N, 15O and 18F (in place of hydrogen); as a result a very wide range of labelled compounds can be used. For example, cellular uptake of the glucose analogue 18F-fluorodeoxyglucose (18F-FDG) reflects the rate of transmembranous exchange of glucose. Likewise, other tracers can be used to investigate fundamental molecular processes such as angiogenesis, hypoxia and apoptosis, as well as to explore various receptor systems. PET provides the clinician and researcher with a unique tool to study and quantify physiological and pathological functions of human tissues and organs. Examples of how PET radio­pharmaceuticals can be used to measure glucose and oxygen utilisation in tumours, or to quantify cerebral or myocardial blood flow, are given in subsequent chapters. Note, however, that most positron-emitting radionuclides have short half-lives and are cyclotron produced, necessitating an on-site cyclotron (with exception of 18F whose 110-min half-life permits delivery from a central supplier).




Hybrid Systems: SPECT-CT, PET-CT and PET-MRI

The development of SPECT-CT and PET-CT systems allows the superimposition or fusion of nuclear medicine and CT images, a technique known as functional–anatomical mapping26 (Fig. 6-1). In a range of clinical settings, images obtained using these hybrid devices have proved more diagnostically accurate than interpreting the two sets of images separately. Anatomical localisation can be difficult using PET or SPECT, as tracer distribution may not provide detail of exact location, especially if the tracer uptake is very specific; the hybrid systems provide not only localisation but also complementary information which aids in diagnosis. The combined imaging approach also allows functional data to be incorporated into the selection of radiation fields during radiotherapy planning, using the CT for registration to the planning simulator.

Hybrid systems were introduced at the turn of the century, initially SPECT-CT,27 closely followed by PET-CT.28 The CT image can be used for attenuation correction of the nuclear medicine image, with appropriate rescaling of the CT's Hounsfield units to attenuation coefficients specific to the emission energy. Attenuation correction can improve diagnostic performance by reducing artefacts that might appear on uncorrected images, for example in myocardial perfusion imaging (Fig. 6-14). By using a single gantry, errors due to movement of the patient between the CT and nuclear medicine acquisitions are also significantly reduced. However, respiratory motion can lead to a mismatch of organs near the diaphragm, particularly if patients hold their breath for the CT acquisition, but breathe naturally during the nuclear medicine study (Fig. 6-15). Respiratory gating of the nuclear medicine acquisition may lead to improvements in reconstructed contrast although correction for the respiratory mismatch requires sophisticated registration techniques, still under development.29 Positioning of the patient for hybrid imaging should also aim to optimise the quality of CT images. In particular, when imaging the chest and abdomen, it is important to have the patient's arms raised to avoid beam-hardening artefacts which can significantly obscure anatomical detail in CT images.
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FIGURE 6-14 Myocardial perfusion images displayed in vertical long-axis format. The upper row (A) shows an artefactual reduction in uptake in the inferior wall (arrow) due to attenuation of gamma photons by the diaphragm. This artefact is removed by CT attenuation correction (lower row: B).
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FIGURE 6-15 PET-CT study in which the CT data (right) has been used for attenuation correction of the PET image (left). A crescent of lung just cranial to the left hemidiaphragm (arrow) demonstrates reduced activity—an artefact due to differences in the position of the left hemidiaphragm between acquisition of CT and PET data.





PET-CT has totally replaced dedicated PET, partly due to the improved efficiency of attenuation measurement, but more specifically due to the proven improvement in diagnostic value in combining the modalities. A greater throughput of patients is achievable with PET-CT due to the shorter acquisition time of the CT as compared to the external source transmission images previously performed using dedicated PET systems. The acceptance of SPECT-CT has been much slower, although the number of hybrid systems is now increasing. The early systems that used CT primarily for attenuation correction, with limited localisation capability, are now being replaced by diagnostic-quality CT in most systems. Given that on most systems SPECT remains an option, with instruments continuing to be used for both planar and SPECT imaging, the added cost of a full diagnostic CT can be hard to justify. Consequently some lower-cost alternatives continue to be available.

The incorporation of diagnostic-quality CT systems into PET-CT and SPECT-CT systems provides opportunities to use the CT component of the imaging device to greater effect, including the use of oral and intravenous contrast material, CT perfusion imaging and hybrid 3D image reconstruction (Fig. 6-16).30
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FIGURE 6-16 Hybrid 3D SPECT-CT image showing uptake of 99mTc polyphosphate in the second metatarsal neck due to a stress fracture. The radioisotope uptake is displayed on a 3D reconstruction of CT images of the foot.





Quite recently combined PET-MRI systems have become commercially available. This has required significant technological development with the adoption of components that are compatible with the high magnetic fields experienced in MRI.31 The PMTs that are used in both PET and SPECT cannot operate in a magnetic field and so solid state alternatives such as avalanche photodiodes (APD) or silicon photomultipliers have to be used. At the time of writing only one supplier has a fully integrated simultaneous PET-MRI system,32 while others use independent gantries with a common examination table that permits efficient sequential data acquisition. The simultaneous system clearly is attractive as far as the patient is concerned as this combines two relatively lengthy studies into a single study that occupies shorter acquisition time (typically 30 min). Use of the MRI for attenuation correction is not straightforward as tissues must be identified in order to allocate suitable attenuation properties. There are areas of the body where the much improved MRI contrast compared to CT is particularly useful (e.g. gynaecological oncology) (Fig. 6-17). The clinical potential for these systems has not yet been fully realised although there are high expectations regarding the wealth of complementary information available.
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FIGURE 6-17 Example of large gynaecological tumour, studied by simultaneous PET-MRI. Of note is the excellent registration demonstrating metabolic differences for different parts of the tumour. (Courtesy of Institute of Nuclear Medicine, University College Hospital, London.)











Quantification and Image Processing

Processing computers provide a range of software to extract quantitative data reflecting clinically relevant physiological parameters from data acquired either with gamma cameras, SPECT or PET. Dynamic and gated tomographic acquisitions generate particularly large quantities of data. Basic processing functions are as follows.


General Processing

Commercial systems are supplied with user-friendly software to perform basic operations on acquired data such as definition of 2D regions of interest (ROIs) or 3D volumes of interest and generation of time–activity curves as well as fairly basic operations for both images and curves (arithmetic operation, filtering). Software is normally provided to generate quantitative functional parameters from commonly used planar studies (e.g. ejection fraction, differential renal function). Third-party software is usually required for more sophisticated tasks such as curve fitting, tracer kinetic modelling and statistical image analysis (e.g. to highlight areas of significant change compared to a normal database). Examples of software widely used for brain analysis are Neurostat33 and statistical parametric mapping (SPM).34




Quantification

For tomography, quantification requires careful attention to corrections for attenuation and scatter as well as correction for partial volume effects. In general, attenuation correction software is well established. However, although scatter correction models tend to be standard for PET, the sophistication of scatter correction available commercially for SPECT is varied (see Hutton et al.).16 There are a range of methods used for partial volume correction for both SPECT and PET, and in general these have not been standardised for commercial use.19 There remains considerable variation in methods adopted across different laboratories and significant variation in results, which is a cause of concern currently being addressed by international organisations (e.g. both European and North American societies of nuclear medicine and cancer research organisations).

Quite commonly in emission tomography, especially in PET, measurements of activity within an ROI are often compared to activity within a reference region (e.g. target-to-background ratio). Also the uptake of radio­tracer in tissue may be normalised to injected dose as in the standardised uptake value (SUV):

SUV=Activity per unit mass of tissueInjected activity per unit body mass

[image: image]

Estimation of SUVs may be affected by choice of ROI, time since injection of the radiopharmaceutical and by some of the camera limitations discussed above. For a discussion of these factors, and of how uptake may be affected by clinical considerations, see Thie.35 SUV measurements are more commonly used in PET.




Image Registration

Image registration is the geometric alignment of two images. In tomography the process of registration normally involves the transformation of one 3D set of images (either rigid or non-rigid) so as to maximise the similarity with a second set of images. Various similarity measures are used, depending on the specific application. There are two fundamentally different applications:


• In dealing with images from one patient, registration may align different examinations (e.g. SPECT or PET to CT) or may be used to correct for patient motion. Software may operate automatically, or with shifts and rotations determined by the operator. Hybrid systems facilitate alignment, although, since images are usually acquired sequentially, registration may still be necessary.

• A patient's images may also be compared against those of another individual or group by stereotactic normalisation or warping. The images are deformed to make them the same size and shape. This technique has found application in brain imaging, where an individual's image is compared to a ‘normal’ database or atlas, usually a composite formed by warping images obtained from several normal subjects. Similarly, registration is necessary when performing group analysis (e.g. diseased subjects versus normal controls).



Full description is beyond the scope of this chapter; interested readers are referred to relevant texts listed in Further Reading.







Image Interpretation

The processes of acquiring radionuclide images, along with the focus on depiction on function rather than structure, result in the need for an approach to image interpretation that differs in some aspects from other imaging techniques.

Image annotation is important for radionuclide images which may have few anatomical landmarks to help orientation. Unlike conventional radiography, planar images obtained with a gamma camera may differ considerably depending on whether they have been acquired from the anterior or posterior aspect of the patient (Fig. 6-18). This difference is due to attenuation and scatter of radiation emitted by structures further from the camera. The resulting images are displayed in the orientation in which they are acquired. Thus, a posterior view will be orientated with the patient's right-hand side on the right side of the image. Tomographic views from SPECT and PET are displayed in accordance with the same conventions used for other cross-sectional imaging techniques.

[image: image]
FIGURE 6-18 Bone scintigram in a child with osteomyelitis of the left distal femur acquired using 99mTc methylene diphosphonate. The distribution of the radiopharmaceutical changes between the early tissue phase images (A, B) and the delayed images (C, D). The bones are visualised more clearly on later images. The epiphyseal plates show increased uptake, a normal finding in children. There are differences between the corresponding anterior and posterior projections and right–left (R–L) annotation on anterior and posterior images.





Image artefacts may be caused by the gamma camera being out of adjustment or by inappropriate selection of imaging conditions by the operator. Any geometrical or non-anatomical shape on an image is likely to be a camera artefact. The detection of artefacts is improved by: (A) being familiar with their typical appearance; (B) adjustment of the grey scale; and (C) varying one's distance from the computer screen. The examples below are restricted to artefacts that occur in patient images, i.e. those that are of concern to clinicians. Technical staff will be concerned also with the artefacts of quality-control images. Busemann Sokole's ‘Atlas’ (see Further Reading) illustrates and explains a comprehensive range of gamma camera artefacts. The detection and understanding of artefacts is an essential aspect of quality assurance. Firstly, artefacts can distort images and therefore an understanding of them is essential to the interpretation of patients' images. Secondly, certain artefacts indicate camera faults or poor working practice, and these will need to be corrected.

Knowledge of the normal biodistribution of the injected radiopharmaceutical is essential for accurate interpretation, just as knowledge of normal anatomy is required for other imaging techniques. It is also important to be aware of how the distribution changes with time and with the age of the patient. For example, skeletal scintigraphy in a child will show normal epiphyseal activity related to growth, an appearance that is lost in the mature skeleton (Fig. 6-18).

An unusual distribution of radioactivity may not necessarily indicate disease. Some normal tissues will show variable uptake of a radiopharmaceutical; for example, breast uptake of 67Ga-gallium citrate, or uptake of 18F-FDG in brown fat within the neck and superior mediastinum. The radiochemical purity may be poor; for example, an excess of unbound technetium, not combined in the intended form, would accumulate in the thyroid. The possibility that the patient may have been given the wrong radiopharmaceutical also needs to be considered.

Radiodistribution is affected by patient preparation. Factors such as hydration, fasting and the patient's medication are important in certain studies. Radioactive contamination will show up on images. Radiopharmaceuticals excreted in the urine may contaminate clothes or skin following micturition. Other examples include extravasation of radiopharmaceutical at a site of venous injection, a contaminated injection swab in a patient's pocket and contamination transferred from the fingers to the patient's skin or the camera. Motion of the patient during image acquisition will lead to loss of resolution and may produce other artefacts.

Abnormal biodistribution caused by disease can comprise either increased or decreased uptake of radiopharmaceutical, depending on whether the pathological process concerned results in loss or upregulation of the mechanism of uptake. Some radiopharmaceuticals have highly specific uptake mechanisms and failure to demonstrate a site of disease may be due to absence of the uptake mechanism in that particular case. Such instances may not represent diagnostic failures because demonstrating the lack of uptake can have important implications for subsequent clinical management. For example, a tumour that fails to accumulate the somatostatin analogue 111In-octreotide will not be suitable for subsequent octreotide therapy.

Abnormalities in non-target organs can provide clinical information relevant to the disease under study or indicate a new concomitant diagnosis. For example, skeletal scintigraphy looking for metastatic cancer as a cause of back pain may reveal incidental renal obstruction or occasionally demonstrate uptake in additional hepatic metastases.

Interpretation of images from hybrid devices requires skills that are additional to those involved in reporting each imaging investigation in isolation. Some image artefacts are specific to hybrid imaging devices (see above). Furthermore, the anatomical appearances of lesions can modify the interpretation of the radionuclide image data and vice versa. For example, such combined interpretation can aid the distinction of malignant and inflammatory causes of uptake of the positron-emitting radiopharmaceutical 18F-FDG. With the explosion in numbers of hybrid systems, there is an increasing need for clinicians proficient in interpreting both nuclear medicine and radiological images (CT and MRI).36




Non-Imaging Applications

Most nuclear medicine departments also use radionuclides for therapeutic administrations and non-imaging diagnostic tests. Beta-emitting radionuclides are most commonly used for therapy as they deliver most of the radiation dose locally. Examples are iodine-131 (131I) for thyrotoxicosis and thyroid cancer, phosphorus-32 (32P) for polycythaemia vera, yttrium-90 (90Y) for arthritic conditions and strontium-89 (89Sr) for bone metastases.

There is a range of non-imaging tests, most of which involve administering radiopharmaceuticals to patients and measuring the radioactive content of plasma, urine, faeces, or breath samples. There is a larger range of usable radionuclides for these purposes than there is for imaging, as in samples it is possible to detect lower-energy photon emissions (e.g. from iodine-125 (125I)) or even beta emissions (e.g. from carbon-14 (14C) and tritium (3H)). One of the commonest non-imaging tests is the measurement of glomerular filtration rate (GFR) with chromium-51 (51Cr) EDTA. Red blood cells labelled with 51Cr can be used to document splenic sequestration and decreased red cell survival in patients with suspected haemolysis, or increased red cell mass in patients with polycythaemia vera. The urinary excretion of cyanocobalamin labelled with cobalt-57 (57Co) can be used to diagnose vitamin B12 malabsorption (Schilling's test).

An emerging application of radionuclides entails the use of a gamma probe during surgery to identify surgically relevant structures that have accumulated radio­activity following a preoperative administration. One example is sentinel node biopsy during surgery for breast cancer. The sentinel node is the first lymph node in a nodal bed to receive drainage from a tumour, and examination of this node will demonstrate metastasis if any lymphatic spread has occurred. A peritumoural and/or periareolar injection of 99mTc nanocolloid is given preoperatively. During surgery a gamma probe is used to identify the sentinel node to allow its removal and histological examination. If no tumour is found, dissection and removal of the remaining nodes in that group can be safely avoided. The inclusion of SPECT-CT imaging alongside this technique can further assist in directing the surgeon to the anatomical location of the sentinel node (Fig. 6-19).

[image: image]
FIGURE 6-19 SPECT-CT images in (A) transaxial, (B) coronal and (C) sagittal format following periareolar injection of 99mTc colloid into the right breast in a patient with breast cancer. Hybrid imaging shows the precise location of the sentinel node, which has accumulated the radiopharmaceutical.








Radiopharmaceuticals

Radiopharmaceuticals must be viewed in terms of their biological behaviour, their mode of radioactive decay and the radiation dose to the patient. The biological behaviour of a particular radiopharmaceutical is defined by its physical and chemical properties and determines its localisation in a specific organ or compartment within the body at particular times following injection. The mode of radioactive decay determines the radiation dose to the patient, as well as the imaging properties needed by the detection system.

Large numbers of emitted photons are needed for the accurate temporal and spatial localisation of a radiopharmaceutical. Short-lived isotopes that can be given in large doses to yield high count rates over a relatively short period of time are desirable so that the count rates are high, yet with a low total body radiation. While it is desirable for an isotope to have the shortest practical half-life, this must be compatible with the duration of the physiological process being studied. Any isotope that decays away before completion of the biological process under study would obviously be of little clinical use. The energy of the emitted gamma ray is also important for its efficient detection by a gamma camera. For conventional collimated single-photon imaging, gamma rays in the energy range 75–300 keV are most suitable.

Pure gamma emitters (e.g.99mTc) are preferred whenever possible because beta particles give patients very much higher doses of radiation without contributing to the image. As the higher-dose investigations carry a theoretical lifetime cancer risk in the region of 1 in 1000, it is important to avoid unnecessary administration.

Practical considerations concerning the availability and storage of isotopes also ultimately determine the usefulness of the given radiopharmaceutical. Technetium-99m is the most frequently used radionuclide in nuclear medicine today. Its parent nuclide, molybdenum-99 (99Mo), can be produced in either a reactor or a cyclotron. 99Mo has a half-life of 66 h and therefore 99Mo/99mTc generators can conveniently be supplied weekly to nuclear medicine departments, providing a fresh daily supply of the radionuclide. The 6-h half-life of 99mTc is sufficiently long for most imaging applications and its 140-keV gamma radiation has reasonable tissue penetration but can still be easily collimated.99mTc can be administered in free form as the pertechnetate ion (TcO4); however, owing to its diverse chemistry, it can also be incorporated into various pharmaceuticals for visualisation of different organ systems.

PET imaging requires positron emitters, which are typically produced in a cyclotron by irradiating a target material with a beam of charged particles. The need for a dedicated on-site cyclotron for the production of short-lived radiopharmaceuticals restricts the widespread availability of 11C, 13N and 15O. 18F has a longer half-life of 109 min, and can be distributed by commercially operated central pharmacies. Generators that produce positron-emitting radioisotopes are now becoming available: for example, the 68Ge/68Ga and the 82Sr/82Rb generators.

Common adverse, non-specific reactions such as vasovagal reactions with syncope, hypotension and diaphoresis can occur with the intravenous administration of any drug and are not specific for radiopharmaceuticals. Significant allergic reactions, which include urticaria (hives), bronchospasm and anaphylaxis, are extremely rare when administering radiopharmaceuticals. In a study of over 750,000 radiopharmaceutical injections, no adverse reactions were severe enough to require hospitalisation.37 The 95% confidence interval for the prevalence of either a ‘possible’ or ‘probable’ reaction was 0.001–0.0003%. This compares to 4–13% for X-ray contrast agents (ionic) and 0.7–15% for all drugs administered in a hospital setting. The commonest reaction was a rash. One of the few caveats for the administration of a radiopharmaceutical is the injection of macroaggregated albumin for lung perfusion in patients with severe pulmonary hypertension. In these patients, a sudden increase in vascular pulmonary resistance due to capillary blockade by the radiopharmaceutical could exacerbate right-heart failure. Albumin macroaggregates are also contraindicated in patients with a history of hypersensitivity reactions to albumin products.

A list of important radiopharmaceuticals applicable to a range of clinical problems is given in Table 6-2. Basic scientific research in molecular nuclear medicine currently conducted in most laboratories is aimed at designing more specific molecules to detect cells and tissues with genomic abnormalities.


TABLE 6-2

Radiopharmaceuticals Commonly Used for a Range of Clinical Problems



	Clinical Problem
	Imaging Technique
	Radiopharmaceutical
	Biological Behaviour



	Head


	Cerebrovascular accident
	Cerebral perfusion SPECT
	
99mTc HMPAO
	Uptake proportional to blood flow



	Hydrocephalus
CSF rhinorrhoea
	Cerebrospinal fluid (CSF) study
	
111ln DTPA (intrathecal)
	Marker of CSF flow



	Encephalitis
	Blood–brain barrier (BBB) study
	
99mTc HMPAO
	Passage across disrupted BBB



	Dementia
	Cerebral perfusion SPECT
	
99mTc HMPAO
	Uptake proportional to blood flow



	
	Cerebral metabolism PET
	
18F fluorodeoxyglucose
	Marker of glucose metabolism



	Epilepsy (presurgical localisation)
	Ictal SPECT
	
99mTc HMPAO
	Uptake proportional to blood flow



	
	Interictal PET
	
18F fluorodeoxyglucose
	Marker of glucose metabolism


	Neck


	Thyrotoxicosis
	
	
123l sodium iodide
	Active uptake (123l and 99mTc) followed by



	Thyroid nodule
	Thyroid scintigraphy
	
99mTc pertechnetate
	organification (123l)



	Ectopic thyroid J
	
	
	



	Hyperparathyroidism (presurgical localisation)
	Parathyroid scintigraphy
	
99mTc MIBI
	Differential expression of p-glycoprotein between parathyroid adenoma and thyroid



	Dry mouth (connective tissue disease)
	Salivary gland study
	
99mTc pertechnetate
	Secretion in saliva


	Musculoskeletal System


	Tumour
	
	
	



	Fracture
	
	
	



	Avascular necrosis
	Bone scintigraphy
	
99mTc polyphosphate compounds
	Osteoblastic response (+ vascularity on early phases)



	Arthropathy
	
	
	



	Metabolic bone disease
	
	
	



	Painful prosthesis
Osteomyelitis
	Bone scintigraphy + white cell or gallium scintigraphy
	
99mTc polyphosphate
	Osteoblastic activity



	
	
	
99mTc or 111ln leucocytes
	Leucocyte migration



	
	
	
67Ga gallium citrate
	Binds to transferrin and leaks into extravascular space



	Lymphoedema
	Lymphoscintigraphy
	
99mTc nanocolloid
	Lymphatic uptake and trapping


	Cardiovascular System


	Chest pain
	Myocardial perfusion scan
	
201Tl (thallous chloride)
	K+ analogue indicating perfusion (ischaemic heart disease) (delayed uptake reflects viability)



	
	
	
99mTc isonitriles
	Cationic complexes taken up by myocytes in proportion to blood flow



	
	
	
99mTc teboroxime
	Lipophilic compound which accumulates by diffusion



	
	
	
99mTc phosphines
	Uptake proportional to blood flow



	Cardiac failure
	Cardiac ventriculography (gated study)
	
99mTc red blood cells
	Blood pool label



	
	Myocardial viability study
	
18F fluorodeoxyglucose
123l fatty acids
	Demonstrates shift from metabolism of fatty acids to glucose



	Pulmonary embolism
	Ventilation/perfusion (V/Q) scan
	Perfusion: 99mTc albumin
	Pulmonary arteriole blockade



	
	
	Macroaggregates
	Distributes in lungs in proportion to gas regional ventilation



	
	
	Ventilation: 99mTc aerosols
133Xe gas, 81mKr gas



	Congenital heart disease
	Quantitative shunt study
	
99mTc red blood cells
	Blood pool label


	Pulmonary System


	Solitary pulmonary nodule
	Tumour imaging
	
18F fluorodeoxyglucose
	Marker of glucose metabolism



	Occult lung disease (alveolitis)
	Alveolar permeability study
	
99mTc DPTA aerosol
	Passage across alveolar membrane into blood


	Gastrointestinal System


	Difficulty in swallowing
	Oesophageal transit and reflux
	
99mTc sulphur colloid
	Transit of labelled material



	Gastrointestinal haemorrhage
	Gl bleed study
	
99mTc sulphur colloid
99mTc-labelled red cells
	Blood pool label extravasating into bowel



	Ectopic gastric mucosa
	Meckel's diverticulum scintigraphy
	
99mTc pertechnetate
	Active uptake by ectopic gastric mucosa



	Diarrhoea (inflammatory bowel disease)
	White cell scintigraphy
	
99mTc leucocytes
	Leucocyte migration



	Vomiting (gastroparesis)
Dumping
	Gastric emptying study
	
99mTc sulphur colloid in egg (solid phase), 111ln DTPA in orange juice (liquid phase)
	Compartmental localisation of labelled material



	Focal liver lesion (haemangioma)
	Red blood cell study
	
99mTc-labelled red blood cells
	Red cell pooling



	Cholecystitis
Biliary dyskinesia
	Hepatobiliary study
	
99mTc iminodiacetic acid derivatives
	Uptake by hepatocytes and excretion into bile



	Biliary atresia
	
	
	



	Bile leak (post-op)
	
	
	



	Abdominal sepsis
	White cell or gallium scintigraphy
	
99mTc or 111In leucocytes
	Leucocyte migration



	Pyrexia of unknown origin
	
	
67Ga gallium citrate
	Binds to transferrin and leaks into extravascular space



	Ectopic splenic tissue
	Splenic scintigraphy
	Heat-damaged, 99mTc-labelled red blood cells
	Splenic trapping of damaged cells


	Urological, Adrenal and Genitourinary Systems


	Hypertension (renovascular disease)
	Captopril renography
	
99mTc MAG3
	Captopril-induced change in renal transit time and/or function



	Renal tract obstruction
	Diuresis renography
	
99mTc DTPA
99mTc MAG3
	Glomerular filtration
Proximal tubular secretion



	Renal scarring
	Static renal scintigraphy
	
99mTc DMSA
	Glomerular filtration and proximal tubular uptake



	Vesicoureteric reflux
	Indirect micturating cystogram
	
99mTc MAG3
	Compartmental localisation



	Adrenal medullary tumour
	Adrenal study
	
123l MIBG
	Uptake by noradrenaline transporter



	Adrenal cortical tumour
	Adrenal study
	
123l iodocholesterol
	Incorporation into hormone metabolism


	Cancer


	Space-occupying lesion in brain (SOL)
	Tumour imaging
	
201Tl (thallous chloride)
18F fluorodeoxyglucose
	K+ analogue indicating perfusion
Marker of glucose metabolism



	Thyroid cancer
	Whole-body iodine scintigram
	
131l sodium iodide
	Uptake by Na/I transporter



	Skeletal metastases
	Bone scintigraphy
	
99mTc polyphosphate
	Osteoblastic response



	
Soft-tissue mass (sarcoma)
	Tumour imaging
	
201Tl (thallous chloride)
18F fluorodeoxyglucose
	K+ analogue indicating perfusion
Marker of glucose metabolism



	Tumour staging
	
	
	



	Tumour recurrence
	Tumour imaging
	
18F fluorodeoxyglucose
	Tumour glucose metabolism



	Tumour response assessment
	
	
	



	Insulinoma
	Somatostatin receptor study
	
111ln pentetreotide (octreotide)
	Binds to somatostatin receptors



	Carcinoid tumour
	
	
	



	Neuroblastoma
	MIBG scintigram
	
123l MIBG
	Uptake by noradrenaline transporter



	Tumour hypoxia
	Hypoxia imaging
	
18F fluoromisonidazole
	Trapped in hypoxic cells



	Sentinel node detection
	Lymphoscintigraphy
	
99mTc nanocolloid
	Lymphatic uptake and trapping






[image: image][image: image]


Based on EC Referral Guidelines for Imaging.15



For a full list of references, please see ExpertConsult.
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Historically, radiological methods have been seen as tools for anatomical rather than functional imaging. The exception to this has been in nuclear medicine, where a huge array of radio-pharmaceuticals with different pharmacokinetic and imaging properties are used to image many aspects of physiology and pathophysiology. Of late, however, the traditional division has become blurred in some areas, notably perfusion and blood volume imaging. The cross-sectional techniques, in particular, have increasingly come to be seen as important tools for functional and physiological imaging. Nuclear medicine has shown that functional and physiological imaging offers two advantages over a purely structural approach: (A) the potential for earlier diagnosis before anatomical changes have developed; and (B) a closer correlation between the functional status of disease and clinical outcome which translates to improved clinical decision-making. Many of the methods developed for nuclear medicine can be applied to magnet resonance (MR), computed tomography (CT) and ultrasound (US) to produce techniques that combine the benefits of functional imaging with the high spatial resolution achieved with modern equipment.

In recent years, research initiatives in the biological sciences, such as the ‘human genome project’, have focused the understanding of medicine to the level of molecular biology. Diagnostic imaging has by no means been immune to this change, and increasingly imaging is not only understood in terms of molecular processes but also is used to demonstrate these processes in vivo. Although the resolution of diagnostic imaging techniques is clearly insufficient to depict individual molecules, a range of functional and physiological imaging characteristics can act as correlates for the activity of particular molecular and genetic processes. This approach has been dubbed ‘molecular imaging’.

It is important, however, to realise that functional imaging in its widest sense has always been an inextricable part of radiology. Many everyday imaging methods, such as Doppler ultrasound, intravenous urography, or an expiratory chest CT, are as much ‘functional’ as ‘anatomical’ techniques. To describe all such applications would require coverage of a significant part of the whole subject of radiology, and is beyond the scope of this chapter, which instead focuses on two areas: the first—physiological imaging with contrast media—describes how tracer kinetic methods in general, developed for nuclear medicine and in turn derived from classic physiological principles, can be applied to a variety of imaging applications; the second—principles of molecular imaging—outlines, with examples, the general approaches by which imaging can be used to study molecular and genetic processes. Only limited coverage will be given to the hugely important subject of physiological and molecular imaging with nuclear medicine and positron emission tomography (PET), as this is discussed in more detail elsewhere. For simplicity also, many other extremely important applications of MR to functional imaging—including functional brain MR using intrinsic contrast methods, notably blood oxygenation level-dependent (BOLD) studies, magnetic resonance spectroscopy and diffusion/perfusion-weighted sequences—are omitted as they are also described in detail elsewhere.


Physiological Imaging with Contrast Media


Why Use Kinetic Modelling?

In diagnostic imaging, contrast agents are generally used to highlight anatomical structures or pathological features that are otherwise difficult or impossible to see (e.g. blood vessels, kidneys, liver metastases). Such structures are often said to ‘enhance’ following the administration of contrast agent. Frequently, basic information about the functional status of these structures can be inferred from visual inspection of contrast-enhanced images. For example, a kidney that does not opacify after administration of standard X-ray contrast agent may be deduced to be non-functioning. Similarly, structures that are judged to opacify to a greater or lesser degree, or at an earlier or later time than normal, may be considered to exhibit altered function. The degree of functional change can be assessed by visual grading or measurement of the amount of enhancement. Although readily obtainable, these semiquantitative approaches have significant constraints, most notably a poor or indirect relationship between the amount of enhancement and the physiological process assessed. For instance, reduced enhancement in a kidney may be due to a general reduction in cardiac output rather than impaired renal function. To overcome such constraints, it is possible to create models that describe how enhancement changes over time, encompassing a range of physiological factors and weighting each factor appropriately. By representing these models as mathematical formulae, it is possible to derive more precise measurements of individual physiological processes. This mathematical analysis is known as ‘kinetic modelling’. Because the pattern of contrast enhancement is determined by particular physiological processes, contrast agent can be considered to be a ‘tracer’.

In order to use tracer kinetic methods in a meaningful manner, several requirements need to be met. Firstly, it is important to be able to model the pharmacokinetics of the contrast agent, or tracer, being used. Secondly, it must be possible to measure contrast agent concentration, or at least to be able to compare it in different areas. Appropriate mathematical methods can then be used to calculate a variety of physiological indices of clinical value. These functional indices can then be calculated directly or displayed as a parametric ‘functional image’ co-registered with an anatomical image.




Contrast Agent Pharmacokinetics

Although all types of contrast agent can be used as tools for functional imaging, it is crucial to understand their different kinetics. For example, the conventional iodinated X-ray and gadolinium chelate MR contrast media are relatively small molecules (about 1000 Da), which pass rapidly from plasma into the interstitial fluid in most tissues of the body, with subsequent excretion into the urine. However, transfer into the extracellular space does not occur in the brain where the blood–brain barrier prevents these molecules leaving the intravascular space. Thus these agents can, in principle, be used for measuring various indices of vascularity, such as fractional vascular volume (FVV) and perfusion (i.e. flow per unit volume or mass of tissue). They are also well suited for estimating the rate of efflux into interstitial compartments (loosely speaking, vascular ‘leakiness’). These applications are discussed in more detail below.

Some types of contrast agent, such as microbubbles (ultrasound contrast agents), remain intravascular and therefore act as blood pool markers similar to technetium (99mTc)-labelled red blood cells. These agents are highly suitable for measuring indices of the blood volume and perfusion in all organs and show great promise as a tool for measuring transit times through the vessels of various organ beds. Some contrast agents are selectively taken up into the reticuloendothelial system of the liver and spleen. Colloidal agents have these properties and have long been available in nuclear medicine; similar kinetics apply to the superparamagnetic iron oxide (SPIO) contrast agents in MR and to some liver-specific microbubbles. Additional contrast agents are available with selectivity for other tissues such as the biliary system (gadolinium ethoxybenzyl diethylenetriaminepentaacetic acid, or Gd-EOB-DTPA; 99mTc-dimethyl-iminodiacetic acid, or HIDA) or pancreas (manganese dipyridoxyl diphosphate, or Mn-DPDP). In principle, uptake rates into these different types of tissue can be measured. A number of freely diffusible gases can also be used for functional imaging studies, such as xenon for CT and MR, and hyperpolarised helium in MR. These gases potentially lend themselves to the measurement of blood flow indices.




Measurement of Tracer Concentration

In some aspects, the measurement of the in vivo concentration of contrast agents is simpler than measurement of signals from radionuclides. For example, there is less need to make corrections for factors such as tissue attenuation. The higher spatial resolution of CT, MR and US means that regions of interest can be placed more accurately over specific structures in which the tracer concentration is to be measured. Difficulty of obtaining data with a sufficiently high temporal resolution in a particular scan plane is another limitation of conventional nuclear medicine techniques. On the other hand, the sensitivity of radionuclide imaging means that lower concentrations of tracer are measurable using nuclear medicine techniques other than CT, MR or US.

The concentration of X-ray contrast agents can be measured with particular ease using CT. There is a linear relationship between the increase in attenuation and iodine concentration1 in the absence of artefacts such as significant beam hardening. The precise relationship depends upon X-ray tube voltage, the age of the X-ray tube and the design of the CT system; however, in general, an increase in iodine density of 1 mg/mL will increase attenuation in a voxel by 25–30 HU. For practical purposes, therefore, a baseline-subtracted time–attenuation curve on CT after a bolus injection of contrast agent can be treated as a scaled time–concentration curve. This linearity is a particular advantage of CT.

Recent developments in CT technology have established dynamic contrast-enhanced (DCE) CT as a clinical functional imaging technique. Validated software that calculates a range of perfusion parameters with parametric mapping is available commercially and consensus guidelines for the optimal performance of DCE-CT have been published for applications in cerebrovascular disease and oncology.2,3 Dynamic imaging of greater tissue volumes (e.g. whole brain) is now possible through the use of wider detector tracks and/or table toggling techniques. Software that corrects for movement of the patient in transverse and craniocaudal directions has improved the reliability of DCE-CT in the thorax and abdomen. Reductions in the radiation exposure associated with DCE-CT can be achieved through optimisation of imaging acquisition and utilisation of novel image reconstruction techniques. Further benefits can potentially be achieved through use of dual-energy CT systems which can facilitate estimation of tissue iodine concentrations following injection of contrast material.

MR systems are more sensitive to contrast agents than CT but measurement of the concentration of MR contrast agents is much more difficult. The interested reader is referred elsewhere for a fuller discussion, as there is a large literature on this subject.4,5 In general, the alterations in T2* relaxation time by susceptibility effects (e.g. with SPIO agents imaged using gradient-echo sequences) can be quantified in the vascular system with good results.6 However, most interest has focused on analysis of the T1 shortening effects of the gadolinium chelates,7 typically using T1-weighted spin-echo sequences for which it is assumed that changes in T2* effects are small compared to T1 changes. The relative signal change in a region on a T1-weighted sequence can be considered approximately proportional to the local gadolinium concentration when the concentration is low. Unfortunately, this somewhat simplistic analysis often breaks down at higher concentrations when T2* shortening cannot be neglected. The T2* effects may start to counteract the positive contrast effects of the T1 shortening. In addition, flow effects may be important in vessels. For both these reasons, quantitative measurements of vascular as well as parenchymal signal concentration are rarely successful. In general, quantification is possible using this approach, but only within certain concentration ranges, and ‘input function’ data from vessels are hard to obtain.

Quantification of the enhancement effects of microbubble contrast agents in ultrasound is both helped and hindered by the fragility of microbubbles. Microbubbles are unique amongst contrast agents in that they can be destroyed by the very act of imaging them, even at low acoustic power settings.8 This consideration leads to two opposing approaches to quantification.9

The first approach is to use ultrasound with low acoustic powers and passively observe the enhancement effects produced. A particularly promising method is to quantify the intensity changes in spectral Doppler or power Doppler signals. It has been shown that regional microbubble concentrations can indeed be measured by quantifying the intensity of these signals.10 Grey-scale signals can also be quantified, although usually newer harmonic imaging modes are needed to observe useful changes. The second approach is actively to seek to destroy microbubbles with a single pulse of high acoustic power and then scan using very low power settings, observing microbubble refilling rates into an area of interest during an infusion.11 One method is repeatedly to pulse ultrasound at varying triggering intervals, waiting for a steady state and to study the relationship between steady-state enhancement levels and triggering delay settings.12

In principle, both methods can measure microcirculatory flow speeds and the FVV of a tissue. Quantification can be performed offline from the external video and audio output signals produced by the machines, or in some cases using proprietary software provided by the manufacturers. In all cases, corrections need to be made for non-linear machine processing, notably the log compression widely employed in the display of ultrasound data.




Modelling and Mathematical Approaches

By using a variety of approaches, many functional indices of vascularity can be measured, including fractional vascular and extravascular volumes, perfusion, transit times and indices of permeability or contrast clearance. As elsewhere in this chapter, only an overview of this subject can be given, and the reader is referred to several more detailed texts on these subjects for a fuller account.13–15


Perfusion

Probably the most important single index that can be measured is perfusion, which is defined as flow either per unit volume or per unit mass of tissue. (Since the specific gravity of body tissues is close to 1, there is little difference between these two.) It is generally simpler to calculate perfusion in units of flow per unit volume and this convention will be followed here. Although tissue perfusion can, in principle, be measured using MR without exogenous tracers, the most successful approaches involve the kinetics of external tracer wash-in, wash-out and bolus passage.


Wash-in Studies

In wash-in studies, an agent which does not pass through a tissue bed is given, and accumulates progressively in the organ of interest. The classic example of this is the intra-arterial administration of microspheres deliberately engineered to be too large to pass through capillaries and which therefore mechanically embolise in a tissue bed (in the absence of shunts). Although such use of microspheres is confined to invasive animal studies, other tracers available for use in patients behave in a similar fashion, including ultrasonic contrast agents based on specialised large microbubbles with a diameter greater than that of capillaries (i.e. ≥ 8 µm).16 The concept of a ‘chemical microsphere’ pertains to tracers, typically radio­pharmaceuticals, that can be administered intravenously but are extracted by the tissue of interest with an efficiency approaching 100%, and therefore accumulate in the tissue in a manner comparable to intra-arterial microspheres.

As with all such agents, perfusion can be calculated as the ratio of tissue concentration at equilibrium with the integral of arterial tracer concentration (although corrections need to be made for an incompletely extracted tracer). Arterial concentration is classically determined from arterial blood samples drawn at a known rate (Appendix 1), although less invasive methods can be used.




Wash-out Studies

In wash-out studies, the principle is to observe the time–concentration curve for an agent during its passage out of a tissue bed. With appropriate corrections, perfusion can be calculated from the slope of a semilogarithmic plot of the time–concentration curve (Appendix 2). Although one (invasive) way of performing such a study is to give a very short, fast arterial injection of a tracer, such as an intracarotid xenon injection for brain perfusion studies, it is far more practical to give a freely diffusible tracer for a relatively long period to achieve a steady state and then abruptly discontinue it. The tracer will then be eliminated by pulmonary passage very rapidly. Examples include inhaled inert xenon in CT.




Bolus Passage

The pharmacokinetics of many agents used for perfusion measurements (especially conventional CT and MR tracers) are rarely ideal for perfusion imaging. Problems such as the partial extraction of an agent into the extracellular space during vascular passage may confound calculations, and recirculation must be accounted for. A number of approaches to deal with these difficulties have been developed, involving analyses of the effects of a bolus of contrast medium (Appendix 3). Two are particularly useful in measuring perfusion. One method is to calculate perfusion as the ratio of peak parenchymal enhancement to the area under the arterial time–enhancement curve. This method has been applied to functional CT of the myocardium, spleen and other organs. Whilst useful, errors will arise if significant venous outflow occurs before peak tissue enhancement takes place.17–21 A more robust method, developed by Miles for functional CT, is less subject to this problem of error from venous wash-out because perfusion is calculated from the ratio of the peak gradient of the tissue time–concentration curve to the peak height of the arterial curve.22–24

An alternative approach is based on measurements of mean transit time (MTT) for a tracer to pass from inflow to outflow25 (Appendix 4). Strictly speaking, MTT should be measured by calculating the MTT values for a feeding artery and a draining vein and taking the difference. However, the simultaneous determination of arterial and venous concentrations can be difficult in practice, and MTT values are often determined from tissue time–concentration curves or ‘residue functions’ which can be determined by mathematical analysis known as deconvolution.26,27 The peak gradient approach and deconvolution methods can both be extended to tissues with ‘portal’ circulations (i.e. more than one type of input vessel), such as the liver.28,29

Microbubbles may offer a particularly appealing and elegant method of measuring true vascular transit times through organ beds, for two main reasons: they generally behave as pure blood pool enhancers and it is often possible to study single vessels or groups of vessels. For example, a spectral Doppler gate can be placed over the pedicle of a kidney so that the signal from one stereo channel shows arterial flow (towards the transducer) and that from the other channel shows venous flow (away from the transducer). Time–intensity profiles from each vessel can be analysed and the transit time through the kidney (about 4 s) easily calculated.30 Other types of temporal index can be calculated using microbubbles: this is discussed below.







Fractional Vascular Volume

The fraction of tissue occupied by blood is, in itself, an important physiological measurement of the microcirculation, corresponding to the ‘vascularity’ of the tissue. As can be seen above, it is also needed as part of some algorithms for calculating perfusion. In theory, this index should be obtainable directly using the widely available method of power Doppler ultrasound (PD). PD may be seen as a machine-processed, log-compressed map of the number of moving red cells, principally detected as rouleaux. Compensation for non-linear machine processing effects can be applied and estimates of FVV obtained.31,32 Unfortunately, the detection of a vascular signal in smaller vessels (i.e. ≤ 100 µm) with Doppler without microbubble enhancement is difficult for both practical and theoretical reasons, and the measurements obtained can probably only be regarded as relative yardsticks.

Tracer kinetics can be applied relatively simply to the measurement of blood volume. The simplest approach is to administer a blood pool tracer, wait until steady state and then calculate the ratio between tissue and blood pool concentration. Alternatively, fractional volume can be calculated dynamically. For example, the ratio of the area under a tissue time–concentration curve to that of the arterial time–concentration curve will calculate FVV, although this simple relationship may be complicated by recirculation and passage of tracer into the extravascular space.




Direct and Indirect Indices of Permeability

Many agents, such as conventional X-ray and MR contrast agents, diffuse rapidly into the interstitial spaces outside the brain. Compartmental and other types of analysis can be applied to their kinetics (Appendix 5) and indices of these processes calculated.33–35 Such indices can provide a useful tool for characterising malignancy, as vascular hyperpermeability is known to be a feature of tumour neoangiogenesis. Changes in permeability can be used, for example, to demonstrate acute radiation injury.36




Other Functional Indices

A large variety of other functional indices can be measured. These include global renal function (i.e. GFR), which can be determined using serial assays of iodinated contrast agents, which, being renally filtered, are analogous to Tc-DTPA.37–39 Using CT, the concentration of iodinated agents can be conveniently measured without the need for blood sampling. It can be shown that the slope of a semilogarithmic plot of their concentration against time measures GFR per unit volume of extracellular space.40,41

Another promising class of functional indices is the large number of temporal indices that can be measured using microbubble enhancement. For example, the time–intensity profile of the Doppler signal from a hepatic vein after bolus injection of a microbubble gives much useful information about transit through the liver. Patients with cirrhosis and liver malignancy, who have portovenous and other shunts, and arterialisation of their liver blood supply, show much earlier transit, with enhancement beginning at 24 s or less after injection, whereas normal subjects enhance later, typically over 30 s. This phenomenon shows great promise as a tool in the assessment of diffuse liver disease and also in the detection of early metastatic disease.42,43

The ease with which microbubbles can be destroyed, referred to earlier, opens up other functional imaging methods. For example, if a microbubble is infused and pulses of ultrasound are sent at varying trigger intervals, a steady state will be reached at each trigger setting in which the amount of microbubbles destroyed equals the amount flowing into the imaging plane. A plot of echogenicity against triggering interval will be asymptotic (Fig. 7-1): the initial upslope measures microcirculatory flow speed whilst the asymptote measure is proportional to FVV.9 Alternatively, if all the microbubbles in an area are destroyed and then imaged while they refill a tissue, the initial upslope of the time–concentration curve should also estimate microcirculatory flow speed.
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FIGURE 7-1 A plot of echogenicity against triggering interval for microbubble infusion will be asymptotic. The initial upslope (thick) measures microcirculatory flow speed whilst the asymptote measure is proportional to fractional vascular volume. (After Wei K et al.12)











Summary

The vascular system plays a fundamental role in the pathogenesis of the two major causes of death in Western societies, namely cardiovascular disease and cancer, and is an essential factor in inflammatory processes. Contrast agents used for MR, CT and US can provide physiological information about the status of the vascular system combined with anatomical data obtained at the same examination. The most promising parameters are perfusion, permeability, or clearance measures, and temporal or ‘transit’ time. Such measurements offer an insight into the functional status of the vascular system with an increasing number of clinical applications.







Principles of Molecular Imaging

Molecular imaging is often thought to be a highly specialised technique that is more applicable to research than everyday clinical practice. Contrary to this perception, there are many imaging techniques in widespread use that have been shown to correlate with particular bio­molecular events (Fig. 7-2). For example, the degree of enhancement of lung nodules on CT correlates with the expression of vascular endothelial growth factor (VEGF), a molecule that stimulates tumour angiogenesis. Uptake of radio-iodine in thyroid tumours, one of the oldest techniques in nuclear medicine, results from expression of the sodium-iodide symporter molecule on the tumour cell surface. Other examples from nuclear medicine are illustrated in Fig. 7-2.
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FIGURE 7-2 Examples of ‘everyday’ molecular imaging. (A) Peak contrast enhancement of a lung nodule (arrow) on CT correlates with expression of vascular endothelial growth factor (VEGF). (B) Uptake of radioiodine (131I) in miliary lung metastases (arrowheads) of thyroid cancer reflecting expression of the sodium/iodide (Na+/I–) symporter. (C) Uptake of 111In-octreotide in a pelvic carcinoid tumour (arrow) indicates expression of somatostatin receptors. (D) Uptake of 18F-fluorodeoxyglucose (FDG) in multiple metastases due to expression of Glut-1 glucose transporters.





The imaging strategies capable of assessing molecular and genetic processes can be classified as direct, surrogate or indirect:44


• Direct molecular imaging involves direct interaction between the imaging probe and the molecular target (e.g. a specific enzyme or receptor).

• Surrogate molecular imaging reflects the downstream physiological effects of one or more molecular or genetic processes.

• Indirect molecular imaging strategies are more complex, typically involving reporter gene approaches in which cellular function is modified so that the target gene induces a molecular change that can be assessed with a complementary imaging probe. Reporter gene imaging is summarised in Fig. 7-3.
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FIGURE 7-3 Summary of the imaging reporter gene concept. The reporter gene is incorporated into the nuclear DNA of the target cells by transfection (e.g. viral vector). If the reference gene is active, the cell translates the reporter gene to produce reporter messenger RNA (mRNA) which is translated to the reporter protein. The reporter substrate interacts with the reporter protein to produce an imaging signal (e.g. gamma ray, paramagnetic effect).







The reporter gene comprises a length of deoxyribonucleic acid (DNA) which is introduced into the target cells by transfection using, for example, a viral vector. The reporter gene can be designed so that it is activated by one of a range of genetic or molecular processes of interest. The activated reporter gene is transcribed into the corresponding messenger ribonucleic acid (mRNA) which is, in turn, translated to the reporter protein. Subsequent administration of a reporter substrate that interacts with the reporter protein produces an imaging signal. A frequently used reporter gene is the herpes simplex virus type 1 thymidine kinase (HSV1-TK), which has radiolabelled substrates (e.g. fluoro-deoxy-arabinofuranosyl-iodouracil, or FIAU) that can be labelled with iodine-123 for single photon emission tomography or iodine-124 for PET.44 MR-based reporter genes include those encoding for a modified human transferrin receptor that increases the signal on MR imaging due to binding of supra-paramagnetic iron compounds.45 Another MR reporter gene produces β-galactosidase for which a special gadolinium contrast agent (EgadMe) acts as substrate.46 Access of water to the gadolinium is blocked unless the contrast molecule is cleaved by β-galactosidase, thereby producing contrast enhancement on MR.


Molecular Imaging and Hypoxia Inducible Factor-1

Each of the three molecular imaging strategies can be illustrated by considering the molecular biology related to hypoxia inducible factor-1 (HIF-1) as summarised in Fig. 7-4. HIF-1 activity is increased in ischaemic tissue and tumour, and thus this molecule plays an important role in the pathogenesis of the two major causes of mortality in Western societies: cardiovascular disease and cancer.47 In the case of ischaemic tissue, hypoxia results in stabilisation of HIF-1 and so increases the activity of this molecule. Hypoxia can also be a factor that increases HIF-1 activity in tumours; however, oncogene mutations, such as the von Hippel–Lindau (VHL) gene or mutations in the p53 suppressor gene, play an important additional role. HIF-1 is a transcription factor that increases the expression of a whole raft of genes. The resulting alterations in cellular function enable cells to respond and adapt to hypoxic conditions. For example, increased nitric oxide activity results in vasodilatation, thereby producing a compensatory increase in oxygen delivery (Fig. 7-5). In the case of tumours, many of the secondary effects of HIF-1 confer a survival advantage to the malignant cells (e.g. making the cells resistant to therapy). Several aspects of the molecular biology related to HIF-1 can be depicted using molecular imaging.
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FIGURE 7-4 Molecular imaging and hypoxia inducible factor-1 (HIF-1). HIF-1 activity is increased by tissue hypoxia and oncogene mutations. Increased HIF-1 activity upregulates several molecules with biological effects that are accessible to non-invasive imaging. FDG = fluorodeoxyglucose, MDR = multidrug resistance, MIBI = methoxyisobutylisonitrile, pgp = p-glycoprotein, VEGF = vascular endothelial growth factor.
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FIGURE 7-5 Functional CT images of cerebral blood volume (CBV: left) and cerebral blood flow (CBF: right) in acute stroke. The infarct core (red outline) shows matched reductions in CBV and CBF. The surrounding penumbra (white outline) demonstrates preserved CBV despite reduced CBF reflecting upregulation of nitric oxide (NO) secondary to increased activity of HIF-1. (Adapted from Miles and Griffiths.49)






Direct Molecular Imaging

Examples of direct molecular imaging include fluoro­deoxyglucose (FDG) PET and 99mTc-methoxyisobutylisonitrile (MIBI) scintigraphy. FDG interacts directly with Glut-1 glucose transporters that become upregulated in response to increased HIF-1 activity, resulting in increased FDG uptake as commonly seen in a variety of tumours (Fig. 7-2D). Increased FDG uptake is also seen in hypoxic tissue, for instance the myocardium where FDG uptake in the presence of reduced perfusion can be used clinically to identify ischaemic yet viable heart muscle that would benefit from revascularisation (i.e. hibernating myocardium). 99mTc-MIBI interacts directly with a p-glycoprotein (pgp) that produces multidrug resistance in tumours. Many therapeutic agents and 99mTc-MIBI are substrates for the pgp molecule, which confers drug resistance by eliminating these agents from the cell. The elimination of 99mTc-MIBI can be assessed by comparing tumour uptake on delayed images with initial uptake, with rapid elimination of MIBI implying drug resistance.48 Although FDG-PET and 99mTc-MIBI scintigraphy can be considered direct molecular imaging techniques for Glut-1 and pgp on account of the direct interactions between the imaging probes and their target molecules, respectively, these imaging techniques can also provide surrogate imaging for HIF-1 activity, because increased expression of Glut-1 and pgp are secondary effects of HIF-1.




Surrogate Molecular Imaging

Surrogate molecular imaging of HIF-1 can be performed using the physiological imaging techniques described above. Vascular dilatation, increased permeability and new vessel formation (angiogenesis) are secondary physiological effects of increased nitric oxide activity and VEGF expression, respectively (Fig. 7-4). In tumours, these changes in vascular physiology are detectable as increased contrast enhancement on CT and MR (Fig. 7-2A), and can be quantified as measurements of perfusion, relative blood volume and permeability using the kinetic modelling described above. The increased Doppler signal frequently observed during ultrasound examination of tumours can also be attributed to these vascular effects. In the case of ischaemic tissue, perfusion is reduced secondary to vascular disease. However, the vasodilatory effects of increased nitric oxide activity can be depicted using functional CT techniques that measure perfusion and blood volume separately. When applied to the brain in the acute phase of stroke, perfusion and blood volume are both reduced in the infarct.49 On the other hand, the surrounding penumbra demonstrates preserved blood volume in the presence of reduced perfusion (Fig. 7-5). By indicating ongoing molecular activity, this finding implies the presence of viable brain tissue that is potentially recoverable with suitable therapy.




Indirect Molecular Imaging

Indirect molecular imaging has been used in experimental animals to image the activity of HIF-1 and the p53 tumour suppressor gene50,51 (Fig. 7-6). In both cases, the reporter protein was HSV1-TK imaged using radiolabelled substrates for PET. In separate experiments, the reporter gene DNA constructs were designed so that HSV1-TK was placed under the control of either a hypoxia-response element or a p53-specific enhancer. A retrovirus was then used to introduce the reporter genes into the genome of tumour cell lines, which were subsequently grafted into rodents. Tumours expressing HIF-1 or p53 showed increased uptake on PET images, whereas no uptake was seen in control tumours that did not express these molecules (Fig. 7-6). In the cases of HIF-1, greater uptake was seen in larger hypoxic tumours and following ischaemic injury.
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(A) Positive and negative control tumours were grafted onto the left shoulder and left thigh, respectively. The test tumour on the right shoulder only accumulates radioactivity after activation of the p53 pathway in response to DNA damage produced by administration of N,N′-bis(2- chloroethyl)-N-nitrosourea (BCNU). (From Doubrovin M, Pnonmarev V, Beresten T et al 2001 Imaging transcriptional regulation of p53-dependent genes with positron emission tomography in vivo. Proc Natl Acad Sci 98: 9300–9305.)
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(B) Tumours grafted onto the animal's left side accumulate radioactivity due to activation of HIF-1. Greater activity is seen in larger tumours, reflecting more severe hypoxia. Control tumours on the animal's right side show no accumulation of radioactivity. (From Serganova I, Doubrovin M, Vider J et al 2004 Molecular imaging of temporal dynamics and spatial heterogeneity of hypoxia-inducible factor-1 signal transduction activity in tumors in living mice. Cancer Res 64: 6101–6108. With permission of the American Association for Cancer Research.)






FIGURE 7-6 Indirect molecular imaging of the expression of p53 (A) and HIF-1 (B) in experimental animals. 











Comparison of Molecular Imaging Strategies

Each molecular imaging strategy is able to evaluate different stages of gene action from DNA transcription, through translation into a protein, to the ultimate functional and physiological effects of the expressed gene. Indirect molecular imaging with reporter genes can assess expression of an individual gene (e.g. p53) or protein (e.g. HIF-1). The activity of gene-specific proteins can also be assessed using direct molecular imaging, whereas surrogate imaging evaluates the final physiological effects of the gene. Biological amplification occurs at each stage, such that increased activity of a single gene will produce multiple copies of the corresponding protein. Similarly, the magnitude of secondary physiological effects of molecular genetic processes that form the basis of surrogate imaging often exceeds the magnitude of the primary molecular genetic event. The biological amplification at each stage increases the intensity of the corresponding image signal, making the molecular and genetic process easier to assess. However, as the imaging process moves further from the originating genetic event, the imaging signal becomes less specific to a particular gene. This loss of specificity is due to the fact that the activity of a particular protein can be controlled by more than one gene, and the downstream physiological effects can depend upon the activity of many different molecular genetic events. For example, tumour uptake of FDG has been shown to correlate not only with activity of HIF-1 and Glut-1 but also microvessel density and inflammatory cell infiltration. In the case of reporter gene systems, the reporter gene construct confers genetic/molecular specificity whilst the use of a reporter protein provides signal amplification. However, the benefits of this combination are at the expense of increased complexity and, to date, this molecular imaging strategy has largely been confined to experimental animals.




Molecular Imaging and Biotechnology

By reflecting the different stages of gene action, molecular imaging strategies have equivalent biotechnological techniques that assess molecular genetic events in tissue samples. Broadly speaking, indirect molecular imaging corresponds to genomics or proteomics, direct imaging to proteomics and surrogate imaging to physiomics or metabonomics. It should be noted that, unlike molecular imaging, some biotechnology approaches such as DNA microarrays assess many hundreds or thousands of molecular genetic events simultaneously. However, molecular imaging has some distinct advantages over tissue-sampling methods. Firstly, the need for invasive biopsy is avoided. In some cases, obtaining tissue for genetic analysis can be difficult and it is possible that tissue perturbation resulting from the biopsy process can alter gene expression. Secondly, spatial heterogeneity of gene expression, well recognised within tumours, may result in biological features being missed on biopsy due to sampling error, whereas imaging can assess the whole tumour. Such heterogeneity has been shown to produce discrepancies in the apparent degree of expression of pgp-mediated multidrug resistance as assessed in vitro by immunohistochemistry and in vivo by MIBI imaging.52 Differences in gene expression at different disease sites in the same patient and changing expression over time are also well-recognised phenomena that will be more readily appreciated through molecular imaging, whereas multiple biopsies are likely to be undesirable or impracticable. Furthermore, molecular imaging can assess molecular and genetic processes in the target tissue and other organs simultaneously.




Applications of Molecular Imaging

Molecular imaging has both research and clinical applications. One clear research application has been in the development of gene therapies where molecular imaging can confirm the success of gene transfection, determine whether transfection is localised to the target organ and assess whether the level of transgene expression is sufficient for therapeutic effect. Molecular imaging has also gained an important role in the development of drugs that have specific molecular targets (e.g. an anticancer drug that aims to block VEGF activity). In the early stages of drug development, molecular imaging can confirm the mechanism of action (i.e. proof-of-principle) and assess the duration and magnitude of effect for specific drug dosages.53 In later phase trials, molecular imaging can be used as an early marker of response. Levels of expression of specific genes before therapy may also determine the likelihood of subsequent response. Thus molecular imaging could be used in drug trials to identify subpopulations of patients enriched for response, increasing the probability of demonstrating drug efficacy.

The use of molecular imaging as a response marker is gaining in interest in clinical practice, particularly in oncology where the limitations of a purely structural approach are becoming apparent. A slow tumour response, residual non-malignant masses and measurement errors are significant constraints on using size criteria to assess tumour response to therapy. Molecular processes that can provide an early marker of tumour response are those associated with glucose metabolism, angiogenesis and apoptosis (programmed cell death). In lymphoma, for example, assessing the glucose metabolic response to therapy with FDG-PET has greater accuracy than CT, and can identify non-responders earlier in the course of treatment. Angiogenesis imaging in lymphoma with contrast-enhanced CT or MRI, or conventional scintigraphy with 210T1 or 99mTc-MIBI, may emerge as less expensive and more widely available alternatives to FDG-PET that may be particularly appropriate in assessing response to anti-angiogenesis therapy. Preliminary work in follicular lymphoma suggests that the degree of apoptosis, imaged with 99mTc-annexin V uptake 24 h after the last fraction of radiotherapy, can predict the ultimate clinical response.54

The ability of molecular imaging to select patients for specific therapy and to assess therapeutic response is also gaining recognition in clinical practice. A clear illustration of the application of molecular imaging in selecting therapy is the use of 111In-octreotide to confirm tumour expression of somatostatin receptors before somatostatin therapy. Potentially, such approaches can be highly cost-effective by enabling the cost and morbidity of treatment to be avoided in those patients with a low likelihood of response. For example, 99mTc-MIBI could be used to identify patients with non-small cell lung cancers that express pgp-mediated multidrug resistance (MDR) and so fail to respond to chemotherapy. Using currently available data, it has been estimated that this approach could potentially save £964 per patient, with no loss in life expectancy. If extrapolated to a national level, the total saving in the UK would be in excess of £1.5 million per year.55




Combined Physiological and Molecular Imaging

The introduction of hybrid imaging devices such as PET-CT and PET-MR has enabled physiological and molecular imaging techniques to be combined into a single examination (Fig. 7-7). This approach is emerging as a useful tool for characterising tumour biology. For example, DCE-CT assessments of tumour vascularity can be combined with PET measurements of glucose metabolism.56 These aspects of tumour behaviour appear to have different biological correlates with DCE-CT depicting tumour microvessel density and FDG-PET reflecting tumour proliferation.57 A mismatch between blood flow and glucose metabolism may indicate tumour adaptation to hypoxia, signifying an aggressive and treatment-resistant tumour phenotype.57 Combined physiological/molecular imaging also offers more detailed assessment of tumour response to therapy with a potential contribution towards personalised medicine.57
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FIGURE 7-7 Combined physiological and molecular imaging of left-sided non-small cell lung cancer. (A) Conventional CT. (B) Molecular imaging of tumour glucose metabolism with FDG-PET. (C) Physiological imaging of tumour blood flow with DCE-CT.








Summary

By providing imaging correlates for molecular and genetic processes in vivo, molecular imaging has applications in both research and clinical practice. In research, molecular imaging aids in the development of gene therapy and drugs with specific molecular targets. In clinical practice, molecular imaging can characterise disease processes more precisely so that the optimum treatment and response markers can be selected for an individual patient. This potential for ‘personalised’ medicine suggests a role for molecular imaging comparable to that advocated for gene-based biotechnologies such as DNA microarrays.







Appendices


Appendix 1

Perfusion can be calculated using a microsphere or completely extracted tracer as follows. Let c(t) be tissue concentration and a(t) be arterial concentration at time t. Then in time δt the change in c(t) or δc( (t)) is f.a(t), where f is perfusion. Going to the limit and integrating

c(t)=f∫0ta(t)dt.

[image: image]

As t→∞, a steady state is reached and all the tracer accumulates in the body tissues. Perfusion can then be calculated:	

f=c(∞)∞∫0a(t)dt.


[image: image] (1)


The denominator term, i.e. the integral of arterial concentration, is conventionally calculated in a microsphere study by drawing arterial blood at a rate F. In time δ(t) additional activity is equivalent to F.a(t). δt accumulates. Thus total activity at time t, or M(t), is given by	

M(t)=Ft∫0a(t)dt.


[image: image] (2)


Thus, as t→∞, the ratio M(t)/F tends to ∞∫0a(t)dt.

In practice, it is only necessary to draw blood for a short while, after which the blood will be cleared of tracer. Let M be the activity in the drawn blood at this time. Then, from Eq. (2),

∞∫0a(t)dt=MF.

[image: image]

Hence

f=F.c(∞)M.

[image: image]

More complex calculations or modelling of arterial concentration are necessary if a tracer is incompletely extracted, or arterial blood concentrations are not directly measured.




Appendix 2

Perfusion can be calculated from the time–concentration curve for an agent during wash-out from a tissue bed. Provided there is no significant arrival of additional (arterial) tracer in this time, the time–concentration curve declines monoexponentially. If c(t) is concentration at time t, c(t) = c(0)e−kt, where k is the ‘wash-out constant’: the ratio between perfusion f and partition coefficient λ.

The concept of the partition coefficient, λ, merits some discussion. λ is defined as the ratio between the relative concentration of the tracer in tissue and in venous blood at steady state. λ is thus a dimensionless index. For an intravascular tracer it will be close to the FVV of the tissue being imaged, and this needs to be measured for the determination of f.




Appendix 3

Suppose arterial concentration is again a(t), venous concentration is v(t) and c(t) again is tissue concentration. Then, for a volume V, δ(c(t)) = f.a(t).dt–f.v.(t). δt. Hence

f=dc(c)dta(t)−v(t)

[image: image]

Perfusion can thus be calculated as the peak gradient of the tissue time–concentration curve divided by peak arterial concentration, provided venous concentration is relatively small at the time at which this peak gradient is measured. That is, tissue transit time is long compared to bolus width.

Alternatively, perfusion can be measured as peak tissue concentration divided by the area under the arterial time–concentration curve peak, again provided transit is long. For a more detailed discussion on the relative merits and extensions of these methods, see Blomley and Dawson.14




Appendix 4

The central volume theorem of classic indicator dilution theory states that perfusion equates to f = α/MTT, where α is the fraction of tissue in which the tracer is distributed (central volume) and MTT is the mean transit time for the tracer to pass from inflow to outflow.25 For many tracers, α can generally be equated with the FVV, which can be determined using various means as described earlier. MTT can be harder to determine. Strictly speaking, this should be measured by calculating the mean transit time values for a feeding artery and a draining vein and taking the difference. MTT is calculated as the centroid of the time–concentration curve, c(t), of a region, i.e. ∫t.c(t)dt/∫c(t)dt. Alternatively, MTT can be calculated from ‘residue functions’ determined by deconvolution. This approach involves making assumptions about the distribution of transit times through an organ bed and is subject to errors of up to 100%.26 For a discussion on these complex issues, the reader is referred to Gobbel et al.27




Appendix 5

The simplest model for determination of an index of permeability comprises reversible (vascular) and irreversible (tissue interstitium) compartments, in which the rate of transfer from plasma to interstitium is governed by a rate constant, k1 (Fig. 7-8). Modelling is greatly aided by the presence of both parenchymal and vascular (‘input function’) data, but these data are not always possible to obtain, especially in MR, and other approaches—such as modelling the vascular time–concentration curve—are necessary. A number of such models have been developed and applied.5–7 Where vascular and tissue data are available, a simple method of estimating k1 is the Patlak graphical analysis.33–35 If a(t) is vascular concentration and c(t) is tissue concentration, a plot of c(t)/a(t) against ∫a(t)dt/a(t) will tend towards a straight line (Fig. 7-9) as long as no tracer leaves the system. The slope will measure k1 and the intercept will be an indirect measure of FVV.

[image: image]
FIGURE 7-8 The simplest two-compartmental model in which exchange occurs from plasma to interstitium governed by a rate constant k1.





[image: image]
FIGURE 7-9 Patlak graphical analysis. If a(t) is vascular concentration and c(t) is tissue concentration, a plot of c(t)/a(t) against ∫a(t)dt/a(t) will tend towards a straight line.





It is important to realise that this rate constant k1 is not the same as the classic Crone–Renkin index of ‘permeability’.58 This index is the ratio between the flux of tracer into the interstitium and the capillary concentration, and is usually expressed as the product of capillary surface area (S) and a permeability coefficient for the tissue bed P (‘PS product’) expressed in relation to a particular tissue volume. It can be shown that, where fplasma is the rate of perfusion, expressed for mathematical convenience as plasma flow per unit volume, it follows that if PS is very small and PS ≪ fplasma, then k1 ≈ PS. Conversely, where PS is large and fplasma ≪ PS, then k1 ≈ fplasma. In other words, k1 and PS are equivalent for a poorly extracted tracer, whereas k1 is closely related to blood flow for a highly extracted tracer. Where a tracer is partially extracted, such as a conventional X-ray or MR contrast agent, the relationship becomes more complex and it is perhaps safest to consider k1 as an index of tracer clearance rather than confusing it with either permeability or flow, as it is related to both.13

For a full list of references, please see ExpertConsult.
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† Sadly Martin Blomley died during the production of the previous edition—the excellent account of the fundamental aspects of functional imaging that he and his colleagues produced is reproduced here, with minor updating. For a more clinical account of functional, physiological and molecular imaging as applied to oncology, the reader is directed to Chapter 74.
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Techniques in Thoracic Imaging
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Chapter Outline


CHEST RADIOGRAPHY

COMPUTED TOMOGRAPHY OF THE THORAX

HIGH-RESOLUTION COMPUTED TOMOGRAPHY

ULTRASOUND

MAGNETIC RESONANCE IMAGING

VENTILATION–PERFUSION SCINTIGRAPHY



Chest radiography and computed tomography (CT) remain the imaging tests of choice for the evaluation of respiratory disease. The basic technique of chest radiography has changed little over the past century, but continuing developments in image receptor technology have resulted in the more efficient acquisition of chest radiographs with the benefit of a lower radiation dose. Radiographs are now mainly produced in digital format, thus facilitating their incorporation into picture archiving and communications systems (PACS). Evolving CT technology has meant that multidetector row CT (MDCT) systems have largely replaced single-detector CT. Newer dual-energy CT (DECT) systems may provide new applications, although these have not yet been fully validated. These developments have resulted in larger volume CT data sets increasingly becoming the norm. Protocols for MDCT continue to be developed and refined to ensure the correct balance is struck between the imperatives of obtaining adequate information and dose minimisation. Ultrasound and magnetic resonance imaging (MRI) may have specific but limited roles in the investigation of thoracic disease. Positron emission tomography (PET) fused with CT (PET-CT) now has an established role in the investigation of neoplastic disease, enabling the simultaneous assessment of metabolic function, anatomical location and unsuspected extrathoracic metastatic disease. PET and PET-CT are considered separately in Chapter 6.


Chest Radiography


Equipment Considerations

Chest radiography remains the commonest diagnostic radiographic procedure. Chest radiographs were traditionally acquired with conventional film-screen radiography systems that provide, at low cost, good image quality and high spatial resolution.1,2 However, film-screen radiography is limited by a relatively narrow exposure range and consequent high retake rate, as well as inflexibility in image display and manipulation.1 The exponential advances in computational power, storage capacity and detector technology have led to the replacement of film-screen radiography by PACS and digital imaging systems in most modern imaging departments.

Early digital imaging systems introduced over 30 years ago (generally termed ‘computed radiography’ (CR)) used a photostimulable phosphor image receptor plate,3 and continue to be used in some departments because of their compatibility with conventional radiography equipment. However, CR systems have largely been superseded by direct radiography (DR) systems (Table 8-1). DR systems employ either direct or indirect methods for converting X-ray photons into electrical charges, thereby generating an electrical signal that can be read directly.4 Direct conversion may be achieved by photoconductors within flat-panel detectors (most commonly amorphous selenium), or using a selenium drum. Indirect conversion involves the use of a scintillator associated with either a charge-couple device (CCD) or flat-panel detector (FPD). Scintillators most commonly use thallium-doped caesium iodide-based, or more recently gadolinium-based compounds.


TABLE 8-1

Methods of Computed Radiography and Direct Radiography



	
	Computed Radiography (CR)
	Direct Radiography (DR)




	X-Ray Conversion Method
	Indirect conversion
	Indirect conversion
	Direct conversion



	Devices
	Removable image plates using storage phosphors (analogous to conventional film cassettes)
	Scintillator-thin-film transistor array
	Selenium drum



	Scintillator-charge-coupled device
	Photoconductor flat-panel detector



	Image Readout
	Separate readout process: detector layer must be analysed by laser (point scan or line-scan); resulting output is converted into electrical signal
	Direct readout process: X-rays are converted immediately into electrical signal and read






[image: image]




Both CR and DR systems offer many advantages over conventional film-screen radiography. Chief among these is the wide dynamic range or latitude of the image plate; consequently, exposure errors are reduced and the need for repeat examinations is lessened. Also, both CR and DR systems employ reusable detectors, manual optimisation of the display features desired for the anatomical part selected can be performed immediately and there is more efficient image archiving, retrieval and transmission when integrated into PACS. While there are conflicting reports with respect to dose and image quality for CR imaging of the thorax as compared with conventional radiography,1,5,6 DR systems undoubtedly offer superior image quality compared with both CR and film-screen combinations, with the added advantages of rapid image display and generally higher detector quantum efficiency. The latter efficiency allows a significant reduction in exposure, and consequently in effective dose.7 Among DR systems, indirect conversion FPDs provide the highest image quality.



Additional Radiographic Views

Frontal and lateral projections of the chest are adequate for most purposes. Other radiographic views are increasingly less frequently performed because of the ready availability of cross-sectional imaging. One projection that is still occasionally used is the lateral decubitus view, taken as a frontal projection with a horizontal beam and the patient lying on his/her side. It may be used to identify an effusion that is not visible on an erect chest radiograph, to demonstrate the movement of fluid in the pleural space or to localise or confirm an equivocal opacity seen on a frontal projection, especially when CT is unavailable.

Portable supine lateral shoot-through radiographs can be valuable in identifying suspected pneumothorax in critically ill patients unsafe for CT.8 Less commonly, expiratory radiographs may be performed to enhance visualisation of pneumothoraces, but the real value of this practice has been questioned.9

Radiographs exposed in expiration may be valuable in the investigation of air trapping, particularly in paediatric practice in the context of a suspected inhaled foreign body.10




Portable Chest Radiography

The imaging problems associated with portable chest radiography are (A) scattered radiation; (B) the inability of the radiograph to capture all relevant information; and (C) the lack of control over the overall optical density of the resulting image when there is slight over- or under-exposure. Additionally, the shorter focus–detector distance results in undesirable, and sometimes misleading, magnification of structures. High kilovoltage techniques cannot be used because portable machines are unable to deliver a sufficiently high kilovoltage, and as the maximum current is limited, long exposure times are needed, increasing movement artefact. CR systems provide solutions to some of the limitations of portable chest radiography by controlling optical density and contrast, but are unable to overcome the problem of scatter. CR systems remain the most widely used portable radiography system.

Portable DR detectors using FDPs with gadolinium-based scintillators have been available since 2001.11 Despite this, FDP detectors have not yet been widely adopted because of (A) prohibitive costs, and (B) the hitherto restricted positioning of DR detectors in a portable bedside setting. However, an increasing array of portable DR detectors is now being made available, including those that can be integrated into existing CR cassettes for flexible positioning, and those with wireless transmission capabilities to allow immediate transfer to PACS,4,12 which may substantially improve technologists' workflow.12 Such developments are likely to encourage the uptake of portable DR systems in the near future.




Novel Radiographic Techniques

The new techniques of digital tomosynthesis, dual-energy subtraction radiography and temporal subtraction radiography have potential clinical application, chiefly for nodule detection to varying degrees, but at present are confined mainly to research studies.

Digital tomosynthesis of the chest involves the capture of a series of radiographic acquisitions with a digital detector system and computer-controlled apparatus, from which an unlimited number of section images at arbitrary depths and focus can be reconstructed.13 In this way, an object such as a pulmonary nodule may be rendered more conspicuous, with an exposure equivalent to that of a single film-screen lateral chest radiograph,14 and therefore with a dose substantially lower than that of CT. Preliminary data suggest improved sensitivity as compared with standard chest radiography for the detection of pulmonary nodules.14,15

Dual-energy subtraction radiography is essentially a bone suppression technique that takes advantage of the differential attenuation of X-ray photons of high atomic number materials (such as calcium and iodine) at different photon energies.13 Such differential attenuation causes the contrast from calcium and bone in a high kVp image to be reduced. As such, subtraction of the low-energy from the high-energy image allows subtraction of obscuring bony structures, potentially increasing pulmonary nodule conspicuity (Fig. 8-1). Low- and high-kVp images can be generated in two ways. First, a single shot exposure, using a two-panel storage phosphor detection system with a copper filter, can be used to generate low- (usually 60) and high- (usually 120) kVp exposures, which can then be subtracted from each other. Alternatively, digital detectors are used to capture a sequential exposure, first at low and then high tube voltages, in a short interval.16

[image: image][image: image][image: image]
FIGURE 8-1 Series of dual-energy subtraction chest radiographs in a healthy man. A right apical opacity is seen on a conventional posteroanterior radiograph (A), but a soft-tissue nodule in the left apex only becomes conspicuous on a bone-subtracted image (B). Additionally, a soft-tissue subtracted image (C) reveals that the right apical opacity is actually calcification of the first costochondral junction. (With permission from McAdams HP, Samei E, Dobbins J III, et al 2006 Recent advances in chest radiography. Radiology 241(3): 663–683.)





Temporal subtraction radiography involves the subtraction of a current and a previous radiograph to generate a difference image, so that any temporal change (such as a new lesion) is made more conspicuous. This technique relies heavily on co-registration of the two images using computer-generated techniques.16







Computed Tomography of the Thorax

The introduction of spiral (helical) CT in the early 1990s constituted a fundamental evolutionary step in the ongoing refinement of CT imaging, replacing the discontinuous acquisition of data in conventional CT with volumetric data acquisition. In 1998 several CT manufacturers introduced MDCT systems, which provided considerable improvement in acquisition speed, coverage and temporal and spatial resolution.17–19 These systems typically offered simultaneous acquisition of four sections with a gantry rotation time of as low as 0.5 s. Since then, there has been further rapid improvement in CT performance with increased numbers of detector rows and faster tube rotation; currently, systems with up to 320 active detector rows are available.20 Rotation times of the X-ray tubes have decreased from 0.5 to 0.33 s per rotation. Recent developments in CT technology have not decreased this rotation time further, but instead use novel methods for increasing temporal and spatial resolution, with either dual-source technology (with two X-ray sources mounted at 90° to each other), a ‘flying focal spot’ (converting a 128-detector row array into a virtual 256-detector row array), or wide-area detectors, effectively providing 320-detector row coverage.21 The faster data acquisition enables not only better coverage in a single breath-hold but also results in a significant reduction in patient movement artefacts. In paediatric practice this has meant less frequent need for sedation.22

The introduction of MDCT has expanded the clinical indications for CT; these are summarised in Table 8-2. MDCT systems permit reconstructions of varying slice thickness by collimating and adding together the signals of neighbouring detector rows, with overlap between these rows if necessary. Hence, from the same data set, both narrow sections (0.6–1.25 mm thickness) for high spatial resolution detail or three-dimensional (3D) post-processing and wide sections (2.5–5 mm) for better contrast resolution or quick review can be produced. The convenience of a single protocol is particularly useful for patients with suspected focal and interstitial lung disease. Thin section reconstructions are recommended for volumetric assessment23 and characterisation24 of pulmonary nodules, the evaluation of interstitial lung disease and the evaluation of pulmonary embolism,25 whereas 3- to 5-mm reconstructions are usually adequate for the initial assessment of mediastinal masses and for lung cancer staging studies. In younger patients, however, a more critical approach should be adopted with the CT examination being tailored to the specific clinical question being asked (e.g. interspaced sections when possible), to avoid unnecessary radiation dose (see section on radiation dose reduction strategies in CT, Chapter 1).


TABLE 8-2

Indications for CT of the Chest


	In the Acute Setting

	
• Chest trauma

• Evaluation of acute aortic syndromes (dissection, transection)

• Demonstration of pulmonary embolism

• Identification of complications after thoracic surgery (mediastinal haematomas, complex pleural collections)




	In the Non-Acute Setting

	
• Evaluation of nodules, hilar or mediastinal masses identified on a chest radiograph

• Lung cancer diagnosis and staging

• Detection of pulmonary metastases from known extrathoracic malignancy

• Characterization of interstitial lung disease

• Identification of bronchiectasis/small airways disease

• Emphysema quantification and preoperative evaluation for lung volume reduction surgery

• Preoperative evaluation of thoracic cage deformities

• Assessment of congenital anomalies of the thoracic great vessels

• Coronary calcium scoring and CT coronary angiography
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The introduction of 16- and 64-detector MDCT systems allowed the goal of truly isotropic imaging to be realised: each image data element (voxel) is of equal dimension in all three axes, and forms the basis for allowing image display in any arbitrarily chosen imaging plane. The acquisition of volumetric high-resolution data has permitted new methods of 2D and 3D reconstruction that can complement conventional axial image review, particularly in the display of airways and vascular structures. Furthermore, isotropic imaging has facilitated the development of computer-aided detection and diagnosis systems for the detection and evaluation of pulmonary nodules26,27 and pulmonary emboli,28 as well as automated quantification of disease processes, most notably emphysema.29

Table 8-3 summarises the various post-processing techniques used in evaluating thoracic disease.


TABLE 8-3

Post-Processing Techniques and Examples of Clinical Application



	Technique
	Technical Considerations
	Examples of Use




	Multiplanar and curved multiplanar reconstructions (MPR and CMPR)
	2D techniques that provide alternate viewing perspectives, usually with conventional window settings. Images are obtained by a reordering of the voxels into 1-voxel-thick tomographic sections, excluding those voxels outside the imaging plane
	Evaluation of the large airways and pulmonary emboli, particularly for interpretative difficulties on axial sections due to either partial volume averaging or the inability to differentiate periarterial from endoluminal abnormalities



	Maximum intensity projection (MIP)
	A ray is cast through the CT data and only data above an assigned value are displayed, thus reducing all data in the line of the ray to a single plane. Sliding slabs of 5–10 mm are commonly used
	Mainly used in vascular imaging and in the evaluation of micronodular disease (more accurate identification of nodules versus vessels, and more precise characterization of nodule distribution) (Fig. 8-2)



	Mininum intensity projection (MinIP)
	Similar to MIP, but only data below an assigned value are displayed and thus it is best suited for showing areas of low density
	May improve conspicuity of subtle density differences of lung parenchyma and therefore highlight regions of emphysema or air trapping



	Shaded surface display (SSD)
	Data reformatted around a threshold that defines the interface of tissues. SSD does not reveal any internal detail
	Evaluation of airway abnormalities



	Volume rendering
	Histogram-based classification is applied to attenuation values in the entire CT data set. CT attenuation can be mapped to brightness, opacity and colour to display a structure of interest. Voxels partially filled with a density of interest are also included. The resultant images contain depth information whilst maintaining 3D spatial relationships
	Used in angiographic examinations and also to evaluate large airway abnormalities



	Virtual bronchoscopy
	Surface rendering and volume rendering are used to produce endoscopic simulations of the airway
	Virtual endoscopic or perspective volume rendering images are not widely applied as they seldom give information that cannot be obtained by MPR. However, virtual CT bronchoscopy can provide a view ‘through’ an obstructing lesion to visualise the airway distal to it, which may not be possible with conventional bronchoscopy



	Computer-aided detection
	Computerised complex pattern recognition employing a combination of image processing, segmentation and pattern classifiers to identify lesions of interest
	Detection and volumetric assessment of pulmonary nodules and pulmonary emboli



	Quantitative lung parenchymal assessment
	Quantification of parenchymal lung density using techniques such as density masks and histogram analysis to allow objective parenchymal assessment
	Emphysema quantification



	Dual-energy CT pulmonary blood volume assessment
	Generation of iodine maps that act as a surrogate of lung perfusion and therefore of pulmonary blood volume on dual-energy CT
	Assessment of perfusion defects in acute and chronic pulmonary thromboembolism



	Dual-energy CT virtual unenhanced imaging
	Removal of iodine from post-contrast dual-energy acquisitions to generate virtual unenhanced images
	Evaluation of apparent enhancement in pulmonary nodules without need for two separate pre- and post-contrast CT acquisitions
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FIGURE 8-2 Suspected pulmonary metastases in a man with poorly differentiated adenoid cystic carcinoma. On a 1-mm-thin section image (A), a subpleural nodule (black arrow) is easily seen, but a central nodule (white arrow) can be mistaken for a pulmonary vessel. Scrolling through 10-mm-thick maximum intensity projection (MIP) images (B) can show the central nodule as distinct from the adjacent vessel (white arrow), and make the subpleural nodule more conspicuous (black arrow).






Dual-Energy CT

The concept of DECT was first explored in the 1970s although initial efforts were hampered by limitations in the CT hardware and computational power available at the time. New CT technology has permitted the development of DECT systems over the past seven years. The principles underpinning DECT are the same as for dual-energy subtraction radiography (discussed earlier). DECT allows materials to be differentiated by analysing their attenuation properties at different photon energies, using the material decomposition theory.30 This theory is particularly applicable to high atomic number materials such as iodine or calcium owing to the photoelectric effect, as they exhibit different degrees of attenuation at different energies.

Different methods for achieving DECT acquisitions are currently used. A dual-source CT system with two X-ray tubes mounted at 90° to each other can provide a dual-energy acquisition by operating the tubes at different kilovoltages (typically 80 or 100 kVp and 140 kVp, respectively)31 (Fig. 8-3). DECT imaging with single-source CT currently uses either rapid switching between two kilovoltages32 or a dual-layer (‘sandwich’) detector, with different detector layers absorbing the different energy spectra.33

[image: image]
FIGURE 8-3 Geometry of a dual-source CT system. The two tubes are positioned at 90° to each other, diametrically opposite their detector arrays.





Regardless of the acquisition technology employed, these DECT systems are all able to generate material-specific image data sets or subtraction images, from a single CT acquisition. In doing so, the need for pre- and post-contrast imaging can be obviated, thus reducing dose while simultaneously avoiding problems arising from misregistration between acquisitions before and after intravenous contrast agents. For example, material differentiation of iodine makes it possible to create a virtual unenhanced image data set. This may have potential clinical application in pulmonary nodule characterisation,34 for example. Alternatively, by creating an ‘iodine only’ image data set, a map of pulmonary blood volume can be generated from a contrast-enhanced thoracic DECT acquisition. The latter may demonstrate perfusion defects in acute and chronic pulmonary thromboembolism35–37 analogous to, and potentially comparable with, that depicted by perfusion scintigraphy.35,37 While promising, these potential clinical applications of DECT in thoracic imaging have yet to undergo extensive validation.




Dose Considerations

It is important to appreciate some fundamental principles of CT acquisition and factors affecting radiation dose, before considering strategies for dose reduction.

In a CT X-ray tube, a small area on the anode plate emits X-rays that penetrate the patient and are registered by the detector. A collimator between the X-ray tube and the patient, the pre-patient collimator, is used to shape the beam and establish the dose profile. In general, the collimated dose profile is a trapezoid in the longitudinal direction, resulting in umbral and penumbral regions within the area of coverage. In the umbral region, X-rays emitted from the entire area of the focal spot fall on the detector; however, in the penumbral regions at the edge of the beam, only a part of the focal spot illuminates the detector—the pre-patient collimator blocking off other parts.

Despite its undoubted clinical benefit, MDCT carries an increased radiation exposure burden compared with conventional single-slice CT. The increase in radiation arises primarily as a result of wasted radiation dose, due to decreased geometric efficiency of MDCT. Geometric efficiency indicates the proportion of the X-ray beam used in image formation. Lower efficiency thus means that increased doses will be required to maintain similar image quality.38 With MDCT, only the plateau (umbral) region of the dose profile is used to ensure an equal signal level for all detector elements—the penumbral region is discarded, either by a post-patient collimator or by the intrinsic self-collimation of the MDCT, and represents ‘wasted’ dose39 (Fig. 8-4). The relative contribution of the penumbral region decreases with increasing section width (due to a decrease in the incident beam width) and with an increasing number of simultaneously acquired images, in 4- to 16-section MDCT systems.40 However, with 64-channel MDCT, the incident beam width remains constant over both narrow and wide collimation acquisitions; therefore, geometric efficiency of 64-MDCT is high, with consequently little penalty by way of increased dose.40
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FIGURE 8-4 Geometry and dose profile for spiral, 4-, 16- and 64-slice CT. In spiral CT, the whole dose within the umbral region (U) contributes to image reconstruction with no wastage. In 4-slice CT, wastage occurs within the penumbral regions (P). The relative contribution of the penumbral region decreases with an increasing number of simultaneously acquired sections. The effect of this wastage is minimised in 64-slice CT.





Another factor that decreases geometric efficiency in MDCT arises from gaps between detector elements in the multidetector array. Photons incident on these regions do not contribute to image signal, and are another form of wasted dose. In general, the number of gaps increases with increasing numbers of sections, thus decreasing the efficiency.39

Dose reduction strategies are summarised in Table 8-4. The CT parameters that directly affect radiation dose include gantry geometry, rotation time, tube current and voltage, acquisition modes, z-axis coverage, pitch, section collimation and section overlap or interval. Factors that indirectly affect dose include reconstruction methods and image filters.


TABLE 8-4

Dose Reduction Strategies in Thoracic CT

	
Tube current modulation using:

Automatic exposure control

Weight-based modulation

Size-based modulation

Automatic exposure control (AEC)

Gated modulation, e.g. prospective ECG-gating in CT coronary angiography

Tube current reduction in low-dose examinations

Tube potential reduction

Beam-shaping filters (e.g. bowtie filters)

Restricting length of coverage to area of interest

Higher pitch (by increasing table speed), wider collimation where possible

Faster gantry rotation time

New detectors with higher radiation sensitivity, to decrease exposure time

Patient shielding

Statistical iterative reconstruction techniques (e.g. adaptive statistical iterative reconstruction)
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Reduction in tube current is the most practical means of decreasing CT radiation dose, provided this does not compromise image quality due to increased noise. A 50% reduction in tube current can halve effective radiation dose.41 Authors of several studies using MDCT have suggested that it is possible to reduce tube current markedly (to tube current-time products of between 40 and 70 milliampere seconds, or mAs) in chest examinations without significantly affecting image quality.42–44 In the paediatric population, some institutions favour the use of a tube current manually tailored to body weight,45 for instance 1 mAs kg−1 for imaging the thorax, an approach that significantly reduces radiation dose.

Tube potential (peak voltage) determines the incident X-ray mean energy, and variation in tube potential causes a substantial change in CT radiation dose. The effect of tube voltage on image quality is complex, since it affects both image noise and tissue contrast. Thus, the image quality ramifications of a decrease in tube voltage to reduce radiation exposure must be carefully examined before being implemented. For chest examinations, 120 kVp is commonly used. In thin patients (<50 kg) and in the paediatric population, 100 kVp is recommended; the use of 80 kVp has been found to be associated with unacceptable beam hardening even in the smallest of patients.46

The feasibility of low-dose CT for lung cancer screening has been the subject of renewed interest in recent years. Many authors47–49 have already proven the efficacy of low-dose CT for pulmonary nodule detection, with tube current–time products as low as 20 mAs still providing acceptable diagnostic images for pulmonary nodule detection. This is due to the inherent high contrast between air and lesions within the lung parenchyma, limiting the obscuring effects of quantum noise. Current low-dose CT screening studies using MDCT use low-dose protocols that adapt tube potential to body weight, and modify tube currents to achieve predetermined effective doses.50,51 For example, the current UK lung screening pilot study stratifies patients into three groups: <50 kg, 50–80 kg and >80 kg body weight. Tube potentials of 90, 120 and 140 kVp, respectively, are used, and tube current is modified such that effective doses delivered are less than 0.4, 0.8 and 1.6 mSv, respectively51 (Fig. 8-5).
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FIGURE 8-5 Screenshot from volumetric analysis of a low-dose CT study in a lung cancer screening trial. The CT parameters were based on the patient's body weight, with the effective mAs kept at 22 mAs and a tube potential of 120 kVp.





With helical CT systems, beam collimation, table speed and pitch are interlinked parameters that affect diagnostic image quality. Faster table speed for a given collimation, resulting in a higher pitch, is associated with a reduced radiation dose (if other data acquisition parameters, including tube current, are held constant) because of a shorter exposure time. However, this is not true for some multidetector systems that use an effective mAs setting (defined as mAs divided by pitch). Here, the effective mAs level is held constant (by automatic tube current adjustment) irrespective of pitch value, so that radiation dose does not vary as pitch is changed.52 Caution should be exercised when extrapolating dose reduction strategies from single- to multidetector CT systems.

Automatic tube current modulation, by means of automatic exposure control (AEC), is a technical innovation that can substantially reduce patient dose. There are three basic methods used currently with MDCT systems: patient-size AEC, z-axis AEC and angular (x- and y-axes) AEC.53 In patient-size AEC, the appropriate tube current is selected for a given patient size. In z-axis AEC, tube current is adjusted to maintain a user-selected noise level in the image data, independent of patient size and anatomy. In angular AEC, the tube current is adjusted to minimise X-rays in projections (angles) that have less importance for the reduction of overall image noise content. With angular AEC, a mean reduction of 36% in dose without loss of image quality in CT imaging studies in children has been reported.54 MDCT imaging usually has two or more combinations of AEC methods available.

Reconstruction techniques that diminish noise can indirectly contribute to dose reduction, since they help achieve sufficiently diagnostic images from low-dose examinations. These techniques include noise reduction filters utilised within the traditional filtered back projection (FBP) reconstruction techniques, and more recently, statistical iterative reconstruction techniques. Iterative reconstruction, while more computationally intensive, has shown promise in aiding dose reduction in coronary55 and thoracic56,57 CT. For example, Pontana et al. recently showed that a mean dose reduction of 35% was possible using iterative reconstruction as compared with FBP with no loss in image quality.57

Ultimately, the complexity of the interrelationships between the different CT parameters and dose requires a close collaboration between radiologists and medical physicists to ensure that the radiation burden to patients is as low as possible without diagnostic accuracy being compromised.




Intravenous Contrast Medium Enhancement and Timing of CT Data Acquisition

Intravenous enhancement is used routinely for thoracic CT examinations, most frequently for lung cancer staging, CT pulmonary angiography (CTPA), CT coronary angiography (CTCA) and aortic evaluation. Intravenous enhancement in general is influenced by several factors. These include


• Patient factors, such as body size (as measured by body mass index and body surface area),58 and cardiac output;

• Contrast medium factors, including the iodine delivery rate59 (itself a product of iodine concentration, injected contrast volume and the rate of injection);

• Timing of acquisition, depending on whether automated bolus triggering, test bolus or a set delay is used to initiate the CT data acquisition;60 and

• Changes in respiration, e.g. suboptimal pulmonary artery opacification in CTPA on deep inspiration, due to a variety of suggested mechanisms.61



With single-detector CT, a volume of 100 mL of 150 mg mL−1 of iodine injected at a rate of 2.5 mL s−1 after a 25-s delay was recommended for general thoracic work,62 while 120–140 mL of 240–300 mg mL−1 of iodine injected at a rate of 3–4 mL s–1, 63 with either a fixed delay or the use of automated triggering mechanisms, was recommended for CTPA. However, it has been necessary to redesign contrast administration protocols and the timing of acquisition, caused by: (A) the reduced acquisition time brought about by MDCT; (B) newer technology, such as dual-energy CT; (C) the need to reduce contrast dose to minimise potential nephrotoxicity; and (D) the increasing feasibility of ‘triple-rule-out’ CT to provide simultaneous evaluation of the coronary arteries, pulmonary arteries and aorta, as well as other intrathoracic pathological features in patients presenting with acute chest pain.64

In general, the faster acquisition times of MDCT require a higher iodine delivery rate to achieve speedier peak arterial contrast enhancement. If contrast volume is to be reduced, a higher rate can be achieved by a faster injection rate and a higher concentration of contrast medium. In addition, biphasic injection protocols are now preferred. Single-bolus (i.e. monophasic) contrast administration can cause thoracic MDCT acquisitions to suffer from streak and beam-hardening artefacts, due to the dense contrast medium within the brachiocephalic veins during CT data acquisition. To overcome this, biphasic injection protocols are now the norm, using dual-headed power injectors to deliver both contrast medium and a saline chaser to dilute the contrast density in the peripheral veins, thus overcoming the artefacts, as well as providing a more homogeneous enhancement profile.65 For 64-slice thoracic MDCT acquisitions, typical injection parameters are 60–120 mL of 320–400 mg mL−1 of iodine injected at 3.5–5 mL s−1, followed by 20–40 mL of normal saline injected at the same rate.

For triple-rule-out studies, variations in the number of phases, timing, volume and composition of the chaser (e.g. using a mixture of 50 : 50 contrast material and saline) are employed. For example, a triphasic protocol comprising an initial injection of undiluted contrast medium, followed by a second phase with a mixture of contrast media and saline and, finally, a third pure saline flush may be used.66




Window Settings

The density within each voxel is represented by a Hounsfield unit (HU) value. In the thorax these units encompass a wide range, from aerated lung (approximately –800 HU) to ribs (+700 HU). No single-window setting can depict this wide range of densities on a single image. For this reason, a thoracic CT examination requires viewing in at least two settings in order to demonstrate the lung parenchyma and the soft tissues of the mediastinum. Furthermore, it may be necessary to adjust the window settings to improve the demonstration of a particular structure or abnormality. Preferred window settings for thoracic CT vary between institutions, but some generalisations can be made. For the soft tissues of the mediastinum and chest wall a window width of 300–500 HU and a centre of +40 HU are appropriate. For the lungs a wide window of approximately 1500 HU or more at a centre of approximately –600 HU is usually satisfactory. The window settings have a profound influence on the visibility and apparent size of normal and abnormal structures. The most accurate representation of an object appears to be achieved if the value of the window level is halfway between the density of the structure to be measured and the density of the surrounding tissue. For example, the diameter of a pulmonary nodule, measured on soft-tissue settings appropriate for the mediastinum, will be grossly underestimated.67 It is also important to remember that when inappropriate window settings are used, smaller structures (e.g. peripheral pulmonary vessels) are proportionately much more affected than larger structures.







High-Resolution Computed Tomography

The fundamental components of a high-resolution CT (HRCT) technique are thin collimation, usually 1–2 mm, and a high spatial frequency algorithm reconstruction. A third component concerns the interval between slices. For the majority of patients being investigated exclusively for suspected interstitial lung disease, interspaced (as opposed to volumetric) HRCT remains an adequate examination and should be used for younger patients. This is because the dose of interspaced HRCT is considerably lower than a volumetric high-resolution acquisition.68,69 Even when techniques are optimised for dose, volumetric HRCT of the chest incurs a dose that is four to ten times higher than interspaced HRCT.69–71 For example, a study comparing volumetric and axial 1.25-mm interspaced HRCT images in children reported an effective dose of 7.6 mSv for the volumetric acquisition compared with 0.57 mSv for the interspaced technique, despite adapting tube voltage and current to body weight.71 Thin collimation improves spatial resolution and consequently enhances the detection of key morphological features in HRCT interpretation: thickened interlobular septa, ground-glass opacification, small nodules and abnormally thickened or dilated airways. Reducing the section thickness below 1 mm will not yield any significant further improvement in spatial resolution and at the same time will reduce the signal-to-noise ratio of the image. A sharp reconstruction algorithm reduces image smoothing and makes structures visibly sharper, although image noise becomes more obvious.72 Intravenous contrast medium should be avoided unless there is another clinical indication necessitating its use (such as pulmonary embolism) since it can spuriously increase parenchymal opacification and interfere with interpretation, especially in comparison examinations (Fig. 8-6).

[image: image][image: image]
FIGURE 8-6 (A) Unenhanced and (B) intravenously enhanced volumetric 1-mm section HRCT images in a patient with biopsy-proven non-specific interstitial pneumonia, taken one week apart. Generally, increased ground-glass opacity is seen in both lungs, but it is difficult to determine whether this represents new parenchymal opacification, or whether it is purely the consequence of contrast enhancement.





Images are usually obtained in the supine position from the apices to the lung bases at full inspiration and at 10- or 20-mm intervals. When early interstitial fibrosis is suspected, HRCT is often performed in the prone position to prevent confusion with the increased opacification often seen in the dependent posterobasal segments in the usual supine position (Fig. 8-7). However, there is no advantage in prone CT if there is obvious diffuse lung disease on a contemporary chest radiograph.73
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FIGURE 8-7 HRCT for suspected asbestosis. (A) HRCT image in the supine position demonstrates fine reticulation and increased subpleural density (arrows). (B) These changes (arrows) persist on the prone image and may represent early asbestosis in this patient who had an appropriate asbestos exposure.





The necessity of expiratory CT sections is somewhat controversial. Although images at end-expiration can reveal small or subtle areas of air trapping (Fig. 8-8), the mosaic attenuation pattern attributable to small airways disease is usually apparent, albeit less conspicuous, on inspiratory images in most patients with clinically significant small airways disease.
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FIGURE 8-8 Mosaic attenuation in a patient with bronchiectasis in the lower lobes (not shown). HRCT image taken in inspiration (A) shows subtle mosaicism, emphasised in the section acquired at end-expiration (B), indicating small airways disease.









Ultrasound

The main advantages of chest ultrasound are its bedside availability, absence of radiation and the ease of guided aspiration of pleural fluid and some solid tumours. Visualisation of the chest wall requires a high-frequency linear probe (5–7.5 MHz), whereas pleural and pulmonary disease is better detected with a sector or phased-array probe with a lower frequency (3.5 MHz). Most pleural fluid collections of clinical significance are readily identified on standard chest radiographs, but in the intensive care setting even small effusions may cause respiratory compromise and ultrasound (US) is an effective way of detecting and subsequently guiding aspiration. US is also valuable in identifying loculated collections which may require drainage by multiple catheters. The identification of septations and increased echogenicity within pleural effusions frequently suggest an exudate74 (Fig. 8-9) but does not correlate with purulence or the need for surgical intervention.75 With real-time US, the movement of the diaphragm may be observed and the reduced motion of paralysis may be of diagnostic value. US is also a quick and effective way of guiding percutaneous needle biopsy of peripheral lung, pleural or chest wall lesions, but cannot be used if there is any aerated lung between the ultrasound probe and the lesion.
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FIGURE 8-9 Ultrasound evaluation of empyema. Multiple septations (arrows) are present within the anechoic pleural collection.






Endoscopic and Endobronchial Ultrasound

For endoscopic ultrasound (EUS), a high-frequency US transducer is incorporated into the tip of an endoscope to provide high-resolution images of the gastrointestinal wall and structures in close proximity to the gastrointestinal tract. Linear echoendoscopes that can image parallel to the long axis of the instrument allow visualisation of a projecting needle, relative to adjacent tissue, making EUS-guided aspiration or intervention possible. Trans­oesophageal EUS-guided real-time fine-needle aspiration (FNA) of mediastinal lymph nodes (particularly subaortic, subcarinal, paraoesophageal and pulmonary ligament nodes) has become a useful, minimally invasive and safe method for staging the mediastinum,76,77 to confirm or refute N2 or N3 disease in patients with non-small cell lung cancer. EUS-FNA has a pooled sensitivity and specificity of 84 and 99.5%, respectively, for the detection of malignant mediastinal lymph nodes in lung cancer.78

Endobronchial ultrasound (EBUS) is another relatively new technique that allows ultrasound-guided sampling of mediastinal lymph nodes. EBUS-transbronchial needle aspiration (EBUS-TBNA) can be performed with real-time guidance using a bronchoscope with a convex ultrasound probe79 (Fig. 8-10). EBUS-TBNA is particularly useful for sampling high mediastinal, paratracheal, subcarinal, hilar and interlobar nodes, with a pooled sensitivity of 90% for mediastinal lymph node staging. Recently, Herth et al. evaluated a combined mediastinal staging approach using both EUS-FNA and EBUS-TBNA performed by a single operator in a single sitting, and found a combined sensitivity of 96%, higher than that for either technique alone.80 Such combined minimally invasive approaches may find wider clinical applicability in appropriately selected lung cancer patients in the future.
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FIGURE 8-10 Endobronchial ultrasound-transbronchial aspiration (EBUS-TBNA) of a subcarinal node in a patient with mediastinal lymphadenopathy. The needle is visualised as a linear focus of high echoreflectivity (arrow). (Courtesy of Dr Pallav Shah, Royal Brompton Hospital.)











Magnetic Resonance Imaging

General technical considerations of magnetic resonance imaging are outlined elsewhere and its specific applications in the chest are described where appropriate in the following chapters. This section will summarise the spectrum of MRI techniques used in thoracic imaging.

The general advantages of MRI are its excellent soft-tissue contrast and lack of ionising radiation. However, in the lungs these advantages are greatly outweighed by significant limiting factors, not least of which are the relatively poor spatial resolution of MRI, the extremely low proton density of normal lung, the further decrease of signal by strong susceptibility artefacts induced by the multiple air–soft tissue interfaces within the lung and the consequences of cardiac and respiratory movement. As such, it is now accepted that MRI is no substitute for CT in the investigation of most thoracic conditions that require cross-sectional imaging. The high-resolution multiplanar reconstructions facilitated by isotropic MDCT acquisitions have widened the scope for MDCT to be used in most aspects of thoracic imaging, including areas previously thought to be the domain of ‘problem-solving’ MRI. The main indications for MRI in the chest include the evaluation of the heart, aorta and pulmonary arteries (particularly in the setting of pulmonary hypertension); demonstrating pulmonary embolism if radiation and intravenous contrast medium need to be avoided; characterisation of mediastinal lesions that are equivocal on CT; and evaluation of superior sulcus tumours, particularly if brachial plexus involvement is suspected.

No generic protocol can be prescribed for MR of the thorax; individualised protocols should always be tailored to the clinical question being asked. Traditional imaging sequences have included T1-weighted spin echo (SE) with or without contrast enhancement with gadolinium chelates (for the initial detection of abnormalities or the demonstration of anatomy) and T2-weighted fast spin echo (FSE) (for further characterisation of abnormalities). Occasionally, a fat-saturation MRI technique (phase-shift gradient-echo imaging or proton-selective fat-saturation imaging) can be useful for detecting fat and distinguishing it from haemorrhage in the evaluation of mediastinal masses. MRI is useful in confirming the cystic nature of mediastinal lesions that appear solid on CT (cysts containing non-serous fluid can have high attenuation on CT) as these cysts will have characteristically high signal intensity when imaged with T2-weighted sequences regardless of the nature of the cyst contents81 (Fig. 8-11).

[image: image][image: image]
FIGURE 8-11 Anterior mediastinal mass in a 54-year-old woman incidentally discovered during MRI of the thoracolumbar spine. A well-circumscribed ovoid anterior mediastinal lesion is present (arrows) that is hypointense on T1-weighted (A) and markedly hyperintense on T2-weighted (B) sagittal MR images relative to muscle. The appearances are consistent with a thymic cyst.





To overcome the problem of respiratory motion, other sequences (fast low-angle shot (FLASH) and half Fourier turbo-spin echo (HASTE)) that can be acquired in one breath-hold with acquisition times well below 30 s have been developed. Additional techniques to compensate for respiratory motion in non-breath-hold MRI have also been evaluated. Three-dimensional gradient-recalled echo (GRE) and volume-interpolated breath-hold examination (VIBE) sequences82,83 can be used to potentially evaluate lung morphology with high spatial resolution and fewer artefacts.

A few sophisticated MR imaging techniques demonstrate promise but are still largely research tools without wide clinical availability. Hyperpolarised noble gas imaging with either 3He or 129Xe has been used to increase proton density (and so signal-to-noise ratio) in the lung. This can be used to demonstrate parts of the lung that participate in ventilation, and so enable the evaluation of structure–function relationships in lung disease such as cystic fibrosis84 (Fig. 8-12). Diffusion-sensitive MRI techniques allow mapping of the ‘apparent diffusion coefficient’ (ADC) of 3He within lung spaces, where ADC is physically related to local bronchoalveolar dimensions. ADC values are increased in fibrosis and emphysema, and show good agreement with predicted lung function. In the evaluation of solitary pulmonary nodules, dynamic contrast-enhanced MR imaging demonstrates good correlation with lesion angiogenesis, and so can help in nodule characterisation.85
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FIGURE 8-12 Coronal hyperpolarised 3He MR images of 24-year-old (A) and 17-year-old (B) patients with cystic fibrosis, with FEV1 of 109 and 52%, respectively. Both patients demonstrate multiple ventilation defects, but the patient in (B) with the poorer FEV1 shows defects which are both larger and more widespread. (With permission from Ohno Y, Koyama H, Yoshikawa T, et al 2011 Pulmonary magnetic resonance imaging for airway diseases. J Thorac Imaging 26(4): 301–316.)





MRI is thus still clinically most applicable to the imaging of the heart and pulmonary vasculature, and the specific techniques required for this are dealt with elsewhere.




Ventilation–Perfusion Scintigraphy

Ventilation–perfusion (V/Q) scintigraphy is a non­invasive technique for the assessment of the distribution of pulmonary blood flow and alveolar ventilation and has primarily been used for the diagnosis of pulmonary embolism. Lung scintigraphy remains part of the diagnostic algorithm in the investigation of patients with pulmonary embolism, and guidelines suggest that it may be considered, subject to its availability, as the initial imaging investigation provided the chest radiograph is normal and there is no significant symptomatic concurrent cardiopulmonary disease.86

Perfusion scintigraphy is performed following the intravenous injection of 99mTc-labelled protein microparticles which, because of their size, undergo micro-embolisation in the pulmonary vascular bed. Agents for ventilation scintigraphy include krypton-81m, 99mTc-diethylenetriaminepentaacetic acid, 99mTc-labelled carbon microparicles (Technegas) and 133xenon. Krypton-81m is in many ways the ideal agent of choice for ventilation imaging but it has a very short half-life, is expensive to produce and accumulates progressively in regions of lung with a low ventilatory turnover. The lung can be imaged in multiple projections and in each projection, perfusion and ventilation images can be acquired sequentially, or, with the newer digital cameras, simultaneously. Technegas is an ultrafine and scintigraphically more efficient aerosol that is considered to behave truly like a gas because the mean aerodynamic diameter of the particles are between 30 and 90 nm.

Ventilation–perfusion lung scintigraphy performed using single photon emission CT (SPECT) technique (as opposed to merely using planar acquisitions) has shown that diagnostic accuracy for pulmonary embolism is at least comparable with,87 and may exceed,88 that of CT pulmonary angiography with MDCT (4- to 16-detector MDCT). However, the lack of availability of this technique means it is unlikely to be frequently used for patients with suspected pulmonary embolism.

For a full list of references, please see ExpertConsult.
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The Lungs

Each lung is divided into lobes surrounded by pleura. There are two lobes on the left: the upper and lower, separated by the major (oblique) fissure; and three on the right: the upper, middle and lower lobes, separated by the major (oblique) and minor (horizontal) fissures. The fissures are frequently incomplete, particularly medially, containing localised defects which form an alveolar pathway for collateral air drift and the spread of disease.

For a fissure to be visualised on conventional radiographs, the X-ray beam must be tangential to the fissure. In most people, some of the minor fissure is seen in the frontal projection, but neither major fissure can be identified. In the lateral view, both the major and minor fissures are often identified, but usually only part of any fissure is seen; in fact, it is very unusual to see both left and right major fissures in their entirety.

The major fissures have similar anatomy on the two sides. They run obliquely anteriorly and inferiorly from approximately the fifth thoracic vertebra to pass through the hilum and contact the diaphragm 0–3 cm behind the anterior costophrenic angle. Each major fissure follows a gently curving plane somewhat similar to a propeller blade (Fig. 9-1), with the upper portion facing anterolaterally, and the lower portion facing anteromedially. Owing to the undulating course of the major fissure, either fissure may be seen as two lines on the lateral view. Consequently, it may appear to the unwary that a fissure is displaced when it is, in fact, in its normal position, or both fissures may appear to be in their normal positions when in reality one of them is so displaced that it is no longer visible.

[image: image][image: image]
FIGURE 9-1 The position and shape of the major fissures (arrows) in the lower and the upper zones is best shown by CT. Note that above the hila, the major fissures bow backwards (B, C), whereas below the hila, the major fissures bow forwards (D to H). The minor fissure (F, G) is apparent as an area of avascularity anterior to the major fissure. In this example the slightly bowed horizontal fissure undulates through the plane of the slice (asterisks). The images are high-resolution 0.625-mm-thin CT sections from a 64-row multislice CT study.





The inferior portion of either or both major fissures may be widened due to fat or pleural thickening between the leaves of the pleura. In these circumstances the contact with the diaphragm will often be broadened and lead to a localised loss of silhouette, an appearance referred to as the juxtaphrenic peak.

With modern multidetector computed tomography (CT), the normal major fissures are frequently visible, but if not clearly defined the position can be inferred from the presence of a relatively avascular zone that forms the outer cortex of the lobe. With high-resolution CT (HRCT), a normal major fissure is seen as a thin line traversing the avascular zone,1 although it may be represented as two parallel lines on at least one level in approximately one-third of the population because of an artefact related to cardiac and respiratory motion.2

The minor fissure fans out anteriorly and laterally from the right hilum in a horizontal direction to reach the chest wall. On a standard chest radiograph, the minor fissure contacts the chest wall at the axillary portion of the right sixth rib. The fissure curves gently, with its anterior and lateral portion usually curving downwards. Because of the curvature of the major fissure described above, part of the minor fissure may be projected posterior to the right major fissure on the lateral view.

On CT the minor fissure position is represented by an oval area of reduced vascularity at the level of the bronchus intermedius (Figs. 9-1 and 9-2). The normal minor fissure is not seen as a line on axial CT imaging but is apparent on multiplanar reformats.
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FIGURE 9-2 The position of fissures is often best shown in additional sagittal reformats (arrows) taken of the right lung (A, B) and the left lung (C, D). Note the course of the major and minor fissures together with an accessory cardiac fissure on the right (arrowhead), and the major fissure on the left (arrows).





In 1% of the population an accessory fissure,3 called the ‘azygos lobe fissure’ (Fig. 9-3), is seen. This fissure contains the azygos vein at its lower end and results from failure of normal migration of the azygos vein from the chest wall to its usual position in the tracheobronchial angle and persistence of the invaginated visceral and parietal pleurae. There is no corresponding alteration in the segmental architecture of the lung, so the term ‘lobe’ is a misnomer. The azygos lobe may, however, be smaller and therefore less transradiant than corresponding normal lung.4 On CT the altered course of the azygos vein can be seen traversing the lung (Figs. 9-3A–D). Other accessory fissures are occasionally identified (Fig. 9-2).3 A minor fissure may separate the lingular segments from the remainder of the upper lobe, similar to the right minor fissure. A horizontally orientated fissure, a superior accessory fissure, may separate the apical segment from the basal segments of either lower lobe. An inferior accessory fissure is sometimes seen in one or other lower lobe, usually the right, separating the medial and anterior basal segments. This fissure runs obliquely upward and medially towards the hilum from the diaphragm.
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FIGURE 9-3 Azygos lobe fissure (A, C, arrows) and azygos vein (B to D, asterisk). The azygos vein in the lower end of the fissure is well seen on the coronal reformats (C, D). In the early arterial contrast perfusion phase the vein is not filled with contrast media (D) displaying a soft-tissue-like attenuation. Occasionally on conventional plain film radiography (E) the course of the azygos vein from the mediastinum to the lower end of the fissure (arrowhead) can be appreciated as a vascular band (asterisk).





The inferior pulmonary ligaments5 are pleural reflections from the mediastinum which hang down from the hila and are analogous in shape to many peritoneal reflections. These two layers of pleura may extend down to the diaphragm or may have a free inferior edge. The intersegmental septum of the lower lobe, a septum within the lung immediately beneath the inferior pulmonary ligament, is often visible on CT (Fig. 9-4).6 When the inferior pulmonary ligament reaches the diaphragm it may contain a small amount of fat. This may efface the diaphragm, resulting in a juxtaphrenic peak. Otherwise, neither the intersegmental septum nor the inferior pulmonary ligament is visible on plain radiographs.
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FIGURE 9-4 Intersegmental bilateral septa deep to the inferior pulmonary ligament (A). Note the bifurcated T-shape of the septum on the right indicating the boundaries of the segments 9 and 10 (arrowheads). The function of the inferior pulmonary ligament fixating the lower lobe to the paraoesophageal mediastinum (asterisk) is well appreciated in another patient with pneumothorax (B).









The Central Airways

The trachea is a straight tube that, in children and young adults, passes inferiorly and posteriorly in the midline. In subjects with unfolding and ectasia of the aorta the trachea may deviate to the right and may also bow forward. In cross-section the trachea is usually round, oval or oval with a flattened posterior margin. Maximum coronal and sagittal diameters in adults on plain chest radiography are 21 and 23 mm, respectively, for women, and 25 and 27 mm for men.7 On CT, which allows precise assessment of diameters and cross-sectional areas without magnification, the mean transverse diameter is 15.2 mm (sd 1.4) for women and 18.2 mm (sd 1.2) for men, the lower limit of normal being 12.3 mm for women, and 15.9 mm for men.8 The diameters in growing children and young adults have been documented.9 Calcification of the cartilage rings of the trachea is a common normal finding after the age of 40 years, increasing in frequency with age. The trachea divides into the two mainstem bronchi at the carina. In children the angles are symmetrical, but in adults the right mainstem bronchus has a steeper course than the left. The range of angles is wide, and alterations in angle can be diagnosed only by right–left comparisons, not by absolute measurement. The left main bronchus extends up to twice as far as the right main bronchus before giving off its upper lobe division.

The lobar and segmental branching pattern is shown in Fig. 9-5. There are many variations of the segmental and subsegmental branches.10,11 Airways to subsegmental level can be routinely identified on volumetric thin-collimation CT.
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FIGURE 9-5 Diagram illustrating the anatomy of the main bronchi and segmental divisions. The nomenclature is that approved by the British Thoracic Society. (Courtesy of the Editors of Thorax.)








The Lungs Beyond the Hila

The usual method of deciding normal lung density in the frontal view is by comparison with equivalent areas on the opposite side. Since this is not possible on the lateral chest radiograph, the detection of subtle densities is more difficult, but the density over the spine should decrease gradually as the eye travels down the spine until the diaphragm is reached. Certain other comparisons can be made, but are less reliable: the density of the high retrosternal areas is approximately equal to that of the area immediately posterior to the left ventricle; the density over the heart is usually similar to that over the shoulders; and, apart from the cardiac fat pads and overlying ribs, there should be no abrupt change in density over the heart shadow.

The segmental bronchi divide into smaller and smaller divisions until after 6–20 divisions they become bronchioles and no longer contain cartilage in their walls. The bronchioles divide and the last of the purely conducting airways are known as the terminal bronchioles, beyond which lie the alveoli. The walls of the segmental bronchi are invisible on the chest radiograph unless seen end-on, when they may cause ring shadows (Fig. 9-6).
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FIGURE 9-6 Ring shadows (arrowheads) due to end-on bronchial projection as a normal finding on chest radiography. Note the delicate appearance in a patient without interstitial oedema.





The acinus, which is 5–6 mm in diameter, comprises respiratory bronchioles, alveolar ducts and alveoli. The acini are grouped together in lobules of three to five acini, which, in the lung periphery, are separated by septa and together compose the secondary pulmonary lobule. These peripheral interlobular septa, when thickened by disease, are the so-called septal or Kerley B lines.

The bronchopulmonary segments are based on the divisions of the bronchi. The boundaries between segments are complex in shape and have been likened to the pieces of a three-dimensional (3D) jigsaw puzzle; there is no septation between them (except in the rare instance of a patient with accessory fissures). Atelectasis or pneumonia may predominate in one or other segment, but rarely conforms precisely to the whole of just one segment, since collateral air drift occurs across the segmental boundary. The position of the segments as seen on standard radiographs is illustrated in Fig. 9-7.

[image: image]
FIGURE 9-7 Diagrams of position of segments seen on plain frontal and lateral chest radiographs. There is substantial overlap of the projected images of the segments in both views; this overlap is worse in the frontal than the lateral projection. (A) shows only the segments in the upper lobes and the middle lobe; (B) shows only the segments in the lower lobes; (C, D) show all the segments in the right and left lung, respectively, in the lateral view. H = hila, 1 = apical segment of right upper lobe (RUL), 2 = posterior segment of RUL, 3 = anterior segment of RUL, 4 = lateral segment of right middle lobe (RML), 5 = medial segment of RML, 6 = apical posterior segment of left upper lobe (LUL), 7 = anterior segment of LUL, 8 = superior segment of lingula, 9 = inferior segment of lingula, 10 = apical (superior) segment of right lower lobe (RLL), 11 = medial basal segment of RLL, 12 = anterior basal segment of RLL, 13 = lateral basal segment of RLL, 14 = posterior basal segment of RLL, 15 = apical (superior) segment of left lower lobe (LLL), 16 = anterior basal segment of LLL, 17 = lateral basal segment of LLL, 18 = posterior basal segment of LLL.





The pulmonary blood vessels (Fig. 9-8) are responsible for branching linear markings within the lungs on both conventional radiographs and CT. It is not possible to distinguish arteries from veins in the outer two-thirds of the lungs on plain radiographs. Centrally, the orientations of the arteries and veins differ: the lower lobe veins run more horizontally and the lower lobe arteries more vertically. In the upper lobes, the arteries and veins show a similar gently curving vertical orientation, but the upper lobe veins lie lateral to the arteries and can sometimes be traced to the main venous trunk, the superior pulmonary vein.
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FIGURE 9-8 Pulmonary angiography. Conventional digital subtraction angiography using selective right and left injections (A, B). Composed image obtained during (A) the arterial phase and (B) the venous phase. Note the difference in arrangement of the central arteries and veins, whereas anatomic differences are not perceptible in the lung periphery. Also note the biventricular ICD device overlying the projection in this patient with cardiac arrhythmia. On CT pulmonary angiography the anatomical relation of arterial and venous systems can be appreciated interactively on one image using volume rendering (C) or thick-slab maximum intensity imaging (D).





The diameter of the blood vessels beyond the hilum varies with the position of the patient and with various haemodynamic factors. On plain chest radiographs taken in the upright position, there is a gradual increase in the relative diameter of vessels equivalent in distance from the hilum as the eye travels from apex to base. The differences are abolished when the patient lies supine. These observations correlate with physiological studies of perfusion which show that in the erect position there is a gradation of blood flow (the lower zones showing greater blood flow than the upper zones) from apex to base, a difference that is less obvious in the supine patient.

While a general statement regarding these differences in zonal blood vessel size can be made, it is difficult to draw conclusions from the size of any particular pe­ripheral pulmonary vessel. Certain measurements have, however, been suggested for upright chest radiographs:


1. The artery and bronchus of the anterior segment of either or both upper lobes are frequently seen end-on. The diameter of the artery is usually much the same as the diameter of the bronchus (4–5 mm). In the authors' experience, an end-on vessel with a diameter of over 1.5 times the diameter of the adjacent bronchus indicates that the vessel is increased in size.

2. Vessels in the first anterior interspace should not exceed 3 mm in diameter.



A rich network of lymphatic vessels drains the lung and pleura to the hilar lymph nodes. The subpleural lymphatics are found beneath the pleura at the junction of the interlobular septa with the pleura. These vessels connect with each other and with the lymphatic vessels accompanying the veins in the interlobular septa. Lymph then flows to the hilum via deep lymphatic channels that run peribronchially and in the deep septa of the lungs. In normal circumstances the lymphatic network is invisible radiographically but when thickened the septa are seen as line shadows known as septal or Kerley lines. Thickened interlobular septa correspond to Kerley B lines and thickened deep septa correspond to Kerley A lines.

There are a few intrapulmonary lymph nodes, but they are small and cannot be identified on a chest radiograph but may be seen as small, peripherally located ellipsoid nodules on CT.12,13




The Hila

Understanding the normal hilum on plain radiography, CT and magnetic resonance imaging (MRI) requires an appreciation of the anatomy of the major blood vessels (Figs. 9-9 to 9-13).
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FIGURE 9-9 Diagrams of the relationships between the hilar blood vessels and bronchi. (A) Frontal view. (B) Right posterior oblique view of right hilum. (C) Left posterior oblique view of left hilum. (D) Lateral chest radiograph with major blood vessels drawn in. IPV = inferior pulmonary vein—only one has been drawn in since they are superimposed, LPA = left pulmonary artery, LSPV = left superior pulmonary vein, RPA = right pulmonary artery, RSPV = right superior pulmonary vein. (Diagrams drawn by Ron Ervin and reproduced with permission from Armstrong P (ed) 1983 Critical problems in diagnostic radiology. Lippincott, Philadelphia.)
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FIGURE 9-10 Normal digital PA chest radiograph demonstrating position and density of the hilar structures. Arrows indicate the hilar points where the superior pulmonary vein crosses the descending lower lobe artery, the left normally being level with or slightly higher than the right.
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FIGURE 9-11 Frontal view of the hila in a plain chest radiograph. The measurement points for the diameter of the right lower lobe artery are indicated.
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FIGURE 9-12 CT of normal hila. High-resolution CT images (0.625 mm) have been obtained through the hilar structures during contrast medium injection and displayed on lung windows (L-500, W 1500). (A) Section just below the tracheal carina at the origin of the right upper lobe bronchus, immediately posterior to the upper lobe vein (v). (B) Section through level of right main pulmonary artery (RPA) and bronchus intermedius (arrowhead). Note the tongue of lung that contacts the left main bronchus between the aorta (B) and the left lower lobe artery (black arrowhead). Note also that the right lung contacts the posterior wall of the bronchus intermedius as it extends into the azygo-oesophageal recess. (C) Section through the level of the middle lobe bronchus (long arrow) at the point of origin of the bronchus to the superior segment of the right lower lobe. Note that the middle lobe bronchus separates the right lower lobe artery from the right superior pulmonary vein as it enters the left atrium (LA). The lung contacts the posterior wall of the right lower lobe bronchus as it extends into the azygo-oesophageal recess. (D) Section through the level of the inferior pulmonary veins (arrows). At this level the lower lobe arteries have bilaterally divided into basal segmental divisions; each are less than 10 mm in diameter.
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FIGURE 9-13 Lateral view of the hila showing normal thickness of the posterior wall of the bronchus intermedius (arrows).





On plain radiograph and CT the densities of the normal hilum are due mainly to blood vessels (Figs. 9-9D to 9-11 and 9-13). Normal lymph nodes cannot be recognised as discrete structures, and the bronchial walls contribute little to the bulk of the hila, being thin and easily recognised for what they are. On MRI (Fig. 9-14), the lack of signal from fast-flowing blood within the vessels or from air in the bronchi means that there is relatively little signal generated from normal hilar structures on standard spin-echo sequences. The only signal will be from slow-flowing blood in the vessels (Fig. 9-14E), from the bronchial walls and from the fat and hilar nodes. Normal lymph nodes of just a few millimetres in size are often evident as discrete structures on modern multidetector CT. The major points to remember when viewing the hila (Fig. 9-15) are the following:


1. The transverse diameter of the lower lobe arteries before their segmental divisions can be determined with reasonable accuracy: they measure 9–16 mm on the normal postero-anterior (PA) chest radiograph (Fig. 9-11).

2. The posterior walls of the right main bronchus and its division into the right upper lobe bronchus and bronchus intermedius are outlined by air and appear as a thin stripe on lateral plain radiographs (Fig. 9-13) and on CT (Fig. 9-12). The posterior walls of the equivalent bronchi on the left are rarely visible on the plain radiograph because the left lower lobe artery intervenes between the lung and the bronchial tree. The lung does, in fact, frequently invaginate between the left lower lobe artery and the descending aorta to contact the posterior wall of the left lower lobe bronchus, but this is usually only visible on CT or MRI.

3. The right pulmonary artery passes anterior to the major bronchi, whereas the left pulmonary artery arches superior to the left main bronchus (Figs. 9-8C, D and 9-9A). The central portion of the right hilum consists of a combination of the right pulmonary artery and the superior pulmonary vein. Since these two vessels are immediately adjacent to one another (on the left, the left main bronchus lies between them), they may be responsible for a density that is sufficiently great to be confused with a mass on lateral plain radiographs and even, on occasion, on CT.

4. On lateral chest radiographs the angles between the middle and right lower lobe bronchi on the right, and the upper and lower lobe bronchi on the left, do not contain any large end-on vessels; a rounded shadow of greater than 1 cm in these angles is, therefore, unlikely to be a normal vessel.14

5. The pulmonary veins are similar on the two sides (Fig. 9-9). The superior pulmonary vein is the anterior structure in the upper and mid-hilum on both sides. Since, however, the central portions of the pulmonary arteries are so differently organised on the two sides, the relationships of the major veins to the arteries differ. On the right the superior pulmonary vein is separated from the central bronchi by the lower division of the right pulmonary artery, whereas on the left the superior pulmonary vein is separated from the pulmonary artery by the bronchial tree.
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FIGURE 9-14 MRI of normal mediastinum and hila. Four transverse and four coronal sections have been chosen to show the important anatomical features: (A–D, G, H) gradient echo post gadolinium iv; (E, F) T1-weighted gradient echo sequence). (A) is 1 cm above the tracheal carina; (B) is just below (A); (C) is at the level of the right main pulmonary artery; (D) is at the level of the mid left atrium. A.Ao = ascending aorta; AV = azygos vein; BI = bronchus intermedius; D.Ao = descending aorta; LA = left atrium; LCA = left carotid artery; LMB = left main bronchus; LPA = left pulmonary artery; LV = left ventricle; MPA = main pulmonary artery; Oes = oesophagus; RA = right atrium; RMB = right main bronchus; RSPV = right superior pulmonary vein; SVC = superior vena cava; T = trachea.





[image: image][image: image][image: image]
FIGURE 9-15 CT of normal mediastinum. (A–I) Five 1-cm-thick sections have been selected to show the important anatomical features. The level of each section is illustrated in the diagram. A.Ao = ascending aorta; AoA = aortic arch; AV = azygos vein; D.Ao = descending aorta; IA = innominate artery; LA = left atrium; LCA = left carotid artery; LIV = left innominate vein; LPA = left pulmonary artery; LSA = left subclavian artery; MPA = main pulmonary artery; OES = oesophagus; RA = right atrium; RIV = right innominate vein; RPA = right pulmonary artery; RVO = right ventricular outflow tract; SPV = superior pulmonary vein; SVC = superior vena cava; T = trachea.





Both inferior pulmonary veins travel obliquely anteriorly and superiorly, inferior to the branches of the left lower lobe artery, to enter the left atrium. They are slightly posterior to the plane of the left lower lobe bronchi. They may be seen either end-on or in oblique cross-section in PA, lateral and oblique projections and may, therefore, simulate a mass.




The Mediastinum

The radiographic anatomy of the mediastinum can be described from many points of view, depending on the technique that is under discussion. In this chapter only plain radiographs, CT and MRI will be considered in any detail, CT and MRI being illustrated first because an appreciation of the cross-sectional anatomy of the mediastinum helps in understanding the appearances on plain chest radiographs.

The mediastinum is conventionally divided into superior, anterior, middle and posterior compartments. The exact anatomical boundaries of these divisions are unimportant to the radiologist (indeed, they vary according to different authors), since they do not provide a clear-cut guide to disease and their boundaries do not form any barriers to the spread of the disease.


Computed Tomography and Magnetic Resonance Imaging

The blood vessels, trachea and main bronchi make up the bulk of the mediastinum, and the CT/MRI anatomy of these structures is illustrated in Figs. 9-12 to 9-16.

[image: image]
FIGURE 9-16 CT of normal thymus (arrow) in a young adult man.





The thymus is situated anterior to the aorta and right ventricular outflow tract or pulmonary artery; it is often best appreciated on a section through the aortic arch or great vessels (Figs. 9-12, 9-16 and 9-17). Before puberty15 the thymus fills in most of the mediastinum in front of the great vessels. During this period of life the gland varies so greatly in size that measurement is of little value in deciding normality. Approximate symmetry is the rule. Also, the thymus fills in the spaces between the great vessels and the anterior chest wall as if moulded by these structures. In adults the thymus is bilobed or triangular in shape. The maximum width and thickness of each lobe decreases with advancing age. Between the ages of 20 and 50, the average thickness as measured by CT decreases from 8–9 mm to 5–6 mm, the maximum thickness of each lobe being up to 15 mm. These diameters are greater on MRI, presumably because MRI demonstrates the thymic tissue even when it is partially replaced by fat. On MRI, sagittal images demonstrate the gland to be 5–7 cm long in its craniocaudad dimension.

[image: image]
FIGURE 9-17 Thymic residues (curved arrows) shown by CT.





In younger patients, the CT density of the thymus is homogeneous and close to that of other soft tissues, but after puberty the density gradually decreases owing to fatty replacement, so that above 40 years of age the thymus usually has an attenuation value identical to that of fat and is often indistinguishable from the adjacent mediastinal fat, apart from some residual thymic parenchyma, which may be visible as streaky or nodular densities within the fat (Fig. 9-17).16,17 On MRI the intensity of the thymus in T1-weighted images is similar to that of muscle and appreciably lower than that of mediastinal fat, although, as would be expected, this difference decreases with age. On T2-weighted images, the intensity differences are slight and do not vary with age.

Lymph nodes are widely distributed in the mediastinum. Ninety-five per cent of normal mediastinal lymph nodes are less than 10 mm in diameter, and the remainder, with few exceptions, are less than 15 mm in diameter.18–22 Lymph nodes in the paraspinal areas, in the region of the brachiocephalic veins and in the space behind the diaphragmatic crura are generally smaller, 6 mm or less, whereas nodes in the aortopulmonary window, pretracheal and lower paratracheal spaces and subcarinal compartment are often 6–10 mm in diameter.

Lymph nodes encircle the trachea and main bronchi except where the aorta, pulmonary artery or oesophagus is in direct contact with the airway. There is no clear division between the various nodes, but they can be categorised according to site.

The nomenclature of mediastinal lymph nodes should accord with the international lymph node map in the seventh edition of the TNM classification for lung cancer proposed by the International Association for the Study of Lung Cancer (IASLC)23,24 (Figs. 9-18, 9-19; Table 9-1). This classification groups nodal stations into seven anatomic zones: supraclavicular, upper, aortopulmonary, subcarinal, lower, hilar and peripheral. The supraclavicular zone extends from the lower margin of the cricoids cartilage to the clavicles and, in the midline, the upper border of the manubrium (station 1R, right-sided nodes; station 1L, left-sided nodes). The upper zone includes upper paratracheal (stations 2R and 2L, above the superior border of the aortic arch or the intersection of the innominate vein with the trachea, respectively), prevascular (station 3a), retrotracheal (station 3p) and lower paratracheal nodes (station 4R, station 4L, below the superior border of the aortic arch or the intersection of the innominate vein with the trachea, respectively). Aortopulmonary window nodes (stations 5, 6) lie subaortic or paraaortic; subcarinal nodes (station 7) lie beneath the main bronchi within the mediastinal pleura, but superior to the upper border of the lower lobe bronchus (left) or the bronchus intermedius (right). The lower zone extends downwards to the diaphragm and includes paraesophageal (station 8) and pulmonary ligament nodes (station 9). Nodes are also present in the hila (station 10), and in the lung periphery (stations 12–14).

[image: image]
FIGURE 9-18 The International Association for the Study of Lung Cancer (IASLC) lymph node map grouping the lymph node stations into ‘zones’ for purpose of prognostic analysis (from: <http://www.radiologyassistant.nl/en/4646f1278c26f>). Please see explanations in Table 9-1.
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FIGURE 9-19 The IASLC lymph node map can be applied to clinical staging by computed tomography in axial (A–C) views. The border between the right and left paratracheal region is shown in (A) and (B). Ao = aorta; Az = azygos vein; MB = main bronchus; Eso = oesophagus; IV = innominate vein; LtInV = left innominate vein; LtSCA = left subclavian artery; PA = pulmonary artery; SPV = superior pulmonary vein; RtInV = right innominate vein; SVC = superior vena cava; T = trachea. (With permission from Rusch VW, Asamura H, Watanabe H et al 2009 The IASLC lung cancer staging project. J Thorac Oncol 4: 568–577.)






TABLE 9-1

IASLC Map for Regional Lymph Nodes*



	Zone
	Side
	Border
	Anatomical Structure




	1
	
	Upper
	Lower margin of cricoid cartilage



	1
	
	Lower
	Clavicles/manubrium



	1
	
	Left/right
	Midline of trachea



	2R
	Right
	Upper
	Apex of right lung/upper border of manubrium



	2R
	Right
	Lower
	Intersection of caudal margin of innominate vein with trachea/nodes to left lateral border of trachea



	2L
	Left
	Upper
	Apex of left lung/upper border of manubrium



	2L
	Left
	Lower
	Superior border of aortic arch



	3a
	Anterior
	Upper
	Apex of chest



	3a
	Anterior
	Lower
	Level of carina



	3a
	Anterior
	Anterior
	Posterior aspect of sternum



	3a
	Anterior
	Posterior
	Anterior border of superior vena cava



	3a
	Anterior
	Upper
	Apex of chest



	3a
	Anterior
	Lower
	Level of carina



	3a
	Anterior
	Anterior
	Posterior aspect of sternum



	3a
	Anterior
	Posterior
	Left carotid artery



	3p
	Posterior
	Upper
	Apex of chest



	3p
	Posterior
	Lower
	Carina



	4R
	Right
	Para-/pretracheal—upper
	Intersection of caudal margin of innominate vein with trachea



	4R
	Right
	Right para-/pretracheal—lower
	Lower border of azygos vein



	4L
	Left
	Left paratracheal to lig. art.—upper
	Upper margin of aortic arch



	4L
	Left
	Left paratracheal to lig. art.—lower
	Upper rim of left main pulmonary artery



	5
	
	Subaortic lateral to lig. art.—upper
	Lower border of aortic arch



	5
	
	Subaortic lateral to lig. art.—lower
	Upper rim of left main pulmonary artery



	6
	
	Anterior and lateral to ascending aorta and aortic—upper
	Line tangential to upper border of aortic arch



	6
	
	Anterior and lateral to ascending aorta and aortic—lower
	Lower border of aortic arch



	
7
	
	Mediastinal subcarinal—upper
	Carina of trachea



	7
	Right
	Mediastinal subcarinal—lower
	Lower border of bronchus intermedius



	7
	Left
	Mediastinal subcarinal—lower
	Upper border of lower lobe bronchus



	8
	Right
	Paraoesophageal excluding subcarinal—upper
	Lower border of bronchus intermedius



	8
	Left
	Paraoesophageal excluding subcarinal—upper
	Upper border of lower lobe bronchus



	8
	
	Paraoesophageal excluding subcarinal—lower
	Diaphragm



	9
	
	Within pulmonary ligament incl. inf. pulm. vein—upper
	Inferior pulmonary vein



	9
	
	Within pulmonary ligament incl. inf. pulm. vein—lower
	Diaphragm



	10
	Right
	Hilar—adjacent to mainstem bronchi and hilar vessels—upper
	Lower rim of azygos vein



	10
	Left
	Hilar—adjacent to mainstem bronchi and hilar vessels—lower
	Upper rim of pulmonary artery



	10
	
	Hilar—adjacent to mainstem bronchi and hilar vessels
	Interlobar region bilaterally



	11
	Right
	Interlobar—superior subgroup
	a#11s: between upper lobe bronchus and bronchus intermedius



	11
	Right
	Interlobar—inferior subgroup
	a#11i: between middle and lower lobe bronchi



	11
	Left
	Interlobar
	Between upper lobe bronchus and lower lobe bronchi



	12
	
	Lobar
	Adjacent to lobar bronchi



	13
	
	Segmental
	Adjacent to segmental bronchi



	14
	
	Subsegmental
	Adjacent to subsegmental bronchi
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* International lymph node map in the seventh edition of the TNM classification for lung cancer.




The oesophagus is visible on all axial CT and MRI sections from the root of the neck down to the diaphragm. It may contain a small amount of air in approximately 80% of normal people. If there is sufficient mediastinal fat, the entire circumference of the oesophagus can be identified, and if air is present in the lumen, the uniform thickness of the wall can be appreciated. Without air, the collapsed oesophagus appears circular or oval in shape and measures approximately 1 cm in its narrowest diameter. On MRI the signal intensity on T1-weighted images is similar to that on muscle but on T2-weighted images the oesophagus often shows much higher signal intensity than muscle.




Radiographic Appearances

Plain chest radiographs provide limited information regarding mediastinal anatomy, since only the interfaces between the lung and the mediastinum are visualised (Figs. 9-9, 9-10, 9-13, and 9-20).
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FIGURE 9-20 Diagrams illustrating the mediastinal boundaries and junction lines. The visualisation of the junction lines on a plain chest radiograph is variable, depending on how much fat is present in the mediastinum and on how closely the two lungs approximate to one another. (A) Section just above the level of the aortic arch; (B) section through the aortic arch; (C) section through the heart. (D) Axial CT and (E) chest plain X-ray showing the anterior junction line (arrowheads). (F, G) Axial CT showing the supra-aortic and lower posterior junction line (arrows).






Junction Lines25,26


When there is only a small amount of fat anterior to the ascending aorta and its major branches, the two lungs may be separated anteriorly by little more than the four intervening layers of pleura. In such patients an anterior junction line is visible on frontal chest radiographs (Fig. 9-20). The line diverges and fades out superiorly and cannot be identified above the level of the clavicles. It descends for a variable distance, usually deviating to the left, but never extending lower than the point where the two lungs separate to envelop the right ventricular outflow tract.

The lungs may also come close together behind the oesophagus, forming the posterior junction line (Figs. 9-20 and 9-21). This line, unlike the anterior junction line, separates to envelop the aortic arch. It may reform below the aortic arch where the two lungs occasionally abut behind the oesophagus. Superiorly, the posterior junction line extends to the level of the lung apices where it diverges and disappears, a level appreciably higher than the medial ends of the clavicles. The differences in the superior extent of the anterior and posterior junction lines are related to the sloping boundary between the root of the neck and the thorax.
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FIGURE 9-21 Right tracheal stripe (straight arrows) and pleuro-oesophageal line (curved arrows) demonstrated on (A) plain radiograph and (B) unenhanced CT.





The major value of being able to identify the anterior and posterior junction lines is that a mass, or other space-occupying process, in the junctional areas can be excluded if these lines are visible. Since both junction lines are inconsistently seen, however, the lack of visualisation of one or both is not a reliable sign of disease.




Right Mediastinum above the Azygos Vein

The right superior mediastinal border is formed by the right brachiocephalic (innominate) vein and the superior vena cava. With aortic or brachiocephalic (innominate) artery ectasia or unfolding, either of these veins may be pushed laterally or the mediastinal border may be formed by the aorta or the right brachiocephalic artery. The right paratracheal region can be seen through the right brachiocephalic vein and superior vena cava because the lung contacts the right tracheal wall from the level of the clavicles down to the azygos vein, producing a visible stripe of uniform thickness known as the right para-tracheal stripe (Fig. 9-21), between the tracheal air column and the lung. This stripe, which should be no more than 5 mm wide, is visible in approximately two-thirds of normal people. It consists of the wall of the trachea and the adjacent mediastinal fat, but no focal bulges because individual paratracheal lymph nodes can be seen. As with the junction lines, the diagnostic value of this stripe is that its presence excludes a space-occupying process in the area where the stripe is visible. The azygos vein is outlined by air in the lung at the lower end of the right paratracheal stripe. The diameter of the azygos vein in the tracheobronchial angle is variable: it may be considered normal when its diameter is 10 mm or less. The nodes immediately beneath the azygos vein are known as azygos nodes and are not recognisable on the normal chest radiograph.

The lung posterior to the trachea contacts the right wall of the oesophagus so that a recognisable border may be seen in the frontal projection. If the oesophagus at this level contains air, then the right wall of the oesophagus is seen as a stripe, the so-called oesophageal–pleural stripe,27 curving superiorly and laterally behind the tracheal air column (Fig. 9-21).

In summary, on a frontal radiograph three interfaces are potentially recognisable in the right mediastinum above the azygos vein: the superior vena cava border, the right wall of the trachea and the right wall of the oesophagus.




Left Mediastinum above the Aortic Arch

The mediastinal shadow to the left of the trachea above the aortic arch is of low density and is caused by the left carotid and left subclavian arteries together with the left brachiocephalic (innominate) and jugular veins. The usual appearance on the frontal projection is a gently curving border formed by the left subclavian artery, which fades out where the artery enters the neck. A separate interface may occasionally be discernible for the left carotid artery or left brachiocephalic vein. The outer margin of the left tracheal wall is virtually never outlined, because the lung is separated from the trachea by the aorta and other vessels listed above.




Trachea and Retrotracheal Area in the Lateral View

The air column in the trachea can be seen throughout its length as it descends obliquely inferiorly and posteriorly. The course of the trachea on a normal lateral view is straight, or bowed anteriorly in patients with aortic unfolding, with no visible indentation from adjacent vessels. Small indentations into the air column of the trachea from tracheal cartilage rings may be apparent on the lateral view. The carina cannot be identified on the lateral view (though the right main bronchus is often mistaken for it). Its anterior wall is visible in a minority of patients, but the posterior wall is usually seen because lung often passes behind the trachea, thereby permitting visualisation of the posterior tracheal (stripe) band.28 The thickness of this stripe is 2–3 mm, provided it is formed solely by the tracheal wall and pleura (Fig. 9-22). If a large amount of air is present in the oesophagus, the posterior tracheal band may be much thicker, since it then comprises the combined thicknesses of the posterior tracheal wall and the anterior oesophageal wall. Alternatively, the lung may be separated from the trachea by the full width of a collapsed oesophagus, leading to a band of density measuring 10 mm or more (Fig. 9-22).
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FIGURE 9-22 Lateral view of trachea and major bronchi. (A) In this example, the posterior wall of the trachea is outlined by lung posterior to it (arrow). (B) In this example, the collapsed oesophagus is between the lung and the trachea (arrow).








Supra-aortic Mediastinum on the Lateral View

A variable proportion of the aortic arch and its major branches is visible on the lateral view, depending largely on the degree of aortic unfolding. The brachiocephalic (innominate) artery is the only branch vessel that is recognisable with any frequency. It arises anterior to the tracheal air column; usually the origin is unclear but, after a variable length, the posterior wall can be seen as a gently S-shaped interface as it crosses the tracheal air column. The left and right brachiocephalic (innominate) veins are also sometimes visible on the lateral view. The left brachiocephalic vein is seen as an extrapleural bulge behind the manubrium in a small proportion of normal people (Fig. 9-23).
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FIGURE 9-23 Bulge behind manubrium representing normal left innominate (brachiocephalic) vein (arrow).








Right Middle Mediastinal Border below the Azygos Arch

Below the azygos arch, the right lower lobe makes contact with the right wall of the oesophagus and the azygos vein as it ascends next to the oesophagus. This portion of the lung is known as the azygo-oesophageal recess, and the interface is known as the azygo-oesophageal line (Fig. 9-24). The shape of the azygos arch varies considerably in different subjects and therefore the shape of the upper portion of the azygo-oesophageal line varies accordingly. The upper few centimetres of the azygo-oesophageal line are, however, always straight or concave toward the lung, so that a convex shape suggests the presence of a subcarinal mass or left atrial enlargement. The azygo-oesophageal line can be traced down to the posterior costophrenic angle in normal subjects.
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FIGURE 9-24 Azygo-oesophageal line (arrows).








Left Cardiac Border below the Aortic Arch

This left cardiac border is formed by the main pulmonary artery and heart. The pleura smoothing the angle between the mid-portion of the aortic arch and the main and left pulmonary artery, the so-called aortic–pulmonary mediastinal stripe,29 is the lateral extent of the aortopulmonary window. Because the aortopulmonary window is a sensitive place to look for lymph node enlargement, Blank and Castellino30 investigated the variable shape of this pleural reflection, as illustrated in Fig. 9-25.

[image: image]
FIGURE 9-25 Patterns of pleural reflection along the left border of the great vessels and heart. The heavy line indicates the visible pleural interface. (Adapted from Blank N, Castellino R A 1972 Patterns of pleural reflections of the left superior mediastinum: normal anatomy and distortions produced by adenopathy. Radiology 102: 585–589, with permission from the Radiological Society of North America.)





A small ‘nipple’ may occasionally be seen projecting laterally from the aortic knuckle owing to the presence of the left superior intercostal vein.31,32 The vein, which is formed by the junction of the left first to fourth intercostal veins, arches forward around the aorta just below the origin of the left subclavian artery to enter the left brachiocephalic vein. This normal nipple should not be misinterpreted as adenopathy projecting from the aortopulmonary window.

The interface between the lung and the left wall of the aorta can almost invariably be followed down to the level of the diaphragm, though contact with the proximal portion of the left pulmonary artery may silhouette a small portion of the interface. The shape varies with the degree of aortic unfolding. Though the lung invaginates between the heart and aorta to contact the left wall of the oesophagus, the interface with the oesophagus may be seen as a line if air is present within the lumen of the oesophagus.




Paraspinal Lines

Although lymph nodes and intercostal veins occupy the space between the spine and the lung, they cannot normally be recognised individually. In individuals with little fat, the interfaces, known as the paraspinal lines, may closely reflect the undulations of the lateral spinal ligaments, but the more fat there is, the more these undulations are smoothed out. The thickness of the left paravertebral space is usually greater than that of the right and can be more than 10 mm in obese subjects. Aortic unfolding contributes to the thickness of the left paraspinal line; as the aorta moves posteriorly and laterally, it strips the pleura from its otherwise close contact with the profiled portions of the spine.




Retrosternal Line

The band-like opacity simulating pleural or extrapleural disease is often seen along the lower third of the anterior chest wall on a lateral chest radiograph (Fig. 9-26).33 This density is due to mediastinal fat and to the differing anterior extent of the left and right lungs. The left lung does not contact the most anterior portion of the left thoracic cavity at these levels because the heart occupies the space. The band-like opacity is, therefore, accounted for by the normal heart and mediastinum, rather than by disease.

[image: image]
FIGURE 9-26 Retrosternal stripe (arrowheads) and inferior vena cava in lateral projection (arrows).














The Diaphragm

The diaphragm consists of a large dome-shaped central tendon surrounded by a sheet of striated muscle which is attached to ribs 7 to 12 and to the xiphisternum. The two diaphragmatic crura, which arise from the upper three lumbar vertebrae, arch superiorly and anteriorly to form the margins of the aortic and oesophageal hiatuses. The median arcuate ligament connecting the two crura forms the anterior margin of the aortic hiatus, and the crura themselves form its lateral boundary. The oesophageal hiatus lies anterior to the aortic hiatus, and anterior to that lies the hiatus for the inferior vena cava, which is situated within the central tendon immediately beneath the right atrium. In most individuals, the diaphragm has a smooth domed shape, but a scalloped outline is also common. The angle of contact with the chest wall is acute and sharp, but blunting of this angle can be normal in athletes, because they can depress their diaphragm to a remarkable degree on deep inspiration. The normal right hemidiaphragm is found at about the level of the anterior portion of the sixth rib, with a range of approximately one interspace above or below this level.34 In most people, the right hemidiaphragm is 1.5–2.5 cm higher than the left, but the two hemidiaphragms are at the same level in some 9% of the population. In a few normal individuals the left hemidiaphragm is up to 1 cm higher than the right. The normal excursion of the diaphragm is usually between 1.5 and 2.5 cm, though greater degrees of movement are not uncommon

Transabdominal ultrasound, which is capable of providing accurate real-time measurement of movement, shows a considerable normal range of between 2.0 and 8.6 cm, the mean excursion of the right hemidiaphragm on deep inspiration being 53 mm (sd 16.4) and that of the left being 46 mm (sd 12.4).35

Incomplete muscularisation, known as eventration, is also common. An eventration is composed of a thin membranous sheet replacing what should be muscle. Usually it is partial, involving one-half to one-third of the hemi­diaphragm. The lack of muscle manifests itself radiographically as elevation of the affected portion of the diaphragm, and the usual appearance is one of a smooth hump on the contour of the diaphragm. Total eventration of a hemidiaphragm, which is much more common on the left than on the right, results in elevation of the whole hemidiaphragm; on fluoroscopy, hemidiaphragm movement is poor, absent or paradoxical, and severe cases of congenital eventration cannot be distinguished from acquired paralysis of the phrenic nerve.

A linear density arising from the lateral wall of the inferior vena cava (Fig. 9-27) is often seen coursing over the surface of the right hemidiaphragm. This line represents pleura and an envelope of fat investing the phrenic nerve, according to Berkman et al.,36 or the inferior phrenic artery and vein, according to Ujita et al.37
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FIGURE 9-27 (A) Right phrenic nerve as it passes over the surface of the right hemidiaphragm (arrows). (B, C) Coronal secondary reformat and volume rendering showing the nerve as delicate structure crossing a lymph node in the mediastino-diaphragmatic angle (arrowheads).
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The Chest Wall

Although there are a wide variety of tissues and structures that make up the chest wall, based on their radiographic presentation, its components can be grouped into two major parts: the soft tissues and the bony structures.


Soft Tissues

On the chest radiograph the soft tissues present as areas of increased density that in part project next to the bony chest wall and in part overlay the different components of the chest. Abnormalities of the soft tissues will present as an abnormal increase or decrease in density often combined with the appearance of an abnormal contour or the disappearance of a normal contour.

Because of better density resolution and multiplanar reformatting, computed tomography (CT) can better demonstrate the different tissues of the chest wall. CT has the advantage over magnetic resonance imaging (MRI) of higher spatial resolution and the ability to better identify bony structures. MRI, however, yields greater soft-tissue contrast, which can be important.1,2 Multiplanar imaging and three-dimensional (3D) reformation can be performed with both techniques.

Ultrasound may also be used to examine the chest wall. In general it provides less detailed and comprehensive information but it usually enables the lesion to be localised, allows a distinction to be made between cystic and solid lesions and enables guided aspiration/biopsy to be performed under imaging control.


Breasts

On the female chest radiograph it is mandatory to check that both breasts are present. Unilateral radical mastectomy is usually easy to detect because it generates a unilateral mid/lower zone transradiancy and an abnormally straight anterior axillary fold that passes upwards and inwards towards the mid clavicle (Fig. 10-1). Bilateral radical mastectomy is more difficult to identify, but an overall increase in basal transradiancy and axillary fold abnormalities should provide adequate clues. Surgical interventions short of radical mastectomy may be impossible to detect, but close attention to the relative transradiancy of the breast regions and to the breast contours may provide suggestive findings. In addition, the presence of vascular clips can be helpful.

[image: image]
FIGURE 10-1 Left mastectomy. The lower part of the left hemithorax is more transradiant than the right.





Nipple shadows can mimic intrapulmonary nodules. A putative nipple should be checked for compatible size (5–15 mm), shape and location—its relation to the breast outline in a woman or the pectoralis opacity in a man.




Muscles

On the chest radiograph the pectoralis major produces a broad, band-like opacity extending downwards and medially from the axilla. Unilateral absence or hypoplasia of the pectoralis major results in a unilateral transradiancy and an abnormal anterior axillary fold as seen with mastectomy. In Poland's syndrome these changes are accompanied by ipsilateral hand and arm anomalies (particularly syndactyly) with or without absence of pectoralis minor, rib anomalies and hypoplasia of breast and nipple.




Soft-Tissue Calcification

Soft-tissue calcification may occur in the chest wall, and clues to its site and nature are provided by its morphology distribution and the clinical history. Possible causes to consider include granulomatous lymph nodes, parasites (Taenia solium and Dracunculus medinensis), calcinosis universalis, childhood dermatomyositis, tuberculosis (spine, ribs or soft tissues) and bone neoplasms. Ossification is rare and most commonly seen in fibrodysplasia ossificans progressiva.




Subcutaneous Emphysema

Subcutaneous emphysema of the chest wall is not uncommon following surgery, pleural drain placement, trauma or in cases of spontaneous or acquired pneumomediastinum. Air dissects along tissue planes and between muscle bundles, giving an overall pattern of linear transradiancies which can significantly interfere with the interpretation of the underlying structures. In this way diagnosis of pneumothorax can become very difficult. In case of doubt, CT can be performed.




Soft-Tissue Tumours

A soft-tissue tumour of the chest wall gives rise to an opacity. Malignant and inflammatory lesions cause bony destruction and benign ones result in rib separation and notch-like remodelling from pressure erosion.

The most common benign chest wall tumour is a lipoma, but a variety of other mesenchymal tumours occur, including neurofibromas (focal or plexiform), neurilemmomas, haemangiomas and lymphangiomas (cystic hygromas). On CT, lipomas are well-demarcated homogeneous masses of low density (–90 to –150 HU). They contain few, if any, other soft-tissue components; the presence of the latter in a fatty tumour suggests a liposar­coma. MRI features are also characteristic, with high signal on T1-weighted images, intermediate signal on T2-weighted images and low signal with fat suppression.1,2 Neurofibromas on CT characteristically have a lower density than muscle both before and after intravenous contrast medium. On MRI, neurofibromas give low-to-intermediate signal on T1-weighted images but high signal on T2-weighted images and marked contrast enhancement after gadolinium, which allows clear delineation of their extent. Haemangiomas are uncommon lesions that occasionally show phlebolithic calcification on plain radiography. Findings on CT include phleboliths, bone remodelling and an enhancing mass. MRI is the best investigation for delineating their extent. Lesions give an intermediate signal on T1-weighted images and a high signal on T2-weighted images, accompanied by artefacts generated by vessels, soft tissue and elements derived from haemorrhage.1,2 Lymphangiomas on CT have the features of a fluid-filled cyst with or without septation. On MRI they have the features of a cyst with low protein content.

Malignant primary tumours arising in the soft tissues of the chest wall are unusual, the most common being lipo- or fibrosarcomas (Fig. 10-2).
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FIGURE 10-2 Chest wall fibrosarcoma. (A, B) Axial and coronal CT of the chest show a large mass with heterogeneous density in the chest wall invading ribs, pleura and right lung. Patient underwent mastectomy and radiation therapy two years earlier.





Secondary tumours of the chest wall are common, particularly when due to local spread (carcinoma of the breast and lung, lymphoma); see bronchial carcinoma and Pancoast's tumour, below.








Bony Structures

Although depicting bone abnormalities is not the primary goal of a chest radiograph, the bony structures that are, as a result of the technique, often only partially visible should be carefully examined. CT, when indicated, is better at demonstrating congenital or acquired remodelling or complicated fractures; multidetector 2D or 3D reformations can be helpful.


Ribs

There are normally 12 pairs of ribs. Cervical ribs occur in 1–2% of the population and are commonly bilateral, though often asymmetrical.

Congenital abnormalities of modelling may be confined to one or two ribs or be generalised. One or a few upper ribs are commonly bifid, splayed, fused or hypoplastic. Usually occurring in isolation, these anomalies are occasionally part of a syndrome (e.g. basal cell naevus syndrome) or associated with other anomalies (e.g. Sprengel's deformity).

With acquired remodelling, abnormalities tend to be focal, affecting one or many ribs. Such acquired changes may follow fracture, surgery, osteomyelitis and empyema drainage, or result from external pressure (rib notching). The two main causes of rib notching are coarctation of the aorta and neurofibromatosis Type I.

Ribs may fracture and the callus formed can sometimes mimic an intrapulmonary opacity.

Destructive rib lesions occur most commonly in osteomyelitis or neoplastic disease. The former is uncommon and may be haematogenous (e.g. staphylococcal or tuberculous) or caused by direct spread from lung and pleural space (e.g. in actinomycosis). Bronchial carcinoma, including Pancoast's tumour, commonly spreads from lung to rib. In this latter condition MRI can be performed to study the extent of the disease, especially the relationship between the tumour and the plexus brachialis in case of a Pancoast's tumour3 (Fig. 10-3). Multidetector CT (MDCT) can also play an important role, especially because it can better evaluate the invasion in the bony cortex of the ribs4 (Fig. 10-3D). Also, 3D image reconstruction methods can be used in selected cases to clarify a complex relationship between the tumour invading the chest wall and vascular structures of the thoracic inlet.
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FIGURE 10-3 Pancoast's tumour. (A, B) MRI. (A) Coronal and (B) sagittal image. Large tumour in the left upper lobe invading the soft tissues and displacing the vascular structures anteriorly (arrows). The brachial plexus has also been invaded (arrowheads). (C, D) CT (different patient). (C) Coronal and (D) sagittal image bone window setting. Large tumour in the left upper lobe invading the soft tissues, displacing and invading the left subclavian artery and invading a rib (arrow).





Various primary and secondary tumours can affect ribs, causing localised lesions. Benign primary tumours are infrequent, and of these, the cartilaginous tumours (chondromas, osteochondromas) are the most common. They are predominantly anterior and may show characteristic cartilaginous calcification. Other lesions that broadly fall into this category include fibrous dysplasia, histiocytosis X, haemangioma and aneurysmal bone cyst1 (Fig. 10-4).

[image: image]
FIGURE 10-4 Fibrous dysplasia in a rib; chest radiograph detail of the left lung. Compared with the other ribs the ninth rib shows an increase in density and is slightly broadened.





The most common malignant rib tumours are metastatic deposits and myeloma. Primary malignant tumours are rare, chondrosarcomas being the least uncommon. Other malignancies that occur occasionally include lymphoma, osteosarcoma and round-cell tumours.




Sternum

This is well displayed in a lateral chest radiograph but is conspicuous in the frontal projection, in which only the manubrial margins are sometimes visible, giving rise to confusing shadows that may mimic mediastinal widening.

Various sternal deformities are described, and the most important radiologically is the depressed sternum (funnel chest, pectus excavatum) in which there is approximation of the lower half of the sternum and the spine (Fig. 10-5). This may be an isolated abnormality or it may be associated with other disorders such as Marfan's syndrome or congenital heart disease (particularly atrial septal defect (ASD)). The radiological signs on a postero-anterior (PA) chest radiograph consist of a shift of the heart to the left, straightening of the left heart border with prominence of the main pulmonary artery segment, loss of the descending aortic interface and an increased opacity in the right cardiophrenic angle, often accompanied by a loss of clarity of the right heart border which simulates right middle lobe disease. The diagnosis can be suspected on a PA radiograph from the steep inferior slope of the anterior ribs and undue clarity of the lower dorsal spine seen through the heart.

[image: image][image: image][image: image]
FIGURE 10-5 Depressed sternum. (A) PA chest radiograph. The depressed sternum displaces the heart to the left and rotates it so that the left heart border adopts a straight configuration. The right heart border becomes ill-defined and is bounded by a hazy opacity, simulating collapse of the right middle lobe. The ribs show their characteristic configuration—horizontal posteriorly and steeply oblique anteriorly. The posterior displacement of the sternum is better demonstrated on (B) the lateral chest radiograph and (C) the axial CT.





Pigeon chest (pectus carinatum) represents the reverse deformity and may be congenital or acquired.

Neoplasms of the sternum are usually malignant (myeloma, chondrosarcoma, lymphoma or metastatic carcinoma), the most common benign tumour being a chondroma. Non-neoplastic processes that may affect the sternum include osteomyelitis, histiocytosis X, Paget's disease, fibrous dysplasia, osteitis fibrosa cystica and intersternocostoclavicular hyperostosis.

CT is the best investigation for imaging the sternum because it eliminates overlapping structures, detects bony destruction, allows imaging of adjacent soft tissues (the parasternal–internal mammary zone) and has good contrast resolution superior to that of conventional radiography or tomography.




Clavicles

The medial clavicular ends are important landmarks used together with the spine in assessing rotation on a radiograph.

The joints at both ends are synovial but only the acromio-clavicular joint can be assessed with confidence on a chest radiograph. It may be eroded in any synovitis, particularly rheumatoid arthritis, and is also commonly fuzzy and ill-defined in hyperparathyroidism and rickets. Neoplasms of the clavicle are usually malignant (myeloma or metastatic). Other primary tumours and tumour-like lesions include osteosarcoma, Ewing's sarcoma, post-radiation sarcoma, aneurysmal bone cyst, histiocytosis X and intersternocostoclavicular hyperostosis. Either CT or MRI is required to provide a full evaluation of the medial clavicular ends.




Spine

Kyphoscoliosis makes assessment of the chest radiograph difficult and CT is often necessary to evaluate possible thoracic disease.










The Pleura

The chest radiograph is still the most important and widely used means of demonstrating and following the progress of pleural disease, though ultrasound, CT and MRI can play a significant role in a number of specific situations. Pleural disease is manifest by the accumulation of fluid or air in the pleural space, by pleural thickening (with or without calcification), or by the presence of a pleural mass.


Pleural Effusion

A number of different types of fluid may accumulate in the pleural space, the most common being transudate, exudate (thin or thick), blood and chyle. Occasionally effusions are highly specific, not falling into any of the above categories and containing, for example, bile, cerebrospinal fluid or iatrogenic fluids. All types of pleural effusion are radiographically identical, though historical, clinical and other radiological features may help limit the diagnostic possibilities. Sometimes, also CT and MRI can help to specify the diagnosis.

Bilateral pleural effusions tend to be transudates because they develop secondary to generalised changes that affect both pleural cavities equally—a rise in capillary pressure or a fall in blood proteins, etc. Some bilateral effusions are exudates, however, and this is seen with metastatic disease, lymphoma, pulmonary embolism, rheumatoid disease, systemic lupus erythematosus (SLE), post-cardiac injury syndrome, myxoedema and some ascites-related effusions. Right-sided effusions are typically associated with ascites, heart failure and liver abscess, and left effusions with pancreatitis, pericarditis, oesophageal rupture and aortic dissection. Massive effusions are most commonly due to malignant disease, particularly metastases (lung or breast), but may also occur in heart failure, cirrhosis, tuberculosis, empyema and trauma.


Imaging Pleural Effusion5



Chest Radiograph


Free Pleural Fluid.

A small amount of free fluid may be undetectable on an erect PA chest radiograph as it tends initially to collect under the lower lobes. Such small subpulmonary effusions can be demonstrated by ultrasound or CT.6

As the amount of effusion increases, the posterior and then the lateral costophrenic angles become blunted, by which time a 200- to 500-mL effusion is present. Following this the classical signs develop: homogeneous opacification of the lower chest with obliteration of the costophrenic angle and the hemidiaphragm. The superior margin of the opacity is concave to the lung and is higher laterally than medially. Above and medial to this meniscus there is a hazy increase in opacity owing to the presence of fluid posterior and anterior to the lungs (Fig. 10-6).

[image: image][image: image]
FIGURE 10-6 Bilateral pleural effusion. (A) Erect and (B) supine chest radiograph. The pleural effusion obscures the diaphragm and both costophrenic angles. It has a curvilinear upper margin concave to lung and is higher laterally than medially. This is opposite to the findings on the supine chest radiograph where the pleural effusion is hardly visible as a hazy opacity affecting the lower part of the thorax. Note also that the costophrenic angles are not obscured and that the vascular opacities are preserved in the overlying lung.





Massive effusions cause dense opacification of the hemithorax with contralateral mediastinal shift (Fig. 10-7). Absence of mediastinal shift with a large effusion raises the strong possibility of obstructive collapse of the ipsilateral lung or extensive pleural malignancy, such as may be seen with mesothelioma or metastatic carcinoma (Table 10-1). Large effusions sometimes cause diaphragmatic inversion, particularly on the left where the diaphragm lacks the support of the liver.7 Although pleural fluid collects initially under the lung, it is unusual for it to remain localised in this site once its volume exceeds 200–300 mL. This does happen occasionally, however, and may be suspected from an erect PA and lateral radiograph. On a PA radiograph this subpulmonary effusion7 presents as a ‘high hemidiaphragm’ with an unusual contour that peaks more laterally than usual, has a straight medial segment and falls away rapidly to the costophrenic angle laterally, which may or may not be blunted. Ultrasound or CT will confirm the diagnosis (see Fig. 10-8).
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FIGURE 10-7 Massive pleural effusion with mediastinal shift to the left. (A) Chest radiograph and (B) CT coronal reconstruction. A massive effusion displaces the mediastinum to the left. CT shows the important pleural effusion together with the enhanced atelectatic left lung. Note also the depression of the right hemidiaphragm (arrows).






TABLE 10-1

Causes of Opacification of a Hemithorax

	
Pleural effusion

Consolidation

Collapse

Massive tumour

Fibrothorax

Combination of above lesions

Pneumonectomy

Lung agenesis
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FIGURE 10-8 Subpulmonary pleural effusion. On the (A) erect PA and (B) lateral radiograph the effusion simulates a high hemi­diaphragm. (C) Ultrasound and (D) CT clearly show that the effusion is located above the diaphragm. Arrows = diaphragmatic area.






Loculated (Encysted, Encapsulated) Pleural Fluid.

Fluid can loculate between visceral pleural layers in fissures or between visceral and parietal layers, usually against the chest wall. It is unusual for this to happen without some additional radiographic clue to the presence of pleural disease (Fig. 10-9). Both ultrasound and CT can be used to distinguish loculated fluid from solid lesions.
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FIGURE 10-9 Encapsulated fluid on (A) PA and (B) lateral chest radiographs. Pleural fluid is encapsulated in the major fissure and against the anterior chest wall. These encysted fluid collections can mimic a lung tumour.









Pleural Effusion in the Supine Patient.

In the supine patient, pleural fluid layers out posteriorly and the meniscus effect, present from front to back, is not appreciated because of the projection. The main radiographic finding is a hazy opacity like a veil affecting the whole or the lower part of the hemithorax, with preserved vascular opacities in the overlying lung (see Fig. 10-6B). Additional signs include haziness of the diaphragmatic margin, blunting of the costophrenic angle, a pleural cap to the lung apex, thickening of the minor fissure and widening of the paraspinal interface.




Ultrasound 6,8


Pleural fluid, especially when it is a transudate, is commonly echo-free and marginated on its deep aspect by a highly echogenic line at the fluid–lung interface. Exudative and haemorrhagic effusions may be echogenic and are often accompanied by pleural thickening. The pattern of echoes may be homogeneous, complex or septated. Features that help distinguish a fluid from a solid echogenic lesion include changes in shape with breathing, the presence of septa and fibrous strands and movement of components induced by breathing (Fig. 10-10). Occasionally, in the absence of such features, some echogenic fluid pleural effusions are indistinguishable from solid ones.6
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FIGURE 10-10 Ultrasound of an empyema. The pleural fluid is separated by septa (arrows). Although the pleural fluid is echo-free in part, some areas return echoes owing to the turbid nature of the empyema fluid.





Ultrasound has a number of important roles in the evaluation and management of pleural fluid. It can be used to distinguish between pleural fluid, solid pleural (or extrapleural) lesions and peripheral lung lesions. In peripheral lung lesions, the presence of fluid bronchograms and vessels on Doppler examination will positively identify consolidation. In addition, pleural lesions characteristically make an obtuse angle with the chest wall, whereas with intrapulmonary lesions the angle is often acute. This ability of ultrasound to distinguish pulmonary lesions (collapse, consolidation, abscess) from pleural effusion is particularly useful when it comes to the evaluation of the opaque hemithorax. Ultrasound can also be used to identify small amounts of pleural fluid, or pleural fluid in unusual locations, as with a subpulmonary effusion (see Fig. 10-8C). Ultrasound is widely used to localise pleural fluid for aspiration and identify any solid components to allow guided biopsy. Furthermore, ultrasound may identify the cause of an effusion when it lies inside or even outside the chest (subphrenic abscess, metastasis, etc.).





Computed Tomography 6,9


CT is very sensitive in detecting pleural fluid and can distinguish between free and loculated fluid, identifying the extent and location of the latter. Accurate localisation of such loculated effusions is useful before drainage. CT distinguishes between parenchymal lung disease and pleural disease, a distinction often facilitated by administration of intravenous contrast medium. CT can characterise the morphology of pleural thickening that often accompanies a pleural effusion, distinguishing between malignant (nodular, with focal masses) and benign thickening, which is typically uniform. CT can also identify any underlying lung disease that might have provoked an effusion and it facilitates percutaneous aspiration and biopsy (Fig. 10-11).
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FIGURE 10-11 CT of malignant pleural disease. In this right pleural effusion, CT identifies the extensive and irregular pleural thickening characteristic of a malignant process (pleural metastases). Note also the primary tumour in the right breast.





A pleural effusion appears on CT as a dependent sickle-shaped opacity with a CT number lower than that of any adjacent pleural thickening or mass. CT numbers do not allow a distinction between transudate and exudate. However, parietal pleural thickening at contrast-enhanced CT almost always indicates the presence of pleural exudates. The higher density of clotted blood in a haemothorax is sometimes apparent. The fat-containing chylothorax does not have a CT number lower than normal, because of its protein content. Loculated effusions have a lenticular configuration with smooth margins and they displace the adjacent parenchyma.




Magnetic Resonance Imaging6


MRI has a limited role in the evaluation of pleural effusion. Pleural fluid has a low signal on T1-weighted sequences and a high signal on T2-weighted images, with a tendency for exudates to give a higher signal than transudates on T2-weighted sequences. In addition, complex exudates have greater signal intensity than simple exudates. It may also be possible to differentiate transudates from exudates using triple echo-pulse sequence, and benign from malignant changes using high-resolution MRI.10 Chylous effusion can cause high signal intensity on T1-weighted images similar to subcutaneous fat. In the subacute and chronic stage, haematomas show bright signal intensity on T1-weighted images, surrounded by a dark rim caused by haemosiderin.







Some Specific Pleural Effusions


Exudates and Transudates

Pleural effusion is common in heart failure and tends to be more frequent and larger on the right.

All types of pericardial disease may be associated with pleural effusion, which is predominantly left-sided. Pleural effusion is a characteristic finding in the post-cardiac injury syndrome, seen in about 80% of patients. It may be bilateral or unilateral and is commonly accompanied by consolidation and pericardial effusion. Pulmonary embolism is commonly associated with pleural effusion, which is seen in 25–50% of cases.

A number of drugs have been described as causing pleural effusions. The most common agents are cytotoxics (methotrexate, procarbazine, mitomycin, busulfan, bleomycin and interleukin-2), nitrofurantoin, antimigraine drugs (ergotamine, methysergide), amiodarone, propylthiouracil, bromocriptine and gonadotrophins. With a number of these agents pleural thickening is more common than a pleural effusion.

Pleural effusion is also a recognised complication of hepatic cirrhosis. The principal mechanism of its production is the transdiaphragmatic passage of ascites, though other factors such as hypoalbuminaemia may contribute in a small number of cases.

Both acute and chronic pancreatitis are associated with pleural effusions which have high amylase levels. In acute pancreatitis, exudative and often blood-stained effusions form in 15% of patients, particularly on the left side where the diaphragm is closely related to the pancreatic tail. Associated elevation of the hemidiaphragm and basal lung consolidation are common. In chronic pancreatitis, effusions tend to be large and recurrent and patients present with dyspnoea, unlike effusions in acute pancreatitis in which abdominal symptoms predominate. The pathogenesis of pleural effusion in chronic pancreatitis is fistula formation following ductal rupture.

Pleural effusion is common with subphrenic abscess and occurs in about 80% of patients. The effusion is often accompanied by basal lung collapse and consolidation, an elevated hemidiaphragm and a subdiaphragmatic air–fluid level.

Pleural effusion may occur in a number of renal conditions. Exudative effusions may be seen in uraemia and are often accompanied by pericarditis. Effusions can be large or small and are often unilateral, behaving in a rather indolent fashion. In common with other hypoproteinaemic states, bilateral effusions develop in about 20% of patients with nephrotic syndrome. Peritoneal dialysis can produce pleural effusions by the direct transdiaphragmatic passage of fluid, as occurs with cirrhotic ascites. In common with other ascites-related effusions they are predominantly right-sided, but these effusions have a diagnostically high level of glucose.

Patients with acquired immune deficiency syndrome are at risk for a variety of pleural infections and neoplasms that can be associated with pleural effusion. These effusions are most frequently caused by pneumonic infections but can also be the result of non-Hodgkin's lymphoma. Empyema is a suppurative exudate usually parapneumonic. Less commonly it is caused by transdiaphragmatic extension of a liver abscess or by broncho­pleural fistula (Fig. 10-12).
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FIGURE 10-12 Empyema. (A) Chest X-ray shows an encapsulated pleural effusion on the right and a free pleural effusion on the left. (B, C) An enhanced CT confirms this bilateral fluid collection. However, the pleura on the right is thickened but smooth and enhancing while subpleural fat is infiltrated and widened, which is the result of oedema. The empyema followed pneumonia, which can be seen in the middle lobe (C). Compare with non-complicated left pleural effusion.






Bronchopleural Fistula

Bronchopleural fistula differs from a pneumothorax in that the communication with the pleural space is via airways rather than distal air spaces. It occurs in two main settings, following partial or complete lung resection and in association with necrotising infections.




Chylothorax

Chylous effusions are commonly milky because they contain triglycerides in the form of chylomicrons. Chylous and non-chylous pleural effusions are indistinguishable on the chest radiograph. In addition, despite its high fat content, the increased protein level of a chylo­thorax gives it an attenuation on CT similar to that of other pleural effusions. Chylous effusion can cause high signal intensity on T1-weighted images similar to subcutaneous fat. Chyle collects in the pleural space following rupture of the thoracic duct or seepage from collaterals. Rarely, it crosses the diaphragm from the abdomen in the presence of chylous ascites.




Haemothorax

On the plain chest radiograph an acute haemothorax is indistinguishable from other pleural fluid collections. Once the blood clots there is a tendency for loculation and occasionally a fibrin body will form. Pleural thickening and calcification are recognised sequelae. On CT a haemothorax may show areas of hyperdensity, and in the subacute or chronic stage it will appear on MRI as a high signal on T1- and T2-weighted images, possibly with a low signal rim caused by haemosiderin.

The most common cause of haemothorax is trauma, but it is seen in a number of other conditions, including ruptured aortic aneurysm, pneumothorax, extramedullary haematopoiesis and coagulopathies.










Pneumothorax

Air in the pleural space is a pneumothorax. When air and liquid are present the nomenclature depends on their relative volumes and the type of liquid. Small amounts of liquid are disregarded and the condition is still called a pneumothorax; otherwise, the prefix hydro-, haemo-, pyo- or chylo- is added, depending on the nature of the liquid.


Primary Spontaneous Pneumothorax

Iatrogenic causes apart, the most common type of pneumothorax in the adult is the so-called primary spontaneous pneumothorax (PSP). A pneumothorax occurring without an obvious precipitating event is spontaneous, and if the patient has essentially normal lungs it is in addition primary. PSP occurs predominantly in young adults (65% are between 20 and 40 years of age) and it is five times more common in men than women. Untreated, at least one-third of patients will have a recurrence, most commonly within a few years and on the ipsilateral side. PSP is nearly always caused by the rupture of an apical pleural bleb. Although not detectable on interval chest radiographs, one taken at the time of the pneumothorax will show one or more blebs projecting from the apical lung margin in 20% of patients; such abnormal apical airspaces are much more commonly shown by interval CT.11




Secondary Spontaneous Pneumothorax

A large number of conditions predispose to pneumothorax (Table 10-2). In a number of these disorders pneumothorax occurs frequently.


TABLE 10-2

Causes of Adult Pneumothorax



	Spontaneous, Primary
	



	Spontaneous, Secondary
	



	Airflow obstruction
	Asthma



	
	Chronic obstructive pulmonary disease



	
	Cystic fibrosis



	Pulmonary infection
	Cavitary pneumonia



	
	Tuberculosis



	
	Fungal disease



	
	AIDS



	
	Pneumatocele



	Pulmonary infarction
	



	Neoplasm
	Metastatic sarcoma



	Diffuse lung disease
	Histiocytosis X



	
	Lymphangioleiomyomatosis



	
	Fibrosing alveolitis



	
	Other diffuse fibroses



	Hereditable disorders of fibrous connective tissue
	Marfan's syndrome



	Endometriosis (catamenial pneumothorax)
	



	Traumatic, Non-iatrogenic
	



	Ruptured oesophagus/trachea
	


	Closed chest trauma (± rib fracture)


	Penetrating chest trauma
	



	Traumatic, Iatrogenic
	



	Thoracotomy/thoracocentesis
	



	Percutaneous biopsy
	



	Tracheostomy
	



	Central venous catheterisation
	









Diagnosis

The diagnosis of pneumothorax is made with the chest radiograph, which also detects complications and predisposing conditions and helps in management5 (Fig. 10-13).

[image: image][image: image]
FIGURE 10-13 Left primary spontaneous pneumothorax. Chest radiograph (A) at deep inspiration and (B) at deep expiration. The left lung has partially collapsed and an area of extreme low density without vascular markings becomes visible. The pneumothorax is accentuated on the chest radiograph at suspended deep expiration (B).






Typical Signs

These are seen on erect radiographs in which the pleural air rises to the lung apex. Under these conditions the visceral pleural line at the apex becomes separated from the chest wall by a transradiant zone devoid of vessels. Though this sounds a straightforward sign to assess, difficulties of interpretation can arise with avascular lung apices, as in bullous disease and when linear shadows are created by clothing or dressing artefacts, tubes and skin folds. Skin folds cause problems particularly in neonates and in old people radiographed slumped against a cassette in the AP projection (Fig. 10-14). Features that help identify artefacts and skin folds include extension of the ‘pneumothorax’ line beyond the margin of the chest cavity, laterally located vessels and an orientation of a line that is inconsistent with the edge of a slightly collapsed lung. In addition, the margin of skin folds tends to be much wider than the normally thin visceral pleural line. In indeterminate circumstances a repeat chest radiograph, an expiratory radiograph (see Fig. 10-13B) or one taken with the patient decubitus may clarify the situation. Should doubt still remain, then CT is particularly helpful in distinguishing between bullae and a pneumothorax.
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FIGURE 10-14 Skin folds mimicking a right pneumothorax (arrows). The laterally located blood vessels, the wide margin of the lines, and the orientation of the lines that is inconsistent with the edge of a slightly collapsed lung help to differentiate them from a real pneumothorax.









Atypical Signs

These arise when the patient is supine or the pleural space partly obliterated. In the supine position, pleural air rises and collects anteriorly, particularly medially and basally, and may not extend far enough posteriorly to separate lung from the chest wall at the apex or laterally. Signs that suggest a pneumothorax under these conditions are12,13 (Fig. 10-15):


• Ipsilateral transradiancy, either generalised or hypochondrial;

• A deep, finger-like costophrenic sulcus laterally;

• A visible anterior costophrenic recess seen as an oblique line or interface in the hypochondrium; when the recess is manifest as an interface it mimics the adjacent diaphragm (‘double diaphragm sign’);

• A transradiant band parallel to the diaphragm and/or mediastinum with undue clarity of the mediastinal border;

• Visualisation of the undersurface of the heart, and of the cardiac fat pads as rounded opacities suggesting masses; and

• Diaphragm depression.



In a patient who cannot stand, the presence of a pneumothorax can be confirmed with a lateral decubitus view or a supine decubitus projection with the cassette placed dorsolaterally at 45° and the X-ray tube angled perpendicular to the cassette. In experienced hands ultrasound may be able to detect small peripheral pneumothorax.14
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FIGURE 10-15 Supine pneumothorax. Portable chest radiograph after development of a pneumothorax in a patient with a bilateral pneumonia. There is an increase of transradiancy at the left lung base and the costophrenic sulcus laterally is more pronounced (‘deep sulcus sign’).





When the pleural space is partly obliterated a pneumothorax may be loculated, and must be differentiated from other localised transradiancies. These include cysts, bullae, pneumatoceles, pneumomediastinum and local emphysema. These cannot always be differentiated by plain radiographs, but can be by CT.







Complications


Haemopneumothorax

This is a common complication of traumatic pneumothorax. Small amounts of serous or bloody fluid may also occur with a spontaneous pneumothorax, but only 2% of individuals develop a clinically significant haemothorax in these circumstances. Blood may clot in the pleural space, producing a mass which can mimic a pleural tumour.


Tension Pneumothorax

This life-threatening complication is present when intrapleural pressure becomes positive relative to atmospheric pressure for a significant part of the respiratory cycle. Tension has an adverse effect on gas exchange and cardiovascular performance, causing a rapid deterioration in the patient's clinical condition. The diagnosis is usually made clinically and treatment instituted without a radiograph. Should a chest radiograph be taken, it will show contra­lateral mediastinal shift and ipsilateral diaphragm depression. Mild degrees of contralateral mediastinal shift are not unusual with a non-tension pneumothorax because of the negative pressure in the normal pleural space. Moderate or gross mediastinal shift, however, should be taken as indicating tension, particularly if the ipsilateral hemidiaphragm is depressed. This latter sign is the more reliable and is almost invariably present with significant tension.





Pyopneumothorax

This unusual complication is seen most commonly following necrotising pneumonia or oesophageal perforation.




Adhesions

These generate straight band shadows extending from the lung margin to the chest wall. They limit collapse but at the same time may account for continued air leakage from the lung surface, and if they tear they may bleed. They can be identified with CT.




Re-expansion Oedema

This unusual complication is sometimes seen following the rapid therapeutic re-expansion of a lung that has been markedly collapsed for several days or more. Oedema comes on within hours of drainage, may progress for a day or two and clears within a week. It usually causes only mild morbidity.










Pleural Thickening and Fibrothorax5


Pleural thickening is common and usually represents the organised end stage of various active processes such as infective and non-infective inflammation (including asbestos exposure and pneumothorax) and haemothorax. When generalised and gross, it is termed a fibrothorax and may cause significant ventilatory impairment.

Radiologically, pleural thickening gives fixed shadowing of water density, most commonly located in the dependent parts of the pleural cavity. Viewed en profile, it appears as a band of soft-tissue density up to approximately 10 mm thick, more or less parallel to the chest wall and with a sharp lung interface. En face, it causes ill-defined, veil-like shadowing. Blunting of the costophrenic angle, often with tenting of the diaphragm, is a common finding. On ultrasound, benign pleural thickening produces an homogeneous echogenic layer just inside the chest wall. It is not reliably detected unless it is 1 cm or more thick. CT, on the other hand, is very sensitive at detecting pleural thickening, which is most easily assessed on the inside of the ribs, where there should normally be no soft-tissue opacity.

Fibrous pleural thickening is common in the apical pleural cupola. This may be secondary to tuberculosis or represent apical cap. Caps are age-related changes of unknown aetiology. Sometimes they have a scalloped contour or are associated with a tenting towards the lung. They are as commonly unilateral as bilateral. Caps should be distinguished from the companion shadows of the upper ribs, from extrapleural linear fat deposition and most importantly from a Pancoast's tumour. Companion shadows of the ribs are usually smoothly bordered towards the lung apex, while extrapleural fat is usually bilateral, symmetrical and also located along the lateral chest wall. Caps may be indistinguishable from Pancoast's tumour on the chest radiograph. In case of doubt, CT or MR should be performed.

Fibrous pleural thickening can be induced by asbestos exposure15 (Fig. 10-16). This thickening can be diffuse or is more often multifocal. These pleural plaques can undergo hyaline transformation, calcify or ossify. They are most commonly found along the lower thorax and on the diaphragmatic pleura. In extensive disease also the anterior and ventral part of the thorax may be involved. Pleural plaques need to be large before they become visible on a chest X-ray (Fig. 10-16E). On CT they are visualised much earlier (Figs. 10-16A–D) and appear as circumscribed areas of pleural thickening separated from the underlying rib and extrapleural soft tissues by a thin layer of fat. Because of their higher density they can easily be differentiated from circumscribed increase of extrapleural fat, as sometimes seen in obese patients.
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FIGURE 10-16 Pleural plaques caused by asbestos exposure. (A–E) Pleural plaques are most commonly found along the lower thorax, on the diaphragmatic pleura and, when involvement is extensive, also along the lateral and anterior thorax (arrows). They can partially or completely calcify or ossify. In this situation, and when large, they can be seen on a chest radiograph (E).





Diffuse pleural thickening is also a manifestation of asbestos exposure.

The radiographic definition of diffuse pleural thickening or fibrothorax is somewhat arbitrary. It has been suggested to consider as fibrothorax a smooth uninterrupted pleural density that extends over at least one-quarter of the chest wall. On CT, fibrothorax has been defined as a pleural thickening which extends more than 8 cm in the craniocaudal direction and 5 cm laterally and with a thickness of more than 3 mm. Common causes of fibrothorax are empyema, tuberculosis and haemorrhagic effusion. Asbestos exposure-related fibrothorax is less common than pleural plaques and is usually the sequel of a benign exudative effusion. CT may be helpful for finding the aetiology of the fibrothorax. Extensive calcification favours previous tuberculosis or empyema5 (Fig. 10-17). Asbestos exposure-related fibrothorax is usually bilateral and rarely calcified. Generalised, postinflammatory pleural thickening must be distinguished from diffuse pleural malignancy caused by mesothelioma, metastatic disease (particularly adenocarcinoma), lymphoma and leukaemia. Mesothelioma and adenocarcinoma cause diffuse pleural thickening, which is often lobulated, and may surround the whole lung and extend into and along fissures. These features are frequently obscured by an effusion. The most useful signs on CT that indicate malignant as opposed to benign pleural thickening are circumferential thickening, nodularity, parietal thickening of more than 1 cm, and involvement of the mediastinal pleura5 (see Figs. 10-18, 10-19). MRI signal intensity seems to be a valuable additional feature for differentiating benign from malignant disease, especially since MRI is often able to demonstrate the tumour extension into the chest wall. Signal hypointensity with long TR sequences is a reliable predictive sign of benign pleural disease.16 Recent studies have shown that diffusion-weighted and dynamic contrast-enhanced MR imaging may be promising for differentiating malignant mesothelioma from benign pleural alterations.17 FDG-PET CT combines metabolic and anatomic information and can be used to differentiate benign from malignant pleural thickening. However,18 FDG-PET is not completely tumour-specific and uptake can be seen in benign inflammatory lesions as well.19–21

[image: image][image: image][image: image]
FIGURE 10-17 Pleural calcification. (A–C) On the chest radiograph (A) an extensive sheet-like calcification of the left pleura and a smaller localised calcification of the right pleura is seen together with focal calcifications of the diaphragmatic pleura (B, C). CT demonstrates the extent and thickness of the pleural calcification.
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FIGURE 10-18 Malignant mesothelioma. (A) Axial and (B) coronal CT. Diffuse lobulated and nodular thickening of the pleura with tumour extension into the lobar fissure (arrows). Note the metastatic enlargement of some hilar and mediastinal lymph nodes.
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FIGURE 10-19 Malignant pleural thickening caused by metastatic disease. Malignant pleural thickening was caused by pleural metastases. Note the compression on the right hemi­diaphragm and the extension of the tumour into the liver (arrows).









Pleural Calcification

Pleural calcification is most commonly seen following asbestos exposure, empyema (usually tuberculous) and haemothorax (Fig. 10-17). In the last two conditions, calcification is irregular, resembles a plaque or sheet and is contained within thickened pleura. It may occur anywhere but is most common in the lower posterior half of the chest and is usually unilateral, unlike that found in silicosis, particularly of the asbestos-related type, where calcification occurs as more discrete collections within plaques and is usually bilateral.




Pleural Tumours


Localised Pleural Tumours22


These are relatively uncommon, the most common being a localised fibrous tumour (localised mesothelioma) (Fig. 10-20). These lesions most commonly present in middle age, about half the patients being asymptomatic. Hypertropic osteoarthropathy is a well-recognised complication (10–30% of patients) and uncommonly the tumour produces hypoglycaemia. Microscopically, two-thirds are benign and one-third are malignant. The plain radiographic findings are of a pleurally based, well-demarcated, rounded and often slightly lobulated mass (2–20 cm diameter) which may, because of pedunculation, show marked positional variation with changes in posture and respiration. Pleural fibromas usually make an obtuse angle with the chest wall and may reach enormous sizes (Figs. 10-20A,B). Occasionally they may arise in a fissure. CT findings are similar to those observed on plain radiography: a mobile mass, often heterogeneous because of necrosis, haemorrhage, frequently enhancing after contrast medium administration, and rarely calcified. Malignant types are usually larger than 10 cm and may invade the chest wall. Typically, these tumours show low signal intensity on both T1- and T2-weighted images, although tumours with intermediate-to-high signal intensity have been described.23
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FIGURE 10-20 Large benign pleural fibroma. (A) Frontal and (B) lateral radiographs show a large well-demarcated and homogeneous mass abutting the chest wall. Note the obtuse angle between the mass and the chest wall, suggesting the extrapulmonary origin of the mass.





Lipomas are asymptomatic benign tumours usually discovered incidentally on chest radiographs as sharply defined pleural masses. Diagnosis is easy with CT because this examination can delineate the pleural origin and the fatty composition. This fatty density is homogeneous. When heterogeneous and when also soft-tissue attenuation components are found, a liposarcoma or area of tumour infarction should be suspected. Pleural lipomas have high signal intensity on T1-weighted images. On T2-weighted images signal is moderately bright.

Diagnosis of pleural extension of bronchogenic carcinoma on a chest radiograph is very difficult. The only reliable indicator is rib destruction. With CT and MRI also diagnosis can be difficult. Features such as a large contact (>3 cm) between the mass and the pleura, an obtuse angle between the tumour and the chest wall, an associated pleural thickening and the presence of pleural tags usually considered as signs of chest wall invasion also occur in benign lesions. The accuracy of CT can be increased by performing 2D and 3D reconstructions.

In cases where tumour invasion is obvious, 2D sagittal or coronal reconstructions can be helpful in ascertaining the extent of the mass. MRI has a slight advantage over CT in the evaluation of chest wall and pleura invasion. Before spiral CT, MRI was considered better for studying superior sulcus tumours and their extension to the chest wall (see Fig. 10-3). However, studies have shown that spiral CT and MRI showed comparable sensitivity but that spiral CT had higher specificity.

CT is superior in the detection of pleural calcifications and osseous destruction (see Fig. 10-3). MDCT can also be used in selected cases to clarify a complex relationship between tumour invading the chest wall and vascular structures of the thoracic inlet.

Pleural metastases are the most common pleural neoplasms. They are usually an adenocarcinoma with sites of origin including the ovary, stomach, breast and lung. Pleural metastatic disease can present as a solitary mass but more often multiple pleural locations are seen (Fig. 10-19). Pleural metastases are very often accompanied by pleural effusion, which can be the only finding on a chest radiograph. CT, MRI and ultrasound are more sensitive to demonstrate pleural metastasis as the cause of the pleural effusion.9


Diffuse Pleural Tumours

Diffuse tumoural thickening of the pleura can be caused by malignant mesothelioma or by pleural metastasis. Both entities are usually indistinguishable with imaging. Diffuse malignant mesothelioma is a rare primary neoplasm and its development is strongly related to asbestos exposure. It presents on a chest radiograph as an irregular and nodular pleural thickening with or without associated pleural effusion. Tumour extension into the interlobular fissures, accompanying pleural effusion, and invasion into the chest wall are better appreciated with CT (Fig. 10-19).

On CT, malignant mesothelioma presents as a nodular soft-tissue mass sometimes with hypodense areas corresponding with necrosis. Metastatic enlargement of hilar and mediastinal nodes is seen in up to 50% of patients. Malignant mesothelioma has a minimally increased signal on T1 and a moderately increased signal on T2. MRI may be superior to CT in determining extent of disease because it allows better evaluation of the relationship of the tumour to the structures of the chest wall, mediastinum and diaphragm. However, in most cases CT and MRI provide similar morphological information. Ultrasound may be a supplementary method for biopsy and surgery planning.18,24 Finally, in many institutions, FDG-PET CT is used as a staging tool for malignant mesothelioma, although it should be emphasised again that FDG uptake is not entirely tumour-specific19–21 (Fig. 10-21).
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FIGURE 10-21 Malignant mesothelioma. FDG-PET CT of a patient with malignant mesothelioma. CT (A), PET (B, C) and PET-CT fusion image (D) showing extent of the tumour.








Intervention

Interventional procedures of the chest wall and pleura may be performed for both diagnostic and therapeutic reasons. Ultrasound or CT guidance is most commonly used, although fluoroscopy and, rarely, MRI have also been used. On occasion, PET-CT may be performed before biopsy to guide the procedure to a likely diagnostic site.


Chest Wall Intervention

It is usual to biopsy chest wall lesions, soft tissue and rib, using real-time ultrasound guidance. This has been shown to be safe and highly efficacious. Soft-tissue lesions are readily identified in most patients using ultrasound, with a prior diagnostic CT or MRI often used to help identify the site of abnormality if it is impalpable (Fig. 10-22). Rib lesions associated with a cortical break may be readily identified and biopsied, and this technique has been shown to be very useful in providing histological confirmation of primary and secondary malignancies when needed.25
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FIGURE 10-22 (A) Contrast-enhanced CT, demonstrating a right subpectoral node, white arrow, in a patient with bilateral cytology negative pleural effusions and no histological diagnosis. (B) Ultrasound-guided biopsy of the same subpectoral node. The biopsy needle is arrowed passing through pectoralis, and its cutting needle bevel (short arrow) is clearly seen within the node.








Pleural Intervention


Pleural Aspiration.

This is one of the commonest interventional procedures performed in hospital practice. It is usually performed to sample pleural fluid, but may also be performed for small pneumothoraces. Although regarded as a simple procedure, a number of studies have shown that it is associated with a complication rate of up to 10%, the commonest being pneumothorax, with less common complications being solid organ puncture and intercostal artery laceration.26 The significance of the complications reported, including death from haemorrhage, and the frequency of the procedure have led to the recommendation that all pleural interventions are now guided by ultrasound.27 This requirement has led to ultrasound now being part of the core curricula of chest physicians in training, and has been shown to reduce the incidence of complications.

Although it is a commonly held belief that the intercostal artery lies in the intercostal groove and is protected by the flange of the rib, this is not absolutely correct. Gray described the intercostal artery arising from the aorta, and passing cranially and laterally until the angle of the rib, where it then lies in the intercostal groove.28 This means that for a short distance posteriorly, the artery is exposed and may be lacerated when interventional procedures are performed. It has also been shown that intercostal arteries in the elderly may be tortuous and may be exposed for a greater distance before moving into the groove compared with that in the young29 (Fig. 10-23). It is for these reasons that care should be taken when performing all pleural procedures, to ensure that the needle or cannula is as close as possible to the cranial surface of the rib and lateral to the angle of the rib.
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FIGURE 10-23 3D CT volumetric reformat of the posterior chest wall, demonstrating the intercostal arteries (Arrows), not protected by the flange of the rib medially. Note how tortuous the arteries are. This may become much more pronounced in the elderly.






Chest Drains.

Patients with symptomatic pneumothoraces, large-volume pleural effusions, infected effusions and symptomatic malignant effusions require chest drain insertion.

For the most part, pneumothoraces are drained either as an emergency if under tension or because of trauma, on the ward or in Accident and Emergency departments. This is performed safely by clinicians using the safe triangle defined by anatomical landmarks. Occasionally, pneumothoraces may be small or loculated in patients with underlying lung disease such as cystic fibrosis or interstitial lung disease and drain insertion needs then to be performed under CT guidance to prevent underlying lung injury during insertion.

As with pleural aspiration, chest drains should be inserted under ultrasound guidance to avoid inadvertently puncturing lung or solid organs. For a substantial number of years there has been debate on whether large- or small-bore drains should be used in patients with infected pleural effusions. It would now appear that small-bore drains are at least as efficacious as large-bore drains.30

Both infected and malignant effusions may be uni- or multilocular and, or multiseptated. In these circumstances drain insertion alone may be insufficient to provide adequate drainage and the use of fibrinolytic therapy may be required.31,32




Pleural Biopsy.

Although the aetiology of pleural thickening (or a combination of thickening and pleural effusion) will be determined in most patients by a combination of clinical history and imaging features making biopsy unnecessary, some patients require further investigation and histological confirmation (Fig. 10-24). This may either be by percutaneous biopsy or under direct visualisation at medical or video-assisted thoracoscopy. The use of closed needle pleural biopsy such as the Abram's biopsy has almost disappeared in all areas other than those endemic for tuberculosis, following evidence comparing its efficacy to image-guided cutting needle biopsy, particularly in patients with suspected pleural malignancy.33 Whilst percutaneous biopsy has been shown to have a sensitivity of almost 90% for mesothelioma and for other pleural malignancies such as adenocarcinoma, it is unable to provide a tissue diagnosis and treat an associated pleural effusion in a single procedure. By comparison, medical thoracoscopy, which has become the technique of choice for patients with suspected malignant effusions, and percutaneous image-guided biopsy (mostly for patients unsuitable for thoracoscopy) allow combined diagnosis and therapy in a single procedure. In patients with suspected mesothelioma, a tissue diagnosis should be achieved using as few interventions as possible, because of the known incidence of biopsy and drain track tumour seeding34 (Fig. 10-25).
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FIGURE 10-24 (A) PET-CT performed in a patient with suspected malignant pleural thickening, but the initial percutaneous biopsy was negative. Note how the two large left-sided pleural nodules, arrowed, have differing 18F-fluorodeoxyglucose avidity. (B) The more avid of the two nodules has been targeted for biopsy, arrowed.
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FIGURE 10-25 CT, demonstrating mesothelioma growing, arrowed, along the site of a prior pleural drain.




















The Diaphragm

The diaphragm is only seen because there is air-containing lung adjacent to it superiorly. It is 2–3 mm thick, but this will only be appreciated if there is air immediately beneath it, as with a pneumoperitoneum. Localised loss of clarity occurs when the diaphragm is not tangential to the X-ray beam, but usually indicates adjacent pulmonary or pleural disease; e.g. the costophrenic or costovertebral angles are obliterated by pleural fluid, and much of the diaphragmatic outline may be obliterated by basal pneumonia.

Each hemidiaphragm is normally represented on the PA radiograph by a smooth, curved line which is convex upwards. The lateral attachment of the diaphragm to the ribs is represented by the lateral costophrenic recess, a sharply defined acute angle. When the diaphragm is flat, as in emphysema, the most lateral muscle slips extend slightly upwards and may be seen as digitations. The costophrenic angle then becomes less acute, or even obtuse, and the appearance may simulate a small pleural effusion. Medially, the diaphragm meets the heart at the cardiophrenic angle. This is higher than the costophrenic angle and, unlike the latter, is often ill-defined owing to the presence of fat. On the right, this may simulate disease in the middle lobe, and on the left, disease in the lower lobe or lingula. Prominent fat pads at the cardiophrenic angles are an occasional cause of overestimation of the transverse cardiac diameter, particularly if the film is underexposed. On correctly exposed radiographs, the relatively low radio-opacity of the fat pad enables it to be distinguished from the cardiac apex.

On the lateral radiograph each dome makes an acute angle with the ribs posteriorly to form the posterior costophrenic recesses. The latter lie considerably lower than the highest part of each leaf—a point of great importance, as localised pulmonary or pleural disease adjacent to the posterior aspect of the diaphragm will often not be recognised on the PA radiograph, on which only the highest anterior portion of the diaphragmatic dome is represented. The right hemidiaphragm makes an upward curve as it extends anteriorly to the sternum. This part of its attachment is often poorly defined because of adjacent fat. Localisation of disease requires the correct identification of each leaf on the lateral radiographs. The left diaphragm is obscured anteriorly by the heart and usually has an air-distended gastric fundus beneath it; whichever leaf is nearer the film is related to the ribs least magnified by the diverging beam.



Level

In most people the diaphragm in the mid-lung field lies at the level of the fifth or sixth anterior rib interspace. It may lie at a lower level in normal young individuals, particularly those of an asthenic build and at a slightly higher level in the obese, the elderly and young infants. In over 90% of normal people the right hemidiaphragm is higher than the left. This difference in height on the PA film is usually about 15 mm, but may be as much as 30 mm.

Depression of the diaphragm occurs in emphysema and in acute severe asthma, but flattening only occurs in emphysema.

Inversion of the diaphragm is sometimes seen with a tension pneumothorax and with large basal bullae. It is also a common accompaniment of pleural effusions. Table 10-3 shows the most common causes of bilateral symmetrical elevation of the diaphragm.


TABLE 10-3

Causes of Bilateral Symmetrical Elevation of the Diaphragm

	
Supine position

Poor inspiration

Obesity

Pregnancy

Abdominal distension (ascites, intestinal obstruction, abdominal mass)

Diffuse pulmonary fibrosis

Lymphangitis carcinomatosa

Disseminated lupus erythematosus

Bilateral basal pulmonary emboli

Painful conditions (after abdominal surgery)

Bilateral diaphragmatic paralysis
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Elevation of a single hemidiaphragm is usually secondary to adjacent pleural, pulmonary or subphrenic disease, or to phrenic nerve palsy (Table 10-4). A minor degree of diaphragmatic elevation is a common accompaniment of pleurisy, lower lobe pneumonia and pulmonary thromboembolism. In the latter there may be no visible change in the affected lung. Upper abdominal inflammatory processes and rib fractures may also cause a high diaphragm. A high hemidiaphragm may be mimicked by a subpulmonary pleural effusion (Fig. 10-8), a large well-defined tumour adjacent to the dome, or by combined middle and lower lobe collapse.


TABLE 10-4

Causes of Unilateral Elevation of the Diaphragm

	
Posture—lateral decubitus position (dependent side)

Gaseous distension of stomach or colon

Dorsal scoliosis

Pulmonary hypoplasia

Pulmonary collapse

Phrenic nerve palsy

Eventration

Pneumonia or pleurisy

Pulmonary thromboembolism

Rib fracture and other painful conditions

Subphrenic infection

Subphrenic mass
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Eventration

In eventration a part of the normal diaphragmatic muscle is replaced by a thin layer of connective tissue and a few scattered muscle fibres.35 The unbroken continuity differentiates it from diaphragmatic hernia. Some authors consider eventration to be a congenital anomaly resulting from failure of muscularisation of part or all of the diaphragmatic leaf. Most authors, however, also include within the definition elevation occurring as a result of acquired paralysis with atrophy of the diaphragmatic muscle, an inclusion justified by the fact that many adults with surgically proven eventration have previously had normal chest radiographs. Total eventration shows a marked left-sided predominance, for which there is no acceptable explanation.

Although eventration is a recognised cause of respiratory distress in the newborn, it is not usually associated with symptoms in the adult. Localised forms of the condition are relatively common, particularly in the elderly, and predominantly affect the right hemidiaphragm at its anteromedial aspect (Fig. 10-26). The distinction between a localised eventration and a small diaphragmatic hernia or a mass arising from the lung, pleura or diaphragm is best made using CT or MRI. The various causes of focal elevation or bulging of a diaphragm are given in Table 10-5.
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FIGURE 10-26 Focal eventration. (A, B) PA and lateral chest radiograph reveal a soft-tissue opacity arising from the diaphragm. (C, D) CT shows the presence of liver under the elevated part of the diaphragm.






TABLE 10-5

Causes of Focal Elevation (Bulge) of the Diaphragm

	
Partial eventration

Diaphragmatic hernia

Diaphragmatic tumour

Pleural tumour

Pulmonary tumour

Focal diaphragmatic dysfunction

Focal diaphragmatic adhesions
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Movement and Paralysis

Unequal excursion of the two hemidiaphragms occurs in approximately 80% of normal people. However, this inequality of diaphragmatic excursion is less than 10 mm in most people. While normal young adults can move the diaphragm over at least 30 mm, this range is greatly reduced in the elderly.

As the chest radiograph is exposed at the end of a full inspiration, any severe unilateral limitation of diaphragmatic movement will be apparent on this static examination. Diaphragmatic movement is, however, better assessed by fluoroscopy, which should, ideally, be performed in both the AP and lateral projections with the patient erect and supine. The latter position is useful as the range of movement is usually greater than it is in the erect position. With the patient in the lateral position, any inequality of movement of the two leaves is readily assessed and localised restriction of movement identified better.36 Restriction of diaphragmatic movement occurs secondary to disease of the phrenic nerve and secondary to inflammatory and painful conditions adjacent to the diaphragm, such as lower lobe pneumonia and subphrenic infection.

Phrenic palsy is most commonly secondary to involvement of the phrenic nerve by tumour—usually a bronchial carcinoma. Phrenic nerve paresis may be caused by trauma (road accidents, birth injury, brachial plexus block and phrenic crush), irradiation and a variety of neurological conditions such as poliomyelitis, herpes zoster and cervical disc degeneration. The recognition of phrenic paresis depends upon finding a high hemidiaphragm which exhibits absent, restricted or paradoxical movement. The latter is particularly well demonstrated by sniffing. Diaphragmatic motion can also be examined with ultrasound.36 Especially in patients who cannot come to the fluoroscopy room, bedside ultrasound is very useful. This technique has also a high accuracy to discover absent and paradoxical diaphragmatic motion. In addition, measurement of diaphragmatic thickness can be helpful to confirm diaphragmatic paralysis, since a paralysed diaphragm does not thicken during inspiration. An important mimic of phrenic paresis is eventration (usually left-sided, see above). In a significant small number of patients in whom there is little doubt that a phrenic paresis exists, no cause can be discovered. In this ‘idiopathic’ group the right leaf is more commonly affected than the left and it has been suggested that the palsy may be a legacy of previous viral neuritis.

Weakness or paralysis of both hemidiaphragms is most commonly seen in association with chronic neuromuscular disease and causes severe clinical disability. Bilateral paralysis may not be recognised by fluoroscopic examination, for passive descent of the diaphragm may occur with inspiration.




Diaphragmatic Hernias

Intrathoracic herniation of abdominal contents occurs through congenital defects in the muscle, through traumatic tears or, most commonly, through acquired areas of weakness at the central oesophageal hiatus. Congenital hernias presenting in childhood are discussed elsewhere. When the defect is small it may not come to attention until adulthood, when it usually presents as an incidental abnormality on the chest radiograph. Bochdalek defects through the pleuroperitoneal canal occur along the posterior aspect of the diaphragm and the hernia usually contains retroperitoneal fat or a portion of kidney or spleen37 (Fig. 10-27). The majority occur on the left. A well-defined, dome-shaped, soft-tissue opacity is seen midway between the spine and lateral chest wall on the frontal view and above the posterior costophrenic recess on the lateral view. It may appear to ‘come and go’ on serial PA radiographs because of varying degrees of inspiration and differences in transdiaphragmatic pressure. It has been shown that asymptomatic small Bochdalek hernias are present in 6% of otherwise normal adults. These hernias appear on a lateral radiograph as a focal bulge centred approximately 4–5 cm anterior to the posterior diaphragmatic insertion. On CT and MRI the diagnosis can be made when a soft tissue or fatty mass is seen protruding through a small defect in the posteromedial aspect of either hemidiaphragm.
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FIGURE 10-27 Bochdalek hernia. (A) Lateral chest radiograph shows a focal bulge on the diaphragmatic contour just above the posterior costophrenic recess. (B) CT shows a fatty mass abutting the defect in the posteromedial aspect of the left hemidiaphragm.





A Morgagni hernia presents in adulthood as an anterior opacity at the right cardiophrenic angle. It frequently contains omentum and may contain bowel. Its smooth, well-defined margin and soft-tissue radiodensity usually allow its differentiation from the much more common fat pad collection at this site. It is more difficult to differentiate from a low-lying pericardial cyst. Morgagni hernias containing gut can be diagnosed using barium, but the diagnosis is more simply established by means of CT or MRI. Hernias through the oesophageal hiatus are extremely common, particularly in the elderly in whom they may be an incidental finding on CT.





Diaphragmatic Trauma

Because diaphragmatic rupture is often associated with thoracic or abdominal injuries that require surgical treatment, many cases are diagnosed during surgery.38 If surgery is not indicated, diaphragmatic tear can be missed, especially when it is small and when there is no herniation of abdominal structures to the chest. That is why suspicion is needed in all cases of trauma to the lower chest, but also in patients with severe pelvic trauma. The chest X-ray should be evaluated carefully. Special attention must be given to small changes in the diaphragm or to basal lung atelectasis or consolidation. If possible, the post-traumatic thorax should always be compared with previous chest X-rays.

The diagnostic tools are different in the acute and latent phase. In the acute phase surgical procedures are often necessary and if the patient has severe injuries bedside examinations, such as chest X-ray and ultrasound, should be relied upon. In the latent phase barium studies, spiral CT and MRI can give additional diagnostic information.

In the acute phase the chest X-ray is normal in about one-quarter of cases. In some cases gas and fluid shadows are seen in the thorax. Sometimes there is only a localised density in close relationship to the diaphragm (Fig. 10-29A), or an alteration in the diaphragmatic shape. The position of a nasogastric tube can help to localise the gastric fundus, but does not tell anything about the position of the diaphragm, which is essential in the diagnosis of a diaphragmatic tear. A follow-up X-ray of an acutely injured patient showing progressive opacification of one thorax side by a gas-filled structure is strongly suggestive for diaphragmatic rupture (Fig. 10-28).

[image: image]
FIGURE 10-28 Traumatic rupture of the diaphragm diagnosed 2 months after the trauma. (A) Detail of the left hemithorax. The supine chest radiograph immediately after the trauma shows multiple rib fractures, a pleural effusion and a poorly defined opacity at the left lung base. (B) One month after the trauma the chest radiograph is normal but (C) 2 months later a large gas-filled structure corresponding with the air-containing stomach (S) is seen in the left hemithorax, suggesting rupture and herniation. (D) CT confirmed the diagnosis of diaphragmatic rupture and shows the herniated stomach.





Barium studies can be very helpful in making the correct diagnosis, when an extrinsic narrowing occurs on the border of the stomach or bowel at the point where they pass the diaphragmatic tear. However, since barium studies cannot be used in emergency situations, they are predominantly indicated in the latent phase and eventually in the obstructive phase.

Pneumoperitoneum can be established by bringing a small amount of air into the abdominal cavity. If air shifts through the diaphragmatic tear and a pneumothorax occurs, the test is diagnostic for diaphragmatic rupture. However, no shift of air will occur when the tear is closed by adhesions or by the herniated organs themselves. In this case the exact position of the diaphragm can be visualised since it is delineated by the subdiaphragmatic air.

Ultrasound can be diagnostic if both the diaphragm and the herniated organs can be visualised. Examination of the right hemidiaphragm is facilitated by the presence of the liver, acting as an acoustic window. However, this technique is limited by the often minimal visualisation of the diaphragm itself, the tenderness over the upper abdomen and the presence of gas in herniated bowel.

The MDCT diagnosis of diaphragmatic rupture is largely based on the fact that abdominal organs are seen in the pleural space outside the diaphragm. However, the identification of the diaphragm on standard CT images can be very difficult; multiplanar CT reconstructions can help to show the defect directly. The more usual CT signs of diaphragmatic rupture include39–43 discontinuity of the diaphragm with direct visualisation of the diaphragmatic injury (‘absent diaphragm sign’) possibly with inward curling of the torn hemidiaphragm (‘dangling diaphragm sign’); herniation of abdominal organs with liver, bowel or stomach in contact with the posterior ribs (‘dependent viscera sign’); thickening of the crus (‘thick crus sign’); constriction of the stomach or bowel (‘collar sign’); mushroom-like mass in the right hemithorax where the herniated liver is constricted by the tear (‘hump sign’) (Fig. 10-29C), linear lucency across the liver along the torn edges of the hemidiaphragm (‘band sign’) (Fig. 10-29B); active arterial extravasation of contrast material near the diaphragm; and in case of a penetrating diaphragmatic injury depiction of a missile or puncturing instrument trajectory.
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FIGURE 10-29 Traumatic diaphragmatic rupture. (A) Chest radiograph shows an opacification of the lower part of the right hemithorax with disappearance of the diaphragmatic contour. CT (coronal (B) and sagittal (C) reconstructions) shows a consolidation of the right lower lobe and bulging of the liver into the chest. On the sagittal view (C) the posterior part of the herniated liver is somewhat constricted by the tear (‘hump sign’) while the coronal view (B) shows a linear lucency across the liver along the torn edges of the hemidiaphragm (‘band sign’).





Because it is in most cases difficult to perform an MRI examination during the acute phase, this technique is more valuable in the latent phase. It allows both a static and a dynamic view of the diaphragm. However, as in CT, the parts of the diaphragm in contact with the liver and spleen are not visible.




Neoplasms of the Diaphragm

Primary tumours of the diaphragm are rare (Fig. 10-30). Both benign and malignant varieties are mostly derived from muscle, fibrous tissue, blood vessels, or fat. They are usually well defined and on the right may mimic an elevated diaphragm or local eventration. Calcification has been described in lipomas. Malignant tumours may present as a pleural effusion. Secondary invasion of the diaphragm by malignant tumours of the lung, pleura, stomach or pancreas may occur. Imaging with CT or MRI is particularly helpful in such patients.
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FIGURE 10-30 Primary malignant tumour of the diaphragm. (A) PA chest radiograph shows a small focal bulge of the diaphragm in combination with a small pleural effusion. (B) CT and (C) MRI show an irregular mass with central necrosis in continuity with the right hemidiaphragm (arrows).
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Acquired Pericardial Disease



The mediastinum is that anatomical region bounded laterally by the two lungs, anteriorly by the sternum, posteriorly by the vertebrae, superiorly by the thoracic inlet and inferiorly by the diaphragm.


Mediastinal Diseases


Mediastinal Masses


Incidence

The true prevalence of mediastinal masses is unknown as most surgical series are biased towards patients requiring surgery and do not include all aneurysms, intrathoracic goitres or lymph node masses in patients with established diagnoses such as lymphoma or sarcoidosis. In adult surgical series,1–3 the most frequent tumours are of neurogenic (17–23%), thymic (20–25%) or lymph node (10–20%) origin (usually neoplastic). Developmental cysts, thyroid masses and germ-cell tumours constitute the next most frequent group (approximately 10% each). In children, neuroblastoma/ganglioneuroma, foregut cysts and germ-cell tumours account for over three-quarters of cases, whereas thymoma and thyroid masses are rare.

The mediastinum is divided into compartments to aid in developing a differential diagnosis. However, there are no physical boundaries between compartments. Anatomically the mediastinum is divided into superior and inferior compartments by an imaginary line traversing the manubriosternal joint and the lower margin of T4 vertebra. The inferior compartment is further divided into three parts: anterior, middle and posterior. The Felson method of division is based on lateral radiography. A line that extends from the thoracic inlet to the diaphragm along the posterior cardiac surface and anterior to the trachea separates the anterior from middle compartments. The middle and posterior compartments of the mediastinum are separated by a line that runs 1 cm behind the anterior margins of the vertebral bodies. A popular modification divides the entire mediastinum into anterior, middle and posterior compartments but does not have a separate superior compartment.4 We find this latter approach helpful in our adult population.


Imaging Techniques

Mediastinal masses are often incidentally detected on chest radiograph. Despite diagnostic limitations, the chest X-ray (CXR) is important for detecting and localising mediastinal masses when suspected clinically.


Computed Tomography

CT is the most useful investigation for localising, characterising and demonstrating the extent of a mediastinal mass and its relationships. CT is also useful in delineating calcification, which can help generate a more refined differential diagnosis. Multidetector CT (MDCT) following intravenous contrast medium with multiplanar reformats provides an excellent assessment of mediastinal structures, including vessels in the coronal and sagittal planes (Fig. 11-1). CT may guide biopsy, plan resection and follow response to therapy.
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FIGURE 11-1 Value of multiplanar reformations. A 45-year-old woman with dyspnoea: (A) frontal radiograph and (B) oesophogram demonstrate displacement of the trachea and oesophagus to the right, by a large mediastinal mass in the thoracic inlet. (C) Transaxial contrast medium-enhanced CT shows a large goitre arising from the left lobe of the thyroid. (D) Coronal reformat depicts the craniocaudal extent of the mass and its relationship with the adjacent structures.








Magnetic Resonance Imaging

Magnetic resonance (MR) remains useful for imaging suspected neurogenic tumours, demonstrating intraspinal extension of a mediastinal mass and further evaluating the relationship of a mass to the heart, pericardium and larger intrathoracic vessels. MR may have advantages over contrast medium-enhanced CT for distinguishing between solid tissue and adjacent vessels (fast-flowing blood in vessels results in a signal void on spin-echo sequences) and may be useful for confirming that a mass is cystic. Unlike CT, MR is not as sensitive to the presence of calcification.




Ultrasound

Ultrasound of the mediastinum, including echocardiography and endoscopic ultrasound, may be of use in selected patients, in particular for distinguishing cystic from solid mediastinal masses and for distinguishing cardiac from paracardiac masses. Ultrasound is increasingly being used to guide mediastinal biopsy.





Radionuclide Examinations

Radionuclide examinations have a limited role in assessing mediastinal masses. Positron emission tomography (PET) and PET–CT using [F-18]2-deoxy-d-glucose (18F-FDG) has proven useful in evaluating mediastinal lymph node involvement in lung cancer and lymphoma.5,6 Radionuclide examinations may also be useful in imaging thyroid masses, neuroendocrine tumours and pheochromocytomas.







Approach to Mediastinal Masses


1. Localise to the mediastinum;

2. Localise within the mediastinum; and

3. Characterise on CT or MR.




Localise to the Mediastinum

The CXR is the first step in evaluating mediastinal diseases. Findings that help in localising the lesion to the mediastinum include:


1. No air bronchograms;

2. Obtuse margins with the lung;

3. Disruption of mediastinal lines; and

4. Abnormalities of spine, rib and sternum.






Localise within the Mediastinum

The information obtained from the relationship of the normal anatomical structures representing the ‘mediastinal lines and stripes’ on chest radiography aid in localising the lesion within the mediastinum to the anterior, middle or posterior mediastinum and generating a differential diagnosis before proceeding to a chest CT examination.7

Anterior mediastinal masses can be identified when both the hilum overlay sign and preservation of the posterior mediastinal lines are present. Widening of the right paratracheal stripe and convexity relative to the AP window reflection both indicate abnormality in the middle mediastinum. Disruption of the azygo-oesophageal recess can be caused by disease in either the middle or posterior mediastinum. Paravertebral masses disrupt the paraspinal lines, and the region of masses above the level clavicles can be inferred by their lateral margins: Posterior masses have sharp margins caused by their interface with lung, whereas anterior masses do not.8

Although there is no tissue plane separating the divisions of the mediastinum, attempting to localise an abnormality within the mediastinum helps in narrowing the differential diagnosis and determining appropriate further imaging.




Characterise on CT or MR

Mediastinal masses can be further characterised by CT or MR, depending on whether they contain fat, fluid or are vascular (Table 11-1).


TABLE 11-1

Approach to Mediastinal Masses by Location and Tissue Characterisation on CT or MR



	
	Lesions
	Fluid
	Fat
	Vascular




	Anterior
	
Thymoma

Lymphoma

Germ-cell tumour

Goitre



	
Thymic cyst

Thymoma

Pericardial cyst

Germ-cell tumour

Lymphoma



	
Germ-cell tumour

Thymolipoma

Fat pad

Morgagni hernia



	
Thyroid

Cardiac coronary aneurysm

Ascending aortic aneurysm






	Middle
	
Lymph nodes

Duplication cyst

Arch anomaly

Oesophageal mass



	
Duplication cyst

Necrotic nodes

Pericardial recess



	
Lipoma

Oesophageal fibrovascular polyp



	
Arch anomaly

Azygos vein

Vascular node






	Posterior
	
Neurogenic

Bone and marrow



	
Neuroenteric cyst

Schwannoma

Meningocele



	Extramedullary hematopoiesis


	Descending aorta





	More than One Lesion
	
Infection

Haemorrhage

Lung Cancer



	
Lymphangioma

Mediastinitis



	Liposarcoma


	Hemangioma








[image: image]










Thyroid Masses

Most thyroid goitres are in the neck, yet between 3 and 17% of goitres extend into the thorax.9,10

Most thyroid masses in the mediastinum represent downward extensions of either a multinodular colloid goitre or, occasionally, an adenoma or carcinoma. Intrathoracic thyroid masses usually have a well-defined spherical or lobular outline (Fig. 11-1). Rounded or irregular, well-defined areas of calcification may be seen in benign areas, whereas amorphous cloud-like calcification is occasionally seen within carcinomas.

Almost all intrathoracic thyroid masses displace the trachea and may cause tracheal narrowing. The direction of displacement depends on the location of the mass. Thyroid masses are most commonly anterior and lateral to the trachea. Posteriorly, masses often separate the trachea and the oesophagus, and such separation by a localised mass rising into the neck is virtually diagnostic of a thyroid mass.
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