
	
		
		    
			
			    
			
			
			    
			    
			    
			 
		    

		                     
				 Home
	 Add Document
	 Sign In
	 Register


			
			    
				
				    
					
					
					    
					

				    

				

			    

			

		    

		

	

	
    
	
	        	    
		    		Applied Basic Science for Basic Surgical Training (MRCS Study Guides)    	    

	    	    	Home 
	Applied Basic Science for Basic Surgical Training (MRCS Study Guides)


	

    




    
        
	    

	    
            
		

		
		    		    
			
			    
				
				    APPLIED BASIC SCIENCE BASIC SURGICAL TRAINING

FOR

 For Elsevier Commissioning editor: Laurence Hunter Development Edi...				

				    				
    				    Author: 
										    Andrew T. Raftery BSc  MD  FRCS(Eng)  FRCS(Ed)					    				

				
			    

			    
				

				 251 downloads
				 1295 Views
				    				 17MB Size
								 Report
			    

			    
				
				This content was uploaded by our users and we assume good faith they have the permission to share this book. If you own the copyright to this book and it is wrongfully on our website, we offer a simple DMCA procedure to remove your content from our site. Start by pressing the button below!
				
 Report copyright / DMCA form

				
			    

			

			
			    
				
				     DOWNLOAD PDF
				

			    

			    
				
				    
				    
					
				    
				    
				    
					
				    
				

				
				    

				

			    

			

			

			

			

			
			
			
		    

		    
						    APPLIED BASIC SCIENCE BASIC SURGICAL TRAINING
 
 FOR
 
 For Elsevier Commissioning editor: Laurence Hunter Development Editor: Ailsa Laing Senior Project manager: Jess Thompson Project manager: Tracey Donnelly Designer: Erik Bigland Illustration Manager: Merlyn Harvey Illustrator: HL Studios
 
 APPLIED BASIC SCIENCE BASIC SURGICAL TRAINING
 
 FOR
 
 SECOND EDITION
 
 EDITED BY
 
 Andrew T. Raftery BSc MD CIBiol MIBiol FRCS Consultant Surgeon, Shefﬁeld Kidney Institute, Shefﬁeld Teaching Hospitals NHS Trust, Northern General Hospital, Shefﬁeld; Member (formerly Chairman) of the Court of Examiners, Royal College of Surgeons of England; Formerly Examiner MRCS Royal College of Surgeons of Edinburgh; Formerly Member of Panel of Examiners, Intercollegiate Specialty Board in General Surgery; Honorary Senior Clinical Lecturer in Surgery, University of Shefﬁeld, UK
 
 EDINBURGH LONDON NEW YORK PHILADELPHIA ST LOUIS SYDNEY TORONTO 2008
 
 © Harcourt Publishers Limited 2000 © 2008, Elsevier Limited. All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by any means, electronic, mechanical, photocopying, recording or otherwise, without the prior permission of the Publishers. Permissions may be sought directly from Elsevier’s Health Sciences Rights Department, 1600 John F. Kennedy Boulevard, Suite 1800, Philadelphia, PA 19103-2899, USA: phone: (1) 215 239 3804; fax: (1) 215 239 3805; or, e-mail: healthpermissions@elsevier. com. You may also complete your request online via the Elsevier homepage (http://www.elsevier.com), by selecting ‘Support and contact’ and then ‘Copyright and Permission’.
 
 Note Knowledge and best practice in this ﬁeld are constantly changing. As new research and experience broaden our knowledge, changes in practice, treatment and drug therapy may become necessary or appropriate. Readers are advised to check the most current information provided (i) on procedures featured or (ii) by the manufacturer of each product to be administered, to verify the recommended dose or formula, the method and duration of administration, and contraindications. It is the responsibility of the practitioner, relying on their own experience and knowledge of the patient, to make diagnoses, to determine dosages and the best treatment for each individual patient, and to take all appropriate safety precautions. To the fullest extent of the law, neither the Publisher nor the Editor assumes any liability for any injury and/or damage to persons or property arising out or related to any use of the material contained in this book. The Publisher
 
 First edition 2000 Second edition 2008 Main edition ISBN: 978-0-08-045140-4 International edition ISBN: 978-0-08-045139-8 British Library Cataloguing in Publication Data A catalogue record for this book is available from the British Library Library of Congress Cataloging in Publication Data A catalog record for this book is available from the Library of Congress
 
 The Publisher’s policy is to use paper manufactured from sustainable forests
 
 Printed in China
 
 PREFACE
 
 Although this book has been written to encompass the basic anatomy, physiology and pathology required by the syllabus of the Royal Colleges and the Intercollegiate Surgical Curriculum Project, it also contains the necessary information required for examinations and assessments not only in the UK but internationally.
 
 special pathology of the systems which a basic surgical trainee would be expected to know. Several new authors have been taken on for the second edition and many of the chapters have been updated, especially the chapters on immunology, basic microbiology, the endocrine system, the locomotor system and the breast. An attempt has been made to indicate the clinical relevance of the facts and the reason for learning them. All authors are experts in their ﬁeld and many of them are, or have been, experienced examiners at the various Royal Colleges. There remains some repetition and overlap between chapters which has been retained where it was considered necessary for the smooth continuity of reading a particular section, rather than cross-referring to other sections of the book. Although this book was written with basic surgical training in mind, it should provide a rapid revision for basic science for the intercollegiate speciality exams and may even stimulate the motivated undergraduate student who thirsts for more knowledge. I just hope that it sells as well as the ﬁrst edition!
 
 The book is divided into two sections, the ﬁrst covering the basic principles of pathology and microbiology and the second covering the anatomy, physiology and
 
 Andrew T Raftery Shefﬁeld 2007
 
 I am grateful to the publishers for the invitation to produce a second edition of Applied Basic Science for Basic Surgical Training. Despite the considerable changes to education and examination, the requirement of any future surgeon to possess a comprehensive knowledge of the applied basic sciences remains the core of surgical training; a fact that is universally acknowledged by the organisations most closely involved in the shaping of the surgical curriculum. Candidates will need to acquire a knowledge of basic science which will allow them to understand the principles behind the management of patients and the practical procedures that they will be expected to carry out as basic surgical trainees.
 
 v
 
 ACKNOWLEDGEMENTS I am extremely grateful to the publishers and in particular to Laurence Hunter, Commissioning Editor, Ailsa Laing, Development Editor and Tracey Donnelly, Project Manager, for their support and help with this project. I am also grateful to my fellow authors for their time and effort in ensuring that their manuscripts were produced on time. I am particularly grateful to Dr Paul Zadik, Consultant Microbiologist at the Northern General Hospital, Shefﬁeld, for reading and correcting the bacteriology section of the basic microbiology
 
 vi
 
 chapter. Last, but by no means least, I would like to thank Denise Smith for typing and re-typing the manuscript and my wife Anne for collating, organising and helping to ﬁnalise the manuscript. I could not have completed the task without them. Andrew T Raftery Shefﬁeld 2007
 
 CONTRIBUTORS John R Benson MA DM(Oxon) FRCS(Eng) FRCS(Ed) Consultant Breast Surgeon, Cambridge Breast Unit, Addenbrookes Hospital, Cambridge, UK Julian L Burton MB ChB(Hons) MEd ILTM Clinical Lecturer in Histopathology, Senate Award Fellow (Learning and Teaching), Academic Unit of Pathology, School of Medicine, Shefﬁeld, UK Ken Callum MS FRCS Emeritus Consultant Vascular Surgeon, Derbyshire Royal Inﬁrmary, Derby, UK; Former Member of the Court of Examiners, Royal College of Surgeons of England Christopher R Chapple BSc MD FRCS (Urol) Consultant Urological Surgeon, Royal Hallamshire Hospital, Central Shefﬁeld University Hospitals, Shefﬁeld, UK; Director of the Postgraduate Ofﬁce of the European Association of Urology (The European School of Urology) Andrew Dyson MB ChB FRCA Consultant Anaesthetist, Nottingham University Hospitals Trust, Nottinghamshire, UK William Egner PhD MB ChB MRCP MRCPath Consultant Immunologist, Northern General Hospital, Shefﬁeld, UK Barnard J Harrison MB BS MS FRCS FRCS(Ed) Consultant Endocrine Surgeon, Royal Hallamshire Hospital, Shefﬁeld, UK David E Hughes BMedSci MB ChB PhD MRCPath Consultant Histopathologist, Department of Pathology, Royal Hallamshire Hospital, Shefﬁeld, UK Samuel Jacob MB BS MS (Anatomy) Senior Lecturer, Department of Biomedical Science, University of Shefﬁeld, Shefﬁeld, UK; Member of the Court of Examiners, Royal College of Surgeons of England
 
 Richard L M Newell BSc MB BS FRCS Clinical Anatomist, School of Biosciences, University of Wales, Cardiff, UK; Honorary Consultant Orthopaedic Surgeon, Royal Devon and Exeter Health Trust, Exeter, UK; Former member of the Court of Examiners, Royal College of Surgeons of England M Andrew Parsons MB ChB FRCPath Senior Lecturer and Honorary Consultant in Ophthalmic Pathology, Royal Hallamshire Hospital, Shefﬁeld, UK; Director, Ophthalmic Sciences Unit, University of Shefﬁeld; Examiner, Royal College of Ophthalmologists Jake M Patterson MB ChB MRCS(Ed) Clinical Research Fellow in Urology, Royal Hallamshire Hospital, Shefﬁeld; Department of Engineering Materials, The Kroto Research Institute, University of Shefﬁeld, Shefﬁeld, UK Clive R G Quick MA MS FDS FRCS Consultant Surgeon, Hinchingbrooke Hospital, Huntingdon and Addenbrooke’s Hospital, Cambridge; Former member of the Court of Examiners, Royal College of Surgeons of England; Associate Lecturer, University of Cambridge, Cambridge, UK Ravishankar Sargur MD MRCP DipRCPath Specialist Registrar in Clinical Immunology, Department of Immunology, Northern General Hospital, Shefﬁeld, UK Timothy J Stephenson MA MD MBA FRCPath Consultant Histopathologist, Royal Hallamshire Hospital, Shefﬁeld, UK; Member of the Histopathology Examiners Panel, Royal College of Histopathologists Jenny Walker ChM FRCS Consultant Paediatric Surgeon, Paediatric Surgical Unit, Children’s Hospital, Shefﬁeld, UK
 
 vii
 
 This page intentionally left blank
 
 CONTENTS SECTION 1 GENERAL PATHOLOGY AND MICROBIOLOGY 1. Cellular injury Julian L Burton
 
 2
 
 40
 
 4. Disorders of growth, differentiation and morphogenesis 51 M Andrew Parsons 5. Neoplasia 88 David E Hughes 6. Immunology 113 William Egner & Ravishankar Sargur 7. Basic microbiology 149 Andrew T Raftery
 
 8. Nervous system 176 Samuel Jacob & Andrew T Raftery 9. Cardiovascular system 224 Ken Callum & Andrew Dyson
 
 2. Inﬂammation 19 Timothy J Stephenson 3. Thrombosis, embolism and infarction Ken Callum
 
 SECTION 2 SPECIFIC SYSTEMS
 
 10. Haemopoietic and lymphoreticular system 283 Andrew T Raftery 11. Respiratory system 301 Andrew Dyson & Andrew T Raftery 12. Locomotor system 339 Richard L M Newell 13. Head and neck 404 Samuel Jacob 14. Endocrine system 452 Barnard J Harrison 15. Breast 479 Clive R G Quick & John R Benson 16. Paediatric disorders 493 Jenny Walker 17. Alimentary system 513 Andrew T Raftery 18. Genitourinary system 575 Jake M Patterson & Christopher R Chapple
 
 Index 615
 
 ix
 
 This page intentionally left blank
 
 SECTION ONE 1
 
 CELLULAR CHAPTER TITLE RUNNINGINJURY HEAD
 
 GENERAL PATHOLOGY AND MICROBIOLOGY
 
 1
 
 1 Cellular injury Julian L Burton
 
 All mammalian cells strive to survive against a hostile ﬂuctuating environment by expending energy to maintain a tightly regulated internal and local external environment. If the environmental ﬂuctuations are sufﬁciently large, they will change the state of the cell, which will then attempt to return to its usual condition. Cellular injury, manifest as a signiﬁcant disturbance of cell function and central to almost all human disease, occurs if the changes in the cell are sufﬁciently large. In any particular case it may be difﬁcult to tell
 
 whether a measured change is due to damage or is due to some meaningful response on the part of the cell. By cell injury we mean that the cell has been exposed to some inﬂuence that has left it living, but functioning at less than optimum level. The end result of this (Fig. 1.1) may be: (a) total recovery; (b) permanent impairment; or (c) death.
 
 Normal cell
 
 Carcinogen
 
 (In homeostasis)
 
 Cellular stress, increased or reduced functional demand
 
 Injurious stimulus
 
 Metaplasia
 
 Carcinogen
 
 Adaptation insufficient to maintain homeostasis
 
 Atrophy Adaptation
 
 Genetic mutations
 
 Cell injury
 
 Carcinogen
 
 Dysplasia
 
 Hypertrophy Carcinogen
 
 Hyperplasia
 
 Injurious stimulus persists
 
 Cell death (Necrosis or apoptosis)
 
 Fig. 1.1 Consequences of cellular injury.
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 Neoplasia (Benign or malignant)
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 On the whole, (b) is the least likely because cells are capable of signiﬁcant reparative processes, and if they survive an insult, they generally repair it; if the damage is not lethal but is very severe or persistent and beyond the capacity of the cell to regenerate, the cell may activate mechanisms that result in its own death. Certain injurious agents (radiation, certain chemicals, viruses, and some bacterial and fungal toxins) directly damage the cell nucleus and deoxyribonucleic acid (DNA), resulting in genetic DNA mutations. Depending on the degree of damage and the portion of the DNA damaged, the damage may be reparable, resulting in a temporary cell cycle arrest but ultimately no phenotypic alteration. Severe irreparable damage triggers apoptotic pathways that culminate in cell death. An intermediate degree of DNA damage results in genetic mutations that do not directly impair cell survival and may confer a survival advantage. Successive mutations will then drive the cell down the multi-step pathway towards neoplasia. The processes involved in oncogenesis are described in Chapter 5. Cellular injury can be caused by a variety of mechanisms, including:
 
 • • •
 
 physical; chemical; and biological processes.
 
 Cell death may result in replacement by:
 
 • • •
 
 a cell of the same type; a cell of another type; or non-cellular structures.
 
 The cell is a highly-structured complex of molecules and organelles that are arranged to fulﬁl routine metabolic housekeeping functions and the specialised functions that make one cell different from another. In order to carry out these functions the cell has energy needs and some transport mechanisms to facilitate the import of metabolites and the export of waste products. Injury to a cell results in relative disruption to one or more of these structures or functions.
 
 MORPHOLOGY OF CELL INJURY LIGHT MICROSCOPY The microscopic appearance of damaged cells is sometimes characteristic of a particular cell type but is seldom speciﬁc to the type of damage. When we refer to changes in appearance, we are talking about
 
 the appearances seen on histological preparations stained with various dyes; this is, of course, a long way from the biological processes that have caused the cell changes. It must also be remembered that many of the features seen in routine histological preparations are the result of artifacts induced by ﬁxation, tissue processing, and staining and may not directly represent the appearance of the cells in vivo. We must also consider that when a tissue is injured, morphological changes take time to develop. For example, if a patient suffers the sudden occlusion of a coronary artery due to a thrombus, the cardiac myocytes will die within just a few minutes. However, if the patient suffers a fatal cardiac arrhythmia within the ﬁrst hour of the infarct, no morphological features may be present to indicate that myocyte damage has occurred, either macroscopically or histologically. Nonetheless, a consideration of such changes is valuable when compared to the histology of the normal, uninjured, cell. Hydropic change Cellular damage that affects the membrane-bound ion pumps results in a loss of control of the normal cellular ionic milieu. The unregulated diffusion of ions into the cells is accompanied by a passive osmotic inﬂux of water. Consequently the cell swells as the cytoplasm becomes diluted. Histologically these damaged cells have a pale swollen appearance in haematoxylin and eosin-stained sections. Fatty change This is a characteristic change seen in liver cells as a response to cellular injury from a variety of causes. Under the microscope the cells contain many small vacuoles ﬁnely dispersed through the cytoplasm, or a single large vacuole that displaces the nucleus. These are known as microvesicular and macrovesicular steatosis, respectively. The vacuoles are empty because in life they contained fat which dissolves out of the sections during histological processing, leaving a hole. It is possible to identify the substance in such vacuoles by cutting sections from fresh frozen tissue. This does not involve exposure to fat solvents; the contents of the vacuoles can then be demonstrated using speciﬁc fat stains such as Sudan black or Oil red O. Fatty change in the liver occurs as a result of damage to energygenerating mechanisms and to protein synthesis since fat is transported out of the cell by energy-dependent protein carrier mechanisms and damage to these results in passive fat accumulation. The most common cause is exposure of the hepatocytes to alcohol. Eosinophilic change Haematoxylin stains acids such as deoxyribonucleic acid (DNA) and ribonucleic-acid (RNA), and eosin stains proteins (proteins are amphoteric but contain many reactive bases). The cytoplasm
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 contains proteins and RNA among other things. Cellular damage often results in a diminution of cytoplasmic RNA, and thus the colour of such cells becomes slightly less purple and more pink (eosinophilic). This is a characteristic of cardiac myocytes in the early stages of ischaemia and may often be the only histologically visible change in postmortem tissue. Eosinophilic change must be distinguished from oncocytosis, which also causes cells to have a profoundly eosinophilic and ﬁnely granular cytoplasm due to the accumulation of mitochondria within the cytoplasm. Oncocytic change is seen on occasion as a metaplastic process within the endometrium, but a number of neoplasms including those in the kidney, have oncocytic variants. Nuclear changes These may be subtle, such as the disposition of chromatin around the periphery of the nucleus, often referred to as clumping, or more extreme alterations such as condensation of the nucleus (pyknosis), fragmentation (karyorhexis) and dilatation of the perinuclear cisternae of the endoplasmic reticulum (karyolysis). A small circular structure, the nucleolus, becomes more apparent as the nucleus is activated; this is the centre for the production of mRNA. The nucleolus can be demonstrated by silver stains (the resulting granules being termed AgNORs or ‘silverstaining nucleolar organiser regions’) although what is actually stained are speciﬁc regions of the chromosomes concerned with nucleolar function. Nucleoli are especially prominent – and may be multiple – and AgNOR staining is particularly abnormal in malignant transformed cells. Severe clumping and fragmentation of chromatin together with nuclear shrinkage and break-up is suggestive of cell death and is characteristic of apoptosis.
 
 ELECTRON MICROSCOPY The past 20 years have witnessed a revolution in human pathology, with the development of a wide range of antibodies that can be used for immunohistochemical studies on formalin-ﬁxed and parafﬁn-embedded tissues. Consequently, with certain exceptions (most notably renal pathology), electron microscopy is rarely undertaken to study tissues in clinical histopathological practice. However, at higher magniﬁcation in the transmission electron microscope, ﬁne indicators of cell damage can be seen earlier than those seen on ordinary light microscopy, but they are not much more speciﬁc. The general effects of loss of transmembrane ion and water control leads to swollen cells and swelling of
 
 4
 
 mitochondria, both dependent upon the loss of ability to exclude calcium from the cell and from the mitochondrion. Smooth endoplasmic reticulum is dilated, and the ribosomes fall off the rough endoplasmic reticulum. Nuclear changes are similar to, but more pronounced than, those seen at light microscopy.
 
 ACCUMULATIONS If a late step in a non-branching metabolic pathway is defective, either genetically or because of some form of trauma, then intermediates earlier in the pathway will accumulate. In some cases where there is branching of the pathway the accumulating materials may be diverted off into alternative processes and the end effect of the insult will be a loss of the usual products occurring after the defective step. Accumulations may be relatively inert, such as lipids occurring in the liver as described above, and their only signiﬁcance may be as markers of damage. In other cases the accumulated materials may have deleterious effects resulting from direct metabolic inﬂuences, e.g. acidosis due to accumulated lactate, or by simple bulk effects such as those seen in various lysosomal storage diseases. Exogenous compounds may be metabolised or stored, but both of these processes may have deleterious consequences. Substances such as carbon tetrachloride are themselves not toxic, but the body has a limited and stereotyped series of responses to external agents and, whilst these responses are on the whole effective at detoxiﬁcation, in some instances they can result in the production of molecular species more toxic than the original ingested material. In this manner carbon tetrachloride is metabolised in the liver with the production of free radicals which cause severe damage. A similar phenomenon is seen following paracetamol (acetaminophen) overdose. The paracetamol itself is not hepatotoxic, but it is metabolized to n-acetyl p-benzoquinonamine which is potentially hepatotoxic if glutathione levels are depleted. This can be inferred histologically since the liver damage does not occur around the portal vein branches where the carbon tetrachloride or paracetamol enters the liver but only at some distance from this in zones II and III as it becomes metabolised. In the case of ingested asbestos or silica particles, these are taken up into macrophages and cause the disruption of lysosomes, with the release of hydrolytic enzymes. There is consequent minute scarring from this single cell event, but the ﬁbres are then taken up into another macrophage and the process is repeated. Some materials are totally inert,
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 such as carbon, and serve only to show that the individual has a history of exposure to this substance and, more importantly, perhaps to other substances. Amyloid This is a group of extracellular proteins that accumulate in many different conditions and cause problems by a simple bulk effect. The precise composition of the amyloid is dependent upon the causative disease process. It accumulates around vessels and in general causes problems by progressive vascular occlusion. The common feature of all the conditions underlying amyloidosis is the production of large amounts of active proteins. These proteins are inactivated by transformation of their physical form into beta-pleated sheets which are inert (silk is a beta-pleated sheet, which is why silk sutures are not metabolised in the human body). The human body has no enzymes for metabolising beta-pleated sheets, and amyloid, therefore, accumulates. The material is waxy in appearance and reacts with iodine to form a blue-black pigment similar to the product of reaction of starch and iodine (amyloid  starch-like). The disparate origins of the proteins constituting amyloid can be demonstrated, as the proteins often retain some of their immunohistochemical properties. The rationale of this process is that it removes excess metabolically active circulating proteins and stores them in an inert form, which is advantageous if the cause is shortlived but can be deleterious if the condition causing the protein production continues. The types of disease associated with amyloid production are: chronic inﬂammatory processes such as tuberculosis, rheumatoid disease and chronic osteomyelitis; tumours with a large production of protein, typically myeloma; and miscellaneous disease with protein production such as some inﬂammatory skin diseases, some tumours of endocrine glands and neurodegenerative diseases such as Alzheimer’s disease. Pigments Pigments of various sorts accumulate in cells and tissues. They may be endogenous or exogenous in origin and they represent a random collection of processes linked only by the fact that the materials happen to be coloured. When blood escapes from vessels into tissue the haemoglobin gives a dark grey-black colour to the bruise. As the haemoglobin is metabolised through biliverdin and bilirubin, it changes from green to yellow and is ﬁnally removed. Such haematomas generally have no signiﬁcance unless they are very bulky or if they become infected. Other endogenous pigments include the bile pigments in obstructive jaundice. These can be seen in the skin and even more clearly in the sclera because they bind preferentially to elastin and
 
 this material occurs in greatest concentration in these tissues. Related pigments are found in the tissues in the porphyrias, but these absorb ultraviolet light and are not visibly coloured; however, they can transform this absorbed radiant energy into chemical energy, setting off free radical damage. Another pigment, beta-carotene, can be used in some porphyrias (erythropoietic protoporphyria) to quench free radical activity. The commonest pigment in human skin is melanin, which is red/yellow (pheomelanin), or brown/black (eumelanin), but if it occurs in deep sites, as in blue naevi, can appear blue due to the Tindall effect. Melanin pigments do no harm, but they are often markers of pigmented tumour pathology. In widespread malignant melanoma the melanin production can be so great that melanin appears in the urine. Melanin production is under hormonal control, and ACTH, which is structurally related to MSH (melanocyte stimulating hormone), can cause pigmentation in situations in which it is produced in pathological amounts or iatrogenically. Melanosis coli is a heavy black pigmentation of the colon associated with anthracene laxative use and is unrelated to melanin – the pigment in melanosis coli is lipofuscin – and is itself inert. Melanin can be distinguished from haemosiderin and lipofuscin by its positive staining with the Masson Fontana method. Haemosiderin is a granular light brown pigment composed of iron oxide and protein. It accumulates in tissues – particularly in the liver, pancreas, skin and gonads – in conditions where there is iron excess, either due to a genetic defect or iatrogenic administration. Haemosiderin also accumulates in tissues where bleeding has occurred. As the blood is broken down, the iron is phagocytosed by macrophages which become haemosiderin-laden. Haemosiderin can be distinguished from melanin and lipofuscin by its positive Prussian blue reaction when exposed to potassium ferrocyanide and hydrochloric acid. Lipofuscin is a brown pigment that accumulates in ageing cells and is often called age pigment. It does not appear to cause any damage and is an incidental marker of ageing. It is mainly formed from old cellular membranes by the peroxidation of lipids which have become cross linked as a result of free radical damage and which accumulate in residual bodies without being further metabolised. They are thought to be mainly of mitochondrial origin. Lipofuscin shows neither the Prussian blue reaction nor is it stained with the Masson Fontana method. Exogenous pigments are introduced in tattooing and some have been toxic in various ways. Mercuric
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 chloride (a red pigment) and potassium dichromate (a green pigment) are commonly used in tattooing. Another source for exogenous pigmentation is drugs and organic halogen compounds have often been implicated in abnormal pigmentation problems. Crystal diseases These are another heterogeneous group of conditions, most of which affect joints, producing gout in the case of sodium urate crystals and pseudogout in the case of calcium pyrophosphate. Calcium oxalate crystals are commonly found within the colloid of normal thyroid tissue and may be associated with a low functional state of the thyroid follicles. Calciﬁcation This occurs in two main pathological situations as well as physiologically in developing or healing bone: it occurs in normal tissues in the presence of high circulating levels of calcium ions (metastatic calciﬁcation) and in pathological tissue in the presence of normal serum levels of calcium (dystrophic calciﬁcation). Most calcium deposits are calcium phosphate in the form of hydroxyapatite and contain small amounts of iron and magnesium and other mineral salts. Calciﬁcation occurs in two stages: initiation and propagation. Intracellular calciﬁcation begins in mitochondria, and in this context it is interesting to note that the earliest indicator of cell death is the inﬂux of calcium into mitochondria. Extracellular initiation of calciﬁcation begins in small, membrane-bound matrix vesicles which seem to be derived from damaged or ageing cell membranes. They accumulate calcium and also appear to have phosphatases in them which release phosphate which binds the free calcium. Propagation is by subsequent crystal deposition which may be affected by a lowering of calciﬁcation inhibitors and the presence of free collagen.
 
 CAUSATIVE AGENTS OF CELL DAMAGE TRAUMA This term can be used to refer to the whole range of agents that can damage cells, tissues or organisms, but is commonly restricted to mechanical damage. It is often lumped together with other non-chemical, non-biological forms of damage under the heading of physical damage, which includes extremes of temperature and the various forms of radiation.
 
 EXTREMES OF TEMPERATURE Mechanical damage is seldom so speciﬁc that it acts only at the individual cellular level – such damage
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 usually involves at least groups of adjacent cells – but laser techniques make it possible to study individual cell damage. If cells are damaged in this way they appear to be able to ‘clot’ small areas of cytoplasm and then to heal this by secreting new cell membrane. Freezing cells slowly produces ice crystals which act as ‘micro-knives’ cutting macromolecules as they grow. Cryotechniques require very rapid freezing to prevent ice crystal formation, sometimes in conjunction with chemicals which inhibit crystal formation. Heating cells introduces free energy and causes macromolecules to vibrate and break. Various intracellular mechanisms are present to repair these breaks, but there is a critical level at which cells are overwhelmed and death ensues. Enzymes have a temperature optimum at which their catalytic rate is maximum, and body temperature is carefully maintained in mammals and birds so that enzymes work close to this optimum. The optimum is not necessarily the maximum rate, and metabolism speeds up as temperature rises, so that fever states are catabolic. In some cases it seems that the body’s thermostat is deliberately reset at a higher level in an effort to deal with various infections, the causative organisms of which are even more temperature sensitive.
 
 RADIATION This may be in the form of electromagnetic waves or particles and also introduces free energy into cells. The longer the wavelength the lower the energy of the radiation. At very low wavelengths we are back in the realms of simple heat. In the case of radiation we have the added problem of iatrogenic damage since many medical activities involve exposing the patient to some form of radiation, including both diagnostic and therapeutic modalities. Most types of radiation used in medicine cause the formation of free ions; they are consequently lumped together as ionising radiation. The problem of variation in energy level of radiation has led to considerable difﬁculty in establishing suitable measures of dose. The favoured unit currently is the gray (Gy) which is a unit of absorbed dose. One gray is equivalent to 100 rad (the older dose unit of radiation absorbed dose). However, since radiations are often mixed and since tissues have different sensitivities, a mathematically corrected dose called the effective dose equivalent is now used, and the unit of this is the sievert (Sv). The environment contains a number of sources of natural radiation and some degree of contaminant radiation. These include radon liberated from
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 uranium naturally occurring in granite bedrock, and cosmic radiation. The background radiation varies from area to area and with occupations. For example, those frequently engaged in air travel have a higher exposure to cosmic radiation, to which there is approximately a 100 times greater exposure at commercial ﬂight altitudes than at sea level. A pilot ﬂying 600–800 hours per year is exposed to approximately twice the background radiation dose – 5 mSv/year – of someone who spends the year at sea level, which is approximately 2.5 mSv/ year in the UK. There is considerable debate as to what constitutes a safe level of background radiation or even if there is such a thing as a level of radiation below which no damage will occur. It seems reasonable to assume that no level of radiation can be considered safe no matter how low it is since the safety is only a statistical statement of the likelihood of a mutational event and the probability can never be zero. When radiation enters a cell it can be absorbed by macromolecules directly but more commonly it reacts with water to produce free radicals which then interact with macromolecules such as proteins and DNA. Both enzymatic and structural proteins depend on their three-dimensional (3-D) structure for their function, and this 3-D structure is dependent upon various types of chemical bonds. These bonds are disrupted by radiation, mostly by the intermediation of free radicals, and the proteins are then incapable of performing their structural or enzymatic duties. Radiation-induced DNA damage includes:
 
 • • •
 
 strand breaks; base alterations; and formation of new cross links.
 
 DNA damage may have three possible consequences:
 
 • • •
 
 cell death either immediately or at the next attempted mitosis; repair and no further damage; and a permanent change in genotype.
 
 Effects on tissues Various tissues differ in their susceptibility to radiation, but in general the most rapidly dividing tissues – the bone marrow and the epithelium of the gut – are the most sensitive. Radiation damage to tissues is generally divided into acute and chronic effects, but the precise effects at any time are strongly dose related. Acute effects are related to cell death and are most marked in those cells that are generally dividing rapidly to replace physiological cell loss such as gut epithelium, bone
 
 marrow, gonads and skin. DNA damage leads to an arrest of the cell cycle at the end of the G1-phase, due to the action of p53. If the damage cannot be repaired, apoptotic pathways (see below) are triggered. Damage is also due to vascular fragility as a result of endothelial damage. The chronic effects of radiation include atrophy which may be due to a reduction in cell replication combined with ﬁbrosis. The initial insult may be vascular endothelial cell loss with exposure of the underlying collagen with subsequent platelet adherence and thrombosis. This is then incorporated into the vessel wall and is associated with intimal proliferation of endarteritis obliterans. Narrowing of the vessels due to endarteritis obliterans leads to long-term vascular insufﬁciency and consequent atrophy and ﬁbrosis. The effects of ionising radiation on speciﬁc tissues are indicated below.
 
 Bone marrow The effect of radiation is to suspend renewal of all cell lines. Granulocytes are reduced before erythrocytes, which survive much longer. The ultimate outcome depends on the dose used and the speed of delivery and varies from complete recovery to aplastic anaemia and death. In the long-term survivor there is an increased incidence of leukaemia.
 
 Skin Irradiation of the epidermis results in cessation of mitosis with desquamation and hair loss. If enough stem cells survive, hair will regrow and any epidermal defects will regenerate. Damage to melanocytes results in melanin deposition in the dermis, where it is ingested by phagocytic cells which remain in the skin and result in hyperpigmentation. Destruction of dermal ﬁbroblasts results in an inability to produce collagen and subsequently to thinning of the dermis. Damage to small vessels in the skin is followed by thinning of their walls, with dilatation and tortuosity, and hence telangiectasia. Larger vessels undergo endarteritis obliterans with time.
 
 Intestines Irradiation of the surface epithelium of the small intestines results in its loss with consequent diarrhoea and malabsorption. Damage to the full thickness of the wall will result in stricture formation.
 
 Gonads Germ cells are very radiosensitive, and even low dose exposure may cause sterility. Mutations may also occur in germ cells, which could result in a teratogenic effect.
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 Lungs The clinical effects of radiation toxicity to the lungs depend on the dose given, the volume of lung irradiated, and the duration of treatment. Progressive pulmonary ﬁbrosis usually occurs.
 
 Kidneys Irradiation of the kidney usually leads to a gradual loss of parenchyma, resulting in impaired renal function. Damage to renal vessels results in intra-renal artery stenosis and the development of hypertension.
 
 Ionising radiation and tumours This is further discussed in Chapter 5. There is a clear relationship between ionising radiation and the development of tumours. This is ﬁrmly established for relatively high doses, but the carcinogenic effect of low levels of irradiation remains unclear. Tissues which appear to be particularly sensitive to the carcinogenic affects of ionising radiation include thyroid, breast, bone, and haemopoietic tissue.
 
 Fractionation of irradiation Since cells in mitosis are more susceptible to radiation, it is widely used to treat malignant tumours, which are characterised by high mitotic rates. Tumours that have a high mitotic index are more radiosensitive than those with a low mitotic index. The theory is that the radiation will kill cells in mitosis, leaving cells in interphase unaffected. Due to this, normal tissue, with a much lower mitotic rate, will lose a very small percentage of cells compared with the tumour. Similarly, normal tissue is better able to repair itself than is abnormal tumour tissue. Dividing the radiation into small doses timed to coincide with the next wave of tumour mitoses further improves the kill rate in the abnormal tissue and helps prevent the unwanted side effects of ﬁbrosis and vascular damage. It has also been observed that areas within tumours where oxygen tensions are low are more resistant to radiation, so treatment is sometimes given together with raised concentrations or pressures of oxygen. The most probable explanation of this is that radiation damage is mediated by oxygen free radicals and that these are formed in greater numbers when the oxygen concentration is high.
 
 POISONS These are chemical agents which have a deleterious effect upon living tissue. Just as there is no common feature amongst chemical carcinogens, so too there is
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 no common chemical feature amongst poisons. They are usually distinguished from substances such as strong acids or alkalis which have a simple corrosive effect; poisons are viewed as interfering with some speciﬁc aspect of metabolism. Mechanisms of poisoning are varied but they all involve some degree of interaction between the poison and a cell constituent. A prime target for many poisons is the active site of an enzyme. By deﬁnition the active site is chemically reactive since it binds to the substrate of that enzyme; the enzyme then undergoes a conformational change which alters the properties of the active site and this results in the catalytic change to the substrate that is the function of that enzyme. The product(s) of the reaction is(are) then released and the enzyme returns to its normal conformation ready to bind another molecule of substrate. It is apparent from this description that the activities of enzymes can be modiﬁed by substances that bind inappropriately to the active site, but also by anything that alters the conformation of the enzyme molecule. The 3-D shape of a protein is maintained by various types of cross links, the stability of which is dependent upon pH and ionic concentration. Although the cell is buffered, changes in pH can occur if large numbers of acidic molecules are generated by some metabolic disturbance such as ketoacidosis resulting from a shift to anaerobic metabolism. This is quite a common event since many poisons affect the respiratory chain. Many of the classic poisons such as heavy metals and cyanide bind to the sulphydryl groups at the active site of respiratory enzymes. Such poisoning has a cascade effect in the cell as respiration is blocked, acidity rises, ATP levels fall, the energy-dependent detoxiﬁcation processes begin to fail, and free radicals accumulate, resulting in membrane damage and loss of ionic control. Most pumps in the cell are energy dependent, and the stability of DNA as well as proteins requires a very narrow pH and ionic range. Carbon monoxide is a respiratory poison that binds strongly to haemoglobin, forming carboxyhaemoglobin and preventing the binding of oxygen. Haemoglobin has an afﬁnity for carbon monoxide some 200 times greater than that for oxygen. The carboxyhaemoglobin complex is cherry pink, and people who have died of carbon monoxide poisoning classically have a paradoxically healthy pink colour. One of the most toxic natural elements is oxygen because of its very pronounced reactivity to almost everything, particularly in free radical form. In evolutionary terms the respiratory mechanisms of the cell developed to protect it from free oxygen and only
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 developed a respiratory function subsequently. Thus chemical blocking of respiratory mechanisms is effectively removing the cell’s protection against oxygen, and the end results are typical oxygen toxicity. This can be seen very dramatically in the case of high levels of oxygen given to preterm infants with the development of respiratory distress syndrome. There are many speciﬁc poisons such as animal venoms and plant toxins which speciﬁcally target one organ or cell type: for instance, snake venoms are mostly neurotoxic or haemolytic in action.
 
 INFECTIOUS ORGANISMS These generally cause cell and tissue damage incidentally or indirectly by stimulating host responses. In general there is no advantage to a parasitic organism in damaging the host, and most organisms that have parasitised man for a long historical period show reduced aggression and the hosts show some degree of tolerance. Organisms new to man or those which infrequently use man as a host tend to produce violent and life-threatening reactions. HIV is a new infection, and the infections that cause the deaths of most AIDS patients are infrequent parasites of man. Tuberculosis, leprosy and malaria cause considerable disability, but millions of people worldwide live out their lives and manage to reproduce in the presence of these infections which have been human companions for millennia. It is notable that the most damaging effects of tuberculosis and leprosy are seen in those subjects who make the most brisk immunological response to the disease – mycobacteria are slow-growing organisms that themselves cause little or no tissue damage. Tuberculosis and leprosy are the consequence of an immunological response to the presence of mycobacteria that far outweighs the seriousness of the infection.
 
 called reperfusion injury. If cardiac myocytes are damaged experimentally by ischaemia which is then maintained, the degree of damage is less than if they are damaged by ischaemia and then exposed to normal oxygen levels; these studies are performed by experimentally occluding coronary arteries in laboratory animals and then releasing the occlusion at varying times. The animals are allowed to survive until the effects of ischaemia have had sufﬁcient time to develop histologically and are then killed and the heart muscle examined microscopically. What is happening here is that energy-dependent processes are triggered by the initial ischaemia but they can only occur in the presence of adequate oxygen levels. Such reperfusion injury is the result of the experimental set-up, and the ﬁnal longterm result of the two experiments is roughly the same degree of injury except that the so-called reperfusion injury results in earlier and better scar formation. The mechanism of reperfusion injury is an example of another adaptive response to cell damage but this time mediated by free radicals. Free radicals are the ﬁnal common pathway of many cellular processes, many, but not all, of which are involved in the response to cellular damage. A free radical is a molecule bearing an unpaired electron in the outer electron shell, in consequence of which it is highly reactive and shortlived. Such molecules are used by the body to destroy bacteria and are found in lysosomes. Since they are highly reactive and are formed as a byproduct in many metabolic reactions, cells must be protected against them. Numerous substances, including vitamin D and glutathione act as free radical sinks, whilst enzymes such as superoxide dismutase actively metabolise free radicals; these are also oxygen/energy-dependent processes. Typical free radicals include superoxide, hydrogen peroxide, hydroxyl ions and nitric oxide.
 
 FREE RADICALS
 
 MECHANISMS OF CELL DAMAGE
 
 The response to cell damage often involves the elaboration of new proteins and is, therefore, energy dependent. Such mechanisms require energy in the form of ATP, the synthesis of which is largely dependent upon available oxygen. Consequently, it is often noticed that damaged tissue has a sudden requirement for increased amounts of oxygen: the so-called respiratory burst. The proteins secreted at this time may be responsible for clearing away a lot of cell debris and may appear to be destructive. This led to the identiﬁcation of an apparently anomalous phenomenon
 
 The basic mechanisms of cell injury have been brieﬂy mentioned above and will now be reiterated and discussed in further detail. They are:
 
 • • • •
 
 oxygen supply and oxygen free radicals; disturbances in calcium homeostasis; depletion of ATP; and membrane integrity.
 
 Oxygen is a highly reactive substance which combines with a vast range of molecules and is consequently handled with great caution by the cell. Free oxygen
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 is very toxic, and oxidative processes in the cell are broken down into small, safe, metabolic steps such as the electron transport chain in the mitochondria. The small steps yield small discrete quanta of free energy which is coupled to energy-storage mechanisms such as ATP. It is often said that the terminal phosphate bond in ATP is a high-energy storage bond; this is not true. The signiﬁcance of the terminal phosphate bond in ATP is that it is a medium-energy bond and so can be formed by many oxidative reactions and can be used to fuel many other reactions; it stands at the centre of all energetic metabolic processes. ATP is the short-term (minutes) energy storage molecule of most cells; longer term (hours) storage utilises sugars in the form of glycogen. The virtue of glycogen is that one huge molecule contains many hundreds or thousands of sugar molecules but exerts the osmotic pressure of only one molecule; the same number of free sugar molecules would rupture the cell. In the longer term (days) excess dietary calories are stored as fats (ask any middle-aged pathologist). When these stores are depleted the cell will begin to use structural proteins as an energy source, but at this stage the individual is entering the pathological zone of starvation. Some ATP can be produced by anaerobic processes (such as glycolysis), but these mechanisms cannot fully oxidise compound sugars and result in the accumulation of only partially-metabolised compounds that must subsequently be metabolised by aerobic processes. For example, in the case of sugars the anaerobic, glycolytic pathway results in the accumulation of lactic acid which must be further metabolised by aerobic pathways in the mitochondria. If this does not happen then lactic acidosis results. Most tissues can metabolise the resting levels of lactate that they produce, but at times of increased metabolic activity skeletal muscles and skin export their excess lactate into the blood stream which carries it to the liver where it is aerobically metabolised in mitochondria via the Krebs cycle to carbon dioxide and water, yielding several more units of ATP. These two organs (skeletal muscle and skin) are very dependent upon good vascular supply not only for their own metabolic needs but also for the removal of lactate. A lack of oxygen (as a result of vascular disease, cardiac failure, respiratory disease, etc.) causes cells to switch from aerobic to anaerobic metabolism with consequent acidosis and lowered ATP levels because of the lower efﬁciency of anaerobic metabolism. Many cellular processes are ATP-dependent, including the ionic membrane pumps and the integrity of membranes themselves. One of the earliest signs of
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 irreversible cell damage is the failure to exclude calcium from cells and from mitochondria; while this may only be an incidental marker of cell damage it is also a very early event in apoptosis and may be an early cellular process actually leading to cell death. The various agents that cause cell injury (such as toxins, drugs, ultraviolet and other radiations, etc.) release free radicals, and in the presence of ATP depletion the enzyme processes and the scavenger mechanisms cannot operate, resulting in free radical damage to the phospholipids of various membranes such as cell membranes and organelle membranes (endoplasmic reticulum, mitochondria, lysosomes, etc.). Ischaemia and ATP depletion result in the various morphological effects described above, together with destabilisation of lysosomal membranes and the leakage of hydrolytic enzymes into the cytoplasm with disorganisation of cytoskeletal structures and destruction of the enzymatic pathways on which the cells rely. Some of these enzymes of intermediary metabolism may leak from damaged cells into the blood and can be used as clinical markers of cell damage (lactic dehydrogenase from muscle; cardiac enzymes in myocardial infarction, etc.). When these changes become so severe that they cannot be reversed, cell death occurs. Curiously, leakage of these enzymes into the circulation rarely causes direct problems except in the case of pancreatic lipases in pancreatitis.
 
 CELL DEATH Cell death is the irreversible loss of the cell’s ability to maintain independence of the environment. Living systems, including cells, are characterised by a relative stability of their internal milieu in the face of relatively wide environmental ﬂuctuations in temperature, humidity and ionic concentration. Two major forms of cell death are recognised under pathological conditions: necrosis and apoptosis.
 
 NECROSIS This is characterised by death of large numbers of cells in groups and the presence of an inﬂammatory reaction. Necrosis is the most familiar form of cell death and is associated with trauma, infection, ischaemia, toxic damage and immunological insults. Different patterns of necrosis are recognised and given speciﬁc names such as coagulative necrosis and liquefactive necrosis; in the former it is thought that autolytic
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 processes dominate, and in the latter that heterolytic ones predominate. Certainly there are characteristic tissue differences: coagulative necrosis is the common event in most tissues, including myocardium, whilst liquefactive necrosis predominates in the brain. If there is no infection then the tissue can become mummiﬁed, and this is described as dry gangrene; if infection supervenes then anaerobic bacteria can cause wet gangrene. In tuberculous foci of infection a particular type of necrosis occurs with a mixture of cell membranes and bacterial debris with a ‘cheesy’ appearance known as caseous necrosis. This frequently undergoes subsequent calciﬁcation. The term fat necrosis does not really indicate a speciﬁc pattern of necrosis but is more a clinical term referring to a speciﬁc clinical entity around the pancreas when lipases have been released and autolysis occurs. In the breast, commonly following trauma, a rather speciﬁc and histologically startling form of fat necrosis occurs. This probably results from an inﬂammatory reaction to fat escaping from ruptured fat cells and can suggest carcinoma both clinically and mammographically although the diagnosis is usually obvious histologically.
 
 APOPTOSIS Apoptosis is named after the process by which trees drop individual leaves during the autumn. In pathology, it refers to single cell death and may be associated with one or two lymphocytes (satellite cell necrosis) but not with a general inﬂammatory reaction. This type of cell death was ﬁrst deﬁned morphologically but its distinctive feature is that it is initiated by the cell itself. Apoptosis probably arose as a response to viral infection or mutation and represents a scorched earth policy where it is safer for the organism to sacriﬁce a cell rather than to allow the virus or the mutation to spread and threaten the whole individual. Apoptosis also occurs physiologically in hormonal involution. The morphological hallmark of apoptosis is the apoptotic body which is eosinophilic and may contain some karryorhectic nuclear debris. It is a result of shrinkage of the cell cytoplasm and nuclear disruption. These apoptotic bodies are taken up by surrounding cells and digested; the cells are commonly, but not exclusively, the same cell type as the apoptotic cell. The early stages in apoptosis are characterised by surface blebbing and margination of chromatin followed by cell shrinkage and breakup into smaller apoptotic bodies. Epidermal apoptotic bodies are large and pink because of their high content of cytoskeletal
 
 structures, while other cell types may be smaller and dominated by nuclear debris. Epithelial cells are often extruded from the epithelium into the underlying connective tissue stroma where they are taken up by macrophages. Since the process was seen for a long time before the mechanism was understood, apoptotic bodies in particular situations attracted speciﬁc names:
 
 • • • •
 
 Civatte or colloid bodies in lichen planus; Kamino bodies in melanocytic lesions; Councilman bodies in acute viral hepatitis; and tingible bodies (found in macrophages) in lymphomas.
 
 The ﬁrst recognised metabolic step is the production of endonucleases which cut the DNA into short double-stranded fragments; this is an irreversible step. Calcium inﬂux into the cell is an energy-dependent process in apoptosis in distinction to the passive entry in necrosis, but it is an early step and this indicates that it is an important mechanism in cell death generally. Inhibiting RNA and protein synthesis inhibits apoptosis, conﬁrming the observation that it is a dynamic process and is energy dependent. Various factors concerned with apoptosis have been characterised and are listed in Table 1.1.
 
 SENESCENCE The number of cells present in a tissue is a function of both the mitotic rate and the apoptotic rate. Senescence is certainly involved in cell death, but in many cases reduction in cell number is a function of normal cell loss together with a diminution in the ability to regenerate; thus the rate of cell death in the skin of the elderly is about the same as in youth or even less, but the ability of basal cells to divide is considerably reduced. Central nervous system cell loss may increase markedly in the elderly, but, after birth, neurons lose the ability to divide and all neuronal loss is permanent. If human ﬁbroblasts are grown in cell culture they divide well for about 50 divisions but then they lose the ability to replicate further, this inbuilt limitation is known as the Hayﬂick limit. Cancer cells and most embryonic cells do not have this restriction. There are repetitive regions on some chromosomes (telomeres) that are shortened every time the cell divides, and in the adult human only gametes and tumour cells can resynthesise these regions since they possess the enzyme telomerase. There is a critical limit length to these telomeres, and when they reach this the cell can no longer divide.
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 Table 1.1 Factors known to affect apoptosis Factors involved in apoptosis
 
 Activity
 
 Bcl-2 (B-cell lymphoma/ leukaemia-2 gene)
 
 One of several ‘survival genes’ that prevent apoptosis until a ‘trigger gene’ is activated. Gene product is membrane located.
 
 p53
 
 Tumour suppressor ‘trigger’ gene. Located on chromosome 17p, and mutation and heterozygosity are associated with many cancers. Associated with apoptosis in cells with damaged DNA. Suggested that p53 may stall cells in G1 to allow DNA repair and to trigger apoptosis if this fails.
 
 c-myc
 
 Cellular oncogene which binds with protein max and binds to speciﬁc DNA sites in the vicinity of genes concerned with cellular growth such as PDGF.
 
 Glucocorticoids
 
 Strongly stimulate apoptosis. They stimulate the production of calmodulin mRNA (a calciumbinding protein) and may inﬂuence calcium ﬂux into the cell, which is an early step in apoptosis.
 
 APO-1 or Fas
 
 Membrane antigen member of the superfamily of tumour necrosis factor receptor/nerve growth factor receptor cell surface proteins; antibodies to this antigen strongly stimulate apoptosis.
 
 T-cell antigen receptor in thymocytes
 
 Stimulation of immature thymocytes results in apoptosis, stimulation of mature thymocytes results in cell activation. May protect against an immature and incomplete response.
 
 Source: Cotton D W K, Synopsis of general pathology for surgeons, Butterworth Heinemann, Oxford (1997)
 
 CELL RENEWAL Cells from different tissues differ in their ability to replicate: some cells replicate freely (labile cells); some have a restricted ability to regenerate (stable cells); and some show no ability to replicate (permanent cells).
 
 LABILE CELLS These are typically epithelial cells that are readily shed under physiological conditions and are replaced from a population of reserve or stem cells. It has recently been demonstrated that stem cells are present in most, if not all, organs and that the stem cells of one organ can to a limited extent and in certain circumstances repopulate damaged areas of other organs. Stem cells are not the most mitotically active cells with a tissue; mitosis carries with it a risk of DNA damage which has serious consequences in a stem cell. Rather, daughter cells from a stem cell division enter a transit amplifying stage where most cell division occurs. The skin, which is constantly growing from the base upwards, loses keratinocytes from the surface in the form of keratin ﬂakes, and these are replaced by the division of cells in the basal layer. Not all cells in the basal layer divide; some are specialised for attachment of the epidermis to the dermis. Damage to this population of cells results in blister formation, but cell division is generally not affected and may even be increased.
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 The lining of the gut is subject to constant insults due to the range of food and drink which passes over it, and surface cells are constantly being lost. Reserve cells in the gut are recognisable tiny cells with little cytoplasm which lie at the base of the various crypts and migrate upwards as they replicate. They are responsive to increased rates of loss from the surface, and trauma results in an adaptive burst of mitosis just as it does in the skin. Any failure to adapt the rate of cell division to the rate of cell loss results in a deﬁciency of the epithelium which is known as an ulcer. Other labile cell types include the glands which line the endometrial cavity. During the cyclical loss of this epithelium, the bases of the glands are retained, and in the proliferative phase of the menstrual cycle these become highly mitotic. The nuclei ﬁrst move from their position at the base of the cell adjacent to the basement membrane, and then divide, closely followed by cytoplasmic division. Again, this division is closely associated with the rate of cell loss, but disturbances in hormonal balance can cause thickening of the cellular layers with resultant disturbances to the menstrual cycle. Histologically this type of hyperplasia can look very like neoplasia, and hyperplastic epithelia occurring as a response to trauma in general require careful distinction from well-differentiated neoplasia. Both metaplasia and neoplasia are the result of changes to stem cells, but in the case of metaplasia the changes disappear when the stimulus is removed, while the changes of neoplasia are mutational events which are
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 permanent. Consequently both metaplasia and neoplasia are commonest in epithelial tissues. Possibly because of the increased rate of mitosis and the consequent increase in opportunities for mutation in longstanding repair and the persistence of the injurious agents in metaplasia, both of these conditions have an increased risk of neoplasia. For instance, squamous cell carcinoma of the skin can arise in the margins of chronic skin ulcers (Marjolin’s ulcer), and the majority of lung cancers are squamous although the lining of the lungs consists of mucus-secreting and ciliated columnar cells.
 
 STABLE CELLS These are capable of a limited mitotic response to trauma, but much less than is typical of labile cells. Whereas labile cells spend much of their existence actively progressing through the cell cycle, stable cells spend most of their lives outside it. Hepatocytes can divide to replace cells lost to various types of metabolic trauma, as can renal tubular cells. However, the function of the organ depends very much on its 3-D structure in both cases, and this 3-D structure is maintained and formed by the collagen (reticulin) framework. The collagen framework is synthesised and repaired by ﬁbroblasts and even under normal circumstances is in a state of constant, albeit very slow, ﬂux. If it is damaged the rate of synthesis can increase considerably but both normal turnover and repair depend upon the underlying orderly structure that was laid down during embryonic development, and if damage is severe enough to disrupt this pattern then synthesis results in a disorderly repair, the structure of which is so abnormal that function is impaired. The most striking example of this is diffuse toxic damage to the liver (alcohol, hepatitis, etc.) where masses of cells are destroyed, the reticulin framework disrupted and the regenerating hepatocytes grow in nodular masses resulting in disordered vascularisation and the condition known as cirrhosis. The reticular structure of the renal tubules is altogether simpler, and damage to the kidney tubules can be healed by regeneration, but the reticulin structure of the glomeruli is so complex that it can only be laid down in embryogenesis and cannot be regenerated in the adult. The ﬁne surface patterning of the skin is determined by the orientation of collagen bundles in the dermis, and damage that is restricted to the epidermis is regenerated completely. Damage that involves the underlying dermis disrupts the normal orientation of collagen bundles and their cross links and results in a scar. Empirically this fact has been known to
 
 surgeons for many years, and the older books laid much stress upon the fact that scars could be minimised by cutting along Langer’s lines rather than across them. These lines are the major orientation of the collagen bundles, and cutting across them results in damage to many ﬁbres, which are subsequently repaired by random resynthesis of cut ends; incisions or splitting along Langer’s lines means that disruption is more or less restricted to cross links and that there is minimal damage to the long axis of ﬁbres.
 
 PERMANENT CELLS These have lost the ability to divide, cannot enter the cell cycle, and have even lost the functional reserve of stem cells that would normally regenerate the tissue; typical examples are neurons and cardiac myocytes. Damage to these tissues is, therefore, permanent. The various supporting cells still retain the ability to replicate: the response to damage in the central nervous system includes proliferation of glial cells, and in the heart there is ﬁbrous scar formation by ﬁbroblasts. On the face of it, this would appear to be rather peculiar, since not only are the heart and brain prone to a large number of traumatic events, their subsequent impaired function is often fatal. Presumably there is some overwhelming evolutionary advantage to the loss of regenerative power that outweighs the disadvantages. Certainly the loss of regenerative ability means that tumours of adult neurons and cardiac myocytes do not occur, but this would hardly seem to compensate for the morbidity and mortality of strokes and myocardial infarcts; the explanation probably lies in the fact that the spatial organisation of the cells of the brain and the heart are so speciﬁc that regeneration would result in functional chaos and even replacement of individual drop-out cells would be impossible to accomplish without considerable disorder. Many cells lose the ability to divide as they mature and become specialised (they are often called ‘postmitotic cells’). This is a different matter from stable cells in which no cell loss can be made good; postmitotic cells have functional reserve cells which can replace cell loss.
 
 HEALING Replication versus repair Cell loss due to some form of trauma results in healing if the trauma has not been so severe as to endanger the continued existence of the individual. This healing can
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 take two forms: the tissue can regenerate itself so that it is eventually much the same as it was before the trauma occurred, or it can form some sort of scar. With time, scars change because collagen is being actively metabolised and resynthesised, but the changes are slow. In some individuals scarring is very pronounced; in some cases it is so remarkable as to attract the term ‘keloid’. The characteristics of keloid arise from disorganised masses of collagen that do not become more organised with time.
 
 Primary versus secondary intention This is a distinction that is made between wounds where the edges can be closely applied and those wounds in which there is a tissue deﬁciency that has to be ﬁlled in before healing can proceed. There is no fundamental difference between the two but there is a difference in emphasis between the various processes.
 
 WOUND HEALING Wound healing is the process by which a damaged tissue is restored, as closely as possible, to its normal Table 1.2
 
 state. The completeness or otherwise of wound healing depends upon the reparative abilities of the tissue, the type of damage, the extent of damage and the general state of health of the tissue and the organism in which the tissue exists. Wound healing has been most extensively studied in skin and bone, and many of the normal mechanisms have been elucidated in these tissues. There have been signiﬁcant advances in the understanding of cell and tissue growth in recent years, and a number of growth factors have been identiﬁed and characterised; these are generally referred to as cytokines, and some examples are listed in Table 1.2. The steps in wound healing are generally listed in sequence, although in fact they all occur together, but at different stages of the process different mechanisms dominate:
 
 • • • •
 
 haemostasis; inﬂammation; regeneration; and repair.
 
 Most wounds are accompanied by some degree of haemorrhage because blood vessels are damaged.
 
 Some common cytokines and their actions
 
 Cytokine
 
 Features
 
 EGF (epidermal growth factor)
 
 Binds to EGF transmembrane receptor on most mammalian cells (most numerous on epithelial cells) and causes relative dedifferentiation and proliferation.
 
 FGF (ﬁbroblast growth factor)
 
 Exists in two forms: acidic and basic (ten times more active); mitogenic for many mesenchymal cells and causes proliferation of capillaries.
 
 MDGF (macrophage-derived growth factor)
 
 Secretion from macrophages stimulated by ﬁbronectin and Gram negative endotoxins; stimulates proliferation of quiescent ﬁbroblasts, endothelial cells and smooth muscle cells.
 
 PDGF (platelet-derived growth factor)
 
 Stored in α-granules of platelets and released during platelet aggregation in haemostasis; chemotactic for monocyte/macrophages and neutrophils; mitogenic for mesodermal cells such as smooth muscle cells, microglia and ﬁbroblasts; similar or identical factors produced by macrophages, endothelial cells, smooth muscle cells and transformed ﬁbroblasts.
 
 TGFβ (transforming growth factor β)
 
 Produced by transformed cells in culture; found in platelet α-granules, and the gene is induced in activated lymphocytes; induces granulation tissue.
 
 TNF (tumour necrosis factor or cachexin)
 
 Produced mainly by monocyte/macrophages but also by T lymphocytes; induced by endotoxin and Gram positive cell wall products; mediator of general inﬂammation causing fever and production of IL-1, IL-6 and IL-8.
 
 Interleukins
 
 IL-1 initiates granuloma formation in synergy with TNF; IL-2 increases size of granulomas; IL-6 induces acute phase proteins in hepatocytes and stimulates the ﬁnal differentiation of B cells; IL-8 induces neutrophil chemotaxis, shape change and granule exocytosis as well as vascular leakage and increased expression of CD-11/CD-18; IL-1 receptor antagonist blocks the effects of IL-1, produced by monocyte/macrophages by the same stimuli that induce IL-1 and presumably limits the effects of IL-1.
 
 Source: Cotton D W K, Synopsis of general pathology for surgeons, Butterworth Heinemann, Oxford (1997)
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 Under these circumstances free blood comes into contact with exposed collagen and with factors released from damaged cells, and clot formation occurs. Clot formation is the solidiﬁcation of blood outside the cardiovascular system or within the cardiovascular system after death. (The solidiﬁcation of blood within the cardiovascular system during life is known as thrombosis). A clot is a meshwork of ﬁbrin with blood cells and platelets entrapped within it and which contracts due to cross linking and the transformation of ﬁbroblasts into myoﬁbroblasts. The clots thus form a framework for other cells to migrate over, and the entrapped cells, particularly macrophages and platelets, release various active agents that stimulate migration and replication of endothelial and epithelial cells. They also stimulate each other to grow and transform (Table 1.2). This leads to a proliferation of new vessels, mostly capillaries, which loop in and out of the healing wound and present a granular appearance on its surface (granulation tissue). Sometimes this granulation tissue may be so exuberant that the epithelium cannot close over it, resulting in an area of ‘proud ﬂesh’ which is friable, bleeds easily and stops re-epithelialisation; this can be treated with a silver nitrate stick which reduces the granulation tissue to the extent that re-epithelialisation occurs. At the same time as the formation of granulation tissue the process of inﬂammation is beginning with an inﬂux of various plasma constituents leaking from damaged vessels and adjacent intact vessels which have dilated in response to the various local mediators of inﬂammation (Chapter 2) released by the trauma itself (Table 1.3). Any foreign material or infection stimulates the inﬂammatory reaction further and directs it down the most suitable pathways such as pus formation, foreign body giant cell reaction or granulomatous reactions to mycobacteria and fungi. Consequently, a reaction which begins as a stereotyped response to any trauma slowly evolves into a speciﬁc reaction tailored to the needs of the speciﬁc nature of the wound. Fibroblasts crawl over the ﬁbrin meshwork, removing it and laying down a loose network of collagen which is also constantly being broken down and reformed to produce a solid and mechanically tough meshwork for the support of the new epithelium. Factors released from a number of cell types, including epithelial cells themselves, and the absence of various inhibitors due to cell loss, result in increased epithelial division and migration over the wound surface. Any residual adnexal structures left in the supporting connective tissue layer can contribute to re-epithelialisation by
 
 stem cell dedifferentiation leading to a contribution to re-epithelialisation. The extent to which regeneration or repair ﬁgures in the healed tissue depends upon a variety of factors as discussed above and also to complicating factors both local and systemic.
 
 HEALING OF SPECIFIC TISSUES Skin The following is a description of the time course of events in the healing of skin:
 
 •
 
 minutes: blood clot forms; surface dehydrates to form scab; • 24 hours: ﬁrst phases of inﬂammation (neutrophils at the margins; edges of epidermis thicken and begin to migrate because of increased mitosis); • 3 days: granulation tissue becoming covered by epidermis; vertical collagen ﬁbres at edges; macrophages replace neutrophils; • 5 days: collagen ﬁbrils begin to bridge wound; new vessels abundant; single-layered epidermis begins to become multilayered; • Week 2: collagen and vessels being remodelled; ﬁbroblasts still active and proliferating; vessels reduced in number; and • Week 4–5: wound strengthens; inﬂammatory inﬁltrate gone; collagen continues to remodel; adnexae do not regenerate. The above account is typical for mucosal and skin healing, but other tissues have other speciﬁc features that modify this account. The most distinct difference is with bone.
 
 Bone Closed fractures of bone are generally sterile but may differ in the amount of bone fragments (comminuted fractures) that need to be removed by the processes of inﬂammation. Otherwise the wound healing processes are much the same as for incised skin wounds but modiﬁed to take account of the peculiar nature of bone and its functional modiﬁcations: • Blood vessels within the bone and the periosteum are damaged and blood leaks out. This rapidly clots to form a haematoma. • As in other tissues the haematoma forms a framework along which various cell types can migrate. • The clot then organises over the next week, with inﬂammatory cells modifying the structure and ﬁbroblasts secreting collagen.
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 Table 1.3 Chemical mediators of inﬂammation Mediators
 
 Source
 
 Release and actions
 
 Cationic proteins and neutral proteases
 
 Lysosomes in neutrophils.
 
 Neutrophils release lysosomal contents in contact with bacteria and damaged tissues; they increase permeability and activate complement.
 
 Cytokines (including the lymphokines)
 
 These were ﬁrst described in lymphocytes (hence lymphokines) but are substances produced by many cells that inﬂuence other cells.
 
 See Chapter 2 for their relationships in inﬂammation.
 
 Histamine
 
 Mast cells, basophils, eosinophils and platelets.
 
 Release is stimulated by C3a, C5a and neutrophils lysosomal proteins, resulting in vasodilatation and transiently increased vascular permeability.
 
 Leukotrienes
 
 Neutrophils, mast cells, basophils and some macrophages contain the lipoxygenase pathway which converts arachidonic acid to various leukotrienes; a mixture of these forms slowreacting substance of anaphylaxis (SRS).
 
 The various cells are activated by interleukins and some of which (B4) are potent chemoattractants for neutrophils, monocytes and macrophages, while others (SRS) cause contraction of smooth muscle and enhance vascular permeability.
 
 Prostaglandins
 
 Cells contain cyclo-oxygenase that makes prostaglandins from arachidonic acid; platelets produce thromboxane A2; endothelial cells produce prostacyclin; monocyte/ macrophages produce any or all.
 
 Nitric oxide
 
 Also known as endothelium-derived relaxing factor, it is a short-lived free radical produced in endotoxic shock by endothelium and macrophages.
 
 It is toxic to bacteria and appears to be a major factor.
 
 Coagulation proteins
 
 Mostly synthesised in the liver in inactive form; when activated they release ﬁbrin.
 
 Intermediates such as FXII are involved in activating other systems but the release of ﬁbrin is an important part of inﬂammation.
 
 Complement
 
 Series of 20 proteins synthesised in the liver and in macrophages; the liver produces most but macrophage complement is probably signiﬁcant at sites of inﬂammation; the various components form an enzymatic cascade providing vast ampliﬁcation of the initial effect.
 
 See Chapter 2.
 
 Fibrinolytic proteins
 
 Mostly synthesised in the liver, they are the negative feedback arm that limits coagulation.
 
 Plasmin, which is released by the action of activated FXII, lyses ﬁbrin clot to ﬁbrin degradation products (FDP).
 
 Kinins
 
 Circulating clotting factor XII (Hageman factor), prekallikrein and plasminogen are synthesised in the liver and circulate as inactive plasma proteins.
 
 FXII is activated by negatively charged surfaces such as exposed basement membranes, proteolytic enzymes, bacterial LPS and foreign materials such as crystals; it converts plasminogen to plasmin and prekallikrein to kallikrein which in turn cleaves kininogen to release bradykinin; it also activates the alternative complement pathway.
 
 Cells
 
 Plasma proteins
 
 Source: Cotton D W K, Synopsis of general pathology for surgeons, Butterworth Heinemann, Oxford (1997)
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 •
 
 •
 
 •
 
 • • •
 
 The inﬂammatory cells and the platelets release various growth factors: transforming growth factor α (TGFα); platelet-derived growth factor (PDGF); ﬁbroblast growth factor (FGF). The osteoblasts normally resident in the periosteum become activated and begin to produce woven bone which is constantly being modiﬁed by mechanical forces exerted on it. These are translated into tiny electrical currents, and many experiments have been undertaken to study the effects of electrical current on fracture healing. The mesenchymal cells in the surrounding soft tissues also become activated and begin to secrete cartilage (ﬁbrocartilage and hyaline cartilage) around the fracture site. By the second and third week the mass of healing tissue reaches its maximum girth but is still too weak for weight bearing. As woven bone approaches the new cartilage this undergoes enchondral ossiﬁcation and bridges the deﬁcit with new bone. Remodeling may continue for many weeks, but eventually the repair may be indistinguishable from the original bone or it may be even stronger than previously.
 
 FACTORS RESPONSIBLE FOR DELAYED WOUND HEALING These include both local and systemic conditions (Box 1.1). Locally, wounds may be infected, which prolongs the inﬂammatory phase and delays the onset of regeneration and repair. In some situations the persistence of infection in a chronic form can prevent healing from ever taking place; for example, chronic osteomyelitis following a compound fracture may persist for decades without resolution. Persistence of an injurious agent such as a foreign body has much the same effect as infection in that it extends the period of inﬂammation and prevents the onset of healing. Additionally they can act as a nidus for infection. Foreign bodies induce a chronic granulomatous reaction (Chapter 2) with typical foreign body giant cells. Interruption of the nervous and vascular supply by trauma also slows healing, but injuries to an area in which the vascular supply is poor also delay effective healing. Lacerations to the shins in the elderly can be very difﬁcult to heal, particularly since poor vascularisation is often accompanied by venous stasis and oedema. Intact innervation is important for wound
 
 Box 1.1
 
 Factors affecting wound healing
 
 Local • infection • ischaemia • foreign body • haematoma • malignancy • denervation Systemic • poor nutrition • deﬁciency of vitamins A and C • protein deﬁciency • zinc and manganese deﬁciency • diabetes mellitus • uraemia • jaundice • steroids • immunosuppressive agents • chemotherapeutic agents • malignant disease • irradiation • age
 
 healing, not only because of sensory warning about further trauma and the availability of normal muscle movement, but also because there seems to be a direct effect of intact nerve supply, although the nature of this remains obscure. In fractures one of the major causes of delayed wound healing is instability of the fracture. If movement is not prevented, normal wound healing may be delayed and a ﬁbrocartilage ‘joint’ may form which can even develop a synovial cavity mimicking a true joint. Excessive immobilisation of a fracture may also impair healing. Systemic diseases may have a large effect on wound healing. An obvious example that is of worldwide signiﬁcance is poor nutrition. The gross effect of protein malnutrition is that there are not enough amino acids available for the high levels of protein synthesis required during healing. Vitamin and cofactor supplies are also deﬁcient in malnutrition; substances such as vitamin C and zinc are essential in the molecular synthesis and conformation of collagen and many other components of connective tissue synthesis. An analogous situation arises in well-nourished individuals following trauma or surgery. The patients enter a severe catabolic state and may require parenteral nutrition even if they are capable of taking normal food. The elderly are often closer to the limits of nutrition and this, combined with the low regenerative capacity of
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 old age generally, makes these individuals prone to delayed wound healing. Concomitant diseases such as diabetes restrict the available nutritional supply to the wound, due to a mixture of the metabolic effects of the disease as well as a result of the vascular insufﬁciency common in longstanding diabetes. Diabetic patients are also prone to infection. Immunosuppression, both spontaneous and therapeutic, inhibits the inﬂammatory response, and steroids, either in natural diseases such as Cushing’s or given therapeutically, have a similar effect. Advanced neoplasia results in immunosuppression directly, by cachexia and by bone marrow suppression, added to
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 which the therapeutic modalities used to treat cancer are themselves immunosuppressive since they are aimed at rapidly replicating tumour cells and consequently also suppress the bone marrow. In general, wound healing aims at the restoration of the maximum similarity to the original tissue, although this is limited by the fact that the underlying structure of many tissues is laid down during development and cannot be recapitulated in the adult. However, equally complex structures can be developed in the adult of many species, particularly amphibians, so it may be possible in time to aim at complete wound healing, even in cases of traumatic or surgical amputation.
 
 2 Inﬂammation Timothy J Stephenson
 
 Inﬂammation is the local physiological response to tissue injury. It is not, in itself, a disease, but is usually a manifestation of disease. Inﬂammation may have beneﬁcial effects, such as the destruction of invading micro-organisms and the walling-off of an abscess cavity, thus preventing spread of infection. Equally, it may produce disease; for example, an abscess in the brain would act as a space-occupying lesion compressing vital surrounding structures, or ﬁbrosis resulting from chronic inﬂammation may distort the tissues and permanently alter their function. Inﬂammation is usually classiﬁed according to its time course as:
 
 hours to a few days. The process is usually described by the sufﬁx ‘-itis’, preceded by the name of the organ or tissues involved. Thus, acute inﬂammation of the meninges is called meningitis. The acute inﬂammatory response is similar whatever the causative agent.
 
 •
 
 •
 
 •
 
 acute inﬂammation – the initial and often transient series of tissue reactions to injury; and chronic inﬂammation – the subsequent and often prolonged tissue reactions following the initial response.
 
 The two main types of inﬂammation are also characterised by differences in the cell types taking part in the inﬂammatory response.
 
 ACUTE INFLAMMATION
 
 • • • • •
 
 initial reaction of tissue to injury; vascular phase: dilatation and increased permeability; exudative phase: ﬂuid and cells escape from permeable venules; neutrophil polymorph is the predominant cell involved, but mast cells and macrophages are also important; and outcome may be resolution, suppuration (e.g. abscess), organisation, or progression to chronic inﬂammation.
 
 Acute inﬂammation is the initial tissue reaction to a wide range of injurious agents; it may last from a few
 
 CAUSES OF ACUTE INFLAMMATION The principal causes of acute inﬂammation are:
 
 • •
 
 • •
 
 microbial infections: e.g. pyogenic bacteria, viruses; hypersensitivity reactions: e.g. parasites, tubercle bacilli; physical agents: e.g. trauma, ionising irradiation, heat, cold; chemicals: e.g. corrosives, acids, alkalis, reducing agents, bacterial toxins; and tissue necrosis: e.g. ischaemic infarction.
 
 Microbial infections One of the commonest causes of inﬂammation is microbial infection. Viruses lead to death of individual cells by intracellular multiplication. Bacteria release speciﬁc exotoxins – chemicals synthesised by them which speciﬁcally initiate inﬂammation – or endotoxins, which are associated with their cell walls. Additionally, some organisms cause immunologically-mediated inﬂammation through hypersensitivity reactions (Chapter 6). Parasite infections and tuberculous inﬂammation are instances where hypersensitivity is important.
 
 Hypersensitivity reactions A hypersensitivity reaction occurs when an altered state of immunological responsiveness causes an inappropriate or excessive immune reaction which damages the tissues. The types of reaction are classiﬁed in Chapter 6 but all have cellular or chemical mediators similar to those involved in inﬂammation.
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 Physical agents Tissue damage leading to inﬂammation may occur through physical trauma, ultraviolet or other ionising radiation, burns or excessive cooling (‘frostbite’).
 
 Irritant and corrosive chemicals Corrosive chemicals (acids, alkalis, oxidising agents) provoke inﬂammation through gross tissue damage. However, infecting agents may release speciﬁc chemical irritants which lead directly to inﬂammation.
 
 Tissue necrosis Death of tissues from lack of oxygen or nutrients resulting from inadequate blood ﬂow (Chapter 3: infarction) is a potent inﬂammatory stimulus. The edge of a recent infarct often shows an acute inﬂammatory response.
 
 ESSENTIAL MACROSCOPIC APPEARANCES OF ACUTE INFLAMMATION The essential physical characteristics of acute inﬂammation were formulated by Celsus (30 BC-AD 38) using the Latin words rubor, calor, tumor and dolor. Loss of function is also characteristic.
 
 Redness (rubor) An acutely inﬂamed tissue appears red, for example, skin affected by sunburn, cellulitis due to bacterial infection or acute conjunctivitis. This is due to dilatation of small blood vessels within the damaged area.
 
 Fig. 2.1 Early acute appendicitis. The appendix is swollen by oedema, the surface is covered by ﬁbrinous exudate, and there is vascular dilatation.
 
 stretching and distortion of tissues due to inﬂammatory oedema and, in particular, from pus under pressure in an abscess cavity. Some of the chemical mediators of acute inﬂammation, including bradykinin, the prostaglandins and serotonin, are known to induce pain.
 
 Loss of function Loss of function, a well-known consequence of inﬂammation, was added by Virchow (1821–1902) to the list of features drawn up to Celsus. Movement of an inﬂamed area is consciously and reﬂexly inhibited by pain, while severe swelling may physically immobilise the tissues.
 
 Heat (calor)
 
 EARLY STAGES OF ACUTE INFLAMMATION
 
 Increase in temperature is seen only in peripheral parts of the body, such as the skin. It is due to increased blood ﬂow (hyperaemia) through the region, resulting in vascular dilatation and the delivery of warm blood to the area. Systemic fever, which results from some of the chemical mediators of inﬂammation, also contributes to the local temperature.
 
 In the early stages, oedema ﬂuid, ﬁbrin and neutrophil polymorphs accumulate in the extracellular spaces of the damaged tissue. The presence of the cellular component, the neutrophil polymorph, is essential for a histological diagnosis of acute inﬂammation. The acute inﬂammatory response involves three processes:
 
 Swelling (tumor)
 
 • •
 
 Swelling results from oedema – the accumulation of ﬂuid in the extravascular space as part of the ﬂuid exudate – and, to a much lesser extent, from the physical mass of the inﬂammatory cells migrating into the area (Fig. 2.1).
 
 •
 
 changes in vessel calibre and, consequently, ﬂow; increased vascular permeability and formation of the ﬂuid exudates; and formation of the cellular exudate – emigration of the neutrophil polymorphs into the extravascular space.
 
 Changes in vessel calibre Pain (dolor) For the patient, pain is one of the best-known features of acute inﬂammation. It results partly from the
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 The microcirculation consists of the network of small capillaries lying between arterioles, which have a thick muscular wall, and thin-walled venules. Capillaries
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 Arteriole
 
 Closed precapillary sphincter Most capilaries empty
 
 Capillaries
 
 Preferential channel Normal
 
 while the area near the vessel wall carries only plasma (plasmatic zone). This feature of normal blood ﬂow keeps blood cells away from the vessel wall. Changes in the microcirculation occur as a physiological response; for example, there is hyperaemia in exercising muscle and active endocrine glands. The changes following injury which make up the vascular component of the acute inﬂammatory reaction were described by Lewis in 1927 as ‘the triple response to injury’: a ﬂush, a ﬂare and a wheal. If a blunt instrument is drawn ﬁrmly across the skin, the following sequential changes take place:
 
 •
 
 Venule
 
 • Dilatation
 
 •
 
 •
 
 Open precapillary sphincter Most capillaries full
 
 Acute inflammation
 
 Dilatation
 
 Fig. 2.2 Vascular dilatation in acute inﬂammation. A Normally, most of the capillary bed is closed down by precapillary sphincters. B In acute inﬂammation, the sphincters open, causing blood to ﬂow through all capillaries. Source: Stephenson T J, Inﬂammation. In: Underwood J C E (ed) General and systemic pathology, 4th edn, Churchill Livingstone, Edinburgh (2004).
 
 have no smooth muscle in their walls to control their calibre, and are so narrow that red blood cells must pass through them in single ﬁle. The smooth muscle of arteriolar walls forms precapillary sphincters which regulate blood ﬂow through the capillary bed. Flow through the capillaries is intermittent, and some form preferential channels for ﬂow while others are usually shut down (Fig. 2.2). In blood vessels larger than capillaries, blood cells ﬂow mainly in the centre of the lumen (axial low),
 
 a momentary white line follows the stroke: this is due to arteriolar vasoconstriction, the smooth muscle of arterioles contracting as a direct response to injury; the ﬂush: a dull red line follows due to capillary dilatation; the ﬂare: a red, irregular, surrounding zone then develops, due to arteriolar dilatation. Both nervous and chemical factors are involved in these vascular changes; and the wheal: a zone of oedema develops due to ﬂuid exudation into the extravascular space.
 
 The initial phase of arteriolar constriction is transient and probably of little importance in acute inﬂammation. The subsequent phase of vasodilatation (active hyperaemia) may last from 15 mins to several hours, depending upon the severity of the injury. There is experimental evidence that blood ﬂow to the injured area may increase up to ten-fold. As blood ﬂow begins to slow again, blood cells begin to ﬂow nearer to the vessel wall, in the plasmatic zone rather than the axial stream. This allows ‘pavementing’ of leukocytes (their adhesion to the vascular epithelium) to occur, which is the ﬁrst step in leukocyte emigration into the extravascular space. The slowing of blood ﬂow which follows the phase of hyperaemia is due to increased vascular permeability, allowing plasma to escape into the tissues while blood cells are retained within the vessels. The blood viscosity is, therefore, increased.
 
 Increased vascular permeability Small blood vessels are lined by a single layer of endothelial cells. In some tissues, these form a complete layer of uniform thickness around the vessel wall, while in other tissues there are areas of endothelial cell thinning, known as fenestrations. The walls of
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 pressure there. Consequently, much more ﬂuid leaves the vessels than is returned to them. The net escape of protein-rich ﬂuid is called exudation; hence, the ﬂuid is called the ﬂuid exudate.
 
 small blood vessels act as a microﬁlter, allowing the passage of water and solutes but blocking that of large molecules and cells. Oxygen, carbon dioxide and some nutrients transfer across the wall by diffusion, but the main transfer of ﬂuid and solutes is by ultraﬁltration, as described by Starling. The high colloid osmotic pressure inside the vessel, due to plasma proteins, favours ﬂuid return to the vascular compartment. Under normal circumstances, high hydrostatic pressure at the arteriolar end of capillaries forces ﬂuid out into the extravascular space, but this ﬂuid returns into the capillaries at their venous end, where hydrostatic pressure is low (Fig. 2.3). In acute inﬂammation, however, not only is capillary hydrostatic pressure increased, but there is also escape of plasma proteins into the extravascular space, increasing the colloid osmotic
 
 Arterial end
 
 P
 
 Formation of the ﬂuid exudate The increased vascular permeability means that large molecules, such as proteins, can escape from vessels. Hence, the exudate ﬂuid has a high protein content of up to 50 g/l. The proteins present include immunoglobulins, which may be important in the destruction of invading micro-organisms, and coagulation factors, including ﬁbrinogen, which result in ﬁbrin deposition on contact with the extravascular tissues. Hence, acute inﬂamed organ surfaces are commonly covered by ﬁbrin: the ﬁbrinous exudate. There is a considerable
 
 P
 
 P P
 
 P
 
 P P
 
 P
 
 P
 
 P
 
 Venous end P
 
 Normal
 
 P
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 Arterial end
 
 P
 
 P P
 
 P
 
 Venous end
 
 P
 
 P P
 
 P
 
 Acute inflammation
 
 Fig. 2.3 Ultraﬁltration of ﬂuid across the small blood vessel wall. A Normally, ﬂuid leaving and entering the vessel is in equilibrium. B In acute inﬂammation, there is a net loss of ﬂuid together with plasma protein molecules (P) into the extracellular space, resulting in oedema. Source: Stephenson op. cit.
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 turnover of the inﬂammatory exudate; it is constantly drained away by local lymphatic channels to be replaced by new exudate.
 
 Ultrastructural basis of increased vascular permeability The ultrastructural basis of increased vascular permeability was originally determined using an experimental model in which histamine, one of the chemical mediators of increased vascular permeability, was injected under the skin. This caused transient leakage of plasma proteins into the extravascular space. Electron microscopic examination of venules and small veins during this period showed that gaps of 0.1–0.4 μm in diameter had appeared between endothelial cells. These gaps allowed the leakage of injected particles, such as carbon, into the tissues. The endothelial cells are not damaged during this process. They contain contractile proteins such as actin, which, when stimulated by the chemical mediators of acute inﬂammation, cause contraction of the endothelial cells, pulling open the transient pores. The leakage induced by chemical mediators, such as histamine, is conﬁned to venules and small veins. Although ﬂuid is lost by ultraﬁltration from capillaries, there is no evidence that they too become more permeable in acute inﬂammation.
 
 Other causes of increased vascular permeability In addition to the transient vascular leakage caused by some inﬂammatory stimuli, certain other stimuli, e.g. heat, cold, ultraviolet light and x-rays, bacterial toxins and corrosive chemicals, cause delayed prolonged leakage. In these circumstances, there is direct injury to endothelial cells in several types of vessels within the damaged area (Table 2.1).
 
 permeability varies according to the type of tissue. For example, vessels in the central nervous system are relatively insensitive to the chemical mediators, while those in the skin, conjunctiva and bronchial mucosa are exquisitely sensitive to agents such as histamine.
 
 Formation of the cellular exudate The accumulation of neutrophil polymorphs within the extracellular space is the diagnostic histological feature of acute inﬂammation. The stages whereby leukocytes reach the tissues are shown in Fig. 2.4.
 
 Axial stream
 
 Normal flow
 
 Endothelial cell
 
 Adventitia
 
 Pericyte 1 Margination of neutrophils
 
 2 Pavementing of neutrophils
 
 Tissue sensitivity to chemical mediators The relative importance of chemical mediators and of direct vascular injury in causing increased vascular
 
 Table 2.1 Causes of increased vascular permeability Time course
 
 Mechanisms
 
 Immediate transient
 
 Chemical mediators, e.g. histamine, bradykinin, nitric oxide, C5a, leukotriene B4, platelet activating factor Severe direct vascular injury, e.g. trauma Endothelial cell injury, e.g. x-rays, bacterial toxins
 
 Immediate sustained Delayed prolonged
 
 3 Pass between endothelial cells
 
 4 Pass through basal lamina and migrate into adventitia
 
 Fig. 2.4 Steps in neutrophil polymorph emigration. (1) Neutrophils marginate into the plasmatic zone; (2) adhere to endothelial cells; (3) pass between endothelial cells; and (4) pass through the basal lamina and migrate into the adventitia. Source: Stephenson op. cit.
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 In the normal circulation, cells are conﬁned to the central (axial) stream in blood vessels, and do not ﬂow in the peripheral (plasmatic) zone near to the endothelium. However, loss of intravascular ﬂuid and increase in plasma viscosity with slowing of ﬂow at the site of acute inﬂammation allow neutrophils to ﬂow in this plasmatic zone.
 
 be self-sealing, and the endothelial cells are not damaged by this process. Diapedesis Red cells may also escape from vessels, but in this case the process is passive and depends on hydrostatic pressure forcing the red cells out. The process is called diapedesis, and the presence of large numbers of red cells in the extravascular space implies severe vascular injury, such as a tear in the vessel wall.
 
 Adhesion of neutrophils
 
 Chemotaxis of neutrophils
 
 Margination of neutrophils
 
 The adhesion of neutrophils to the vascular endothelium which occurs at sites of acute inﬂammation is termed ‘pavementing’ of neutrophils. Neutrophils randomly contact the endothelium in normal tissues, but do not adhere to it. However, at sites of injury, pavementing occurs early in the acute inﬂammatory response and appears to be a speciﬁc process occurring independently of the eventual slowing of blood ﬂow. The phenomenon is seen only in venules. Increased leukocyte adhesion results from interaction between paired adhesion molecules on leukocyte and endothelial surfaces. There are several classes of such adhesion molecules: some of them act as lectins which bind to carbohydrates on the partner cell. Leukocyte surface adhesion molecule expression is increased by:
 
 • • •
 
 complement component C5a; leukotriene B4; and tumour necrosis factor.
 
 Endothelial cell expression of endothelial-leukocyte adhesion molecule-1 (ELAM-1) and intercellular adhesion molecule-1 (ICAM-1), to which the leukocytes’ surface adhesion molecules bond, is increased by:
 
 • • •
 
 interleukin-1; endotoxins; and tumour necrosis factor.
 
 In this way, a variety of chemical inﬂammatory mediators promote leukocyte-endothelial adhesion as a prelude to leukocyte emigration.
 
 Neutrophil emigration Leukocytes migrate by active amoeboid movement through the walls of venules and small veins, under the inﬂuence of C5a and leukotriene-B4, but do not commonly exit from capillaries. Electron microscopy shows that neutrophil and eosinophil polymorphs and macrophages can insert pseudopodia between endothelial cells, migrate through the gap so created between the endothelial cells, and then on through the basal lamina into the vessel wall. The defect appears to
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 It has been long known from in vitro experiments that neutrophil polymorphs are attracted towards certain chemical substances in solution – a process called chemotaxis. Video microscopy shows apparently purposeful migration of neutrophils along a concentration gradient. Compounds which appear chemotactic for neutrophils in vitro include certain complement components, cytokines and products produced by neutrophils themselves. It is not known whether chemo-taxis is important in vivo. Neutrophils may possibly arrive at sites of injury by random movement, and then be trapped there by immobilising factors (a process analogous to the trapping of macrophages at sites of delayed type hypersensitivity by migration inhibitory factor; Chapter 6).
 
 CHEMICAL MEDIATORS OF ACUTE INFLAMMATION The spread of the acute inﬂammatory response following injury to a small area of tissue suggests that chemical substances are released from injured tissues, spreading outwards into uninjured areas. Early in the response, histamine and thrombin released by the original inﬂammatory stimulus cause upregulation of P-selectin and platelet activating factor (PAF) on the endothelial cells lining the venules. Adhesion molecules, stored in intracellular vesicles, appear rapidly on the cell surface. Neutrophil polymorphs begin to roll along the endothelial wall due to engagement of the lectin-like domain on the P-selectin molecule with sialyl Lewisx carbohydrate ligands on the neutrophil polymorph surface mucins. This also helps platelet activating factor to dock with its corresponding receptor which, in turn, increases expression of the integrins lymphocyte function-associated molecule-1 (LFA-1) and membrane attack complex-1 (MAC-1). The overall effect of all these molecules is very ﬁrm neutrophil adhesion to the endothelial surface. These chemicals, called endogenous chemical mediators, cause:
 
 • •
 
 vasodilatation; emigration of neutrophils;
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 • •
 
 chemotaxis; and increased vascular permeability.
 
 Chemical mediators released from cells Histamine This is the best-known chemical mediator in acute inﬂammation. It causes vascular dilatation and the immediate transient phase of increased vascular permeability. It is stored in mast cells, basophil and eosinophil leukocytes, and platelets. Histamine release from these sites (for example, mast cell degranulation) is stimulated by complement components C3a and C5a, and by lysosomal proteins released from neutrophils. Lysosomal compounds These are released from neutrophils and include cationic proteins, which may increase vascular permeability, and neutral proteases, which may activate complement. Prostaglandins These are a group of long-chain fatty acids derived from arachidonic acid and synthesised by many cell types. Some prostaglandins potentiate the increase in vascular permeability caused by other compounds. Others include platelet aggregation (prostaglandin I2 is inhibitory while prostaglandin A2 is stimulatory). Part of the anti-inﬂammatory activity of drugs such as aspirin and the non-steroidal antiinﬂammatory drugs is attributable to inhibition of one of the enzymes involved in prostaglandin synthesis. Leukotrienes These are also synthesised from arachidonic acid, especially in neutrophils, and appear to have vasoactive properties. SRS-A (slow reacting substance of anaphylaxis), involved in type I hypersensitivity (Chapter 6), is a mixture of leukotrienes. 5-hydroxytryptamine (serotonin) This is present in high concentration in mast cells and platelets. It is a potent vasoconstrictor. Chemokines This large family of 8–10 kDa proteins selectively attracts various types of leukocytes to the site of inﬂammation. Some chemokines such as IL-8 are mainly speciﬁc for neutrophil polymorphs and to a lesser extent lymphocytes whereas other types of chemokines are chemotactic for monocytes, natural killer (NK) cells, basophils and eosinophils. The various chemokines bind to extracellular matrix components such as heparin and heparan sulphate glycosaminoglycans, setting up a gradient of chemotactic molecules ﬁxed to the extracellular matrix.
 
 Plasma factors The plasma contains four enzymatic cascade systems – complement, the kinins, the coagulation factors and
 
 the ﬁbrinolytic system – which are inter-related and produce various inﬂammatory mediators.
 
 Complement system The complement system is a cascade system of enzymatic proteins (Chapter 6). It can be activated during the acute inﬂammatory reaction in various ways:
 
 • •
 
 •
 
 in tissue necrosis, enzymes capable of activating complement are released from dying cells; during infection, the formation of antigenantibody complexes can activate complement via the classical pathway, while the endotoxins of Gram-negative bacteria activate complement via the alternative pathway (Chapter 6); products of the kinin, coagulation and ﬁbrinolytic systems can activate complement.
 
 The products of complement activation most important in acute inﬂammation include:
 
 • • • • •
 
 C5a: chemotactic for neutrophils; increases vascular permeability; releases histamine from mast cells; C3a: similar properties to those of C5a, but less active; C5,6,7: chemotactic for neutrophils; C5,6,7,8,9: cytolytic activity; and C4b,2a,3b: opsonisation of bacteria (facilitates phagocytosis by macrophages).
 
 Kinin system The kinins are peptides of 9–11 amino acids; the most important vascular permeability factor is bradykinin. The kinin system is activated by coagulation factor XII (Fig. 2.5). Bradykinin is also a chemical mediator of the pain which is a cardinal feature of acute inﬂammation.
 
 Coagulation system The coagulation system (Chapter 10) is responsible for the conversion of soluble ﬁbrinogen into ﬁbrin, a major component of the acute inﬂammatory exudate. Coagulation factor XII (the Hageman factor), once activated by contact with extracellular materials such as basal lamina, and various proteolytic enzymes of bacterial origin, can activate the coagulation, kinin and ﬁbrinolytic systems. The inter-relationships of these systems are shown in Fig. 2.6.
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 ROLE OF TISSUE MACROPHAGES
 
 Fibrinolytic system Plasmin is responsible for the lysis of ﬁbrin into ﬁbrin degradation products, which may have local effects on vascular permeability. Table 2.2 summarises the chemical mediators involved in the three main stages of acute inﬂammation.
 
 These secrete numerous chemical mediators when stimulated by local infection or injury. Most important
 
 Table 2.2 Endogenous chemical mediators of the acute inﬂammatory response Activated factor XII (Hageman factor)
 
 Stages of acute inﬂammatory response Vascular dilatation
 
 Prekallikrein
 
 Kallikrein
 
 Plasmin
 
 Kininogens
 
 Increased vascular permeability
 
 Adhesion of leucocytes to endothelium Kinins e.g. bradykinin
 
 Fig. 2.5 The kinin system. Activated factor XII and plasmin activate the conversion of prekallikrein to kallikrein. This stimulates the conversion of kininogens to kinins, such as bradykinin. Source: Stephenson op. cit.
 
 Neutrophil polymorph chemotaxis
 
 Chemical mediators Histamine, prostaglandins (PGE2/I2), VIP, nitric oxide, platelet-activating factor (PAF) Transient phase – histamine Prolonged phase – mediators such as bradykinin, nitric oxide, C5a, leukotriene B4 and PAF potentiated by prostaglandins Upregulation of adhesion molecules on: • endothelium, principally by histamine, IL-1 and TNF; and • neutrophil polymorphs, principally by IL-8, C5a, leukotriene B4, PAF, IL-1 and TNF Leukotriene B4, IL-8 and others
 
 Kinin system es
 
 Kinins Act ivat
 
 2
 
 Complement systems
 
 Activated complement
 
 Plasmin Coagulation factor XII (Hageman factor)
 
 Activates
 
 Fibrinolytic system rad
 
 Deg es
 
 tes
 
 iva
 
 Act
 
 Coagulation system
 
 Fibrin
 
 Fig. 2.6 Interactions between the systems of chemical mediators. Coagulation factor XII activates the kinin, ﬁbrinolytic and coagulation systems. The complement system is in turn activated. Source: Stephenson op. cit.
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 are the cytokines interleukin-1 (IL-1) and α-tumour necrosis factor (TNFα), whose stimulatory effect on endothelial cells occurs after that of histamine and thrombin. Other late products include E-selectin, an adhesion molecule which binds and activates neutrophils and the chemokines IL-8 and epithelial derived neutrophil attractant-78 which are potent chemotaxins for neutrophil polymorphs. Additionally, IL-1 and TNFα cause endothelial cells, ﬁbroblasts and epithelial cells to secrete MCP-1, another powerful chemotactic protein for neutrophil polymorphs.
 
 ROLE OF THE LYMPHATICS Terminal lymphatics are blind-ended, endotheliumlined tubes present in most tissues in similar numbers to capillaries. The terminal lymphatics drain into collecting lymphatics which have valves and so propel lymph passively, aided by contraction of neighbouring muscles, to the lymph nodes. The basal lamina of lymphatic endothelium is incomplete, and the junction between the cells are simpler and less robust than those between capillary endothelial cells. Hence, gaps tend to open up passively between the lymphatic endothelial cells, allowing large protein molecules to enter. In acute inﬂammation, the lymphatic channels become dilated as they drain away the oedema ﬂuid of the inﬂammatory exudate. This drainage tends to limit the extent of oedema in the tissues. The ability of the lymphatics to carry large molecules and some particulate matter is important in the immune response to infecting agents; antigens are carried to the regional lymph nodes for recognition by lymphocytes (Chapter 6).
 
 ROLE OF THE NEUTROPHIL POLYMORPH The neutrophil polymorph is the characteristic cell of the acute inﬂammatory inﬁltrate. The actions of this cell will now be considered.
 
 Movement Contraction of cytoplasmic microtubules and gel/sol changes in cytoplasmic ﬂuidity bring about amoeboid movement. These active mechanisms are dependent upon calcium ions and are controlled by intracellular concentrations of cyclic nucleotides. The movement shows a directional response (chemotaxis) to the various chemicals of acute inﬂammation.
 
 Adhesion to micro-organisms Micro-organisms are opsonised (from the Greek word meaning ‘to prepare for the table’), or rendered more
 
 amenable to phagocytosis either by immunoglobulins or by complement components. Bacterial lipopolysaccharides activate complement via the alternative pathway (Chapter 6), generating component C3b which has opsonising properties. In addition, if antibody binds to bacterial antigens, this can activate complement via the classical pathway, also generating C3b. In the immune individual, the binding of immunoglobulins to micro-organisms by their Fab components leaves the Fc component (Chapter 6) exposed. Neutrophils have surface receptors for the Fc fragment of immunoglobulins, and consequently bind to the microorganisms prior to ingestion.
 
 Phagocytosis The process whereby cells (such as neutrophil polymorphs and macrophages) ingest solid particles is termed phagocytosis. The ﬁrst step in phagocytosis is adhesion of the particle to be phagocytosed to the cell surface. This is facilitated by opsonisation, whereby the micro-organism becomes coated with antibody, C3b and certain acute phase proteins while phagocytic cells such as neutrophil polymorphs and macrophages have upregulated C3 and Ig receptors under the inﬂuence of inﬂammatory mediators, enhancing adhesion of the micro-organism. The phagocyte then ingests the attached particle by sending out pseudopodia around it. These meet and fuse so that the particle lies in a phagocytic vacuole (also called a phagosome) bounded by cell membrane. Lysosomes, membrane-bound packets containing the toxic compounds described below, then fuse with phagosomes to form phagolysosomes. It is within these that intracellular killing of microorganisms occurs.
 
 Intracellular killing of micro-organisms Neutrophil polymorphs are highly specialised cells, containing noxious microbicidal agents, some of which are similar to household bleach. The microbicidal agents may be classiﬁed as:
 
 • •
 
 those which are oxygen-dependent; and those which are oxygen-independent.
 
 Oxygen-dependent mechanisms The neutrophils produce hydrogen peroxide which reacts with myeloperoxidase in the cytoplasmic granules in the presence of halide, such as C1, to produce a potent microbicidal agent. Other products of oxygen reduction also contribute to the killing, such as peroxide anions (O2), hydroxyl radicals (.OH) and singlet oxygen (1O2).
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 mediators present in their granules and metabolise arachidonic acid into newly synthesised inﬂammatory mediators (Table 2.3).
 
 C3a/C5a anaphylatoxins
 
 Stimulation
 
 SPECIAL MACROSCOPIC APPEARANCES OF ACUTE INFLAMMATION
 
 Mast cell
 
 The cardinal signs of acute inﬂammation are modiﬁed according to the tissue involved and the type of agent provoking the inﬂammation. Several descriptive terms are used for the appearances. Ca2
 
 Serous inﬂammation Granule release
 
 Ca2
 
 Phospholipase A2 Ca2
 
 Arachidonic acid
 
 In serous inﬂammation, there is abundant protein-rich ﬂuid exudate with a relatively low cellular content. Examples include inﬂammation of the serous cavities, such as peritonitis, and inﬂammation of a synovial joint, acute synovitis. Vascular dilatation may be apparent to the naked eye, the serous surfaces appearing injected (Fig. 2.1), i.e. having dilated, blood-laden vessels on the surface (like the appearance of the conjunctiva in ‘blood-shot eyes’).
 
 Catarrhal inﬂammation Lipoxygenase pathway
 
 Cyclo-oxygenase pathway
 
 Fig. 2.7 The effects of mast cell stimulation by anaphylatoxins.
 
 When mucus hypersecretion accompanies acute inﬂammation of a mucous membrane, the appearance is described as catarrhal. The common cold is a good example.
 
 Fibrinous inﬂammation Oxygen-independent mechanisms These include lysozyme (muramidase), lactoferrin which chelates iron required for bacterial growth, cationic proteins, and the low pH inside phagocytic vacuoles.
 
 Release of lysosomal products Release of lysosomal products from the cell damages local tissues by proteolysis by enzymes such as elastase and collagenase, activates coagulation factor XII, and attracts other leukocytes into the area. Some of the compounds released increase vascular permeability, while others are pyrogens, producing systemic fever by acting on the hypothalamus.
 
 THE ROLE OF MAST CELLS Mast cells have an important role in acute inﬂammation. On stimulation by the C3a/C5a complement components (Fig. 2.7) they release pre-formed inﬂammatory
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 When the inﬂammatory exudate contains plentiful ﬁbrinogen, this polymerises into a thick ﬁbrin coating. This is often seen in acute pericarditis and gives the parietal and visceral pericardium a ‘bread and butter’ appearance.
 
 Haemorrhagic inﬂammation Haemorrhagic inﬂammation indicates severe vascular injury or depletion of coagulation factors. This occurs in acute pancreatitis due to proteolytic destruction of vascular walls, and in meningococcal septicaemia due to disseminated intravascular coagulation.
 
 Suppurative (purulent) inﬂammation The terms ‘suppurative’ and ‘purulent’ denote the production of pus, which consists of dying and degenerate neutrophils, infecting organisms and liqueﬁed tissues. The pus may become walled-off by granulation tissue or ﬁbrous tissue to produce an abscess (a localised collection of pus in a tissue). If a hollow viscus ﬁlls with pus, this is called an empyema, for example,
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 Table 2.3 Two major pathways whereby mast cell stimulation leads to release of inﬂammatory mediators
 
 Granule release
 
 Preformed
 
 Effect
 
 Eosinophil chemotactic factor
 
 Eosinophil chemotaxis
 
 Neutrophil chemotactic factor Histamine
 
 Neutrophil chemotaxis Vasodilatation, increased capillary permeability, chemokinesis, bronchoconstriction
 
 Interleukins 3, 4, 5, 6 GM-CSF, TNF
 
 Macrophage activation, triggering of acute phase proteins
 
 Neutral proteases β-glucosaminidase
 
 Activation of C3 Cleaves glucosamine
 
 PAF
 
 Mediator release
 
 Proteoglycan
 
 Binds granule proteases
 
 Newly synthesised
 
 Effect
 
 Lipoxygenase pathway
 
 Leukotrienes C4, D4 (SRS-A), and B4
 
 Bronchoconstriction, chemokinesis / chemotaxis, vasoactive
 
 Cyclo-oxygenase
 
 Prostaglandins Thromboxanes
 
 Affect bronchial muscle, platelet aggregation and vasodilatation
 
 empyema of the gallbladder (Fig. 2.8) or of the appendix (Fig. 2.9).
 
 Membranous inﬂammation In acute membranous inﬂammation, an epithelium becomes coated by ﬁbrin, desquamated epithelial cells and inﬂammatory cells. An example, is the grey membrane seen in pharyngitis or laryngitis due to Corynebacterium diphtheriae.
 
 Pseudomembranous inﬂammation The term ‘pseudomembranous’ describes superﬁcial mucosal ulceration with an overlying slough of disrupted mucosa, ﬁbrin, mucus and inﬂammatory cells. This is seen in pseudomembranous colitis due to Clostridium difﬁcile colonisation of the bowel, usually following broad-spectrum antibiotic treatment (Chapter 17).
 
 Necrotising (gangrenous) inﬂammation High tissue pressure due to oedema may lead to vascular occlusion and thrombosis, which may result in widespread septic necrosis of the organ. The combination of necrosis and bacterial putrefaction is gangrene. Gangrenous appendicitis is a good example (Fig. 2.10).
 
 EFFECTS OF ACUTE INFLAMMATION Fig. 2.8 Empyema of the gallbladder. The gallbladder lumen is ﬁlled with pus.
 
 Acute inﬂammation has local and systemic effects, both of which may be harmful or beneﬁcial. The local
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 Fig. 2.9 Histology of acute appendicitis. A The appendix lumen is ﬁlled with pus, there is focal mucosal ulceration, and the appendicular wall and meso-appendix (bottom) are thickened because of an acute inﬂammatory exudate. B Pus in the lumen of the appendix. Pus consists of living and degenerate neutrophil polymorphs together with liqueﬁed tissue debris.
 
 effects are usually clearly beneﬁcial, for example the destruction of invading micro-organisms; but at other times they appear to serve no obvious function, or may even be positively harmful.
 
 Beneﬁcial effects Both the ﬂuid and cellular exudates may have useful effects. Beneﬁcial effects of the ﬂuid exudate are:
 
 • •
 
 Dilution of toxins: such as those produced by bacteria, allows them to be carried away in lymphatics. Entry of antibodies: due to increased vascular permeability into the extravascular space, where they may lead either to lysis of micro-organisms,
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 • • •
 
 •
 
 through the participation of complement, or to their phagocytosis by opsonisation. Antibodies are also important in neutralisation of toxins. Transport of drugs: such as antibiotics to the site where bacteria are multiplying. Fibrin formation: from exuded ﬁbrinogen may impede the movement of micro-organisms, trapping them and so facilitating phagocytosis. Delivery of nutrients and oxygen: essential for cells such as neutrophils which have high metabolic activity, is aided by increased ﬂuid ﬂow through the area. Stimulation of immune response: by drainage of this ﬂuid exudate into the lymphatics allows particulate
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 •
 
 Fig. 2.10 Gangrenous appendix. The external surface is blackened as a result of acute inﬂammation with infarction.
 
 •
 
 and soluble antigens to reach the local lymph nodes where they may stimulate the immune response. The role of neutrophils in the cellular exudate has already been discussed. They have a life-span of only one to three days and must be constantly replaced. Most die locally, but some leave the site via the lymphatics. Blood monocytes also arrive at the site and, on leaving the blood vessels, transform into macrophages, becoming more metabolically active, motile and phagocytic. Phagocytosis of microorganisms is enhanced by opsonisation by antibodies or by complement. In most acute inﬂammatory reactions, macrophages play a lesser role in phagocytosis compared with that of neutrophil polymorphs. They appear late in the response and are usually responsible for clearing away tissue debris and damaged cells. Both neutrophils and macrophages may discharge their lysosomal enzymes into the extracellular ﬂuid by exocytosis, or the entire cell contents may be released when the cells die. Release of these enzymes assists in the digestion of the inﬂammatory exudate.
 
 Harmful effects The release of lysosomal enzymes by inﬂammatory cells may also have harmful effects:
 
 •
 
 Digestion of normal tissues: enzymes such as collagenases and proteases may digest normal tissues, resulting in their destruction. This may result particularly in vascular damage, for example, in type III hypersensitivity reactions (Chapter 6)
 
 and in some types of glomerulonephritis (Chapter 18). Swelling: the swelling of acutely inﬂamed tissues may be harmful: for example, in children the swelling of the epiglottis in acute epiglottitis due to Haemophilus inﬂuenzae infection may obstruct the airway, resulting in death. Inﬂammatory swelling is especially serious when it occurs in an enclosed space such as the cranial cavity. Thus, acute meningitis or a cerebral abscess may raise intracranial pressure to the point where blood ﬂow into the brain is impaired, resulting in ischaemic damage, or may force the cerebral hemispheres against the tentorial oriﬁce and the cerebellum into the foramen magnum (pressure coning; Chapter 8). Inappropriate inﬂammatory response: sometimes, acute inﬂammatory responses appear inappropriate, such as those which occur in type I hypersensitivity reactions (e.g. hay fever; Chapter 6) where the provoking environmental antigen (e.g. pollen) otherwise poses no threat to the individual. Such allergic inﬂammatory responses may be lifethreatening, for example extrinsic asthma.
 
 SEQUELAE OF ACUTE INFLAMMATION The sequelae of acute inﬂammation depend upon the type of tissue involved and the amount of tissue destruction, which depend in turn upon the nature of the injurious agent. Both humoral and cellular mechanisms have evolved which regulate the inﬂammatory response. In the humoral control system there exist several complement regulatory proteins together with some acute phase proteins derived from the plasma transudate. At the cellular level, various prostaglandins, growth factors and glucocorticoids reduce cytokine production by T-lymphocytes and macrophages. The possible outcomes of acute inﬂammation are shown in Fig. 2.11.
 
 Resolution The term resolution means the complete restoration of the tissues to normal after an episode of acute inﬂammation. The conditions which favour resolution are:
 
 • •
 
 minimal cell death and tissue damage; occurrence in an organ or tissue which has regenerative capacity (e.g. the liver) rather than in one which cannot regenerate (e.g. the central nervous system);
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 Fig. 2.11 The sequelae of acute inﬂammation. Resolution is the usual event, unless any of the adverse factors shown exist. Source: Stephenson op. cit.
 
 Fibrosis
 
 Chronic inflammation
 
 • •
 
 rapid destruction of the causal agent (e.g. phagocytosis of bacteria); and rapid removal of ﬂuid and debris by good local vascular drainage.
 
 A good example of an acute inﬂammatory condition which usually resolves completely is acute lobar pneumonia (Chapter 11). The alveoli become ﬁlled with acute inﬂammatory exudate containing ﬁbrin, bacteria and neutrophil polymorphs. The alveolar walls are thin and have many capillaries (for gas exchange) and lymphatic channels. The sequence of events leading to resolution is usually:
 
 • • • •
 
 phagocytosis of bacteria (e.g. pneumococci) by neutrophils and intracellular killing; ﬁbrinolysis; phagocytosis of debris, especially by macrophages, and carriage through lymphatics to the hilar lymph nodes; and disappearance of vascular dilatation.
 
 Following this, the lung parenchyma would appear histologically normal.
 
 Suppuration Suppuration is the formation of pus, a mixture of living, dying and dead neutrophils and bacteria, cellular
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 debris and sometimes globules of lipid. The causative stimulus must be fairly persistent and is virtually always an infective agent, usually pyogenic bacteria (e.g. Staphylococcus aureus, Streptococcus pyogenes, Neisseria species or coliform organisms). Once pus begins to accumulate in a tissue, it becomes surrounded by a ‘pyogenic membrane’ consisting of sprouting capillaries, neutrophils and occasional ﬁbroblasts. Such a collection of pus is called an abscess, and bacteria within the abscess cavity are relatively inaccessible to antibodies and to antibiotic drugs (thus, for example, acute osteomyelitis, an abscess in the bone marrow cavity, is notoriously difﬁcult to treat).
 
 Abscess An abscess (for example, a boil) usually ‘points’, then bursts; the abscess cavity collapses and is obliterated by organisation and ﬁbrosis, leaving a small scar. Sometimes, surgical incision and drainage is necessary to eliminate the abscess. If an abscess forms inside a hollow viscus (e.g. the gallbladder) the mucosal layers of the outﬂow tract of the viscus may become fused together by ﬁbrin, resulting in an empyema (Fig. 2.8). Such deep-seated abscesses sometimes discharge their pus along a sinus tract (an abnormal connection, lined by granulation tissue, between the abscess and
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 the skin or a mucosal surface). If this results in an abnormal passage connecting two mucosal surfaces or one mucosal surface to the skin surface, it is referred to as a ﬁstula. Sinuses occur particularly when foreign body materials are present, which are indigestible by macrophages and which favour continuing suppuration. The only treatment for this type of condition is surgical elimination of the foreign body material. The ﬁbrous walls of long-standing abscesses may become complicated by dystrophic calciﬁcation.
 
 Organisation
 
 SYSTEMIC EFFECTS OF INFLAMMATION Apart from the local features of acute and chronic inﬂammation described above, an inﬂammatory focus produces systemic effects.
 
 Pyrexia Polymorphs and macrophages produce compounds known as endogenous pyrogens which act on the hypothalamus to set the thermoregulatory mechanisms at a higher temperature. Release of endogenous pyrogen is stimulated by phagocytosis, endotoxins and immune complexes.
 
 Organisation of tissues is their replacement by granulation tissue. The circumstances favouring this outcome are when:
 
 Constitutional symptoms
 
 •
 
 Weight loss
 
 • •
 
 large amounts of ﬁbrin are formed, which cannot be removed completely by ﬁbrinolytic enzymes from the plasma or from neutrophil polymorphs; substantial volumes of tissue become necrotic or if the dead tissue (e.g. ﬁbrous tissue) is not easily digested; and exudate and debris cannot be removed or discharged.
 
 During organisation, new capillaries grow into the inert material (inﬂammatory exudate), macrophages migrate into the zone and ﬁbroblasts proliferate under the inﬂuence of TGFβ, resulting in ﬁbrosis. A good example of this is seen in the pleural space following acute lobar pneumonia. Resolution usually occurs in the lung parenchyma, but very extensive ﬁbrinous exudate ﬁlls the pleural cavity. The ﬁbrin is not easily removed and consequently capillaries grow into the ﬁbrin, accompanied by macrophages and ﬁbroblasts (the exudate becomes ‘organised’). Eventually, ﬁbrous adhesion occurs between the parietal and visceral pleura.
 
 Progression to chronic inﬂammation If the agent causing acute inﬂammation is not removed, the acute inﬂammation may progress to the chronic stage. In addition to organisation of the tissue just described, the character of the cellular exudate changes, with lymphocytes, plasma cells and macrophages (sometimes including multinucleate giant cells) replacing the neutrophil polymorphs. Often, however, chronic inﬂammation occurs as a primary event, there being no preceding period of acute inﬂammation.
 
 Constitutional symptoms include malaise, anorexia and nausea. Weight loss, due to negative nitrogen balance, is common when there is extensive chronic inﬂammation. For this reason, tuberculosis used to be called ‘consumption’.
 
 Reactive hyperplasia of the reticulo-endothelial system Local or systemic lymph node enlargement commonly accompanies inﬂammation, while splenomegaly is found in certain speciﬁc infections (e.g. malaria, infectious mononucleosis).
 
 Haematological changes Increased erythrocyte sedimentation rate An increased erythrocyte sedimentation rate is a nonspeciﬁc ﬁnding in many types of inﬂammation. Leukocytosis Neutrophilia occurs in pyogenic infections and tissue destruction; eosinophilia in allergic disorders and parasitic infection; lymphocytosis in chronic infection (e.g. tuberculosis), many viral infections and in whooping cough; and monocytosis occurs in infectious mononucleosis and certain bacterial infections (e.g. tuberculosis, typhoid). Anaemia This may result from blood loss in the inﬂammatory exudate (e.g. in ulcerative colitis), haemolysis (due to bacterial toxins), and ‘the anaemia of chronic disorders’ due to toxic depression of the bone marrow.
 
 Amyloidosis Long-standing chronic inﬂammation (for example, in rheumatoid arthritis, tuberculosis and bronchiectasis), by elevating serum amyloid A protein (SAA), may cause amyloid to be deposited in various tissues resulting in secondary (reactive) amyloidosis.
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 CHRONIC INFLAMMATION
 
 Table 2.4 Some examples of primary chronic inﬂammation
 
 The principal features of chronic inﬂammation are as follows.
 
 Cause of inﬂammation
 
 Example
 
 Resistance of infective agent to phagocytosis and intracellular killing
 
 Tuberculosis, leprosy, brucellosis, viral infections
 
 Foreign body reactions
 
 Endogenous materials, e.g. necrotic adipose tissue, bone, uric acid crystals Exogenous materials, e.g. silica, asbestos ﬁbres, suture materials, implanted prostheses
 
 Some autoimmune diseases
 
 Organ-speciﬁc diseases, e.g. Hashimoto’s thyroiditis, chronic gastritis of pernicious anaemia Non-organ-speciﬁc autoimmune disease, e.g. rheumatoid arthritis Contact hypersensitivity reactions, e.g. self-antigens altered by nickel
 
 Speciﬁc diseases of unknown aetiology
 
 Chronic inﬂammatory bowel disease, e.g. ulcerative colitis
 
 Primary granulomatous diseases
 
 Crohn’s disease, sarcoidosis, reactions to beryllium
 
 • • • • •
 
 lymphocytes, plasma cells and macrophages predominate; usually primary, but may follow recurrent acute inﬂammation; granulomatous inﬂammation is a speciﬁc type of chronic inﬂammation; a granuloma is an aggregate of epithelioid histiocytes; and may be complicated by secondary (reactive) amyloidosis.
 
 The word ‘chronic’ applied to any process implies that the process has extended over a long period of time. This is usually the case in chronic inﬂammation, but here the term ‘chronic’ takes on a much more speciﬁc meaning, in that the type of cellular reaction differs from that seen in acute inﬂammation. Chronic inﬂammation may be deﬁned as an inﬂammatory process in which lymphocytes, plasma cells and macrophages predominate, and which is usually accompanied by the formation of granulation tissue, resulting in ﬁbrosis. Chronic inﬂammation is usually primary, sometimes called chronic inﬂammation ab initio, but does occasionally follow acute inﬂammation.
 
 CAUSES OF CHRONIC INFLAMMATION Primary chronic inﬂammation In most cases of chronic inﬂammation, the inﬂammatory response has all the histological features of chronic inﬂammation from the onset, and there is no initial phase of acute inﬂammation. Some examples of primary chronic inﬂammation are listed in Table 2.4.
 
 Transplant rejection Cellular rejection of, for example, renal transplants involves chronic inﬂammatory cell inﬁltration.
 
 Progression from acute inﬂammation Most cases of acute inﬂammation do not develop into the chronic form, but resolve completely. The commonest variety of acute inﬂammation to progress to chronic inﬂammation is the suppurative type. If the pus forms an abscess cavity which is deep-seated, and drainage is delayed or inadequate, then by the time that drainage occurs the abscess will have developed thick
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 walls composed of granulation and ﬁbrous tissues. The rigid walls of the abscess cavity, therefore, fail to come together after drainage, and the stagnating pus within the cavity becomes organised by the ingrowth of granulation tissue, eventually to be replaced by a ﬁbrous scar. Good examples of such chronic abscesses include: an abscess in bone marrow cavity (osteomyelitis), which is notoriously difﬁcult to eradicate; and empyema thoracis which has been inadequately drained. Some bacterial infections lead to chronic inﬂammation because the microbes have evolved defence mechanisms to phagocytosis. Some virulent organisms synthesise an outer capsule, which resists adhesion to phagocytes and covers carbohydrate molecules on the bacterial surface preventing their recognition by phagocyte receptors. Some bacterial capsules physically block access of phagocytes to C3b deposited on the bacterial cell wall. Other organisms have positively antiphagocytic cell surface molecules or even secrete exotoxins which poison the leukoytes. Some bacteria bind to the surface of non-phagocytic cells to ‘hide’ from phagocytes. Poor activation of complement by some bacterial capsules, acceleration of complement breakdown by bacterial surface molecules such as
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 sialic acid and secretion of enzymes which degrade C5a are ways in which the complement system can be prevented from clearing infections. Evasion of immune responses by variation of surface antigens is encountered in viruses and parasites, but also to a lesser extent with some bacteria. Another feature which favours progression to chronic inﬂammation is the presence of indigestible material. This may be keratin from a ruptured epidermal cyst, or fragments of necrotic bone as in the sequestrum of chronic osteomyelitis (Chapter 12). These materials are relatively inert, and are resistant to the action of lysosomal enzymes. The most indigestible forms of material are inert foreign body materials: for example, some types of surgical suture, wood, metal or glass implanted into a wound, or deliberately implanted prostheses such as artiﬁcial joints. It is not known why the presence of foreign body materials give rise to chronic suppuration, but it is a well-established fact that suppuration will not cease without surgical removal of the material. Foreign bodies have in common the tendency to provoke a special type of chronic inﬂammation called ‘granulomatous inﬂammation’, and to cause macrophages to form multinucleate giant cells called ‘foreign body giant cells’.
 
 Fig. 2.12 Chronic peptic ulcer of the stomach. Continuing tissue destruction and repair cause replacement of the gastric wall muscle layers by ﬁbrous tissue. As the ﬁbrous tissue contracts, permanent distortion of the gastric shape may result.
 
 Recurrent episodes of acute inﬂammation Recurring cycles of acute inﬂammation and healing eventually result in the clinicopathological entity of chronic inﬂammation. The best example of this is chronic cholecystitis, normally due to the presence of gallstones (Chapter 17); multiple recurrent episodes of acute inﬂammation lead to replacement of the gallbladder wall muscle by ﬁbrous tissue and the predominant cell type becomes the lymphocyte rather than the neutrophil polymorph.
 
 Fig. 2.13 Gallbladder showing chronic cholecystitis. The wall is greatly thickened by ﬁbrous tissue. One of the gallstones was impacted in Hartmann’s pouch, a saccular dilatation at the gallbladder neck.
 
 MACROSCOPIC APPEARANCES OF CHRONIC INFLAMMATION The commonest appearances of chronic inﬂammation are:
 
 •
 
 • •
 
 chronic ulcer: such as a chronic peptic ulcer of the stomach with breach of the mucosa, a base lined by granulation tissue and with ﬁbrous tissue extending through the muscle layers of the wall (Fig. 2.12); chronic abscess cavity: for example, osteomyelitis, empyema thoracis thickening of the wall of a hollow viscus: by ﬁbrous tissue in the presence of a chronic inﬂammatory
 
 • •
 
 cell inﬁltrate, for example Crohn’s disease, chronic cholecystitis (Fig. 2.13). granulomatous inﬂammation: with caseous necrosis as in chronic ﬁbrocaseous tuberculosis of the lung; and ﬁbrosis: which may become the most prominent feature of the chronic inﬂammatory reaction when most of the chronic inﬂammatory cell inﬁltrate has subsided. This is commonly seen in chronic
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 cholecystitis, ‘hour-glass contracture’ of the stomach, where ﬁbrosis distorts the gastric wall and may even lead to acquired pyloric stenosis, and in the strictures which characterise Crohn’s disease (Chapter 17).
 
 MICROSCOPIC FEATURES OF CHRONIC INFLAMMATION The cellular inﬁltrate consists characteristically of lymphocytes, plasma cells and macrophages. A few eosinophil polymorphs may be present, but neutrophil polymorphs are scarce. Some of the macrophages may form multinucleate giant cells. Exudation of ﬂuid is not a prominent feature, but there may be production of new ﬁbrous tissue from granulation tissue (Fig. 2.13). There may be evidence of continuing destruction of tissue at the same time as tissue regeneration and repair. Tissue necrosis may be a prominent feature, especially in granulomatous conditions such as tuberculosis. It is not usually possible to predict the causative factor from the histological appearances in chronic inﬂammation.
 
 CELLULAR CO-OPERATION IN CHRONIC INFLAMMATION The lymphocytic tissue inﬁltrate contains two main types of lymphocyte (described more fully in Chapter 6). B-lymphocytes, on contact with antigen, become progressively transformed into plasma cells, which are cells specially adapted for the production of antibodies. The other main type of lymphocyte, the T-lymphocyte, is responsible for cell-mediated immunity. On contact with antigen, T-lymphocytes produce a range of soluble factors called cytokines, which have a number of important activities.
 
 •
 
 •
 
 PARACRINE STIMULATION OF CONNECTIVE TISSUE PROLIFERATION Healing involves regeneration and migration of specialised cells, while the predominant features in repair are angiogenesis followed by ﬁbroblast proliferation and collagen synthesis. These processes are regulated by low molecular weight proteins called growth factors which bind to speciﬁc receptors on cell membranes and trigger a series of event culminating in cell proliferation (Table 2.5).
 
 •
 
 •
 
 Recruitment of macrophages into the area. It is thought that macrophages are recruited into the area mainly via factors such as migration inhibition factor (MIF) which trap macrophages in the tissue. Macrophage activation factors (MAF) stimulate macrophage phagocytosis and killing of bacteria. Production of inﬂammatory mediators. T-lymphocytes produce a number of inﬂammatory mediators, including cytokines, chemotactic factors for neutrophils, and factors which increase vascular permeability. Recruitment of other lymphocytes. Interleukins stimulate other lymphocytes to divide and confer on other lymphocytes the ability to mount cellmediated immune responses to a variety of antigens. T-lymphocytes also co-operate with B-lymphocytes, assisting them in recognising antigens. Destruction of target cells. Factors, such as perforins, are produced which destroy other cells by damaging their cell membranes.
 
 Table 2.5 Growth factors involved in healing and repair associated with inﬂammation Growth factor
 
 Abbreviation
 
 Function
 
 Epidermal growth factor Transforming growth factor α Transforming growth factor β
 
 EGF TGFα TGFβ
 
 Platelet-derived growth factor Fibroblast growth factors Insulin-like growth factor-1 Tumour necrosis factor
 
 PDGF FGF IGF-1 TNF
 
 Regeneration of epithelial cells Regeneration of epithelial cells Stimulates ﬁbroblast proliferation and collagen synthesis, controls epithelial regeneration Mitogenic and chemotactic for ﬁbroblasts and smooth muscle cells Stimulates ﬁbroblast proliferation, angiogenesis and epithelial cell regeneration Synergistic effect with other growth factors Stimulates angiogenesis
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 •
 
 Interferon production. Interferon γ, produced by activated T-cells, has antiviral properties and, in turn, activates macrophages. Interferons α and β, produced by macrophages and ﬁbroblasts, have antiviral properties and activate NK cells and macrophages.
 
 These pathways of cellular co-operation are summarised in Fig. 2.14.
 
 MACROPHAGES IN CHRONIC INFLAMMATION Macrophages are relatively large cells, up to 30 μm in diameter, which move by amoeboid motion through the tissues. They respond to certain chemotactic stimuli (possibly cytokines and antigen-antibody complexes) and have considerable phagocytic capabilities for the ingestion of micro-organisms and cell debris.
 
 When neutrophil polymorphs ingest micro-organisms, they usually bring about their own destruction and thus have a limited life-span of up to about three days. Macrophages can ingest a wider range of materials than can polymorphs and, being long-lived, they can harbour viable organisms if they are not able to kill them by their lysosomal enzymes. Examples of organisms which can survive inside macrophages include mycobacteria, such as Mycobacterium tuberculosis and Mycobacterium leprae, and organisms such as Histoplasma capsulatum. When macrophages participate in the delayed type hypersensitivity response (Chapter 6) to these types of organism, they often die in the process, contributing to the large areas of necrosis by release of their lysosomal enzymes. Macrophages in inﬂamed tissues are derived from blood monocytes which have migrated out of vessels and have become transformed in the tissues. They are thus part of the mononuclear phagocyte system
 
 T-lymphocyte
 
 B-lymphocyte Cooperation
 
 Non-sensitised T-lymphocyte
 
 Transfer factor
 
 MIF
 
 Transformed B-lymphocyte
 
 Effector T-lymphocyte Macrophage Inflammatory mediators Plasma cells
 
 Lymphotoxins
 
 Increased vascular permeability
 
 Memory cell
 
 Antibodies
 
 Fig. 2.14 Cellular cooperation in chronic inﬂammation. Solid arrows show pathways of cellular differentiation. Dotted arrows show intercellular communication. MIF  migration inhibition factor. Source: Stephenson op. cit.
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 BONE MARROW
 
 BLOOD
 
 TISSUES Connective tissue histicoyte Alveolar macrophage Peritoneal macrophage Kupffer cell of liver
 
 Haemopoietic stem cell
 
 Melanophage of skin Promonocyte
 
 Monocyte
 
 Monocyte Lipophage Osteoclast in bone Microglial cell in brain Specialised histiocytes e.g. epithelioid cell Histiocytic giant cell — Langhans' cell — Foreign body — Touton
 
 Fig. 2.15 The mononuclear phagocyte system. All of the differentiated cell types on the right are derived from blood monocytes. Source: Stephenson op. cit.
 
 (Fig. 2.15). This system is in turn part of the reticuloendothelial system which refers not only to the phagocytic cells, but also to interdigitating reticulum cells of lymph nodes and the endothelial cells in lymphoid organs. The mononuclear phagocyte system, shown in Fig. 2.15, is now known to include macrophages, ﬁxed tissue histiocytes in many organs and, probably, the osteoclasts of bone. All are derived from monocytes which in turn are derived from a haemopoietic stem cell in the bone marrow. The ‘activation’ of macrophages as they migrate into an area of inﬂammation involves an increase in size, protein synthesis, mobility, phagocytic activity and content of lysosomal enzymes. Electron microscopy reveals that the cells have a roughened cell membrane bearing ﬁlopodia, while the cytoplasm contains numerous dense bodies – phagolysosomes (formed by the fusion of lysosomes with phagocytic vacuoles). Macrophages produce a range of important cytokines, including interferons α and β, interleukins 1, 6 and 8, and tumour necrosis factor (TNF) α (Chapter 6).
 
 Specialised forms of macrophages and granulomatous inﬂammation A granuloma is an aggregate of epithelioid histiocytes.
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 Epithelioid histiocytes Named for their vague histological resemblance to epithelial cells, epithelioid histiocytes have large vesicular nuclei, plentiful eosinophilic cytoplasm and are often rather elongated. They tend to be arranged in clusters. They have little phagocytic activity, but appear to be adapted to a secretory function. The full range, or purpose, of their secretory products is not known, although one product is angiotensin converting enzyme. Measurement of the activity of this enzyme in the blood can act as a marker for systemic granulomatous disease, such as sarcoidosis. The appearance of granulomas may be augmented by the presence of caseous necrosis (as in tuberculosis) or by the conversion of some of the histiocytes into multinucleate giant cells. A common feature of many of the stimuli which induce granulomatous inﬂammation is indigestibility of particulate matter by macrophages. In other conditions, such as the systemic granulomatous condition sarcoidosis, there appear to be far-reaching derangements in immune responsiveness favouring granulomatous inﬂammation. In other instances, small traces of elements such as beryllium induce granuloma formation, but the way in which they induce the inﬂammation is unknown. Some of the commoner granulomatous conditions are shown in Table 2.6.
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 Table 2.6 Causes of granulomatous disease Cause
 
 Example
 
 Speciﬁc infections
 
 Mycobacteria, e.g. tuberculosis, leprosy, atypical mycobacteria; many types of fungi, parasites, larvae, eggs and worms, syphilis Endogenous, e.g. keratin, necrotic bone, cholesterol crystals, sodium urate Exogenous, e.g. talc, silica, suture materials, oils, silicone Beryllium Hepatic granulomas due to allopurinol, phenylbutazone, sulphonamides Crohn’s disease, sarcoidosis, Wegener’s granulomatosis
 
 Foreign bodies
 
 Speciﬁc chemicals Drugs
 
 Unknown
 
 simultaneously to engulf the same particle; their cell membranes fuse and the cells unite. The multinucleate giant cells resulting have little phagocytic activity and no known function. They are given speciﬁc names according to their microscopic appearance.
 
 Langhans’ giant cells Langhans’ giant cells have a horseshoe arrangement of peripheral nuclei at one pole of the cell and are characteristically seen in tuberculosis, although they may be seen in other granulomatous conditions. (They must not be confused with Langerhans’ cells, the dendritic antigen-presenting cells of the epidermis.)
 
 Foreign-body giant cells So-called ‘foreign-body giant cells’ are large cells with nuclei randomly scattered throughout their cytoplasm. They are characteristically seen in relation to particulate foreign-body material.
 
 Touton giant cells Histiocytic giant cells Histiocytic giant cells tend to form where particulate matter which is indigestible by macrophages accumulates, for example, inert minerals such as silica, or bacteria such as tubercle bacilli which have cell walls containing mycolic acids and waxes which resist enzymatic digestion. The multinucleate giant cells, which may contain over 100 nuclei, are thought to develop ‘by accident’ when two or more macrophages attempt
 
 Touton giant cells have a central ring of nuclei while the peripheral cytoplasm is clear due to accumulated lipid. They are seen at sites of adipose tissue breakdown and in xanthomas (tumour-like aggregates of lipid-laden macrophages). Although giant cells are commonly seen in granulomas, they do not constitute a deﬁning feature. Solitary giant cells in the absence of epithelioid histiocytes do not constitute a granuloma.
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 3 Thrombosis, embolism and infarction Ken Callum
 
 THROMBOSIS A thrombus is deﬁned as a solid mass formed in the living circulation from the components of the streaming blood. This serves to distinguish it from a clot which may form:
 
 • • •
 
 outside the body; in a dead body; or outside of the vasculature.
 
 Thrombosis (the formation of thrombus) is a wellordered series of events involving the blood platelets and the clotting cascade. Platelets adhere to areas of endothelial damage and if the stimulus is strong enough will go on to platelet activation with shape change and release of a number of substances which enhance the process of thrombosis at the same time as aggregating together.
 
 STAGES IN THE DEVELOPMENT OF THROMBOSIS Thrombus may form in the heart, arteries, veins, or capillaries. The ﬁrst stage involves platelets sticking to the damaged endothelium, and then a dense layer of ﬁbrin and leucocytes adhere to the surface of the platelet. Blood clot (ﬁbrin and red cells) develops on this layer of leucocytes and platelets, and then a secondary layer of platelets collects on the surface of the blood clot. The gradual extension of thrombosis leads to a propagated or consecutive thrombus. Organization then begins with adherence to the wall of the vessel as mural thrombus. A second stage develops with a further batch of platelets laid down over the initial aggregate and then a further layer of blood clot. In this way alternate layers of platelets and blood clot form a laminar arrangement. This causes a differential contraction
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 of platelets and ﬁbrin and gives a rippled appearance reminiscent of rippling of the sand on a beach. This has also been described as having a coralline appearance. The ridges on the surface of the thrombi are known as the lines of Zahn after the pathologist who ﬁrst described them. Further development depends on whether the endothelium is healthy and on the rate of blood ﬂow. Thus in an artery with thrombosis secondary to atherosclerosis, thrombosis may extend to the next branch after the endothelium becomes healthy again, assuming that there are collaterals with a reasonable blood ﬂow. In veins, where the process tends to start in the pocket just above the valve, a number of things may happen: the process may end and the thrombus become covered with new endothelial cells; alternatively it may continue until a segment of vein is occluded. There is then a stagnant column of blood until the next tributary, and this stagnant column tends to coagulate, forming propagated thrombus. If the blood ﬂow is reduced, the propagation may continue extensively. It may adhere to the sidewall of the veins in places or it may be largely free, simply attached to the site of origin. This latter type of thrombus can become dislodged relatively easily, forming a pulmonary embolism.
 
 CAUSES OF THROMBOSIS Several factors contribute to thrombus formation and these are usually grouped together under three headings (Virchows triad). The factors in Virchow’s triad are:
 
 • • •
 
 damage to the vessel wall; alterations in blood ﬂow; and alterations in the constituents of the blood.
 
 Not all these factors need to be present at the same time; some will be dominant in one clinical situation,
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 whilst others will predominate in another. For example, venous thrombosis is commonly due to alterations in blood ﬂow, while arterial thrombosis is more commonly due to vessel wall changes of atheroma, which does not occur in veins.
 
 Damage to the vessel wall
 
 • • •
 
 arteries – atherosclerotic plaques or synthetic grafts; heart – congenital abnormalities or artiﬁcial valves; and veins – local injury caused by pressure on the calves from bed or operating table; or by insertion of intravenous cannulae; or distortion of the femoral vein during hip replacement.
 
 Arterial thrombosis Atheroma of the arterial wall presents a good example of how vessel damage can lead to thrombosis and it is also a very common and important clinical situation. Atheroma is discussed in greater detail elsewhere (Chapter 9), but some points will be discussed here because they are relevant to the process of thrombosis. Vascular endothelial cells have intrinsic ﬁbrinolytic activity in which plasminogen, an inactive plasma protein synthesised in the liver, is converted to the active ﬁbrinolytic enzyme plasmin. Whether thrombosis occurs or proceeds depends on the balance between the processes of thrombosis and ﬁbrinolysis. As fatty streaks progress they present more obstruction to normal ﬂow, and endothelial cells may be lost. Fibrin and platelets may become deposited on the surface and protrude into the lumen, causing more turbulence, and a complicated atheromatous plaque develops. In addition to the risk of thrombosis on a complicated plaque there is also a risk from haemorrhage within it, and when it occurs it causes the plaque to protrude even further into the lumen. Venous thrombosis Mechanical damage and vascular inﬂammation are the commonest causes of damage to venous walls, with subsequent thrombus formation. Inﬂammation of vessel walls, either arteries or veins, can cause thrombus formation, but the converse is also true. Thrombus initiates an inﬂammatory response, and in any given instance it can be difﬁcult to say whether the process represents phlebothrombosis (thrombus due to inﬂammation) or thrombophlebitis (inﬂammation due to thrombosis). However, the commonest cause of venous thrombosis is alteration to blood ﬂow.
 
 Alterations in blood ﬂow The normal laminar ﬂow may change to a turbulent pattern. This may happen with:
 
 • • •
 
 prolonged inactivity following surgery, trauma, or a myocardial infarction; heart failure; and proximal occlusion of the venous drainage.
 
 Alterations in blood ﬂow are critical in the venous system since pressure is much lower and the normal rate of ﬂow is much slower than in the arteries. As pressure is so much lower in the venous system and the vein walls are so much thinner than the walls of arteries of the same calibre, use is made of the pumping action of the surrounding muscle groups to aid return of blood to the heart. Consequently any decrease in muscle activity deprives venous blood of this added action and relative stasis occurs. Thus venous thrombosis becomes more likely in the veins of immobile subjects. The elderly are particularly at risk since they often have a degree of venous impairment or relative cardiac failure. One of the commonest deﬁciencies of the elderly venous system is impairment of the function of venous valves, and thrombosis is often seen to begin at the site of valves where, even under normal circumstances, some degree of turbulence is to be expected. For this reason it is particularly important to promote muscle contraction in the legs of the elderly in the postsurgical period. Another cause of relative immobility is long aeroplane journeys where immobility is combined with some degree of dehydration often aggravated by alcohol consumption.
 
 Alterations in the constituents of the blood Alterations which may occur include:
 
 • • • •
 
 increased number and adhesiveness of platelets following surgery or injury; increased adhesiveness of young platelets produced at this time; ﬂuid loss, which may increase viscosity; and thrombophilia – a variety of hypercoagulable states due to an abnormal balance of clotting factors and natural anticoagulants. Twenty years ago we did not know why some patients were more prone to thrombosis than others. A lot more is known about this now but there are still patients with a tendency to thrombosis in whom all the tests are normal, so there are still more factors as yet undiscovered. Factor V which plays a role in the conversion of
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 prothrombin to thrombin is inhibited by Protein C, Protein S and antithrombin. Deﬁciencies in these substances explain some of the causes of thrombophilia.
 
 Indications for investigating for thrombophilia:
 
 Congenital thrombophilia
 
 • • • • •
 
 •
 
 •
 
 These may be:
 
 • • • •
 
 factor V Leiden – a variant of Factor V which is relatively resistant to Protein C (named after the town in Holland where the original research was done); protein C deﬁciency; protein S deﬁciency; antithrombin deﬁciency; and prothrombin 20210A – which results in increased plasma levels of prothrombin.
 
 Acquired thrombophilia
 
 •
 
 • •
 
 •
 
 Antiphospholipid (APL) syndrome, also known as lupus ‘anticoagulant’ or Hughes’ syndrome, an auto-antibody which may be associated with systemic lupus. Platelet surface phospholipids play a part in the activation of the coagulation cascade. The production of these is affected in this condition. myeloproliferative disorders: e.g. polycythaemia, thrombocythaemia and chronic myeloid leukaemia; advanced malignancy: increased coagulation due to substances produced by tumours as yet unidentiﬁed. The thrombosis tends to be particularly aggressive and cases of venous gangrene are almost always due to this cause; hyperhomocysteinaemia: the formation of cysteine and methionine in the body, requires vitamin B12 and folic acid as cofactors. If there is any block in this process then homocysteine is formed. A raised homocysteine level is widely accepted as a risk factor for arterial disease and venous thrombosis. The exact mechanism of its effect is not known and there is some controversy as not all studies have shown this association. Adequate intake of folic acid and B vitamins reduce blood levels of homocysteine and studies are ongoing to see if this improves the outlook for vascular disease.
 
 Incidence of thrombophilia The factor V Leiden mutation affects approximately 5% of the population and approximately 20% of those with thrombosis. Hyperhomocysteinaemia affects approximately 10% of the population and also about 20% of those with thrombosis. The others are less common.
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 •
 
 positive family history of thrombosis; recurrent thrombosis; venous thrombosis before the age of 40–50; unprovoked thrombosis at any age; unusual sites such as cerebral, mesenteric, portal or hepatic veins; thrombosis during pregnancy, oral contraceptives or hormone replacement therapy; and unexplained abnormal laboratory test such as prolonged PTT.
 
 The situation is complicated in that many patients with abnormal tests for thrombophilia never have any clinical problem and many with thrombosis have normal blood tests. The tests are expensive and patients with venous thromboembolism require anticoagulants and if this is recurrent they will require them long term. The clinical picture is, therefore, more important than the results of blood tests although these may be helpful in the long-term management of patients.
 
 FATE OF THROMBI Thrombi may (Fig. 3.1):
 
 • • • •
 
 undergo complete resolution; become organised as a scar; recanalise; and embolise in whole or in part.
 
 It is not clear what factors determine which of these fates a thrombus will suffer, although size may be a factor. Small thrombi are being formed and resolved constantly, and some degree of disturbance of blood ﬂow is probably required to tip the scales and cause a thrombus to organise. Certainly a larger thrombus will cause turbulence and/or inﬂammation and make it likely that further thrombosis will occur on its surface, causing the thrombus to lengthen, a process known as propagation. Resolution means that the clot is completely dissolved by processes of thrombolysis. In the clinical setting this is achieved by the use of thrombolytic enzymes, e.g. plasminogen activator or urokinase, but these have to be delivered onto the clot more or less directly, otherwise they diffuse through the blood stream and may become so dilute that they are ineffectual. Current therapies involve substances that act directly or indirectly on plasminogen activators. Compounds such as aspirin and heparin help prevent further thrombus formation but do not help in lysis of an established thrombus. If the thrombus is
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 Resolution
 
 Organisation
 
 Thrombus
 
 Recanalisation
 
 Embolisation
 
 Fig. 3.1
 
 Distal infarction
 
 Consequences of thrombosis.
 
 not completely removed then the residue undergoes organisation. Organisation is the process by which the thrombus is converted to a scar and eventually covered by endothelial cells. Intravascular scarring is essentially similar to those processes involved in the production of scars from thrombi in wound healing generally (Chapter 1). The main difference between intravascular granulation tissue and a thrombus is that with a thrombus the vascular phase of granulation tissue is prolonged and, if the thrombus does not resolve completely, the capillaries fuse together, resulting in one or several new vessels passing through the scar. This process is called recanalisation and in some cases may result in one or more functional vascular channels. Thromboembolism is embolisation of a thrombus and should be distinguished from emboli of other materials since the clinical setting is different, as is the treatment. The effects of thromboemboli depend upon where the embolus settles, which in turn depends upon where the thrombus forms and what size the embolus is. Emboli arising from thrombi in veins will all go to the
 
 lungs (unless there is an abnormal connection between right and left heart). They will generally not arrest early in the circulation since the veins increase in diameter with the direction of blood ﬂow as they approach the lungs, and only then do they start to turn into progressively smaller vessels of the lung bed. Arterial emboli will arrest in the artery with the smallest calibre which they can enter, and this will always be more peripheral than their origin because arterial size decreases in the direction of blood ﬂow.
 
 EMBOLISM An embolus is an abnormal mass of undissolved material which passes in the blood stream from one part of the circulation to another, impacting in vessels too small to allow it to pass. The actual material which passes along the blood stream is termed an embolus. When it impacts and obstructs the ﬂow of blood, this is known as an embolism. Thus when a thrombus in the leg breaks off, this is an embolus, and when it impacts
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 in the pulmonary artery it is a pulmonary embolism. Emboli may consist of:
 
 • • • • • • •
 
 thrombus; gas (air and nitrogen); fat; tumour; amniotic ﬂuid; foreign body; and therapeutic emboli, e.g. gelfoam, muscle, steel coils.
 
 Thromboembolism Venous thromboembolism The overwhelming majority of emboli arise from thrombus in the veins of the lower limbs. They then travel up through the inferior vena cava to the right side of the heart and ﬁnally impact in the pulmonary artery or one of its major branches, depending on the size of the embolus. The process of venous thrombosis and embolism is extremely common, and it has been estimated that approximately 30% of hospital inpatients have deep venous thrombosis (DVT) and in approximately 10% of postmortem examinations there is evidence of pulmonary embolism. This is potentially such a common problem that most hospital in-patients should be on some form of prophylaxis against DVT. While mechanical methods such as elastic stockings and inﬂatable leggings used during operation are helpful, prophylactic subcutaneous heparin is probably the most reliable. Many hospitals now have a policy of giving heparin to all patients unless there is a speciﬁc contraindication. Traditionally unfractionated heparin was used but it has the disadvantage that for prophylaxis it needs to be given twice a day (or even three times for high risk patients) and if used therapeutically is ideally given by the i.v. route. Also it needs careful monitoring to ensure the correct dose is given. Low molecular weight heparin (LMWH) is more expensive but has the advantage that it only needs to be given once a day, for prophylaxis or therapy, via the subcutaneous route and the dose required is predictably governed by the weight of the patient. There is therefore no need to check the dose with blood tests. A serious but uncommon side-effect of heparin is heparin-induced thrombocytopenia (HITS syndrome). HITS is caused by an immunological reaction that makes platelets aggregate within the blood vessels. Formation of platelet clots can lead to thrombosis. It has a lower incidence with LMWH than with the unfractionated variety and if it is going to occur,
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 normally does so within 5–10 days of treatment. Thus anyone requiring a prolonged course of heparin should have a platelet count performed after a week’s treatment. The effect of an embolism depends on its size and the degree of arterial obstruction and also on whether there is any congestion in the pulmonary circulation. Pulmonary emboli may be small and clinically ‘silent’ and often multiple. These are frequently dissolved by endogenous thrombolysis or they may become incorporated into the vessel wall with an overlying new endothelium accompanied by proliferation of smooth muscle cells. If multiple small emboli occur over a period of time and become organised in this way, diffuse narrowing of small vessels can result in pulmonary hypertension. If the embolus is large, as from an iliofemoral venous thrombosis, then a massive pulmonary embolism may occur. If both main pulmonary arteries are blocked then sudden death will ensue. If only one side is blocked, severe shortness of breath and circulatory collapse may occur. It is not known precisely why this happens, since ligation of the main pulmonary artery, as in pneumonectomy, does not cause this problem. A vagal reﬂex inducing spasm of the coronary and pulmonary arteries, perhaps associated with peripheral vasodilatation, has been suggested.
 
 Peripheral arterial embolism Systemic emboli from the heart and proximal arteries deposit in arteries more distally along the arterial tree. Total occlusion of such arteries may produce relative ischaemia as a collateral supply may be available. If there is no collateral supply, infarction will occur. Arterial thromboembolism may come from the following sites:
 
 • • • •
 
 heart, e.g. left atrial appendage in atrial ﬁbrillation (accounts for 70%), mural thrombus following MI, valvular disease, including prosthetic valves; proximal atherosclerotic plaques; aneurysms; and paradoxical: from the venous system via a right to left shunt, e.g. patent interatrial septum (rare).
 
 Thrombi affecting heart valves may be associated with infective endocarditis and in these circumstances the embolus may be infected (septic embolus). Septic emboli may subsequently cause infection of the artery in which they impact, resulting in a mycotic aneurysm. Platelet emboli may arise from the surface
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 of atheromatous plaques. Where these occur on a stenosis of the internal carotid artery, they are responsible for classical transient ischaemic attacks.
 
 Gas embolism These occur in two main situations: The introduction of gas accidentally during trauma or surgery, particularly to the neck, and in decompression sickness. The relative negative venous pressure in the neck can cause air to be sucked into the blood stream if these vessels are open, particularly with the patient in an erect or sitting position. The introduction of air via intravenous cannulae is possible with giving sets or syringes but is very uncommon, and volumes of air less than 100 mL very rarely cause serious problems. When air is introduced into the circulation it generally only causes a problem when it gets back to the heart and produces a frothy thrombus in the right ventricle and impedes output. Nitrogen embolism may occur in decompression sickness when a diver ascends too rapidly. This results in nitrogen, which was in solution under high pressure, forming gas bubbles within the circulation as the pressure is rapidly reduced. Bubbles may also be formed in ligaments and joints, which can give severe pain, causing the patient to lie and bend himself up double in an attempt to relieve the pain – hence ‘the bends’.
 
 Fat embolism Following fractures, most commonly of long bones, globules of fat may enter the circulation. This is actually relatively common but signiﬁcant clinical consequences are rare. Pulmonary fat embolism is a frequent postmortem ﬁnding with fractures, although it is unlikely that this in itself was the cause of death, as the pulmonary vascular tree is so extensive. Sometimes the emboli may pass through the pulmonary vessels and into the systemic circulation, where they may become impacted in the capillaries of the brain, kidneys, skin, and other organs. This tends to be more serious with fever, respiratory distress and cerebral symptoms. Occasionally the brain damage is sufﬁciently severe for coma and death to result. A haemorrhagic skin eruption can occur, as may subconjunctival and retinal haemorrhages.
 
 within the blood stream and for its ability to escape to surrounding tissue and to grow following impaction within a vessel bed of small enough calibre to impede its further progress. These factors seem to be related to a genetic event in the development of the cancer, and various factors have been identiﬁed as being related to the different metastatic capabilities (Chapter 5). It is likely that tumour emboli are coated by thrombus as a part of the defence mechanism of the body against tissue emboli, since they are rendered more attractive to phagocytic cells by this coating.
 
 Amniotic ﬂuid embolism This occurs in labour when the placenta is detached from the uterine wall and amniotic ﬂuid enters the maternal circulation. This eventually lodges in the lungs. The respiratory disturbance caused is often disproportionate to the volume of amniotic ﬂuid, and the effects are likely to be chemical rather than simply mechanical. Consequently the condition is often referred to as amniotic ﬂuid infusion to distinguish it from those conditions in which the major effects are simple blockage of vasculature. The condition is rare, occurring in only 1:50 000 deliveries, which is fortunate since the mortality is about 85% and treatment is largely ineffectual. Onset is indicated by severe respiratory difﬁculty with shock and ﬁts followed by disseminated intravascular coagulation in many cases.
 
 Foreign body embolism This usually arises due to some intravenous instrumentation where pieces of cannulae are broken off and can move through the blood stream until they are arrested in a vessel too small to permit their further progress. Intravenous injections with undissolved drugs or contaminants can also result in foreign material moving into the blood stream. Such materials will become coated with thrombus and will eventually impact, with clinical effects dependent upon the signiﬁcance of the occluded vessel. Accidental intra-arterial injection, e.g. a misplaced injection by an intravenous drug abuser is becoming more common, resulting in arterial embolism and thrombosis.
 
 Therapeutic embolism Tumour embolism All malignant tumours tend to invade blood vessels at an early stage, and isolated malignant cells are commonly present in the circulation. A number of factors are responsible for survival of a metastatic tumour
 
 Therapeutic emboli such as gelfoam, muscle, or steel coils may occasionally be used to stop haemorrhage, to thrombose aneurysms and small arteries, or to reduce the vascularity of a tumour prior to surgical removal.
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 NON-THROMBOEMBOLIC VASCULAR INSUFFICIENCY This occurs when the blood supply is interrupted by mechanisms not involving primary thrombosis. Such conditions include:
 
 • • • • •
 
 atheroma; torsion; spontaneous vascular occlusion, e.g. spasm; ‘steal’ syndrome, i.e. redirected blood supply; and external pressure occlusion, e.g. tumours, tourniquets, fractures, tight plasters.
 
 ATHEROMA Atheroma tends to occlude the lumen of the arteries progressively, causing relative ischaemia and an increased risk of thrombosis occurring on an atheromatous plaque. Thus a typical history might include atheroma of the lower part of the aorta, extending into the femoral arteries, causing intermittent claudication and mild skin atrophy progressively for some years. With thrombus formation, total occlusion may supervene, with gangrene due to infarction of the tissues distal to the occlusion if correction of the condition is not rapidly undertaken. The consequences of atheroma are further discussed in Chapter 9.
 
 TORSION Occlusion of vessels by external pressure causes the symptoms and signs of vascular insufﬁciency together with failure to drain the tissue via the veins. This is clearly seen in torsion of the testis. As the testis rotates on its pedicle (the spermatic cord or the mesorchium) the tension in the twisted region ﬁrst affects the lowest pressure vasculature, which is the venous return. At ﬁrst the arterial supply is unaffected and continues to pump blood into the testis, which becomes engorged, painful and swollen. Fluid leaks from the vessels (mainly veins) into the tissue spaces and causes further swelling which eventually reaches a pressure sufﬁcient to cause arterial occlusion, adding to the anoxia of the tissues. The normal drainage system for tissue ﬂuid is the lymphatic, but this is a low pressure system with no active pump mechanism and, therefore, also occluded early in the process. If the situation is not resolved spontaneously or surgically, infarction occurs. Torsion of the intestines (volvulus), ovarian lesions (cysts and
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 tumours) and strangulated hernias all demonstrate a similar sequence of vascular insufﬁciency.
 
 SPONTANEOUS VASCULAR OCCLUSION Vascular spasm is also capable of causing symptoms and signs of vascular insufﬁciency, and a large number of myocardial events (heart attacks) seem to be due to this rather than a thrombotic event. Such spasm is directly induced by cigarette smoke and is particularly common in vessels with some degree of intimal damage such as atheroma. Later, atheroma calciﬁes, and such vessels are protected from spasm to some extent by the calciﬁcation but are very prone to thrombus formation, usually secondary to plaque rupture (see Chapter 9). A milder degree of spasm is seen in Raynaud’s disease, generally affecting the hand and in the similar condition seen in people who have worked with vibrating tools (vibrationinduced white ﬁnger (VWF)). The mechanism by which this spasm occurs is contraction of smooth muscle in the vascular wall. This is generally maintained in a relaxed state by nitric oxide (endothelium-derived relaxing factor) which is produced in response to vasoconstriction brought about by acetylcholine.
 
 ‘STEAL’ SYNDROME ‘Steal’ syndromes are rare but are another theoretical cause of relative vascular insufﬁciency. They occur when blood is redirected preferentially along one branch of a vessel to the detriment of the end territory of the other branch. The classic example is ‘subclavian steal syndrome’ where the left subclavian artery is occluded proximal to the origin of the vertebral artery. Muscular activity of the left arm may cause the ﬂow in the vertebral artery to reverse so that blood goes preferentially down the arm, ‘stealing’ blood from the vertebral and causing symptoms such as dizziness. It may also be seen with arteriovenous ﬁstulae in the proximal part of a limb, especially when these are created between the brachial artery and cephalic vein at the elbow. The ﬂow from the brachial artery goes preferentially through the cephalic vein if the anastomosis is large enough, very little blood going down the ulnar and radial arteries to supply the hand particularly if these are diseased, as may occur in diabetics.
 
 EXTERNAL PRESSURE OCCLUSION This may be caused by tumours, tourniquets, or a tight plaster of paris cast. It may also be caused by fractures
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 of long bones, the classical examples being a supracondylar fracture of the humerus in which the distal fragment is drawn forwards, impinging on the brachial artery, or a supracondylar fracture of the femur if the distal fragment is drawn backwards, compressing and damaging the popliteal artery. The causes of both thromboembolic and nonthromboembolic vascular insufﬁciency are summarised in Box 3.1.
 
 •
 
 • •
 
 ISCHAEMIA, INFARCTION AND GANGRENE ISCHAEMIA
 
 •
 
 Ischaemia is the condition of an organ or tissue where the supply of oxygenated blood is inadequate for its metabolic needs.
 
 Causes General Ischaemia may follow a sudden severe fall in cardiac output. Myocardial infarction occasionally results in symmetrical gangrene of the extremities. Different tissues may be affected with different degrees of severity, the brain being the most sensitive to ischaemia.
 
 Venous obstruction If this is extensive the tissues may become so engorged with blood that the arterial blood ﬂow becomes blocked. Examples include:
 
 • • •
 
 Local Arterial obstruction This may be due to the following:
 
 Box 3.1
 
 Causes of vascular insufﬁciency
 
 • thromboembolism — venous–pulmonary embolism — arterial–systemic embolism • non-thrombotic embolism — gas (air and nitrogen) — fat — tumour — amniotic ﬂuid — foreign body, e.g. i.v. cannula, particulate matter with i.v. drug abusers — therapeutic, e.g. gelfoam, steel coils • non-thromboembolic — atheroma — torsion — spontaneous vascular occlusion, e.g. spasm in Raynaud’s — ‘steal’ syndrome — external compression, e.g. fractures, tourniquets, tumours
 
 Atherosclerosis; where collateral supply has developed enough to provide an adequate blood supply at rest, symptoms of ischaemia (pain) only develop when the metabolic demands increase, as in angina pectoris and intermittent claudication. With increasing severity of ischaemia there may be symptoms at rest or tissue necrosis (infarction or gangrene). Intra-arterial thrombosis may occur and is most commonly secondary to atherosclerosis. Embolism may cause acute ischaemia, and, because there is no time for collaterals to develop, it is often more severe than with atherosclerosis and thrombosis. External pressure on an artery may cause ischaemia, as with twisting of an adhesive band in intraperitoneal adhesions, anterior tibial compartment syndrome, or a tight plaster cast.
 
 strangulated hernias where initially it is the veins that are obstructed; mesenteric venous thrombosis, which may subsequently lead to mesenteric infarction; and the rare condition of phlegmasia caerulea dolens, an iliofemoral thrombosis with venous engorgement so intense that the small distal arterioles may occlude, causing ‘venous gangrene’.
 
 Small vessel obstruction This may be due to:
 
 • • • • •
 
 vasculitis, when arterioles, capillaries, or venules may be occluded by inﬂammation; frostbite, where spasm and cold injury can occlude the microcirculation; microembolism, as in sickle-cell disease; precipitated cryoglobulins; and thrombocythaemia, where the excess number of platelets blocks the microcirculation.
 
 Severity of ischaemia This depends on: 1. The speed of onset of arterial occlusion: where this is gradual there is time for collaterals to develop. 2. The extent of the obstruction: whether it is partial or complete and the length of the vessel occluded.
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 3. The extent and patency of the collateral circulation, which is a feature of both the speed of onset and the anatomical site of the obstruction. For example, the central artery of the retina is an ‘end artery’, as are the smaller vessels to the cerebral cortex, so that occlusion of these vessels is likely to cause irreversible ischaemia. Although there is an extensive arcade of vessels arising from the superior mesenteric artery, the anastomoses between each branch are poor as compared with the collaterals joining with the branches of the inferior mesenteric artery. Infarction of the small bowel and proximal colon is more common than in the distal colon. On the other hand, the blood supply to the stomach is so rich that infarction of the stomach is extremely rare. The lungs and liver are unusual in having a double blood supply, so that they have a better chance of surviving the ravages of ischaemia. The patency of collaterals may be impaired if they are in spasm or themselves are affected by atherosclerosis. 4. The metabolic requirements of the ischaemic tissues: for example, the brain has a very high requirement for oxygenated blood and is the tissue which is most sensitive to ischaemia in the body, followed closely by the heart. It is particularly unfortunate that the collaterals to these organisms are poor and that the cells are unable to regenerate. Connective tissue tends to survive ischaemia better than the parenchymal cells speciﬁc to a particular organ.
 
 INFARCTION This can be deﬁned as a lack of blood supply (and oxygen) to an organ or tissue resulting in tissue death. It usually forms a well-deﬁned area of coagulative necrosis which, with the passage of time, frequently becomes organised into scar tissue.
 
 red appearance (hence the term ‘red infarcts’). Over the next 24–36 hours swelling of the autolysing cells may squeeze out the blood and the area may become paler (hence the term ‘pale infarcts’). However, the term infarction adds little to the understanding of the pathological process, and the colour depends largely on the tissue involved. For example, cerebral infarcts are usually pale, while the spongy lung tissue remains red right up to the stage of repair. The dead tissue undergoes progressive autolysis of parenchymal cells and haemolysis of red cells. The living tissues surrounding the infarction undergo an acute inﬂammatory response. There is a rise in polymorph numbers and, after a few days, macrophage inﬁltration becomes prominent. This is known as the phase of demolition. Subsequently there is a gradual ingrowth of granulation tissue and the area is eventually organised into a ﬁbrous scar (repair phase). Some dystrophic calciﬁcation may take place.
 
 Systemic effects of infarction These are fever, raised white cell count, and a raised ESR presumably as part of an acute phase response. There may be a rise in certain speciﬁc enzymes according to the tissue affected.
 
 Effects of infarction in speciﬁc organs The heart (This is dealt with separately in Chapter 9.)
 
 Central nervous system Because of the high metabolic rate, nerve cells undergo functional changes within a few seconds of total ischaemia, and cell death occurs within a few minutes. The infarct is usually caused by a thrombosis secondary to atheroma or embolism, although 20% of strokes are haemorrhagic. The necrosis is typically liquefactive, which may subsequently result in formation of a cavity. After an initial neutrophil response there is intense phagocytic activity by microglial cells.
 
 Sequence of events
 
 Lungs
 
 Shortly after death of the tissue blood continues to seep into the ischaemic area through the damaged capillary walls. Bleeding may increase partly from venous reﬂux and partly because the obstruction is often incomplete at the beginning of the episode. As a result the area may appear under the microscope to be ‘stuffed’ with blood (hence the name of the pathological process from the latin infarcire – to stuff). On cutting across an infarcted area in the initial stages, the blood may give a
 
 Pulmonary infarction is very rare in healthy young people, even if a main pulmonary artery is occluded, because of the additional bronchial arterial supply. However, in heart failure and especially mitral stenosis, infarction is more likely. Pulmonary infarcts are caused by emboli of which 90% arise from the lower limb veins, and 10% from the right atrial appendage in patients with heart disease, especially mitral stenosis or atrial ﬁbrillation from any cause. A pulmonary infarct
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 tends to be wedge-shaped with the base being on the pleural surface of the lung. It is the inﬂammation of this lung surface rubbing against the parietal pleura that gives the typical pleuritic pain. A transient pleural rub may be heard at the site of the pain, which disappears as a layer of ﬂuid (effusion) develops over it and lubricates it. Patients may develop the symptoms and x-ray changes of a pulmonary infarction and yet recover, with return to normal x-ray appearances. This is because there is oedema and bleeding into the alveoli but no progression to necrosis, and thus subsequent resolution occurs. Strictly speaking this is not an infarct, as there is no necrosis.
 
 Intestine Small bowel infarction is usually due to a mechanical cause such as strangulated hernia or twisting round an adhesive band, although it can occur from superior mesenteric artery thrombosis or embolism. Occasionally it is due to mesenteric venous thrombosis (MVT). When the ischaemia is not severe enough to cause massive infarctions, sometimes the mucosa may undergo necrosis while the outer part of the bowel survives. This is the mechanism of ischaemic colitis (see Chapter 17), which can closely mimic ulcerative colitis with toxic dilatation, in fact ischaemia is often the ﬁnal common path in a variety of colitic diseases. Repair may lead to an ischaemic stricture. Transient ischaemic changes in the bowel can occur secondary to heart failure and shock. This has serious consequences, as the ischaemic bowel can allow bacterial translocation into the blood, causing a bacteraemia which may have a devasting effect in a patient who is already very ill.
 
 Skeletal muscle Ischaemic necrosis of skeletal muscle due to arterial occlusion alone results in a moderate degree of ﬁbrous replacement. However, when there is additional venous obstruction there is a tendency to haemorrhage into the muscle, resulting in a much more intense ﬁbrosis. This constitutes the basis of Volkmann’s ischaemic contracture. This occurs most commonly in the forearm muscles following a supracondylar fracture of the humerus, but can occur at other sites.
 
 GANGRENE Gangrene is necrosis with putrefaction of the tissues, sometimes as a result of the action of certain bacteria notably clostridia. The affected tissues appear
 
 black because of the deposition of iron sulphide from degraded haemoglobin. True gangrene is particularly likely to occur in the gut, where putrefactive organisms abound. In gradually progressive peripheral vascular disease, most commonly of the lower limb, the ischaemia may become severe enough to cause infarction of the toes and feet. The area becomes dry, shrivelled and black due to altered haemoglobins secondary to desiccation. An inﬂammatory zone develops at the junction of the living and dead tissue, which is known as the ‘line of demarcation’. This version of necrosis is known as ‘mummiﬁcation’ or ‘dry gangrene’. Mummiﬁcation occurs where the environmental humidity is low and the temperature high; dead tissue dries slowly, retaining its form. The description ‘dry gangrene’ is contradictory since there is no actual putrefaction. If no infection supervenes, the dead tissue gradually separates and ‘auto amputation’ can occur. This is particularly likely to occur with a digit such as a toe. If saprophytic infection and putrefaction occurs, the condition is known as ‘wet gangrene’. Progressive infection of a site of necrosis accentuates the ischaemia, causing spreading gangrene and necessitating more proximal amputation where the blood supply is better. Gas gangrene (see Chapter 7) is a dangerous form of spreading tissue necrosis which is likely to occur when the spores of clostridia gain access to a wound in which there is extensive soft tissue or muscle injury causing reduced oxygen supply to the tissues which allows the growth of anaerobic organisms. The most common causal organism is Clostridium perfringens. Crepitus (a palpable crackling or bubbling) can often be detected under the skin due to the production of gas bubbles by the clostridia. Clostridia also produces powerful toxins which themselves cause tissue damage and thus enhance spread of the infection. Other forms of infective gangrene due to particular organisms are the following.
 
 •
 
 Meleney’s gangrene. This may occur at the site of abdominal surgery or at the site of an accidental abrasion of the skin. Meleney attributed the condition to synergy between a micro-aerophilic, non-haemolytic streptococcus and Staphylococcus aureus. However, other bacteria were also isolated and Entamoeba histolytica has also been implicated. It is probably best to look at the infection as being caused by a combination of anaerobic and aerobic bacteria which forms a cellulitis followed by gangrene.
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 •
 
 •
 
 Fournier’s gangrene. This is a spontaneous onset of rapidly progressive gangrene of the scrotum in otherwise healthy men and less commonly the perineum of women. Elderly diabetics are particularly prone. It is caused by synergism between faecal bacteria and anaerobes. Fournier’s gangrene and Meleney’s gangrene probably have similar aetiological factors, and only the site of infection distinguishes the two. Necrotising fasciitis. This is a serious but rare infection of the deeper layers of skin and subcutaneous tissue which tends to spread along fascial planes. A few years back the popular press dubbed it the ‘ﬂesh eating virus’. This is incorrect on two counts; ﬁrstly it is caused by bacterial infection, most commonly Group A Streptococcus and secondly the bacteria do not actually eat the tissues which are actually damaged by the release
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 of toxins, thus conﬁrming many people’s view of the accuracy of the press! This condition may follow minor abrasions or an otherwise simple and uncomplicated operation. The initial external appearance of the skin remains normal while the necrotising process spreads along fascial plains causing extensive necrosis. Later the overlying skin, deprived of its blood supply, becomes painful, red and ﬁnally necrotic. The patient is severely ill with fever and toxaemia. The infection is more likely to affect immunocompromised patients or diabetics. Small vessels are occluded by microthrombi, and the destruction of tissues occurs rapidly. The progression of this disease is dramatic, and extensive surgical procedures involving wide excision and occasionally amputation, together with appropriate intravenous antibiotic therapy, offers the best hope of survival.
 
 4 Disorders of growth, differentiation and morphogenesis M. Andrew Parsons
 
 Growth, differentiation and morphogenesis are the processes by which a single cell, the fertilised ovum, develops into a large, complex, multicellular organism with co-ordinated organ systems containing a variety of cell types, each with individual specialised functions. Growth and differentiation continue throughout adult life, as many cells of the body undergo a constant cycle of death, replacement and growth in response to normal (physiological) or abnormal (pathological) stimuli. There are many stages in human embryological development at which anomalies of growth and/or differentiation may occur, leading to major or minor abnormalities of form or function, or even death of the fetus. In postnatal and adult life, some alterations in growth or differentiation may be beneﬁcial, as in the development of increased muscle mass in the limbs of workers engaged in heavy manual tasks. Other changes may be detrimental to health, as in cancer, where the outcome may be fatal. This chapter explores the wide range of abnormalities of growth, differentiation and morphogenesis which may be encountered in clinical practice, relating them where possible to speciﬁc deviations from normal cellular functions or control mechanisms.
 
 DEFINITIONS GROWTH Growth is the process of increase in size, resulting from the synthesis of speciﬁc tissue components. The term may he applied to populations, individuals, organs, cells, or even subcellular organelles such as mitochondria.
 
 Types of growth in a tissue (Fig. 4.1A) are:
 
 •
 
 • • •
 
 multiplicative involving an increase in numbers of cells (or nuclei and associated cytoplasm in syncytia) by mitotic cell divisions; this type of growth is present in all tissues during embryogenesis; auxetic resulting from increased size of individual cells, as seen in growing skeletal muscle; accretionary, an increase in intercellular tissue components, as in bone and cartilage; and combined patterns of multiplicative, auxetic and accretionary growth, as seen in embryological development, where there are differing directions and rates of growth at different sites of the developing embryo, in association with changing patterns of cellular differentiation.
 
 DIFFERENTIATION Differentiation is the process whereby a cell develops an overt specialised function or morphology which distinguishes it from its parent cell. Thus, differentiation is the process by which genes are expressed selectively and gene products act to produce a cell with a specialised function (Fig. 4.1B). After fertilisation of the human ovum, and up to the eight-cell stage of development, all of the embryonic cells are apparently identical. Thereafter, cells undergo several stages of differentiation in their passage to fully differentiated cells, for example, the ciliated epithelial cells lining the respiratory passages of the nose and trachea. Although the changes at each stage of differentiation may be minor, differentiation can be said to have occurred only if there has been overt change in cell morphology (e.g. development of a skin epithelial cell from an ectodermal cell),
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 Multiplicative growth
 
 Auxetic growth
 
 Accretionary growth
 
 Combined pattern of growth
 
 Growth
 
 Undifferentiated cells
 
 Differentiation
 
 Differentiated ciliated cells in bronchus
 
 Fig. 4.1 Growth and differentiation. A Types of growth in tissue. B Differentiation of undifferentiated cells into ciliated cells in bronchus. Source: Underwood (ed) General and Systemic Pathology, 4th edn, Churchill Livingstone, Edinburgh (2004)
 
 Morphogenesis is the highly complex process of development of structural shape and form of organs, limbs, facial features, etc. from primitive cell masses during embryogenesis. For morphogenesis to occur, primitive cell masses must undergo co-ordinated growth and differentiation, with movement of some cell groups relative to others, and focal programmed cell death (apoptosis) to remove unwanted features.
 
 due to cell proliferation, and the decrease in cell numbers due to cell death (Fig. 4.2). In fetal life, growth is rapid and all cell types proliferate, but even in the fetus there is constant cell death, some of which is an essential (and genetically programmed) component of morphogenesis. In postnatal and adult life, however, the cells of many tissues lose their capacity for proliferation at the high rate of the fetus, and cellular replication rates are variably reduced. Some cells continue to divide rapidly and continuously, some divide only when stimulated by the need to replace cells lost by injury or disease, and others are unable to divide whatever the stimulus.
 
 CELL TURNOVER
 
 REGENERATION
 
 In both fetal and adult life, tissue growth depends upon the balance between the increase in cell numbers,
 
 Regeneration enables cells or tissues destroyed by injury or disease to be replaced by functionally identical cells.
 
 or an alteration in the specialised function of a cell (e.g. the synthesis of a hormone).
 
 MORPHOGENESIS
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 ⴚ
 
 ⴙ
 
 Cell death
 
 Cell proliferation
 
 Rate of tissue growth
 
 Fig. 4.2 Cell proliferation and death. Growth rate is determined by the balance between cell proliferation and cell death. Source: Underwood op. cit.
 
 These replaced ‘daughter’ cells are usually derived from a tissue reservoir of ‘parent’ stem cells (discussed below, page 72). The presence of tissue stem cells, with their ability to proliferate, governs the regenerative potential of a speciﬁc cell type. Mammalian cells fall into three classes according to their regenerative ability:
 
 • • •
 
 labile; stable; and permanent.
 
 Labile cells proliferate continuously in postnatal life; they have a short-lifespan and a rapid ‘turnover’ time. Their high regenerative potential means that lost cells are rapidly replaced by division of stem cells. However, the high cell turnover renders these cells highly susceptible to the toxic effects of radiation or drugs (such as anticancer drugs) which interfere with cell division. Examples of labile cells include:
 
 • •
 
 haemopoietic cells of the bone marrow, and lymphoid cells; and epithelial cells of the skin, mouth, pharynx, oesophagus, the gut, exocrine gland ducts, the cervix and vagina (squamous epithelium), endometrium, urinary tract (transitional epithelium), etc.
 
 The high regenerative potential of the skin is exploited in the treatment of patients with skin loss due to severe burns. The surgeon removes a layer of the split skin which includes the dividing basal cells from the unburned donor site, and ﬁxes it ﬁrmly to the burned graft site where the epithelium has been lost. Dividing basal stem cells in the graft, and dividing stem cells from residual basal and adnexal structures (such as the cells from the neck of pilosebaceous units) from the donor sites, ensure that squamous epithelium at both sites regenerates. This enables rapid healing to take place in a large burned area, when natural regeneration of new epithelium from the edge of the burn would otherwise be prolonged. Skin epithelium from a donor site can now be grown in the laboratory by tissue/organ culture for eventual grafting onto burned areas, and this is important for patients with extensive burns. Stable cells (sometimes called ‘conditional renewal cells’) divide very infrequently under normal conditions, but stem cells are stimulated to divide rapidly when such cells are lost. This group includes cells of the liver, endocrine glands, bone, ﬁbrous tissue and the renal tubules. Thus the liver is able to regenerate to its normal weight even after large partial resections for neoplastic disease. Permanent cells normally divide only during fetal life, but their active stem cells do not persist long into postnatal life, and they cannot be replaced when lost. Cells in this category include neurons, retinal photoreceptors and neurons in the eye, cardiac muscle cells and skeletal muscle cells (although skeletal muscle cells do have a very limited capacity for regeneration).
 
 CELL CYCLE Successive phases of progression of a cell through its cycle of replication are deﬁned with reference to DNA synthesis and cellular division. Unlike the synthesis of most cellular constituents, which occurs throughout the interphase period between cell divisions, DNA synthesis occurs only during a limited period of the interphase: this is the S phase of the cell cycle. A further distinct phase of the cycle is the cell-division stage or M phase (Fig. 4.3) comprising nuclear division (mitosis) and cytoplasmic division (cytokinesis). Following the M phase, the cell enters the ﬁrst gap (G1) phase and, via the S phase, the second gap (G2) phase before entering the M phase again. Some cells (e.g. some of the stable cells) may ‘escape’ from the G1 phase of the cell cycle by temporarily
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 New cell enters cycle
 
 M Terminal differentiation: no further division
 
 Division
 
 G2
 
 G1
 
 G0
 
 Interp h a s e
 
 S
 
 Stimulated by growth factors: PDGF, EGF, IGF1 & 2 Inhibited by pRb, p53
 
 entering a G0 ‘resting’ phase: others ‘escape’ permanently to G0 by a process of terminal differentiation, with loss of potential for further division and death at the end of the lifetime of the cell: this occurs in permanent cells, such as neurons.
 
 MOLECULAR EVENTS IN THE CELL CYCLE At the molecular level, growth is stimulated initially by the receptor-mediated actions of growth factors – e.g. epidermal growth factor (EGF), platelet-derived growth factor (PDGF) and insulin-like growth factors (IGF-1 and IGF-2) – on cells in the quiescent G0 phase of the cell cycle (Fig. 4.3) via intracellular second messengers. Stimuli are transmitted to the nucleus of the cell, where transcription factors are activated, leading to the initiation of DNA synthesis followed by cell division. The process of cell cycling is modiﬁed by the actions of the cyclin family of proteins, which activate (by phosphorylation) a number of proteins involved in DNA replication, mitotic spindle formation and other events in the cell cycle. Thus, for example, the inhibitory (antimitotic) action of the retinoblastoma gene product pRb is itself inhibited by the phosphorylating action of a cyclin-dependent kinase (Fig. 4.3); removal of this growth-inhibiting action of the retinoblastoma
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 Inhibition removed by cyclin-dependent kinases
 
 Fig. 4.3 The cell cycle. The four main stages of the cell cycle are the M phase (mitosis and cytokinesis, i.e. cell division) and the interphase stages G1 (gap 1), S phase (DNA synthesis) and G2 (gap 2). Cells may enter a resting phase (G0), which may be of variable duration, followed by re-entry into the G1 phase. Some cells may terminally differentiate from the G1 phase, with no further cell division and death at the end of the normal lifetime of the cell. The sites at which growth factors and inhibitors act are shown. Source: Underwood op. cit.
 
 gene allows uncontrolled cellular proliferation to proceed, resulting in often rapid growth of this malignant eye neoplasm in children.
 
 DURATION OF THE CELL CYCLE In mammals, different cell types divide at very different rates, with observed cell cycle times (also called generation times) ranging from as little as eight hours, in the case of gut epithelial cells, to 100 days or more – exempliﬁed by hepatocytes in the normal adult liver. The principal difference between rapidly dividing cells and those which divide slowly is the time spent in the G1 phase of the cell cycle: some cells remain in the G1 phase for days or even years. In contrast, the duration of S, G2 and M phases of the cell cycle is remarkably constant, and independent of the rate of cell division.
 
 Therapeutic interruption of the cell cycle Many of the drugs used in the treatment of cancer affect particular stages within the cell cycle (Fig. 4.4). The drugs inhibit the rapid division of cancer cells, although there is often inhibition of other rapidly dividing cells such as the cells of the bone marrow and lymphoid tissues. Thus, anaemia, a bleeding tendency and suppression of immunity may be clinically important side effects of cancer chemotherapy.
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 Vincristine
 
 Cyclophosphamide
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 G2 G0
 
 G1
 
 Vincristine S
 
 Cyclophosphamide Corticosteroids L-asparaginase
 
 Cyclophosphamide Methotrexate Cytosine arabinoside
 
 Fig. 4.4 Pharmacological interruption of the cell cycle. The sites of action in the cell cycle of drugs that may be used in the treatment of cancer. Source: Underwood op. cit.
 
 The coincidence of both mitosis and apoptosis within a cell population ensures a continuous renewal of cells, rendering a tissue more adaptable to environmental demands than one in which the cell population is static. Apoptosis can be triggered by factors outside the cell or it can be an autonomous event (‘programmed cell death’). In embryological development, there are three categories of autonomous apoptosis:
 
 • • •
 
 Morphogenetic apoptosis This is involved in alteration of tissue form. Examples include:
 
 • •
 
 • CELL DEATH IN GROWTH AND MORPHOGENESIS It seems illogical to think of cell death as a component of normal growth and morphogenesis, although we recognise that the loss of a tadpole’s tail, which is mediated by genetically programmed cell death, is part of the metamorphosis of a frog. Cell death is a paradox of growth, and it is now clear that cell death has an important role in the development of an embryo, and in the regulation of tissue size throughout life. Alterations in the rate at which cell death occurs are important in situations such as hormonal growth regulation, immunity and neoplasia.
 
 APOPTOSIS The term ‘apoptosis’ is used to deﬁne the type of individual cell death which is related to growth and morphogenesis, but which appears to have an opposite function in regulating the size of a cell population. Apoptosis is a biochemically speciﬁc mode of cell death characterised by activation of non-lysosomal endogenous endonuclease, which digests nuclear DNA into smaller DNA fragments. Morphologically, apoptosis is recognised as death of scattered single cells which form rounded, membrane-bound bodies; these are eventually phagocytosed (ingested) and broken down by adjacent unaffected cells.
 
 morphogenetic; histogenic; and phylogenetic.
 
 •
 
 interdigital cell death responsible for separating the ﬁngers (Fig. 4.5); cell death leading to the removal of redundant epithelium following fusion of the palatine processes during development of the roof of the mouth; cell death in the dorsal part of the neural tube during closure, required to achieve continuity of the epithelium, the two sides of the neural tube and the associated mesoderm; and cell death in the involuting urachus, required to remove redundant tissue between the bladder and umbilicus.
 
 Failure of morphogenetic apoptosis in these four sites is a factor in the development of syndactyly (webbed ﬁngers), cleft palate (see p. 79), spina biﬁda (see p. 78), and bladder diverticulum (pouch) or ﬁstula (open connection) from the bladder to the umbilical skin. Histogenic apoptosis This occurs in the differentiation of tissues and organs, as seen, for example, in the hormonally controlled differentiation of the accessory reproductive structures from the Müllerian and Wolfﬁan ducts. In the male, for instance, anti-Müllerian hormone produced by the Sertoli cells of the fetal testis causes regression of the Müllerian ducts (which in females form the fallopian tubes, uterus and upper vagina) by the process of apoptosis. Phylogenetic apoptosis This is involved in removing vestigial structures from the embryo; structures such as the pronephros, a remnant from a much lower evolutionary level, are removed by the process of apoptosis.
 
 Regulation of apoptosis When cells within tissues are stimulated to divide by mitogens the tissues enter a high turnover state, in
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 breakpoint in follicular B-cell lymphoma, and it can inhibit many factors which induce apoptosis). The bax protein (also in the bcl-2 family) forms bax-bax dimers which enhance apoptotic stimuli. The ratio of bcl-2 to bax determines the cell’s susceptibility to apoptotic stimuli, and constitutes a ‘molecular switch’ which determines whether a cell will survive (leading to tissue expansion), or undergo apoptosis (leading to tissue contraction). The study of factors regulating apoptosis is of considerable importance in ﬁnding therapeutic agents to enhance cell death in malignant neoplasms. In retinoblastoma (a malignant neoplasm of the eye found in infants), the neoplasm has a very high mitotic rate, but also has extensive apoptosis. Occasionally the neoplasm undergoes spontaneous regression (possibly due to increased apoptosis), and agents which increase apoptosis might also induce this regression therapeutically.
 
 NORMAL AND ABNORMAL GROWTH IN SINGLE TISSUES Within an individual organ or tissue, increased or decreased growth takes place in a range of physiological and pathological circumstances as part of the adaptive response of cells to changing requirements for growth.
 
 Sites of apoptosis
 
 Fig. 4.5 Morphogenesis by apoptosis. Genetically programmed apoptosis (individual cell death) causing separation of the ﬁngers during embryogenesis. Source: Underwood op. cit.
 
 INCREASED GROWTH: HYPERTROPHY AND HYPERPLASIA The response of an individual cell to increased functional demand is to increase tissue or organ size (Fig. 4.7) by:
 
 • •
 
 which mitotic activity is accompanied by some degree of coincident apoptosis (Fig. 4.6). The ultimate fate of individual cells within the tissue – whether the cell will survive or undergo apoptosis – depends upon the balance between apoptosis inducers (survival inhibitors) and apoptosis inhibitors (survival factors). Although apoptosis can be induced by diverse signals in a variety of cell types, a few genes appear to regulate a ﬁnal common pathway. The most important of these are the members of the bcl-2 family (bcl-2 was originally identiﬁed at the t(14:18) chromosomal
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 •
 
 increasing its size without cell replication (hypertrophy); increasing its numbers by cell division (hyperplasia); or a combination of these.
 
 The stimuli for hypertrophy and hyperplasia are very similar, and in many cases identical; indeed, hypertrophy and hyperplasia commonly coexist. In permanent cells (see pp. 13, 53) hypertrophy is the only adaptive option available under stimulatory conditions. In some circumstances, however, permanent cells may increase their DNA content (ploidy) in hypertrophy, although the cells arrest in the G2 phase of the cell cycle without undergoing mitosis; such a circumstance is present in
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 Quiescent cells (G0)
 
 Growth inhibitors e.g. pRb
 
 Growth factors
 
 High turnover tissue
 
 Apoptosis inhibitors, e.g. • growth factors • extracellular matrix • oestrogens and androgens
 
 Apoptosis inducers, e.g. • growth factor withdrawal • dectachment from matrix • glucocorticoids • cytotoxic drugs • immune cytolysis
 
 Apoptosis
 
 Tissue expansion
 
 Fig. 4.6 Control of tissue growth by induction or inhibition of apoptosis. Quiescent (mitotically inactive) cells in Go are recruited into a high turnover (mitotically active) state by growth factors (Fig. 3). Their subsequent fate depends on the presence or absence of apoptosis inducers or inhibitors. The inducers and inhibitors are mediated by the bax and bcl-2 proteins, respectively, among others. Source: Underwood op. cit.
 
 Hyperplasia
 
 Hypertrophy
 
 Combined hypertrophy and hyperplasia
 
 Fig. 4.7 Hyperplasia and hypertrophy. In hypertrophy, cell size is increased. In hyperplasia, cell number is increased. Hypertrophy and hyperplasia may coexist. Source: Underwood op. cit.
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 severely hypertrophied hearts, where a large proportion of cells may be polyploid. An important component of hyperplasia, which is often overlooked, is a decrease in cell loss by apoptosis; the mechanisms of control of this decreased apoptosis are unclear, although they are related to the factors causing increased cell production (Fig. 4.6).
 
 Physiological hypertrophy and hyperplasia Examples of physiologically increased growth of tissues include:
 
 •
 
 •
 
 •
 
 • •
 
 muscle hypertrophy in athletes, both in the skeletal muscle of the limbs (as a response to increased muscle activity) and in the left ventricle of the heart (as a response to sustained outﬂow resistance); hyperplasia of bone marrow cells producing red blood cells in individuals living at high altitude; this is stimulated by increased production of the growth factor, erythropoietin; hyperplasia of breast tissue at puberty, and in pregnancy and lactation, under the inﬂuence of several hormones, including oestrogens, progesterone, prolactin, growth hormone and human placental lactogen; hypertrophy and hyperplasia of uterine smooth muscle at puberty and in pregnancy, stimulated by oestrogens; and thyroid hyperplasia as a consequence of the increased metabolic demands of puberty and pregnancy.
 
 In addition to such physiologically increased tissue growth, hypertrophy and hyperplasia are also seen in tissues in a wide range of pathological conditions.
 
 REPAIR AND REGENERATION The proliferation of vascular (capillary) endothelial cells and myoﬁbroblasts in scar tissue, and the regeneration of specialised cells within a tissue, are the important components of the response to tissue damage. Angiogenesis This is the process whereby new blood vessels grow into damaged, ischaemic or necrotic tissues in order to supply oxygen and nutrients for cells involved in regeneration and repair. Brieﬂy, vascular endothelial cells within pre-existing capillaries are activated by angiogenic growth factors such as vascular
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 endothelial growth factor (VEGF), released by hypoxic cells or macrophages. On activation, the endothelial cells secrete plasminogen activator and other enzymes, including the matrix metalloproteinases, which selectively degrade extracellular matrix proteins to allow endothelial cell migration to occur. Tissue inhibitors of metalloproteinases exist to prevent excessive matrix breakdown. Thus, activated endothelial cells migrate (mediated by integrins, a family of cell-surface adhesion molecules) and proliferate towards the angiogenic stimulus to form a ‘sprout’. Adjacent sprouts connect to form vascular loops, which canalise and establish a blood ﬂow. Later, mesenchymal cells, including pericytes and smooth muscle cells, are recruited to stabilise the vascular architecture, and the extracellular matrix is remodelled. Two other initiating mechanisms exist in addition to the above ‘sprouting’ form of angiogenesis: existing vascular channels may be bisected by an extracellular matrix ‘pillar’ (intussusception), and the two channels extend towards the angiogenic stimulus; and the third mechanism involves circulating primordial stem cells which are recruited at sites of hypoxia and differentiate into activated vascular endothelial cells. (Note that a similar process of angiogenesis occurs in response to tumour cells, as an essential component of the development of the blood supply of enlarging neoplasms. Such angiogenesis is an important new therapeutic target in the treatment of malignant neoplasms, although theoretically such drugs might impair angiogenesis and, therefore, delay healing of wounds.) (Note that the term ‘vasculogenesis’ should be reserved speciﬁcally for the blood vessel proliferation which occurs in the developing embryo and fetus.) Myoﬁbroblasts These often follow new blood vessels into damaged tissues, where they proliferate and produce matrix proteins such as ﬁbronectin and collagen to strengthen the scar. Myoﬁbroblasts eventually contract and differentiate into ﬁbroblasts. The resulting contraction of the scar may cause important complications. Such as:
 
 • • •
 
 deformity and reduced movements of limbs affected by extensive scarring following skin burns around joints; bowel stenosis and obstruction caused by annular scarring in Crohn’s disease; and detachment of the retina due to traction caused by contraction of ﬁbrovascular adhesions between the retina and the ciliary body, following intraocular inﬂammation.
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 Thus vascular endothelial cell and myoﬁbroblast hyperplasia are important components of repair and regeneration at various sites in the body.
 
 Skin The healing of a skin wound is a complex process involving the removal of necrotic debris from the wound and repair of the defect by hyperplasia of capillaries, myoﬁbroblasts and epithelial cells. Fig. 4.8 illustrates some of these events, most of which are mediated by growth factors. When tissue injury occurs, there is haemorrhage into the defect from damaged blood vessels; this is controlled by normal haemostatic mechanisms, during which platelets aggregate and thrombus forms to plug the defect in the vessel wall. Because of interactions between the coagulation and complement systems, inﬂammatory cells are attracted to the site of injury by chemotactic complement fractions. In addition, platelets release two potent growth factors – platelet-derived growth factor (PDGF) and transforming growth factor beta (TGFβ) – which are powerfully chemotactic for inﬂammatory cells, including macrophages; these migrate into the wound to remove necrotic tissue and ﬁbrin. In the epidermis, PDGF acts synergistically with epidermal growth factor (EGF) and the somatomedins (IGF-1 and IGF-2) to promote the progression of basal epithelial cells through the cycle of cell proliferation (p. 53). PDGF acts as a ‘competence factor’ to move cells from their ‘resting’ phase in G0 to G1. EGF and IGFs then act sequentially in cell progression from the G1 phase to that of DNA synthesis. Thereafter, the cell is independent of growth factors. In the epidermis, EGF is derived from epidermal cells (autocrine and paracrine mechanisms), and is also present in high concentrations in saliva when the wound is licked. IGF-1 and IGF-2 originate from the circulation (endocrine mechanisms) and from the proliferating cell and adjacent epidermal and dermal cells (autocrine and paracrine mechanisms). (Note that once a specialised adnexal structure such as a pilosebaceous unit has been destroyed, new units cannot regenerate from the basal layer of the epidermis. Hairs will, therefore, not grow in areas where deep burns have destroyed adnexal tissues, even if split skin grafting is successful. Similarly, in ‘scarring alopecia’, hair loss is permanent once hair follicles have been destroyed.) In the dermis, myoﬁbroblasts proliferate in response to PDGF (and TGFβ); collagen and ﬁbronectin
 
 secretion is stimulated by TGFβ, and ﬁbronectin then aids migration of epithelial and dermal cells. Capillary budding and proliferation are stimulated by angiogenic factors such as vascular endothelial growth factor (VEGF: see above). The capillaries ease the access of inﬂammatory cells and ﬁbroblasts, particularly into large areas of necrotic tissue. Hormones (e.g. insulin and thyroid hormones) and nutrients (e.g. glucose and amino acids) are also required. Lack of nutrients or vitamins, the presence of inhibitory factors such as corticosteroids or infection, or a locally poor circulation with low tissue oxygen concentrations, may all materially delay wound healing; these factors are very important in clinical practice.
 
 Ulcers and erosions An ulcer is a full-thickness defect in a surface epithelium or mucosa, which may also extend into subepithelial or submucosal tissue. An erosion is a partial-thickness defect in a surface epithelium or mucosa. Both ulcers and erosions occur when adverse tissue circumstances (‘ulcerating factors’, such as hypoxia, factors such as gastric acid forming the local physicochemical environment, or infection) cause local death of cells which cannot be replaced by regenerative cell proliferation, leading to net loss of epithelial or mucosal tissue. The presence of one or more of these ‘ulcerating factors’, therefore, overpowers the local ‘survival factors’, such as the regenerative potential and oxygenation of the tissue, and an ulcer or erosion develops. Once the ‘ulcerating factor or factors’ are removed, however, the residual ‘survival and healing factors’, or healing capacity of the tissue predominates, and cell proliferation exceeds cell loss, producing net tissue growth to ﬁll the ulcer cavity. In deep ulcers (Fig. 4.9), angiogenic growth factors (produced by macrophages in the necrotic ulcer crater) stimulate growth and migration of capillaries into the base of the ulcer (producing vascular ‘granulation tissue’, seen as ﬁnely granular red tissue in the ulcer base). Myoﬁbroblasts also migrate into the ulcer crater, where they proliferate and secrete collagen and matrix proteins, ﬁlling the ulcer crater. Once this has happened, the epithelial cells at the edge of the ulcer migrate over the new scar tissue: eventually the ulcer crater is ﬁlled, and the epithelium totally covers the former ulcer. Eventually, subepithelial scar tissue contracts (caused by myoﬁbroblast contraction), and myoﬁbroblasts differentiate into mature ﬁbroblasts.
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 Fig. 4.8 Factors mediating wound healing. A wound is shown penetrating the skin and entering a blood vessel. (1) Blood coagulation and platelet degranulation, releasing growth factors (GF)/cytokines. (2) These are chemotactic for macrophages, which migrate into the wound to phagocytose bacteria and necrotic debris (3). In the epidermis: epidermal basal epithelial cells are activated by released growth factors from the platelets (4), and dermal myoﬁbroblasts (5), from epidermal cells by paracrine (6) and autocrine (7) mechanisms; and from saliva (8) (if the wound is licked). Nutrients and oxygen (9) and circulating hormones and growth factors diffusing from blood vessels all contribute to epidermal growth. In the dermis growth factors from the platelets stimulate cell division in myoﬁbroblasts (10), which produce collagen and ﬁbronectin. Fibronectin stimulates migration of dermal myoﬁbroblasts (11) and epidermal epithelial cells (12) into and over the wound. Angiogenic growth factors (not shown) stimulate the proliferation and migration of new blood vessels into the area of the wound (13). Source: Underwood op. cit.
 
 If ‘ulcerating factors’ persist, or if there are recurrent cycles of ulceration – healing – ulceration, an ulcer may become ‘chronic’, with a large deep crater and very extensive scar formation, perhaps leading to marked deformity of the tissue (for example, an ‘hour glass’ deformity with possible stenosis in a stomach with a large chronic gastric ulcer). At the epithelial edge of large chronic ulcers, persistent attempts to regenerate occasionally lead to the development of a malignant neoplasm (carcinoma). If an ulcer fails to heal after ‘ulcerating factors’ have been removed, this may indicate that there is an underlying neoplasm. Many malignant neoplasms, which arise in (or invade) epithelial or mucosal tissues, ulcerate as they outgrow their blood supply or invade local blood vessels. A classical example is basal cell carcinoma
 
 60
 
 of the skin (a ‘rodent’ ulcer), but other examples include breast adenocarcinoma ulcerating overlying skin, and large ulcerated bowel adenocarcinomas. Note that epithelial proliferation and regeneration alone are required to heal an erosion, once the causative factor has been removed.
 
 Peritoneum The practice of abdominal surgery requires an understanding of the mechanisms of peritoneal healing and of the development of intra-abdominal ﬁbrous adhesions (scars). In one large study, 31% of all cases of intestinal obstruction were due to adhesions, and of these patients 79% had undergone previous abdominal surgery, whilst 18% had inﬂammatory adhesions and 3% had congenital bands.
 
 DISORDERS OF GROWTH, DIFFERENTIATION MORPHOGENESIS CHAPTERAND TITLE RUNNING HEAD
 
 Ulcerating factors
 
 Epithelium
 
 A
 
 A
 
 Necrotic debris
 
 Regenerated epithelium Granulation tissue
 
 A A
 
 A
 
 Survival/ healing
 
 A
 
 A A
 
 f
 
 A
 
 a e b Subepithelial connective tissue
 
 d c
 
 Macrophages
 
 Blood vessels
 
 Myofibroblasts
 
 Collagen/matrix proteins
 
 Fibroblasts
 
 A
 
 Angiogenic growth factors
 
 Fig. 4.9 Healing in an ulcer. These basic mechanisms apply to all ulcers, in different tissues of the body. In this ulcer the predominance of ‘ulcerating factors’ (factors such as anoxia, gastric acid, and infection) has caused loss of both the epithelium and subepithelial tissue (top left). Once these factors have been corrected, however, ‘survival/healing factors’ predominate, and healing, repair and regeneration can take place (sequence a–f). (a) Macrophages have migrated into the necrotic tissue of the ulcer, where they ingest necrotic debris. In addition, however, they secrete angiogenic growth factors (A), which diffuse into the tissue at the base of the ulcer. (b) Angiogenic growth factors stimulate vascular (capillary) endothelial cells to proliferate and migrate into the ulcer (forming ‘sprouts’). (c) Adjacent endothelial cells sprouts join to form loops, and canalise (a lumen forms), allowing blood ﬂow through the loop. New endothelial cell sprouts then develop. Myoﬁbroblasts proliferate and migrate into the newly vascularised base of the ulcer. (d) More proliferation of capillaries occurs, producing granulation tissue (seen macroscopically as a red granular base to the ulcer). Myoﬁbroblasts continue to proliferate, and produce collagen and other intracellular matrix proteins (to strengthen the developing scar). (e) Once the blood vessels and proliferating myoﬁbroblasts ﬁll the cavity of the ulcer, epithelial cells from the edge of the ulcer proliferate (stimulated by epithelial growth factors) and migrate over the regenerating subepithelial tissue (migration is aided by ﬁbronectin secreted by myoﬁbroblasts). (f) Eventually the myoﬁbroblasts contract, with resulting contraction of the scar. The epithelium has now regenerated completely.
 
 The process of healing and repair of a peritoneal defect is very different to that of an ulcerated epithelial surface, as the mesothelial surface cells do not grow over the defect from its edges. If even large peritoneal
 
 defects are left open (not sutured), macrophages migrate into the area to remove necrotic debris (Fig. 4.10). This is followed by a proliferation and migration of peritoneal perivascular connective tissue cells
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 Fig. 4.10 Factors affecting peritoneal wound healing and adhesions. Representation of two opposing peritoneal surfaces (top and bottom), with two surgically created wounds which have removed the mesothelium and some submesothelial connective tissue. In lesion 1 (left) the surgeon has left the defect open, and has carefully removed foreign body (FB) material and ﬁbrin from the surface. Under these circumstances: (1a) macrophages remove necrotic material from the wounded area, then (1b) subperitoneal perivascular connective tissue cells proliferate and migrate into the base of the defect, and (1c) ﬁll the defect. Finally (1d) the surface layer of these cells undergoes metaplasia into mesothelial cells. As a result, healing takes place with no adhesions to adjacent peritoneal surfaces. In lesion 2 (right), by contrast, foreign material and ﬁbrin have not been removed by the surgeon. In addition, the peritoneal defect has been sutured, and as a result (2a) the tissue is relatively ischaemic as a result of the tension of the suture. Under these circumstances (2b) angiogenesis occurs, and proliferating blood vessels extend into the ischaemic tissue and into the ﬁbrin on the surface of the wound, eventually accompanied by the proliferating myoﬁbroblasts which grow over the adjacent mesothelium, and which eventually form the adhesions to the adjacent peritoneal surface (top). Contraction of these myoﬁbroblasts, and accompanying scar contraction, may cause intestinal obstruction if the peritoneal adhesions are extensive.
 
 (which resemble primitive mesenchymal cells) into the defect, which eventually ﬁlls with these cells. The connective tissue cells on the ‘new’ surface then undergo metaplasia into mesothelial cells. As a result, peritoneal defects heal very rapidly, large defects heal as rapidly as small ones, and peritoneal healing occurs without formation of adhesions. If, however, peritoneal defects are sutured, the suture compresses or tensions the mesothelium and underlying connective tissue, which tends to become relatively ischaemic as a result (Fig. 4.10). As a result, angiogenesis (new blood vessel formation) is stimulated, and capillaries (and later ﬁbroblasts) migrate into the
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 area. If ﬁbrin and/or foreign material such as starch (used to lubricate the inside of surgical gloves) are on the peritoneal surface, the capillaries and ﬁbroblasts grow into the area, and are likely to cause adhesions to adjacent peritoneal surfaces, which may ultimately cause intestinal obstruction. In abdominal and pelvic surgery, therefore, peritoneal surfaces which are left unsutured are less likely to cause adhesions, and both removal of ﬁbrin and prevention of contamination by foreign body materials will reduce the chances of adhesion formation. Peritoneal mesothelial cells have ﬁbrinolytic activity, but damage to these cells at surgery reduces their
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 ability to remove the peritoneal ﬁbrin which promotes development of adhesions. In addition, growth factors such as epidermal growth factor (EGF) and transforming growth factor beta (TGFβ) may directly inﬂuence cell growth in peritoneal healing. However, TGFβ (released in large quantities from platelets at sites of haemorrhage) and tumour necrosis factor (TNF) both probably increase plasminogen-activator inhibitor-1 (PAI-1) activity in peritoneal mesothelial cells, blocking ﬁbrinolytic activity (and hence ﬁbrin removal), and thereby promoting adhesion formation. This is an important ﬁeld in which further research may well inﬂuence the clinical management of patients undergoing abdominal surgery.
 
 Bone Cellular mechanisms involved in the healing of bone fractures are similar to those in healing in other tissues
 
 Fig. 4.11 Healing of a bone fracture. The haematoma at the fracture site gives a framework for healing. It is replaced by frac-ture callus, which is subsequently replaced by lamellar bone, which is then remodelled to restore the normal trabecular pattern of the bone. Source: Underwood op. cit.
 
 (Fig. 4.11 illustrates the events involved). Haemorrhage at the fracture site (inside and around the bone) produces a haematoma, in which there are fragments of necrotic bone, bone marrow, and soft tissues. As is the case in other sites, these necrotic tissues are removed by macrophages. Organisation of the haematoma in bone is accomplished by ingrowth of capillaries and ﬁbroblasts (as in other sites in the body), but is modiﬁed in bone by ingrowth of osteoblasts; the resulting proliferation of these cells produces an irregular mass of new irregularly woven bone, called ‘callus’. Internal callus forms within the medullary cavity of the bone; external callus forms in relation to the periosteum, where it acts as a splint until it is ﬁnally removed by resorption and remodelling. Eventually, woven bone of the callus is remodelled into lamellar bone, with lamellae oriented according to the direction of mechanical stress on the bone.
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 Occasionally bone is lost at the time of fracture (for example, the fractured end of a bone may be removed by the surgeon if heavy contamination has occurred when a compound fracture has penetrated the skin). Under such circumstances the two ends of the bone may be pinned and externally ﬁxed and oriented on an external frame. After initial contact, the bone ends may be gradually separated by increasing traction over several weeks, allowing the bone to be drawn to its correct length whilst the healing process occurs. Bone healing may be delayed or inhibited as a result of movement, gross misalignment, soft tissues interposed between the ends of the bone, infection, bone disease (such as osteoporosis or Paget’s disease, or primary or secondary neoplasms), severe systemic illness or malnutrition. Excessive movement and soft tissue interposition may prevent bone fusion, and ﬁbrous union of the bone may occur (perhaps producing a ‘false joint’). Note that multiple fractures of different ages seen on x-ray may indicate an underlying bone disease such as severe osteoporosis or congenital osteogenesis imperfecta. In infants, children and weak dependant adults, however, such fractures may be the result of non-accidental injury (physical abuse).
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 Liver In severe chronic hepatitis, extensive hepatocyte loss is followed by scarring, as is the case in the skin or other damaged tissues. Hepatocytes, like the skin epidermal cells, have massive regenerative potential, and surviving hepatocytes may proliferate to form nodules. Hyperplasia of hepatocytes and ﬁbroblasts is presumably mediated by a combination of hormones and growth factors, although the mechanisms are far from clear. Regenerative nodules of hepatocytes and scar tissue are the components of cirrhosis of the liver.
 
 4
 
 Heart Myocardial cells are permanent cells and so cannot divide in a regenerative response to tissue injury. In myocardial infarction, a segment of muscle dies and, if the patient survives, it is replaced by hyperplastic myoﬁbroblast scar tissue. As the remainder of the myocardium must work harder for a given cardiac output, it undergoes compensatory hypertrophy (without cell division) (see Fig. 4.12). Occasionally, there may be right ventricular hypertrophy as a result of left ventricular failure and consequent pulmonary hypertension.
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 Right ventricular hypertrophy due to pulmonary hypertension
 
 Fig. 4.12 Cardiac hypertrophy. A horizontal slice through the myocardium of the left (L) and right (R) ventricles. (1) Normal. (2) Area of anteroseptal left ventricular infarct. (3) Compensatory hypertrophy of the surviving left ventricle. (4) Right ventricular hypertrophy secondary to left ventricular failure and pulmonary hypertension. Source: Underwood op. cit.
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 NON-REGENERATIVE HYPERTROPHY AND HYPERPLASIA
 
 cancer), or be secondary to drugs such as spironolactone, cimetidine or digoxin.
 
 Many conditions are characterised by hypertrophy or hyperplasia of cells. In some instances, this is the principal feature of the condition from which the disease is named. The more common examples are summarised below.
 
 Prostate
 
 Myocardium The myocardium responds to an increased work load by increasing muscle mass by hypertrophy (myocardial cells cannot undergo mitosis). Right ventricular hypertrophy occurs in response to pulmonary valve stenosis, secondary to a ventricular septal defect, or in pulmonary hypertension. Left ventricular hypertrophy takes place in response to aortic valve stenosis or systemic hypertension.
 
 Arteries Hypertrophy of arterial smooth muscle arterial walls occurs in hypertension, in response to increased work load. Myointimal cell hyperplasia occurs as an important component of the development of atherosclerosis, when they proliferate in response to platelet-derived growth factors.
 
 With increasing age (particularly over 60 years), a relative excess of oestrogens stimulates oestrogen-induced hyperplasia of the epithelial and connective tissue of the prostate. This is most severe in the oestrogensensitive central zone of the prostate, where gland enlargement has maximum clinical effect by compression of the urethra.
 
 Thyroid Follicular epithelial hyperplasia is most commonly due to an IgG autoantibody to the thyroid-stimulating hormone (TSH) receptor; this has an inappropriate thyroid-stimulating effect (as a stimulatory hypersensitivity reaction), increasing thyroid activity and thyroxine secretion, and causing hyperthyroidism (Graves’ disease). Hyperthyroidism may also result from increased TSH production by a pituitary adenoma.
 
 Adrenal cortex Adrenal cortical hyperplasia can result as a response to increased adrenocorticotrophic hormone (ACTH) production (e.g. from a pituitary tumour or, inappropriately, from a lung carcinoma).
 
 Capillary vessels In the eye, capillaries grow from the retina into the vitreous gel, where they may cause reduced vision, especially if they bleed and stimulate scarring. Capillary hyperplasia is a response to retinal hypoxia, or (as proliferative retinopathy) as an important sight-threatening complication of diabetes mellitus.
 
 Bone marrow Erythrocyte precursor hyperplasia occurs in response to increased circulating erythropoietin concentrations, due to increased secretion by the kidney resulting from decreased arterial oxygen tension (for example, as a result of living at high altitude, or due to anaemia).
 
 Cytotoxic T lymphocytes Hyperplastic expansion of T lymphocyte populations (Fig. 4.13) occurs in cell-mediated immune responses to, for example, organ transplants.
 
 APPARENTLY AUTONOMOUS HYPERPLASIAS In some apparently hyperplastic conditions, cells appear autonomous, and continue to proliferate rapidly despite the lack of a demonstrable stimulus or control mechanism. The question then arises as to whether these should he considered to be hyperplasias at all, or whether they are autonomous or even neoplastic (which seems unlikely). If the cells could be demonstrated to be monoclonal (derived as a single clone from one cell) this might indicate that the lesion was neoplastic, but clonality is often difﬁcult to establish. Three examples are:
 
 •
 
 Breast Juvenile hyperplasia of the breast may occur in females as an exaggerated response to female sex hormones at puberty. In males, breast hyperplasia (gynaecomastia) may occur at puberty, or be due to high oestrogen levels (e.g. in cirrhosis or oestrogen treatment of prostate
 
 •
 
 Psoriasis: a common skin condition (2% of population) characterised by inﬂamed scaly rash and marked epidermal hyperplasia. Recent evidence suggests multifactorial genetic and environmental factors may be involved. Paget’s disease of bone: in which there is hyperplasia of osteoblasts and osteoclasts resulting in thick but weak bone, affects around 10% of adults by the age of 90 years. There appears
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 Fig. 4.13 Interleukins and cytotoxic T cell hyperplasia. Cytotoxic T cell hyperplasia is mediated by presentation of an antigen by an antigen-presenting cell (a macrophage) to T helper and T cytotoxic cells. Interleukin-1 (IL-1) acts on these cells via membrane receptors, stimulating the production of interleukin-2 (IL-2) by the T helper cell, and of IL-2-receptors by T cytotoxic cells. IL-2 from the T helper cells stimulates the now-receptive T cytotoxic cell to multiply. Source: Underwood op. cit.
 
 •
 
 to be some genetic predisposition, with some geographical clustering, and a viral aetiology has been suggested. Fibromatoses: which are a group of conditions characterised by apparently autonomous proliferations of myoﬁbroblasts, occasionally forming tumour-like masses; exempliﬁed by palmar ﬁbromatosis (Dupuytren’s contracture), desmoid tumour, retroperitoneal ﬁbromatosis and Peyronie’s disease of the penis.
 
 DECREASED GROWTH – ATROPHY Atrophy is the decrease in size of an organ or cell by reduction in cell size and/or reduction in cell numbers, often by a mechanism involving apoptosis (p. 55). Tissues or cells affected by atrophy are said to be atrophic or atrophied. Atrophy is an important
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 adaptive response to a decreased requirement of the body for the function of a particular cell or organ. It is important to appreciate that, for atrophy to occur, there must not only be a cessation of growth but also an active reduction in cell size and/or a decrease in cell numbers, mediated by apoptosis. Atrophy occurs in both physiological and pathological conditions.
 
 Physiological atrophy Physiological atrophy occurs at times from very early embryological life, as part of the process of morphogenesis, into late old age, where its results are regarded as the bane of existence (Box 4.1).
 
 Pathological atrophy There are several categories of pathological condition in which atrophy may occur.
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 Box 4.1 Tissues involved in physiological atrophy Embryo and fetus • branchial clefts • notochord • thyroglossal duct • Müllerian duct (males) • Wolfﬁan duct (females) Neonate • umbilical vessels • ductus arteriosus • fetal layer adrenal cortex
 
 Early adult • thymus Late adult and old age • uterus, endometrium • testes • bone (particularly females) • gums • mandibles (particularly edentulous) • cerebrum • lymphoid tissue
 
 Source: Underwood op. cit.
 
 blood vessel wall compressed by a tumour). In both of these circumstances a major factor is actually local tissue hypoxia.
 
 Lack of nutrition Lack of nutrition may cause atrophy of adipose tissue, the gut and pancreas and, in extreme circumstances, muscle. An extreme form of systemic atrophy similar to that seen in severe starvation is termed ‘cachexia’; this may he seen in patients in the late stages of severe illnesses such as cancer. In some wasting conditions, such as cancer, cytokines such as tumour-necrosis factor (TNF) are postulated to inﬂuence the development of cachexia.
 
 Loss of endocrine stimulation Decreased function As a result of decreased function as, for example, in a limb immobilised as a consequence of a fracture, there may be marked muscle atrophy (due to decrease in muscle ﬁbre size). Extensive physiotherapy may be required to restore the muscle to its former bulk, or to prevent the atrophy. In extreme cases of ‘disuse’ atrophy of a limb, bone atrophy may lead to osteoporosis and bone weakening: this is also a feature of conditions of prolonged weightlessness, such as occurs in astronauts.
 
 Atrophy of the ‘target’ organ of a hormone may occur if endocrine stimulation is inadequate. For example, the adrenal gland atrophies as a consequence of decreased ACTH secretion by the anterior pituitary; this may be caused by destruction of the anterior pituitary (by a tumour or infarction), or as a result of the therapeutic use of high concentrations of corticosteroids (in, for example, the treatment of cancer), with consequent ‘feedback’ reduction of circulating ACTH levels.
 
 Hormone-induced atrophy Loss of innervation Loss of innervation of muscle causes muscle atrophy, as is seen in nerve transection or in poliomyelitis, where there is loss of anterior horn cells of the spinal cord. In paraplegics, loss of innervation to whole limbs may also precipitate ‘disuse’ atrophy of bone, which becomes osteoporotic.
 
 This form of atrophy may be seen in the skin, as a result of the growth-inhibiting actions of corticosteroids. When corticosteroids are applied topically in high concentrations to the skin, they may cause dermal and epidermal atrophy which may be disﬁguring. All steroids, when applied topically, may also be absorbed through the skin to produce systemic side effects, e.g. adrenal atrophy when corticosteroids are used.
 
 Loss of blood supply This may cause atrophy as a result of tissue hypoxia, which may also be a result of a sluggish circulation. Epidermal atrophy is seen, for example, in the skin of the lower legs in patients with circulatory stagnation related to varicose veins or with atheromatous narrowing of arteries.
 
 ‘Pressure’ atrophy This occurs when tissues are compressed, either by exogenous agents (atrophy of skin and soft tissues overlying the sacrum in bedridden patients, producing ‘bed sores’) or by endogenous factors (atrophy of a
 
 DECREASED GROWTH – HYPOPLASIA Although the terms ‘hypoplasia’ and ‘atrophy’ are often used interchangeably, the former is better reserved to denote the failure in attainment of the normal size or shape of an organ as a consequence of a developmental failure. Hypoplasia is, therefore, a failure in morphogenesis, although it is closely related to atrophy in terms of its pathogenesis. An example of hypoplasia is the failure in development of the legs in adult patients with severe spina biﬁda and neurological deﬁcit in the lower limbs.
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 DIFFERENTIATION AND MORPHOGENESIS IN HUMAN DEVELOPMENT
 
 Unfertilised ovum
 
 Tadpole
 
 Differentiation is the process whereby a cell develops an overt specialised function which was not present in the parent cell. It is an important component of morphogenesis; this is the means by which limbs or organs are formed from primitive groups of cells. Thus, abnormalities of differentiation often lead to abnormal morphogenesis and fetal abnormality. It must be remembered, however, that growth also plays an important role in morphogenesis; cells which vary in their differentiation may have very different growth characteristics. Variations in differentiation may also affect the ability of some cells to migrate with respect to others. Thus, normal embryological development requires highly coordinated processes of differentiation, growth and cell migration which together comprise morphogenesis.
 
 Gut UV light Epithelial cells
 
 Nucleus inactivated
 
 Nucleus
 
 Nucleus injected into ovum
 
 CONTROL OF NORMAL DIFFERENTIATION A fertilised ovum may develop into a male or female, a human or a blue whale; the outcome depends on the structure of the genome. There are many similarities between the corresponding cell types in different species. Individual cell types are distinct only because, in addition to the many functional proteins required by all cell types for ‘household’ functions of respiration, repair, etc., each cell also produces a speciﬁc set of specialised proteins which are appropriate for only one cell type and one species. Most differentiated cells contain the same genome as in the fertilised ovum. This has been demonstrated elegantly by injecting the nucleus of a differentiated tadpole gut epithelial cell into an unfertilised frog ovum, the nucleus of which was destroyed previously using ultraviolet light: the result was a normal frog with the normal variety of differentiated cell types (Fig. 4.14). In a more recent development, a mammal (sheep) has been cloned from a single ovarian cell. There are very few exceptions to the rule that differentiated cells contain an identical genome to that of the fertilised ovum. In humans, for example, exceptions include B- and T-lymphocytes which have antigenreceptor genes rearranged to endow them with a large repertoire of possible receptors.
 
 or deletion of genes. The cells of the body differ because they express different genes; genes are selectively switched on or off to control the synthesis of gene products. The synthesis of a gene product can in theory be controlled at several levels:
 
 TRANSCRIPTIONAL CONTROL
 
 •
 
 As most differentiated cells have an identical genome, differences between them cannot be due to ampliﬁcation
 
 •
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 Normal blastula
 
 Adult frog
 
 Fig. 4.14 Potential of the genome of somatic cells. Differentiated cells from the gut of a tadpole have the complete genome and potential for control of production of the whole frog. Source: Underwood op. cit., after JB Gurdon.
 
 transcription: controlling the formation of messenger (mRNA); transport: controlling the export of mRNA from the nucleus to the ribosomes in the cytoplasm; and
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 translation: controlling the formation of gene product within the ribosomes.
 
 In fact, many of the important ‘decision’ stages of differentiation in embryogenesis are under transcriptional control, and the manufacture of gene product is proportional to the activity of the gene. For a cell to differentiate in a particular way, given that it contains the potential of activation of the whole of the genome, some groups of genes must be switched on and other groups off. There is now ample evidence that the regulation of transcription of several (or many) individuals within a group of genes is mediated by the gene products of a small number of ‘control’ genes, which may themselves be regulated by the product of a single ‘master’ gene (Fig. 4.15).
 
 etc.
 
 Fig. 4.15 Interaction of genes. A single master gene produces a regulatory protein which switches genes a and b on and gene c off; these in turn switch on or off a cascade of other genes. Source: Underwood op. cit.
 
 CELL DETERMINATION The homeobox-containing genes (single ‘master’ genes which control the development of major structures such as limbs in precise positions in the embryo), and other genes which regulate embryogenesis, act on the embryo at a very early stage, before structures such as limbs have begun to form. Nonetheless, by observing the effects of selective marking or obliteration of cells, a ‘fate map’ of the future development of cells in even primitive embryos can be constructed. Thus, some of the cells of somites become specialised at a very early stage as precursors of muscle cells, and migrate to their positions in primitive limbs. These muscle-cell precursors resemble many other cells of the limb rudiment, and it is only after several days that they differentiate
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 and manufacture specialised muscle proteins. Thus, long before they differentiate, the developmental path of these cells is planned; such a cell which has made a developmental choice before differentiating is said to be determined. A determined cell must:
 
 • • •
 
 have differences which are heritable from one cell generation to another; be committed and commit its progeny to specialised development; and change its internal character, not merely its environment.
 
 Determination, therefore, differs from differentiation, in which there must be demonstrable tissue specialisation. Some cells which are determined, but not differentiated, may remain so for adult life; good examples are the stem cells, such as bone marrow haemopoietic cells or basal cells of the skin, which proliferate continuously and produce cells committed to a particular form of differentiation. Hypoplastic and aplastic anaemia, which result in anaemia, neutropenia, and thrombocytopenia, are thought to be due to a failure or suppression of bone marrow haemopoietic stem cells.
 
 CELL POSITION AND INDUCTIVE PHENOMENA Even before fertilisation, ova have cytoplasmic determinants of polarity; the manner in which major morphogenetic positional changes may occur under the inﬂuence of a small number of controlling genes has been discussed above. As the ﬁelds of cells over which spatial chemical signals act are generally small, large-scale changes to the whole individual occur early, and more speciﬁc minor features of differentiation within small areas of an organ or limb are speciﬁed later and depend on the position of the cell within the structure. Simple changes may occur in response to a diffusible substance (such as vitamin A in the developing limb bud), and serve to control local cell growth and/or differentiation according to the distance from the source. Additional differentiation changes may, however, occur as a result of more complex cellular interactions. Many organs eventually contain multiple distinct populations of cells which originate separately but later interact. The pattern of differentiation in one cell type may be controlled by another, a phenomenon known as induction. Examples of induction include:
 
 •
 
 the action of mesoderm on ectoderm at different sites to form the various parts of the neural tube;
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 • • •
 
 the action of mesoderm on the skin at different sites to form epithelium of differing thickness and accessory gland content; the action of mesoderm on developing epithelial cells to form branching tubular glands; and the action of the ureteric bud (from the mesonephric duct) to induce the metanephric blastema in kidney formation.
 
 Inductive phenomena also occur in cell migrations, sometimes along pathways which are very long, controlled by generally uncertain mechanisms (although it is known, for example, that migrating cells from the neural crest migrate along pathways which are deﬁned by the host connective tissue). Inductive phenomena control the differentiation of the migrating cell when it arrives at its destination – neural crest cells differentiate into a range of cell types, including sympathetic and parasympathetic ganglion cells, and some cells of the neuroendocrine (APUD) system.
 
 MAINTENANCE AND MODULATION OF AN ATTAINED DIFFERENTIATED STATE Once a differentiated state has been attained by a cell, it must be maintained. This is achieved by a combination of factors:
 
 • • •
 
 ‘cell memory’ inherent in the genome, with inherited transcriptional changes; interactions with adjacent cells, through secreted paracrine factors; and secreted factors (autocrine factors), including growth factors and extracellular matrix proteins.
 
 Even in the adult, minor changes to the differentiated state may occur if the local environment changes. These alterations to the differentiated state are rarely great and most can he termed modulations, i.e. reversible interconversions between closely related cell phenotypes. An example of a modulation is the alteration in synthesis of certain liver enzymes in response to circulating corticosteroids. In the neonatal stage of development, cell maturation may involve modulations of the differentiated state. Examples are:
 
 •
 
 the production of surfactant by type II pneumonocytes under the inﬂuence of corticosteroids;
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 • •
 
 Expression of individual genes within the genome is modiﬁed during development by:
 
 the synthesis of vitamin K-dependent bloodclotting factors by the hepatocyte; and gut maturation affected by epidermal growth factor (EGF) in milk.
 
 • •
 
 DIFFERENTIATION AND MORPHOGENESIS IN HUMAN DEVELOPMENT CONTROL OF NORMAL DIFFERENTIATION During development of an embryo, determination and differentiation occur in a cell by transcriptional modiﬁcations to the expression of the genome, without an increase or decrease in numbers of genes present. The factors involved are summarised in Fig. 4.16.
 
 positional information carried by a small number of ‘control’ gene products, causing local alterations in growth and differentiation; and migrations of cells and modiﬁcations mediated by adjacent cells (paracrine factors) or endocrine factors.
 
 Maintenance and modulation of an attained differentiated state Once attained, the differentiated state is maintained or modulated by:
 
 • •
 
 paracrine factors (interactions with adjacent cells); and autocrine factors, such as growth factors and the extracellular matrix secreted by the cell.
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 Factors influencing cell migration
 
 Induction
 
 Hormones e.g. insulin, sex hormones
 
 Mainten
 
 ance
 
 DETERMINATION
 
 Positional factors e.g. vitamin A
 
 Induction
 
 Paracrine growth factors
 
 Adjacent cells
 
 ance
 
 Mainten
 
 Extracellular matrix External factors, e.g. mutagens
 
 Autocrine factors
 
 Differentiated cell
 
 Fig. 4.16 Differentiation. Factors affecting determination, differentiation, maintenance and modulation of the differentiated state of a cell during embryogenesis include positional factors, hormones, paracrine growth factors and external factors such as teratogens. With the exception of positional factors, all of these are important in inﬂuencing the differentiated state of cells in postnatal and adult life. Source: Underwood op. cit.
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 External factors may cause alterations to the differentiated state of the cell, either during development or at any stage of adult life.
 
 Normal differentiation and morphogenesis: summary The main features of morphogenesis are summarised in Fig. 4.17.
 
 STEM CELLS AND TRANSDIFFERENTIATION Stem cells are ‘parent’ cells that are able to differentiate into many different types of ‘daughter’ cells, although different stem cell types have varying potential for this:
 
 • •
 
 •
 
 The fertilized human ovum (zygote) and cells from its ﬁrst two divisions are totipotent – able to form all of the cells of the embryo and placenta. Embryonic stem cells derived from the early blastocyst and aborted fetuses are pluripotent – producing almost all cells derived from the endoderm, mesoderm and ectoderm (but not cells from the placenta or its supporting tissues). In normal circumstances, most individual tissues have either multipotent or unipotent stem cells, capable of generating only small numbers of cell types, or only one cell type respectively.
 
 The presence or absence of tissue stem cells within a single tissue is related to the ability of the cells of that tissue to regenerate after physiological or pathological cell loss or destruction (p. 62). Thus haemopoietic stem cells in bone marrow replace the different blood cell types after haemorrhage (blood cells are ‘labile’ cells), while brain neurones (‘permanent’ cells) cannot be replaced, because there are no functioning neuronal stem cells in the adult brain, under normal circumstances. When organs (such as the kidneys) or cells (such as brain neurones) fail because of ageing or disease, a patient may die or suffer increasing disability. Organ transplantation may be possible, although there are insufﬁcient organ donors, and the transplanted organ may be rejected. In 1998, human embryonic stem (ES) cells were successfully extracted from blastocysts and aborted fetuses and grown in vitro. This raises the possibility that these ES cells could be induced to differentiate into organs or cells for transplantation. While some biotechnology companies can produce cells for
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 simple bone or joint repairs from mesenchymal stem cells, creation of more complicated tissues or organs (such as the kidney) is a much more difﬁcult process. In addition, there are complex ethical issues concerning the use of stem cells derived from human fertilised ova and aborted fetuses. Research now suggests that stem cells from one organ system, such as haemopoietic stem cells (bone marrow cells differentiating into red and white blood cells and platelets) can be induced to develop into cells within other organ systems (e.g. kidney, liver or brain), by a process of ‘transdifferentiation’ (Fig. 4.18). Because of this ‘adult stem cell plasticity’, it is possible that in the future an adult patient’s own bone marrow stem cells could be induced artiﬁcially to transdifferentiate, and replace cells or organs (such as the kidney) which have been damaged by disease. This would also avoid the risk of immunological rejection of transplanted organs.
 
 Stem cell diseases Adult stem cells are increasingly understood to be involved in other important disease processes, including cancer. In metaplasia (p. 80), normal cells in an organ change into cells of a different cell type under altered tissue conditions, e.g. ciliated respiratory cells in the bronchus change into squamous cells in heavy cigarette smokers. It is also likely that many cancers, particularly those in continually renewing tissues such as skin or gut epithelium, are diseases of stem cells, which are the only cells which persist in such tissues for sufﬁcient time to acquire the numbers of genetic changes needed for development of such neoplasms.
 
 CONGENITAL DISORDERS OF DIFFERENTIATION AND MORPHOGENESIS The processes involved in human conception and development are so complex that it is perhaps remarkable that any normal fetuses are produced: the fact that they are produced is a result of the tight controls of growth and morphogenenesis which are involved at all stages of development. The usual outcome of human conception is abortion: 70–80% of all human conceptions are lost, largely as a consequence of chromosomal abnormalities (Fig. 4.19). The majority of these abortions occur spontaneously in the ﬁrst 6–8 weeks of pregnancy, and in most cases the menstrual cycle might appear normal, or the slight delay in menstruation causes little concern.
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 Spermatozoon
 
 Ovum
 
 Fertilised ovum
 
 Multiple embryos – Totipotent cells
 
 Split
 
 Ectoderm Mesoderm
 
 Each lineage capable of forming several cell types – Pluripotent cells
 
 Endoderm
 
 Organogenesis by interaction of cells from ectoderm, endoderm or mesoderm, each committed to specific fates – Committed cells
 
 Each cell undergoes – determination – differentiation – maturation Brain
 
 Kidney
 
 Heart
 
 Chromosomal abnormalities are present in 3–5% of live-born infants, and a further 2% have serious malformations which are not associated with chromosomal aberrations. The most common conditions in these two categories are illustrated in Table 4.1.
 
 Fig. 4.17 Major steps in morphogenesis. Source: Underwood op. cit.
 
 Chromosomal abnormalities affecting whole chromosomes Autosomal chromosomes The three most common autosomal chromosome defects involve the presence of additional whole
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 Fig. 4.18 Stem cell differentiation and transdifferentiation. Under normal conditions, adult bone marrow haemopoietic stem cells differentiate into red blood cells (erythrocytes), white blood cells (neutrophils) and megakaryocytes to produce platelets. However, artiﬁcial manipulation of these cells in vitro may induce them to transdifferentiate into cells of other organs. This ability to make substantial changes of cell types is termed ‘plasticity’ of the stem cells. From Underwood op. cit. (Modiﬁed from Bonnet D, Haemopoietic stem cells, Journal of Pathology 197: 430–440 (2002), Fig. 2.)
 
 Table 4.1 Incidence of some congenital abnormalities Conceptions surviving (%) 100 Chromosomal abnormalities
 
 80 60
 
 Chromosomal abnormality
 
 Incidence per 1000 live births
 
 Down’s syndrome (47, 21) Klinefelter’s syndrome (47,XXY) Double Y male (47,XYY) Multiple X female (47,XXX)
 
 1.4 1.3 1 1
 
 Major malformations
 
 Incidence per 1000 stillbirths  live births
 
 40 20
 
 0
 
 1
 
 2
 
 3
 
 4
 
 5
 
 Months after conception
 
 Fig. 4.19 Fate of human conceptions. Between 70% and 80% of human conceptions are lost by spontaneous abortion in the ﬁrst 6–8 weeks of pregnancy, most as a consequence of chromosomal abnormality. Chromosomal abnormalities are present in 3–5% of live-born infants. Source: Underwood op. cit., after Witschi (1969)
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 Congenital heart defects Pyloric stenosis Spina biﬁda Anencephaly Cleft lip (cleft palate) Congenital dislocation of the hip
 
 6 3 2.5 2 1 1
 
 Source: Underwood JCE (ed), General and systemic pathology, 4th edn, Churchill Livingstone, Edinburgh (2004)
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 chromosomes (trisomy). As the genome of every cell in the body has an increased number of genes, gene product expression is greatly altered and multiple abnormalities result during morphogenesis. Trisomy 21 (Down’s syndrome) Affects approximately 1 in 1000 births; it is associated with mental retardation, a ﬂattened facial proﬁle, slanting eyes (producing a ‘Mongoloid’ appearance) and prominent epicanthic folds. The hands are short with a transverse simian-like palmar crease. There are also abnormalities of the ears, trunk, pelvis and phalanges. The incidence increases with maternal age.
 
 Sex chromosomes Chromosomal disorders affecting the sex chromosomes (X and Y) are relatively common, and usually induce abnormalities of sexual development and fertility. In general, variations in X chromosome numbers cause greater mental retardation. Klinefelter’s syndrome (47,XXY) Affects 1 in 850 male births. There is testicular atrophy and absent spermatogenesis, eunuchoid bodily habitus, gynaecomastia, female distribution of body hair and mental retardation. Variants of Klinefelter’s syndrome (48,XXXY, 49,XXXXY, 48,XXYY) are rare and have cryptorchidism and hypospadias in addition to more severe mental retardation and radio-ulnar synostosis. Double Y males (47,XYY) Form 1 in 1000 male births; they are phenotypically normal, although most are over 6 feet tall. Some are said to have increased aggressive or criminal behaviour. Turner’s syndrome (gonadaldysgenesis 45,X) Occurs in 1 in 3000 female births. About one-half are mosaics (45,X/46,XX) and some have 46 chromosomes and two X chromosomes, one of which is defective. Turner’s syndrome females may have short stature, primary amenorrhoea and infertility, webbing of the neck, broad chest and widely spaced nipples, cubitus valgus, low posterior hairline and coarctation of the aorta. Multiple X females (47,XXX, 48,XXXX) Comprise 1 in 1200 female births. They may be mentally retarded, and have menstrual disturbances, although many are normal and fertile. True hermaphrodites (most 46,XX, some 46, XX/47,XXY mosaics) Have both testicular and ovarian tissue, with varying genital tract abnormalities.
 
 Parts of chromosomes The loss (or addition) of even a small part of a chromosome may have severe effects, especially if ‘controlling’
 
 or ‘master’ genes are involved, as these affect many other genes. An example of a congenital disease in this group is cri-du-chat syndrome (46,XX,5p- or 46,XY, 5p-). This rare condition (1 in 50,000 births) is associated with deletion of the short arm of chromosome 5 (5p-), and is so named because infants have a characteristic cry like the miaow of a cat. There is microcephaly and severe mental retardation; the face is round, there is gross hypertelorism (increased distance between the eyes) and epicanthic folds.
 
 Single gene alterations All of the inherited disorders of single genes are transmitted by autosomal dominant, autosomal recessive or X-linked modes of inheritance. There are more than 2700 known Mendelian disorders; 80–85% of these are familial and the remainder are the result of new mutations. The alteration of expression of gene product constitutes at least a modulation of cell differentiation, and some have important effects on growth and morphogenesis. Single gene disorders fall into four categories, discussed below.
 
 Enzyme defects An altered gene may result in decreased enzyme synthesis, or the synthesis of a defective enzyme. This may lead to accumulation of the enzyme substrate, for example:
 
 • • •
 
 accumulation of galactose and consequent tissue damage in galactose-1-phosphate uridyl transferase deﬁciency; accumulation of phenylalanine, causing mental abnormality, in phenylalanine hydroxylase deﬁciency; accumulation of glycogen, mucopolysaccharides, etc. in lysosomes in the enzyme deﬁciency states of the lysosomal storage disorders.
 
 A failure to synthesise the end products of a reaction catalysed by an enzyme may block normal cellular function. This occurs, for example, in albinism, caused by absent melanin production due to tyrosinase deﬁciency.
 
 Defects in receptors or cellular transport The lack of a speciﬁc cellular receptor causes insensitivity of a cell to substances such as hormones. In one form of male pseudohermaphroditism (androgen insensitivity syndrome), for example, insensitivity of tissues to androgens, caused by lack of androgen
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 receptor, prevents the development of male characteristics during fetal development. These individuals develop as normal but sterile females, because they respond to estrogens produced by the adrenal gland, but they lack a uterus and oviducts, and have testes in their abdomen. Cellular transport deﬁciencies may lead to conditions such as cystic ﬁbrosis, a condition in which there is a defective cell membrane transport system across exocrine secretory cells.
 
 Non-enzyme protein defects Failure of production of important proteins, or production of abnormalities in proteins, has widespread effects. Thus, sickle cell anaemia is caused by the production of abnormal haemoglobin, and Marfan’s syndrome and Ehlers-Danlos syndrome are the result of defective collagen production.
 
 Adverse reactions to drugs The apparently innocuous condition of glucose-6phosphate dehydrogenase (G6PD) deﬁciency does not result in disease until the antimalarial drug, primaquine, is administered; severe haemolytic anaemia then results. The prevalence of G6PD deﬁciency in the tropics may reﬂect evolutionary selective pressure, as the deﬁciency may confer a degree of protection against malarial parasitisation of red blood cells.
 
 Functional aspects of developmental disorders Abnormalities can occur at almost any stage of fetal development; the mechanisms by which the anomaly occurs are sometimes unknown. In most cases the genetic defect is unknown, although the majority are almost certainly the result of transcriptional alterations to an intact genome.
 
 Embryo division abnormalities Monozygotic twins (or multiple births) result from the separation of groups of cells in the early embryo, well before the formation of the primitive streak. On occasion, there is a defect of embryo division, resulting in, for example, Siamese twins; these are the result of incomplete separation of the embryo, with fusion of considerable portions of the body (or minor fusions which are easily separated).
 
 Teratogen exposure Physical, chemical or infective agents can interfere with growth and differentiation, resulting in fetal abnormalities; such agents are known as teratogens.
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 The extent and severity of fetal abnormality depend on the nature of the teratogen and the developmental stage of the embryo when exposed to the teratogen. Thus, if exposure occurs at the stage of early organogenesis (4–5 weeks’ gestation) then the effects on developing organs or limbs are severe. Clinical examples of teratogenesis include the severe and extensive malformations associated with use of the drug thalidomide (absent/rudimentary limbs, defects of the heart, kidney, gastrointestinal tract, etc.), and the effects of rubella (German measles) on the fetus (cataracts, microcephaly, heart defects, etc.). Some other teratogens are listed in Table 4.2.
 
 Failure of cell and organ migration Failure of migration of cells may occur during embryogenesis. Kartagener’s syndrome In this rare condition there is a defect in ciliary motility, due to absent or abnormal dynein arms, the structures on the outer doublets of cilia which are responsible for ciliary movement. This affects cell motility during embryogenesis, which often results in situs inversus (congenital lateral inversion of the position of body organs resulting in, for example,
 
 Table 4.2 Teratogens and their effects Teratogen
 
 Teratogenic effect
 
 Irradiation Drugs Thalidomide
 
 Microcephaly
 
 Folic acid antagonists Anticonvulsants Warfarin Testosterone and synthetic progestogens Alcohol
 
 Infections Rubella Cytomegalovirus Herpes simplex Toxoplasmosis Source: Underwood op. cit.
 
 Amelia/phocomelia (absent/ rudimentary limbs), heart, kidney, gastrointestinal and facial abnormalities Anencephaly, hydrocephalus, cleft lip/palate, skull defects Cleft lip/palate, heart defects, minor skeletal defects Nasal/facial abnormalities Virilisation of female fetus, atypical genitalia Microcephaly, abnormal facies, oblique palpebral ﬁssures, growth disturbance Cataracts, microphthalmia, microcephaly, heart defects Microcephaly Microcephaly, microphthalmia Microcephaly
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 left-sided liver and right-sided spleen). Complications in later life include bronchiectasis and infertility due to sperm immobility. Hirschsprung’s disease This is a condition leading to marked dilatation of the colon and failure of colonic motility in the neonatal period, due to absence of Meissner’s and Auerbach’s nerve plexuses. It results from a selective failure of craniocaudal migration of neuroblasts in weeks 5–12 of gestation, due (in one form) to the homozygous absence of the endothelin-B receptor gene. It is, interestingly, ten times more frequent in children with trisomy 21 (Down’s syndrome), and is often associated with other congenital anomalies. Undescended testis (cryptorchidism) This is the result of failure of the testis to migrate to its normal position in the scrotum. Although this may be associated with severe forms of Klinefelter’s syndrome (e.g. 48,XXXY), it is often an isolated anomaly in an otherwise normal male. There is an increased risk of neoplasia in undescended testes.
 
 Anomalies of organogenesis Agenesis (aplasia) The failure of development of an organ or structure is known as agenesis (aplasia). Obviously, agenesis of some structures (such as the heart) is incompatible with life, but agenesis of many individual organs is recorded. These include:
 
 •
 
 •
 
 •
 
 Renal agenesis: this may be unilateral or bilateral (in which case the affected infant may survive only a few days after birth). It results from a failure of the mesonephric duct to give rise to the ureteric bud, and consequent failure of metanephric blastema induction. Thymic agenesis: is seen in Di George syndrome, where there is failure of development of T lymphocytes, and consequent severe deﬁciency of cell-mediated immunity. Recent evidence suggests that there is failure of processing of stem cells to T cells as a result of a defect in the thymus anlage. Anencephaly: is a severe neural tube defect (see also p. 78) in which the cerebrum, and often the cerebellum, are absent. The condition is lethal.
 
 Atresia Atresia is the failure of development of a lumen in a normally tubular epithelial structure. Examples include:
 
 •
 
 Oesophageal atresia: which may be seen in association with tracheo-oesophageal ﬁstulae, as
 
 • •
 
 a result of anomalies of development of the two structures, from the primitive foregut. Biliary atresia: which is an uncommon cause of obstructive jaundice in early childhood (may be extrahepatic or intrahepatic). Urethral atresia: a very rare anomaly, which may be associated with recto-urethral or urachal ﬁstula, or congenital absence of the anterior abdominal wall muscles (‘prune belly’ syndrome).
 
 Hypoplasia A failure in development of the normal size of an organ is termed hypoplasia. It may affect only part of an organ, e.g. segmental hypoplasia of the kidney. A relatively common example of hypoplasia affects the osseous nuclei of the acetabulum, causing congenital dislocation of the hip, due to a ﬂattened roof to the acetabulum.
 
 Maldifferentiation (dysgenesis, dysplasia) Maldifferentiation, as its name implies, is the failure of normal differentiation of an organ, which often retains primitive embryological structures. This disorder is often termed ‘dysplasia’. although this is a potential cause of confusion, as the more common usage of the term dysplasia implies the presence of a preneoplastic state (p. 82). The best examples of maldifferentiation are seen in the kidney (‘renal dysplasia’) as a result of anomalous metanephric differentiation. Here, primitive tubular structures may be admixed with cellular mesenchyme and, occasionally, smooth muscle.
 
 Ectopia, heterotopia and choristomas Ectopic and heterotopic tissues are usually small areas of mature tissue from one organ which are present within another tissue (e.g. gastric mucosa in a Meckel’s diverticulum) as a result of a developmental anomaly. Another clinically important example is endometriosis, in which endometrial tissue is found around the peritoneum in some women, causing abdominal pain at the time of menstruation. A choristoma is a related form of heterotopia, where one or more mature differentiated tissues aggregate as a tumour-like mass at an inappropriate site. A good example of this is complex choristomas of the conjunctiva (eye), which have varying proportions of cartilage, adipose tissue, smooth muscle, and lacrimal gland acini. A conjunctival choristoma consisting of lacrimal gland elements alone could also be considered to be an ectopic (heterotopic) lacrimal gland.
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 Complex disorders of growth and morphogenesis Four examples of complex, multifactorial defects of growth and morphogenesis will be discussed: neural tube defects, congenital renal polycystic disease, disorders of sexual differentiation, and cleft palate and related disorders.
 
 Neural tube defects The development of the brain, spinal cord and spine from the primitive neural tube is highly complex and, not surprisingly, so too are the developmental disorders of the system (Fig. 4.20). Neural tube malformations are relatively common in the UK and are found in about 1.3% of aborted fetuses and 0.1% of live births. There are regional differences in incidence, and social differences, the
 
 Fig. 4.20 Spina biﬁda. Dorsal view of a fetus from a pregnancy terminated after prenatal diagnosis of spina biﬁda. Extending from the lower thoracic to the sacral region there is an oval defect due to failure of spinal canal formation. Deformity and hypoplasia of the legs results from neurological deﬁcit. Source: Underwood op. cit.
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 condition being more common in social class V than in classes I or II. The pathogenesis of these conditions – anencephaly, hydrocephalus and spina biﬁda – is uncertain and probably results from complex interactions between multiple genetic and environmental factors. Some genes, including Pax3, sonic hedgehog and openbrain, are essential to the formation of the neural tube. However, dietary folic acid and cholesterol also appear to be vital, and it has been estimated that around half of neural tube defects can be prevented by supplements of folic acid during pregnancy.
 
 Congenital renal polycystic disease Cystic diseases of the kidneys are a heterogeneous group of congenital and acquired conditions, some of which are important causes of renal failure. The congenital forms of renal polycystic disease are complex and involve not only the kidneys but other organs such as the liver. Although the diseases are familial, the precise mechanisms by which the cystic abnormalities develop are uncertain. The two most important polycystic diseases affecting the kidneys are as follows. Adult polycystic kidney disease (autosomal dominant polycystic kidney disease; ADPKD) In this disease the Mendelian dominant trait has a high degree of penetrance (expression). At least one causative gene (ADPKD-1 gene) is known, located on the short arm of chromosome 6, but this gene is known not to be involved in some families, indicating that other gene defects may also be involved. Both kidneys are grossly enlarged (each commonly weighing more than 1000g) and distorted by multiple cysts from a few millimetres to 100 mm in diameter, derived from all levels of the nephron. As they enlarge, the cysts compress adjacent functional tissue, which is eventually destroyed. Patients with this condition present at any age from late childhood, with symptomatology related to renal failure (around half have end-stage renal failure by 60 years of age) and/or hypertension. There is also an association of the disease with berry aneurysms of the vascular circle of Willis, which may rupture causing often fatal subarachnoid haemorrhage. Additional cysts may occur, especially in the liver, but also in the pancreas and lungs, but these do not affect organ function and are, therefore, clinically insigniﬁcant. Childhood polycystic kidney disease (autosomal recessive polycystic kidney disease; ARPKD) This is more rare than the adult form, and there are several subgroups, which may indicate that several gene defects may be involved. Around 10% of patients fall into the
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 perinatal subgroup, with severe abnormalities at birth, and the baby is either stillborn or dies of renal failure and respiratory distress soon after birth. Their kidneys may be so enlarged as to be readily palpable, and renal enlargement may interfere with delivery. The multiple cysts (derived from collecting ducts) are characteristically elongated and arranged radially in the cortex and medulla. Children in the neonatal, infantile and juvenile subgroups have progressively less severe renal disease and survive proportionally longer. Children with childhood polycystic disease all have additional liver abnormalities, which are probably due to developmental arrest of bile duct formation. These liver changes include cysts, secondary bile duct proliferation, and extensive ﬁbrosis, often leading to hepatic failure and portal hypertension.
 
 Disorders of sexual differentiation Disorders of sexual differentiation are undoubtedly complex, and involve a range of individual chromosomal, enzyme and hormone receptor defects. The defects may be obvious and severe at birth, or they may be subtle, presenting with infertility in adult life. Chromosomal abnormalities causing ambiguous or abnormal sexual differentiation have already been discussed (p. 75). Female pseudohermaphroditism in which the genetic sex is always female (XX), may be due to exposure of the developing fetus to the masculinising effects of excess testosterone or progestogens, causing abnormal differentiation of the external genitalia. The causes include:
 
 •
 
 •
 
 an enzyme defect in the fetal adrenal gland, leading to excessive androgen production at the expense of cortisol synthesis (with consequent adrenal hyperplasia due to feedback mechanisms which increase ACTH secretion); and exogenous androgenic steroids from a maternal androgen-secreting tumour, or administration of androgens (or progestogens) during pregnancy.
 
 Male pseudohermaphroditism in which the genetic sex is male (XY), may be the result of several rare defects:
 
 •
 
 •
 
 testicular unresponsiveness to human chorionic gonadotrophin (hCG) or luteinising hormone (LH), by virtue of reduction in receptors to these hormones; this causes failure of testosterone secretion; errors of testosterone biosynthesis in the fetus, due to enzyme defects (may be associated with
 
 • • • •
 
 cortisol deﬁciency and congenital adrenal hyperplasia); tissue insensitivity to androgens (androgen receptor deﬁciency) (p. 75); abnormality in testosterone metabolism by peripheral tissues, in 5a-reductase deﬁciency; defects in synthesis, secretion and response to Müllerian duct inhibitory factor; and maternal ingestion of oestrogens and progestins.
 
 These defects result in the presence of a testis which is small and atrophic, and a female phenotype.
 
 Cleft palate and related disorders Cleft palate (around 1 per 2500 births), and the related cleft (or hare) lip (about 1 per 1000 births), are relatively common. Cleft palate is more frequent in females (67%) than males, whereas cleft lip is more frequent in males (80%) than females, and it’s incidence increases slightly with increasing maternal age. Approximately 20% of children with these disorders have associated major malformations. The important stages of development of the lips, palate, nose and jaws occur in the ﬁrst nine weeks of embryonic life. From about ﬁve weeks’ gestational age the maxillary processes grow anteriorly and medially, and fuse with the developing frontonasal process at two points just below the nostrils, forming the upper lip. Meanwhile, the palate develops from the palatal processes of the maxillary processes, which grow medially to fuse with the nasal septum in the midline at about nine weeks. Failure of these complicated processes may occur at any stage, producing small clefts or severe facial deﬁcits (Fig. 4.21). A cleft lip is commonly unilateral but may be bilateral; it may involve the lip alone, or extend into the nostril or involve the bone of the maxilla and the teeth. The mildest palatal clefting may involve the uvula or soft palate alone, but can lead to absence of the roof of the mouth. Cleft lip and palate occur singly or in combination, and severe combined malformations of the lips, maxilla and palate can be very difﬁcult to manage surgically. Recently, lip and palate malformations have been extensively studied as a model of normal and abnormal states of morphogenesis in a complicated developmental system. It appears from the relatively high incidence of these malformations that the control of palatal morphogenesis is particularly sensitive to both genetic and environmental disturbances:
 
 •
 
 genetic: e.g. Patau’s syndrome (trisomy 13) is associated with severe clefting of the lip and palate
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 Fig. 4.21 Cleft palate. There is a large defect involving the upper lip, the upper jaw and the palate. Source: Underwood op. cit., courtesy of Mr D Willmott, Shefﬁeld.
 
 •
 
 environmental: e.g. the effects of speciﬁc teratogens such as folic acid antagonists or anticonvulsants, causing cleft lip and/or palate.
 
 Recent experimental evidence has suggested that several cellular factors are involved in the fusion of the frontonasal and maxillary processes. The differentiation of epithelial cells of the palatal processes is of paramount importance in fusion of the processes. It is thought that the most important mechanism is mediated by mesenchymal cells of the palatal processes; these induce differentiation of the epithelial cells (p. 70), to form either ciliated nasal epithelial cells or squamous buccal epithelial cells, or to undergo programmed cell death by apoptosis (p. 55) to allow fusion of underlying mesenchymal cells. Positional information of genetic and chemical (paracrine) nature is important in this differentiation, and mediated via mesenchymal cells (and possibly epithelial cells). In addition, the events may be modiﬁed by the actions of epidermal growth factor (EGF) and other growth factors through autocrine or paracrine mechanisms (p. 71), and by the endocrine actions of glucocorticoids and their intercellular receptors. As yet, the precise way in which all of these factors interact in normal palatal development or cleft palate is unclear. In the mouse, it is known that physiological concentrations of glucocorticoids, their receptors and EGF are required for normal development, but that altered concentrations may precipitate cleft palate.
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 ACQUIRED DISORDERS OF DIFFERENTIATION AND GROWTH METAPLASIA Metaplasia (transdifferentiation) is the reversible transformation of one type of terminally differentiated (epithelial or mesenchymal) cell into another fully differentiated cell type. Metaplasia often represents an adaptive response of a tissue to environmental stress, and is presumed to be due to the activation and/or repression of groups of genes involved in the maintenance of cellular differentiation. The metaplastic tissue is better able to withstand the adverse environmental changes. Examples of metaplasia are listed in Table 4.3.
 
 Epithelial tissues Examples of metaplasia in epithelial tissues include the following. Squamous metaplasia (a change to squamous epithelium) This occurs in:
 
 •
 
 •
 
 transitional and ciliated respiratory epithelium of the nasal cavity, sinuses, trachea and bronchi in many tobacco smokers (note, dysplasia may also be present; see below); the epithelium of the nose and sinuses of nickel (hot metal) workers;
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 Table 4.3
 
 Metaplasia and dysplasia in body tissues (refer to text for details)
 
 Organ
 
 Metaplasia
 
 Dysplasia (resulting malignancy)
 
 Skin
 
 Not applicable
 
 Eye
 
 Squamous metaplasia of conjunctiva Osseous metaplasia of retinal pigment epithelial cells
 
 Respiratory tract
 
 Squamous cells in actinic keratosis (squamous carcinoma) Melanocyte dysplasia in lentigo and dysplastic naevus (malignant melanoma) Conjunctival/corneal epithelial dysplasia (squamous carcinoma) Conjunctival melanocytes in acquired atypical melanosis (malignant melanoma) Squamous dysplasia in nasal cavity, sinuses and bronchus
 
 Squamous metaplasia in nasal cavity, sinuses and bronchus Osseous metaplasia of bronchial cartilage Not applicable Mouth and tongue epithelial dysplasia Glandular metaplasia of lower Squamous dysplasia (squamous carcinoma) oesophagus (Barrett’s oesophagus) Glandular dysplasia of lower oesophagus in Barrett’s oesophagus (adenocarcinoma) Intestinal metaplasia of gastric De novo epithelial dysplasia, and dysplasia in epithelium adenomatous polyps (adenocarcinoma) Epithelial metaplastic polyps Epithelial dysplasia in ulcerative colitis, and dysplasia in adenomatous polyps (adenocarcinoma) Squamous metaplasia Not applicable Squamous metaplasia of urothelium Transitional cell dysplasia (transitional carcinoma); of kidney, ureters, bladder, prostate squamous dysplasia (squamous carcinoma) Not applicable Squamous dysplasia in erythroplasia of Queyrat Not applicable Squamous dysplasia in cervix uteri, vaginal and vulval intraepithelial neoplasia (squamous carcinoma) Endometrial dysplasia/atypical hyperplasia (endometrial adenocarcinoma) Apocrine metaplasia Breast duct endometrial dysplasia/atypical hyperplasia (endometrial adenocarcinoma)
 
 Oral Oesophagus
 
 Stomach Large bowel Ducts (bile, salivary, pancreas) Urinary tract Penis Female genital tract
 
 Breast
 
 Source: Underwood op. cit.
 
 •
 
 • •
 
 •
 
 conjunctival epithelium, and transitional and ciliated nasal epithelium, in vitamin A deﬁciency; note that conjunctival imprint cytology can be used (to detect loss of goblet cells) as a relatively inexpensive screening method for detecting vitamin A deﬁciency in famine victims; duct epithelium of salivary, pancreatic and bile ducts, in the presence of stones; renal, ureteric and bladder epithelium in the presence of ova of the trematode Schistosoma haematobium (note dysplasia may also he present; see below); and glands and ducts of the prostate gland, around areas of infarction in age-related prostatic hyperplasia.
 
 Glandular metaplasia Glandular metaplasia of the lower oesophagus occurs when gastric acid reﬂux causes the normal squamous epithelium of the lower oesophagus to change to columnar epithelium – an appearance referred to as Barrett’s oesophagus. Histologically the epithelium is of junctional (gastric cardiac), atrophic fundal (gastric secretory), intestinal or mixed type. Note that dysplasia may also be present, and that dysplasia (and not metaplasia) accounts for a 100-fold risk of malignancy when compared with the unaffected population. Intestinal metaplasia This occurs in the stomach, as a consequence of chronic gastritis; under these circumstances the normal gastric mucosal neutral mucin-secreting cells are replaced by goblet cells containing acid glycoproteins typical of the intestine.
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 Note that dysplasia may also be present in chronic gastritis (see below). Metaplastic polyps Metaplastic polyps, with elongated crypts and hypermature ‘serrated’ surface cells, occur in the large bowel with increasing age, although their pathogenesis is unknown. These polyps have no malignant potential (see below). Apocrine metaplasia This occurs in the breast as a frequent component of benign ﬁbrocystic disease. Normal breast epithelial cells within small cysts are replaced by large columnar cells with abundant eosinophilic cytoplasm. Apocrine metaplasia is not a risk factor for breast cancer development. Mesenchymal tissues Examples of metaplasia in mesenchymal tissues include bone formation (osseous metaplasia):
 
 • • •
 
 following calcium deposition in atheromatous arterial walls; in bronchial cartilage; and following longstanding disease of the uveal tract of the eye.
 
 By deﬁnition, metaplasia does not itself progress to malignancy, although the environmental changes which initially caused the metaplasia may also induce dysplasia which, if persistent, may progress to tumour formation.
 
 Metaplasia is sometimes said to occur in tumours as, for example, in squamous or glandular ‘metaplasia’ which may occur in transitional carcinomas of the bladder. These examples of transdifferentiation certainly do occur in tumours, but the term ‘metaplasia’ is best reserved for changes in non-neoplastic tissues.
 
 DYSPLASIA Dysplasia is a premalignant condition characterised by increased cell growth, the presence of cellular atypia, and altered differentiation. Early mild forms of dysplasia may be reversible if the initial stimulus is removed, but severe dysplasia will progress to a malignant neoplasm unless it is adequately treated. Dysplasia may be caused by longstanding irritation of a tissue, with chronic inﬂammation or by exposure to carcinogenic substances. In affected tissues (Fig. 4.22), dysplasia may be recognised by:
 
 • •
 
 evidence of increased growth, such as, increased tissue bulk (e.g. increased epithelial thickness), and increased numbers of mitoses; presence of cellular atypia, with pleomorphism (variation in the size and shape of cells and their nuclei), a high nuclear/cytoplasmic ratio, and increased nuclear DNA (recognised by
 
 Fig. 4.22 Cervical intraepithelial neoplasia (CIN) grade 3. Note that in this severe dysplasia there is minimal surface differentiation (a few ﬂattened epithelial cells). Source: Underwood op. cit.
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 •
 
 hyperchromatism, i.e. more darkly stained nuclei); and altered differentiation, as the cells often appear more primitive than normal. For example, dysplastic squamous epithelium may not show the normal differentiation from basal cells to ﬂattened surface cells of the skin; this appearance is described as showing ‘loss of epithelial polarity’.
 
 Examples of dysplasia are listed in Table 4.3, and include the following: Skin In the skin:
 
 •
 
 •
 
 In squamous epithelial cells of light-exposed areas, dysplasia produces actinic keratosis, where there are areas of thickened epithelium, hyperkeratosis (increased keratin production) and cellular atypia, often progressing to squamous carcinoma. In melanocytes, dysplasia may develop either in areas with increased numbers of conﬂuent melanocytes (lentigo), or within pre-existing, naevi (moles), particularly in dysplastic naevus syndrome. In this syndrome, some kindreds (families), termed ‘BK mole’ kindreds (the initials being those of the ﬁrst patients described with this condition) have a high frequency of malignant melanomas developing from one or more naevi which are dysplastic histologically. Eye
 
 • •
 
 squamous epithelial dysplasia may progress to squamous carcinoma; and melanocyte dysplasia (in acquired atypical melanosis) may affect wide areas of the conjunctiva, and gradually progress to malignant melanoma.
 
 dysplasia of the squamous oesophageal mucosa may progress to squamous carcinoma; and
 
 glandular dysplasia of the lower oesophagus occurs in Barrett’s oesophagus’ (see above), in areas of glandular metaplasia (when gastric acid reﬂux causes the normal squamous epithelium of the lower oesophagus to change to columnar epithelium). Under these circumstances, dysplasia accounts for a 100-fold risk of malignancy (adenocarcinoma) when compared with the unaffected population. Stomach
 
 •
 
 •
 
 In the stomach:
 
 Dysplasia frequently develops in association with Helicobacter pylori-associated chronic gastritis, and often progresses over time to gastric adenocarcinoma. Given the good prognosis of early gastric adenocarcinoma conﬁned to mucosa or submucosa (ﬁve-year survival of more than 90%), it is important to screen and monitor patients known to be at high risk (e.g. with chronic gastritis and dysplasia), as a means of preventing more advanced gastric cancer which has a poor prognosis. Dysplasia frequently develops in existing adenomatous polyps (see below). Large bowel
 
 •
 
 In the conjunctiva of the eye:
 
 Respiratory tract In the respiratory tract and especially in the bronchus, (but also in the nasopharynx, sinuses and larynx, dysplasia is most frequently caused by tobacco smoking (see above). The epithelium has often (but not always) already undergone squamous metaplasia, and superimposed dysplasia often progresses to malignancy (squamous carcinoma). Mouth and tongue In the mouth and tongue, dysplasia produces leukoplakia (a descriptive term only, meaning ‘white patch’, which can also be produced by other lesions including carcinoma), and may progress to squamous carcinoma. Oesophagus In the oesophagus:
 
 •
 
 •
 
 •
 
 In the large bowel epithelium:
 
 Dysplasia and subsequent adenocarcinoma are frequent and important complications of longstanding chronic inﬂammatory bowel disease (and particularly in ulcerative colitis). The overall risk of colorectal cancer in ulcerative colitis is low (around 2%), but this increases to around 10% in patients affected for 25 years. Most adenomas (adenomatous polyps; see below) of the large bowel progress with time through increasing severity of dysplasia to malignancy (adenocarcinoma). In familial adenomatous polyposis (transmitted as a Mendelian dominant condition), adenomas (mainly of the large bowel, but also of the small bowel) develop during the second and third decades, become dysplastic, and undergo malignant change by the age of 35 years.
 
 Kidney, ureters and bladder and bladder:
 
 • •
 
 In the kidney, ureters
 
 Dysplasia of the urothelium may arise de novo in transitional epithelium (progressing to transitional carcinoma), as described in rubber factory workers. It may be superimposed on squamous metaplasia (producing squamous carcinoma), as seen in epithelium in the presence of ova of the trematode Schistosoma haematobium.
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 Penis Dysplasia of the glans penis appears as a sharply deﬁned, slightly raised erythematous (red) patch, with a moist keratinous surface (erythroplasia of Queyrat), which carries a high risk of progression to squamous carcinoma. Female genital tract In the female genital tract:
 
 •
 
 Dysplasia of the cervix uteri and, less commonly, of the vagina or vulva, carry a high risk of progression to invasive squamous carcinoma. These lesions (a spectrum of mild, moderate and severe dysplasia to in-situ squamous carcinoma) are classiﬁed as cervical, vaginal and vulval intraepithelial neoplasia (Fig. 4.22), and they can be recognised as microscopic changes in cells from exfoliative cytological and biopsy samples. Around 11% of cervical intraepithelial neoplasia stage 1 (CIN 1) cases progress to CIN 3 within three years, and more than 12% of CIN 3 lesions would progress to invasive squamous carcinoma if untreated (although 30% of CIN 3 lesions would regress spontaneously). Dysplasia of the endometrium (known as ‘atypical hyperplasia’) is recognised by microscopic architectural and cytological changes. There is a close correlation between the severity of atypia and subsequent development of adenocarcinoma; thus, in severe cytological atypia there is a 25% risk of malignancy in three years.
 
 epithelium (such as the nasal mucosa, or the bowel epithelium), although lesions which could be described as ‘polypoid’ (polyp-like) might also occur on surfaces such as the peritoneum or synovium. Polyps are also described as ‘sessile’ when they are ﬂat, and ‘pedunculated’ when they have a stalk (Fig. 4.23). The term ‘polyposis’ is used to describe a condition or syndrome where there are multiple polyps in an organ (e.g. polyposis coli, affecting the colon) or an organ system (e.g. hamartomatous polyposis of the gastrointestinal tract in Peutz-Jeghers syndrome). It is important to appreciate that the term ‘polyp’, when used alone and without further qualiﬁcation, is purely descriptive of the shape of a lesion, and does not signify any speciﬁc underlying pathological process (such as hyperplasia, metaplasia, dysplasia or neoplasia). A polyp results from focal tissue expansion at a site at (or near) the organ surface, when the enlarging
 
 Breast In the female breast, dysplasia (again known as ‘atypical hyperplasia’) is recognised within breast ducts, which are packed with disoriented epithelial cells, which have nuclear pleomorphism and mitotic ﬁgures. The risk of developing breast adenocarcinoma is ﬁve times higher in women with atypical hyperplasia than in women with non-proliferative ductal lesions, and the risk increases further if the patient has a family history of breast cancer. Note that the term ‘dysplasia’ is sometimes used misleadingly to denote the failure of differentiation of an organ which may retain primitive embryological structures. To avoid confusion, it is better to substitute the terms ‘maldifferentiation’ or ‘dysgenesis’ for this condition (see p. 77).
 
 POLYPS The term ‘polyp’ is used in medicine to describe the macroscopic (‘naked eye’) appearance of a smooth mass of tissue which projects outwards from the surface of an organ. This organ surface is usually an
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 Fig. 4.23 Pedunculated adenomatous polyp of the colon. This common lesion has a clearly visible stalk enabling easy removal at endoscopy. Although benign, these lesions often progress through stages of dysplasia to adenocarcinoma of the large bowel. Source: Underwood op. cit.
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 mass takes the line of least mechanical resistance as it expands outwards rather than into the underlying tissue. The pathological process which causes both the focal tissue expansion and polyp formation may be either non-neoplastic (e.g. inﬂammation, hyperplasia, metaplasia, dysplasia) or neoplastic (e.g. neoplasms of epithelial, mesenchymal, lymphoid or other cellular origin). Non-neoplastic polyps and most neoplastic polyps are common and benign, but a small proportion of malignant neoplasms can have a polypoid appearance (e.g. lymphomatous polyposis of the gastrointestinal tract; polypoid adenocarcinoma of the large bowel). Note that some existing benign polyps (such as adenomatous polyps of the bowel) can develop increasingly severe dysplasia over a period of time, and that eventually carcinoma-in-situ and invasive adenocarcinoma may threaten the life of the patient. In medical and surgical practice, clinicians will encounter polyps in many organ systems. In each clinical situation, however, a diagnosis of ‘polyp’ is grossly inadequate, and further microscopic examination of the lesion must be made by a histopathologist to determine the precise pathological diagnosis. Fig. 4.24 illustrates that there is great potential for misdiagnosis of sessile and pedunculated polyps of the large bowel, which may be non-neoplastic or neoplastic; of epithelial, mesenchymal, lymphoid or other cellular origin.
 
 Sessile epithelial polyp
 
 Pedunculated epithelial polyp
 
 i
 
 ii
 
 Systemic examples of polyps Polyps of all types may be asymptomatic, or they may come to the attention of the patient and clinician because of their primary effects or complications; these include haemorrhage (associated with local trauma, torsion, inﬂammation, or ulceration), anaemia (due to chronic subclinical haemorrhage), and mechanical effects (obstruction or intussusception). Some of the common and important examples of polyps are described below.
 
 Ear, nose and throat polyps Aural polyps (Non-neoplastic inﬂammatory) are a common complication of chronic inﬂammation in the middle ear, and consist of exuberant granulation tissue (capillary hyperplasia). Nasal polyps (Inﬂammatory) are very common and also result from chronic infective or allergic inﬂammation and consist of oedematous masses of connective tissue, with inﬂammatory cells and some incorporated glands. Laryngeal polyps Also called laryngeal nodules (non-neoplastic; inﬂammatory/mechanical), also consist of oedematous connective tissue and deposits of
 
 Fig. 4.24 Types of polypoid lesions in the large bowel. A A sessile epithelial polyp is ﬂat, with no stalk. Examples: a metaplastic polyp, adenomatous polyp (adenoma). B A pedunculated epithelial polyp has a stalk (containing blood vessels and connective tissue: not shown). Example: adenomatous polyp (adenoma). C A sessile polyp due to a lesion arising in the mesenchymal subepithelial tissues. This could be a benign mesenchymal neoplasm such as a leiomyoma, derived from smooth muscle of bowel wall, or a malignant neoplasm such as lymphoma (lymphomatous polyp, derived from B lymphocytes). D A polypoid malignant epithelial neoplasm (adenocarcinoma) may look like (i) a sessile polyp (left), resembling A (above), or (ii) a pedunculated polyp (right), resembling B (above). The lesion may be only superﬁcially invasive (e.g. invading the stalk of a pedunculated lesion) or deeply invasive (as shown).
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 ﬁbrinoid (ﬁbrin-like) material, beneath squamous epithelium – these are caused by vocal abuse, compounded by inﬂammation and, probably, by smoking).
 
 Oral polyps Oral polyps, arising from minor trauma to the oral (mouth, particularly gingival) mucosa, may cause an excessive repair reaction in some individuals. This produces an epulis, a ﬁbrovascular polyp (non-neoplastic regenerative/hyperplastic), with recognised ‘congenital’ and ‘giant cell’ variants. Similar vascular polyps are associated with pregnancy.
 
 Gastrointestinal polyps The large bowel is by far the most common site of gastrointestinal polyps, followed by the stomach, whilst polyps of the small intestine are rare. The large bowel and stomach have a range of epithelial and non-epithelial, non-neoplastic and neoplastic polyps, involving a range of pathological processes. These include the following. Inﬂammatory polyps (Non-neoplastic) of the large bowel are seen in the context of inﬂammatory bowel disease, often with exuberant granulation or ﬁbrovascular tissue. Note that ‘pseudopolyps’ are polypoid areas surviving large bowel mucosa surrounded by deep ulcers, also seen in the context of inﬂammatory bowel disease. Regenerative/hyperplastic/metaplastic polyps (Epithelial; non-neoplastic) are seen with Helicobacter pylori-associated gastritis in the stomach, although the pathogenesis is unknown elsewhere in the large bowel. These polyps are usually sessile, with elongated crypts, and no dysplasia. They have no malignant potential. Hamartomatous polyps May be solitary as in juvenile polyps, or multiple (polyposis, as in Peutz-Jeghers syndrome, where they are associated with lip pigmentation and may occur throughout the alimentary tract. The polyps are adenomyomas (consisting- of epithelial and smooth muscle elements). They have no malignant potential. Heterotopic polyps (Epithelial non-neoplastic) are rare, and exempliﬁed by a solitary stomach polyp containing heterotopic mature pancreatic tissue. Adenoma/adenomatous polyps (Epithelial; neoplastic, with varying degrees of dysplasia) are the most important of the polyps of the large bowel and stomach. Large bowel adenomas are very common (20% of 60-year-olds have adenomas). They may be sessile or pedunculated; 75% are tubular, 10% are villous, and the remaining 15% have intermediate histology. Most adenomas of the large bowel and stomach
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 progress with time through increasing severity of dysplasia to malignancy (adenocarcinoma), eventually with invasion and metastasis. In familial adenomatous polyposis (transmitted as Mendelian dominant condition, involving the apc gene on the long arm of chromosome 5), adenomas (mainly of the large bowel, but also of the small bowel) develop during the second and third decades, and undergo malignant change by the age of 35 years. Polypoid malignant epithelial neoplasms Are mostly adenocarcinomas of the stomach and large bowel which have developed from adenomatous polyps. Rarely, polypoid squamous carcinomas may occur in the oesophagus. Malignant neuroendocrine neoplasms (carcinoids) may also be polypoid. Mesenchymal polyps (Mesenchymal: neoplastic) are common; the benign forms include ﬁbromas, haemangiomas, lipomas and lymphangiomas. Smooth muscle neoplasms are less likely to be polypoid, and they have an uncertain malignant potential. Malignant non-epithelial polyps (Neoplastic) are rare, and include sarcomas (equivalent to their benign mesenchymal counterparts) and malignant lymphomas (lymphomatous polyps).
 
 Genitourinary polyps Endometrial polyps (Epithelial, non-neoplastic) are hyperplastic/metaplastic lesions occurring in the uterus of premenopausal women, caused by an inappropriate response of the endometrium to oestrogenic stimuli. They consist of variably sized and often cystic glands (which may have metaplastic changes) within a cellular stroma containing thick-walled blood vessels. Malignant change is rare. Cervical/endocervical polyps (Epithelial, nonneoplastic) are common and consist of columnar mucus-secreting epithelium within oedematous stroma. They have no malignant potential. Benign vaginal polyps (Epithelial and mesenchymal, non-neoplastic) occur in adult women (around 40% are seen in pregnancy or hormone therapy) and consist of oedematous stromal tissue containing spindle-shaped (and often bizarre) cells covered by squamous epithelium. These benign hyperplastic lesions of adults may be mistaken histologically for the malignant botryoid rhabdomyosarcoma seen in infants (see below). Botryoid rhabdomyosarcoma Is an important (but rare) polypoid, highly malignant neoplasm of striated muscle of the urogenital tract, including the vagina, the uterine cervix and urinary bladder. It presents as a polypoid, grape-like (botryoid) mass in infants
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 (occasional cases occur in adults), and consists of a mass of undifferentiated rounded or spindle-shaped cells mixed with larger, more differentiated rhabdomyoblasts with distinctive cross-striation. Although highly malignant, with appropriate modern treatment the prognosis is excellent.
 
 NEOPLASIA The word ‘neoplasia’ literally means ‘new growth’, and the lesion so produced is termed a neoplasm. A neoplasm is an abnormal tissue mass, the excessive growth of which is uncoordinated with that of normal tissues, and which persists after the removal of the neoplasminducing stimulus. The term tumour is often used to denote a neoplasm. This chapter has so far only considered examples of alterations in growth and differentiation as a response to genetically programmed stimuli required in organ or embryonic development, or as a response
 
 to alterations in the environment or workload of a cell or tissue. Growth and differentiation, when appropriately controlled, are beneﬁcial, allowing the body to respond ﬂexibly to various environmental stimuli. In contrast, however, neoplasms result from uncontrolled growth and often disordered differentiation, which is excessive and purposeless. The growth of neoplasms continues in an autonomous manner, in the absence of normal physiological stimuli and without normal negative feedback mechanisms to arrest the cellular proliferation. Numerous factors have been implicated in the development of human tumours, and these are discussed in detail in Chapter 5. It should be noted, however, that there are multiple steps in the development neoplasms, and that many of these involve subversion of the normally controlled mechanisms of growth and cellular differentiation, e.g. hormones, growth factors and growth-factor-like proteins such as some of the oncoproteins.
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 A neoplasm (‘new growth’) is a lesion that results from abnormal growth of a tissue, which is partly or completely autonomous of normal growth controls and persists after the initiating stimulus has been removed. Neoplasms usually manifest themselves as tumours (abnormal swellings). However, some neoplasms, most notably those derived from haemopoeitic cells do not form tumours, and clinically tumourous lesions can be caused by non-neoplastic disease (e.g. tuberculosis). This chapter will describe how neoplasms form, how they are classiﬁed and how they behave.
 
 CARCINOGENESIS Carcinogenesis is the process by which normal cells are converted into cells capable of forming neoplasms. There is no single cause of neoplasia, and it is generally accepted that most neoplasms require several events to occur in a single cell (the multistep hypothesis) before a sustainable neoplasm can form. This accounts for the relative rarity of neoplasms when compared with the number of cells in the body, all of which, theoretically, have the potential to form neoplasms. Another factor that protects most cells from neoplasia is that, in order to form a neoplasm, a cell must divide. Thus cells which are postmitotic, such as nerve cells and skeletal muscle cells, rarely form neoplasms, whereas cells such as the epithelium of the gut and the epidermis of the skin, which continually divide, form neoplasms more frequently. This section will describe the factors that predispose to the formation of neoplasms. Some examples of carcinogens are given in Table 5.1
 
 CARCINOGENS Carcinogens are agents which cause the formation of neoplasms from cells exposed to them. The nature of carcinogens is diverse, but they all have the ability,
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 Table 5.1 Examples of carcinogens Carcinogen Chemical: 3,4-benzpyrene (tobacco derivative) ß-naphthylamine
 
 Neoplasm caused
 
 Bronchogenic carcinoma Carcinoma of the bladder
 
 Radiation: Ultraviolet light Ionising radiation
 
 Skin neoplasms Leukaemia
 
 Viruses: Human papilloma virus Hepatitis B virus
 
 Carcinoma of the cervix Carcinoma of the liver
 
 Others: Asbestos ﬁbres Aspergillus ﬂavus aﬂatoxin Schistosoma
 
 Mesothelioma Carcinoma of the liver Carcinoma of the bladder
 
 directly or indirectly, to cause an inheritable change in the genes that control the growth and survival of the target cell. Many carcinogens are now well known to the public as well as the medical profession: for example, tobacco smoke and asbestos. These have largely been identiﬁed by studies of the epidemiology of the neoplasms that they cause. Individual carcinogens can often cause neoplasms in more than one target tissue (e.g. tobacco derivatives can cause neoplasms of bronchial, laryngeal, oral, renal and bladder epithelium), and individual types of neoplasm can be caused by more than one carcinogen (e.g. bronchogenic carcinoma can be caused by tobacco derivatives, asbestos, nickel, or radon gas). However, for many types of neoplasm, the carcinogenic stimulus is not known.
 
 Chemical A variety of chemicals have been identiﬁed as carcinogens in man, and others are suspected to be on
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 the basis of their carcinogenic effects in experimental animals. There is no common structural link between the different types of chemical carcinogen, but they appear to have in common the ability to modify the structure of DNA: for example, by forming adducts or by adding alkyl groups. Many chemical carcinogens are procarcinogens which require metabolic conversion to their active form by enzymes. If the enzyme required is present in all cell types, the carcinogenic effect is likely to occur at the site of exposure. However, some carcinogens require metabolism in another tissue, which inﬂuences where they exert their carcinogenic effects. This is well illustrated by the aromatic amine β-naphthylamine, which requires metabolism by the liver before being active, and as a result causes neoplasms of the bladder where it is concentrated during excretion. The major classes of chemical carcinogens currently known are as follows.
 
 Polycyclic aromatic hydrocarbons The ﬁrst example of an occupation-related neoplasm was the description by Percival Pott in 1777 of scrotal carcinomas in adults who had been employed as chimney sweeps during childhood. It has subsequently been shown that this was due to exposure to polycyclic aromatic hydrocarbons. This class of compounds was found to be the carcinogenic component of tar, which can cause skin neoplasms if applied experimentally to the skin of rabbits, and was probably responsible for the high incidence of skin cancers in oil shale miners in West Lothian in Scotland during the nineteenth century. Of greater importance today is the carcinogenic effect of polycyclic aromatic hydrocarbons present in tobacco smoke, most notably 3,4-benzpyrene. Polycyclic aromatic hydrocarbons are procarcinogens which require the action of hydroxylating enzymes such as aryl carbohydrate hydroxylase to become active carcinogens. These enzymes are ubiquitous, so polycyclic aromatic hydrocarbons can be carcinogenic at their site of contact, but as they can be absorbed into the blood stream, they are also carcinogenic at distant sites such as the kidney and bladder. This accounts for the fact that, although smoking tobacco is most strongly associated with carcinogenesis in tissues directly exposed such as the bronchus and larynx, smokers have a slightly increased risk of neoplasia in many other tissues.
 
 This has been found to be due to the aromatic amine, β-naphthylamine, which is converted into the active carcinogen 1-hydroxy-2-naphthylamine in the liver. Glucuronidation of this compound occurs in the liver, protecting the cells of the liver and other tissues from its carcinogenic effects. However, in the urinary tract, glucuronidase unconjugates the molecule, thus exposing the bladder urothelium to its carcinogenic effects.
 
 Alkylating agents The polycyclic aromatic hydrocarbons can act by adding alkyl groups to DNA, so one would expect that the alkylating agents such as cyclophosphamide that are used as chemotherapeutic agents might also be carcinogenic. While this risk is not sufﬁciently strong to contraindicate their use, there is certainly evidence that patients treated with these compounds for conditions such as Hodgkin’s disease have an increased risk of developing a different type of neoplasm later in life.
 
 Azo dyes These are an example of a class of compounds where recognition of their carcinogenic activity in laboratory studies has fortunately restricted their industrial use. For example, the dye dimethylaminoazobenzene causes liver cancer in rats.
 
 Nitrosamines This is another class of compounds that are strongly carcinogenic in laboratory animals. It is not known to what extent they are carcinogenic in humans, but it is possible that generation of nitrosamines by fungi in poorly stored food could be responsible for some gastrointestinal neoplasms.
 
 Radiation Electromagnetic radiation of wavelengths shorter than the visible spectrum can cause damage to DNA that can result in neoplasia. Ultraviolet light is a signiﬁcant carcinogen because of the high levels of exposure that can occur during daily life, whereas ionising radiation (such as x-rays and gamma-rays) is signiﬁcantly carcinogenic because of the high levels of energy it possesses.
 
 Ultraviolet light Aromatic amines Epidemiological studies have shown an increased risk of bladder neoplasms in workers in the rubber industry.
 
 The relationship between exposure to ultraviolet light and skin neoplasms is now well established. Neoplasms of the epidermis (basal cell carcinoma and squamous
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 cell carcinoma), and the related precancerous condition solar/actinic keratosis, usually occur on sun-exposed sites and become more frequent with greater sun exposure. Similarly, malignant melanoma, a malignant neoplasm of melanocytes, is most common in fairskinned individuals living in environments with high levels of sunlight exposure, such as white Australians. Malignant melanoma is uncommon in individuals of Afro-Caribbean origin because the greater density of melanin in their skin reduces the amount of ultraviolet light that reaches the melanocytes, which reside along the basal (deepest) layer of the epidermis. The pattern of ultraviolet exposure is important in determining which cells are most affected: long-term chronic exposure is associated with an increased risk of the development of basal cell carcinoma or squamous carcinoma, whereas melanoma is more strongly associated with episodes of ultraviolet exposure of sufﬁcient intensity to cause sunburn.
 
 of the molecular genetics of neoplasia. Virally induced neoplasms in humans are (as far as we are aware) rather less common. The most ubiquitous oncogenic viruses are the human papilloma viruses; other viruses with well-established carcinogenic effects are the EpsteinBarr virus and the hepatitis B virus (see Table 5.2).
 
 Ionising radiation
 
 Mechanisms of viral carcinogenesis
 
 The ﬁrst indication of the carcinogenic potential of ionising radiation came from the frequency with which early x-ray workers developed skin cancers on their hands. Further evidence subsequently accumulated from the development of neoplasms, particularly leukaemia, in the survivors of the World War II atomic bombs. Ionising radiation can cause neoplasms in a wide variety of tissues: for example, therapeutic irradiation can result in the development of bone and soft tissue sarcomas, and the Chernobyl disaster has caused a large increase in thyroid cancers in the Ukraine because of the release of radioactive iodine which resulted; this element is, of course, concentrated and stored in the thyroid gland. One of the great dangers of radioactive substances is, depending on their half-life, the persistence of their effect within the body. A good example of this is the persistence of the thorium dioxide from the radiological agent thorotrast within the liver. This has caused the development of hepatic angiosarcomas in some patients many years after exposure. Localised radiotherapy used to treat cancers is also associated with an increased risk of second malignancies developing in subsequent years, particularly sarcomas.
 
 DNA viruses can be carcinogenic either through integration into the host genome in such a way that interferes with the function of growth-controlling genes, or through their ability to produce proteins that interfere with growth-regulating factors. For example, human papilloma viruses produce proteins that inhibit the function of the p53 and Rb1 gene products (see section on genetics). The best-known examples of oncogenic DNA viruses are the Epstein-Barr virus, which is strongly associated with Burkitt’s lymphoma and nasopharyngeal carcinoma, the hepatitis B virus, which is associated with hepatocellular (liver) carcinoma, and the human papilloma virus (HPV). HPV is associated with neoplasia of a number of different surface epithelia. It is responsible for the common viral wart of the skin and is also the main cause of carcinoma of the cervix, its precursor condition cervical intraepithelial neoplasia (CIN), and other forms of analogous intraepithelial neoplasia such as anal intraepithelial neoplasia (AIN). There are many different types of HPV. Individual types have preferred target tissues and have differing oncogenic potential. For example, many different HPV types infect the cervix, but only a small number of types (particularly types 16 and 18) are associated with the development of cervical carcinoma. Oncogenic RNA viruses are retroviruses which integrate their genetic material into the host genome using the enzyme reverse transcriptase. Although there are many examples of oncogenic retroviruses causing
 
 Viruses A growing number of viruses have been implicated in the development of neoplasms. There are many examples of virally induced neoplasms in animals, study of which has done much to promote our understanding
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 Table 5.2 Oncogenic viruses Virus
 
 Neoplasm caused
 
 Human papilloma virus
 
 Common viral wart Carcinoma of the cervix
 
 Epstein-Barr virus
 
 Burkitt’s lymphoma Nasopharyngeal carcinoma
 
 Hepatitis B virus HTLV-1
 
 Hepatocellular carcinoma T cell lymphoma/leukaemia
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 Virus infects cell
 
 Integration of viral DNA into host cell DNA
 
 Inappropriate activation of cellular oncogene
 
 Expression of oncogene carried within viral genome (viral oncogene)
 
 Production of viral proteins that promote growth/inhibit cell death
 
 Additional mutations involving cell growth/death genes
 
 NEOPLASIA
 
 Fig. 5.1
 
 Viral carcinogenesis.
 
 neoplasms in animals, this is rare in man. The bestknown examples are Human T-Lymphotrophic Virus-1 (HTLV-1) which causes a form of lymphoma/ leukaemia which is endemic in Japan and the Caribbean, and the human immunodeﬁciency virus (HIV). However, HIV probably does not have a direct carcinogenic effect; the neoplasms that are associated with HIV infection probably arise as a consequence of immunosuppression and may actually be caused by other types of virus. Thus, HIV infection may act as a cofactor for oncogenesis by other viruses. There are other examples of this phenomenon, such as the Epstein-Barr virus requiring malaria infection as a cofactor in the development of Burkitt’s lymphoma. Other associations between viruses and neoplasms are being described – for example, herpes virus 8 and Kaposi’s sarcoma and myeloma – and it seems likely that further causative associations will be established in the future, particularly in neoplasms of the lymphoreticular system. The sequence of events by which viruses can cause neoplasia is outlined in Fig. 5.1.
 
 Other non-biological factors Asbestos The association between asbestos and malignant mesothelioma (a neoplasm of the pleural, pericardial, or peritoneal mesothelial lining) is so strong that this disease is almost unknown in individuals who have not
 
 been exposed to asbestos. Asbestos was a widely used building material because of its ﬁre resistance, before the health risks of asbestos exposure were known. As a result of this, the incidence of mesothelioma continues to rise despite the restrictions now placed on the use of asbestos. There is also a strong link between asbestos exposure and carcinoma of the bronchus. The mechanism responsible for the carcinogenic effect of asbestos is not known.
 
 Metals Industrial exposure to nickel is associated with an increased risk of nasal and bronchogenic carcinoma. In the setting of haemochromatosis, iron could be said to be an indirect carcinogen in the liver; however, the development of cirrhosis is required before the increased risk of hepatocellular carcinoma in this condition can be realised.
 
 Betel nut In some parts of Asia, betel nut chewing substitutes for tobacco smoking as the preferred local vice. It has similar hazards, as it is associated with an increased risk of the development of neoplasms of the oral cavity.
 
 Other biological factors Helicobacter pylori infestation Helicobacter pylori infestation is a common cause of gastritis and peptic ulceration. Chronic Helicobacter pylori gastritis sometimes leads to intestinal metaplasia of the gastric mucosa. This results in the normal secretory epithelium of the gastric antrum being replaced by an epithelium with intestinal characteristics. Sometimes this epithelium is well differentiated with a mixture of absorptive and goblet cells identical to those seen in the small intestine. In other cases the epithelium is less well differentiated, being identiﬁable as intestinal rather than gastric by the type of mucin that it produces. In the latter case, there is a small risk of the development of dysplasia (see below, under ‘premalignant conditions’) and ultimately gastric carcinoma. However, the association between Helicobacter pylori infestation and gastric carcinoma appears to be weak and presumably requires multiple cofactors. Nonetheless, this causative link has recently been conﬁrmed in experimental animals infected with Helicobacter pylori. There is a more direct link between Helicobacter infestation and a far less common neoplasm of the stomach, the so-called mucosa-associated lymphoid tissue (MALT) lymphoma. It has been shown that,
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 despite having characteristics of a malignant neoplasm, such as clonality and invasiveness, MALT lymphomas sometimes regress when patients are treated with Helicobacter-eradicating antibiotics. However, it is more likely that Helicobacter infestation represents a growth-sustaining stimulus, rather than a conventional carcinogen. These observations have led to some debate about whether MALT lymphomas are true neoplasms or not.
 
 Parasitic infestations Schistosomiasis is associated with an increased risk of carcinoma of the bladder. Interestingly, Schistosomiasis-associated bladder carcinomas are squamous carcinomas, rather than transitional cell carcinomas which are the usual type of malignant neoplasm of the bladder. Clonorchis sinensis, the Chinese liver ﬂuke, is also capable of inducing neoplasia of the bile ducts in which it dwells.
 
 Hormones Some neoplasms such as carcinomas of the breast and prostate may require the presence of hormones to maintain or promote their growth, as will be discussed below. There are also examples of abnormal exposure to some hormones being carcinogenic. For example, anabolic and androgenic steroids can cause the development of hepatocellular carcinoma, and oestrogens are associated with hepatocellular adenomas. Certain rare tumours of the female genital tract, such as clear cell carcinoma of the vagina, are very strongly associated with in-utero exposure to diethylstilboestrol, which was used therapeutically during pregnancy in the past.
 
 Mycotoxins It is likely that there are many toxins produced by fungi that are carcinogenic. To date the best-established carcinogenic effect is that of the aﬂatoxins produced by Aspergillus ﬂavus. These toxins occur as dietary contaminants and are linked to the high incidence of hepatocellular carcinoma in some parts of central Africa.
 
 HOST FACTORS
 
 increase in the incidence of neoplastic disease is the increasing life expectancy of most populations. Individual types of neoplasm have their own typical age distribution. For example, ﬁbroadenoma of the breast usually occurs in women in their second, third and fourth decades, whereas carcinoma of the breast becomes more common after the menopause. Other types of neoplasm, for example, neuroblastoma of the adrenal, are restricted to children and are almost unknown in adults. It is a general rule that familial neoplasms – that is, those occurring in individuals who have a genetic predisposition to them (see below under genetic factors) – occur at a younger age than sporadic neoplasms.
 
 Race Different races are subject to different proﬁles of neoplastic disease. This is almost entirely due to differences in lifestyle. For example, the commonest fatal neoplasm in the UK and the USA is carcinoma of the bronchus, which is caused largely by tobacco smoking. The commonest fatal neoplasm worldwide is hepatocellular carcinoma, which in Africa and South-East Asia is related to exposure to dietary carcinogens and viral hepatitis. Immigrant groups tend to eventually assume the disease proﬁle of their adopted countries. There are, however, occasional examples of genetically determined racial differences, such as a high frequency of familial breast cancer in Ashkenazi Jews.
 
 Endocrine status Gender inﬂuences the risk of developing many types of neoplasm. This is generally related to differences in hormonal status, although lifestyle differences can play a part. For example, the far higher incidence of neoplasms of the breast in females than males is probably mainly due to endocrine inﬂuences, whereas, in the past, bronchogenic carcinoma was more common in men than women because of differences in the frequency of tobacco smoking between the sexes. There are, however, many examples where the inﬂuence of gender is not understood: for example, the higher frequency of osteosarcoma in males.
 
 Age Neoplastic disease is primarily a disease of old age. Although neoplasms can occur at any age, even in utero, neoplasms of almost all types become far more common after the age of 50. This presumably reﬂects the cumulative effects of exposure to carcinogens over an individual’s lifespan. A major reason for the continuing
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 Diet The risks of developing neoplasia as a result of dietary contaminants are well illustrated by the example of aﬂatoxin-induced hepatocellular carcinoma. Other dietary factors may also modify the risk of developing certain neoplasms, for example, there is a link between
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 high levels of dietary fat and breast carcinoma. The risk of colorectal carcinoma seems to be associated with diet, but is probably multi-factorial. Dietary ﬁber, fruit and vegetable consumption seem to be protective and red meat consumption seems to be deleterious, but it has been difﬁcult to consistently show an independent effect for any of these factors. There is an increasing level of public interest in the importance of diet in causing or preventing cancers of many types. This has led to much interest in the media and even governmental public health campaigns, although the level of scientiﬁc evidence behind the beneﬁts of any individual dietary manipulations is often dubious at best and imaginary at worst.
 
 Genetic factors Changes in the structure and function of a cell’s genetic material are central to the development of neoplasia, and more than one such change is required in an individual cell before neoplasia can occur. If all of an individual’s cells already have an abnormality in a relevant gene as a result of that individual’s inherited genetic make-up (a germ-line mutation), then fewer subsequent changes are required for neoplasia to occur. This is well illustrated by the rare familial retinoblastoma syndrome (Fig. 5.2). If both alleles of the retinoblastoma (Rb1) gene in an individual retinal cell are non-functional, retinoblastoma can develop from that cell. Sporadic retinoblastoma is a rare tumour because it is unusual for both retinoblastoma alleles in an individual cell to acquire mutations that inhibit
 
 Normal
 
 Heterozygous
 
 Rb Rb
 
 Rb Rb
 
 Homozygous Rb Rb  lethal in utero
 
 One ‘hit’ (somatic mutation) Rb Rb  familial retinoblastoma
 
 Rb Rb Second ‘hit’
 
 Rb Rb  sporadic retinoblastoma Rb – Normal retinoblastoma gene Rb – Non-functioning mutated retinoblastoma gene
 
 Fig. 5.2 The genetics of retinoblastoma.
 
 their function. However, if one allele is already nonfunctional because it was inherited in a defective form, then the chances of retinoblastoma developing as a result of a subsequent mutation of the other allele are very high. This also demonstrates that the ‘retinoblastoma’ gene is a tumour suppressor gene. This is a common property of the genes that are abnormal in the various familial cancer syndromes. Another characteristic that the retinoblastoma syndrome shows, that is common in familial cancer syndromes, is that it affects more than one tissue. If individuals with the retinoblastoma syndrome survive the development of retinoblastomas (which are usually bilateral) early in childhood, they have a very high incidence of osteosarcoma during adolescence. The retinoblastoma syndrome is used here as an illustration because its genetics are simple and well characterised. However, there are a number of other familial cancer syndromes, many of which, such as familial polyposis coli, are more common. Increasingly, these syndromes are being identiﬁed with mutations in genes that are involved in DNA repair such as the BRCA1 gene associated with familial breast cancer. The best known examples are given in Table 5.3.
 
 Immune response Some neoplasms attract large numbers of inﬂammatory cells, usually lymphocytes, into their substance, and there is evidence that in some tumours this may convey a better prognosis. These observations have led to the development of the major research subspecialty of tumour immunology, but, at present, treating neoplasms by stimulating the host immune response is little more than a theoretical concept. However, evidence has been put forward that the immune system can detect and mount a response against neoplasms, principally via NK cells. The activity of these cells can be stimulated by lymphokines such as interleukin 2, and there is some evidence that factors like interleukin 2 could have therapeutic efﬁcacy against some neoplasms. A more convincing example of an immunological treatment that can suppress the development of a neoplasm is the effect of BCG treatment on carcinoma-in-situ of the bladder, although whether this is due to a speciﬁc immunological reaction or shedding of unstable transformed urothelium in response to a non-speciﬁc inﬂammatory response is not clear. The host immune response has another important indirect effect on the development of neoplasms. There is a strong positive link between immunodeﬁciency
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 Table 5.3 Examples of familial cancer syndromes Syndrome
 
 Gene affected
 
 Resultant neoplasms
 
 Li Fraumeni Retinoblastoma Familial polyposis coli von Hippel-Lindau
 
 p53 Rb1 APC VHL
 
 Multiple endocrine neoplasia syndromes (I–III) Familial breast cancer
 
 RET, others
 
 Breast, ovarian carcinomas, astrocytomas, sarcomas Retinoblastoma, osteosarcoma GI tract carcinomas, mainly colon Renal carcinoma, phaeochromocytoma, haemangioblastoma Tumours of pituitary parathyroids, thyroid, pancreas, adrenal (combination depends on which syndrome) Breast, ovarian syndrome prostatic carcinomas
 
 BRCA 1, BRCA 2
 
 and the development of neoplasia. This is illustrated by the frequency of development of lymphomas and Kaposi’s sarcoma in the acquired immune deﬁciency syndrome (AIDS), and cutaneous and anogenital squamous carcinomas in organ transplant recipients taking immunosuppressive therapy. In these settings the increased risk of neoplasia seems to be due to an inadequate immune response to oncogenic viruses such as HHV-8 in the case of Kaposi’s sarcoma and HPV in the case of transplant-associated squamous carcinomas.
 
 PREMALIGNANT DISEASE Given that malignant neoplasms usually develop as the result of multiple steps over a period of time, it is perhaps not surprising that many premalignant diseases have been described. Premalignant lesions are discrete identiﬁable lesions that may progress to become malignant neoplasms. These can be:
 
 • •
 
 benign neoplasms that can become malignant; or dysplasia/in-situ malignancy.
 
 Premalignant conditions are non-neoplastic conditions that frequently lead to the development of neoplasms. (The distinction between benign and malignant neoplasms will be deﬁned below. The term dysplasia was deﬁned in Chapter 4.)
 
 Normal epithelium Loss/mutation of APC, MCC genes
 
 Adenoma Loss/mutation of DCC, p53, Ras genes
 
 Carcinoma
 
 Fig. 5.3 The sequence of genetic alterations in the colorectal adenoma-carcinoma sequence. APC  adenomatous polyposis coli gene; MCC  mutated in colon cancer gene; DCC  deleted in colon cancer gene; Ras  a cellular oncogene involved in growth factors signal transduction; p53  a tumour suppressor gene.
 
 Adenomatous polyps of the colon are more numerous than colonic carcinomas, but all adenomatous polyps have the potential to develop into carcinomas, and many (but not all) carcinomas originate from adenomatous polyps. The polyps most likely to undergo malignant change show the greatest degree of histological dysplasia and a sequence of genetic changes that leads to the development of colorectal carcinoma from normal epithelium via adenomatous polyps has now been described (Fig. 5.3).
 
 Metaplasia-dysplasia sequence Malignant change in benign neoplasms The majority of benign neoplasms do not alter in any way, but some benign neoplasms have the ability to progress to become malignant neoplasms. Probably the best-characterised example of this phenomenon is the adenoma-carcinoma sequence in the colon.
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 Neoplastic transformation of cells occurs in cells undergoing proliferation, and is particularly likely to occur if the cells are also undergoing metaplasia (deﬁned and described in the previous chapter). Neoplastic transformation of metaplastic epithelium usually follows a predictable and histologically identiﬁable sequence of low
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 1
 
 2
 
 3
 
 Endocervix
 
 Glandular epithelium
 
 Squamous epithelium
 
 Squamous metaplasia
 
 Ectocervix 4
 
 HPV infection
 
 5
 
 Dysplasia
 
 6
 
 Invasive carcinoma
 
 1. In the prepubertal cervix there are stable squamous and glandular epithelia covering the ectocervix and the endocervical canal respectively 2. At puberty, the rapid growth of the uterus causes the glandular epithelium to be drawn out on to the ectocervical surface 3. The externalised glandular epithelium then undergoes squamous metaplasia 4. This relatively unstable immature metaplastic epithelium is vulnerable to infection by human papilloma virus (HPV) 5. In some cases, this leads to genetic changes that result in dysplasia within the squamous epithelium 6. Ultimately, with additional genetic changes, this can lead to the development of invasive carcinoma
 
 Fig. 5.4 The metaplasia-dysplasia-carcinoma sequence in cervical carcinoma.
 
 grade dysplasia progressing to high grade dysplasia/insitu malignancy to invasive malignancy as additional genetic abnormalities are acquired in the neoplastic population. This progression is very well demonstrated in the cervix (Fig. 5.4). Other examples of the metaplasia–dysplasia sequence are shown in Table 5.4.
 
 Premalignant conditions These are usually conditions characterised by high cell turnover over a sustained period of time, usually resulting from a destructive form of chronic inﬂammation. Congenital abnormalities can also be premalignant conditions: for example, maldescent of the testis is
 
 associated with an increased risk of testicular neoplasia in later life. Some examples of premalignant conditions are given in Table 5.5.
 
 CARCINOGENIC PROCESS The carcinogenic process is the chain of events whereby a carcinogenic stimulus leads to the formation of a neoplasm. The principal steps in this process are as follows:
 
 1. exposure of cell/tissue to carcinogen (initiation); 2. alterations to genes controlling cell growth and/or survival (promotion);
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 Table 5.4
 
 Examples of the metaplasia-dysplasia sequence
 
 Organ
 
 Form of metaplasia undergoing dysplasia
 
 Resulting malignancy
 
 Oesophagus
 
 Barrett’s oesophagus (intestinal metaplasia) Intestinal metaplasia (associated with achlorhydria) Squamous metaplasia Squamous metaplasia
 
 Oesphageal adenocarcinoma
 
 Stomach Bronchus Cervix
 
 Table 5.5 Examples of premalignant conditions Premalignant condition
 
 Resulting neoplasm
 
 Ulcerative colitis Chronic ﬁstulae Epithelial hyperplasia of the breast Paget’s disease of bone Xeroderma pigmentosum
 
 Colorectal carcinoma Squamous carcinoma Breast carcinoma Osteosarcoma Skin malignancies
 
 These four steps occur with decreasing frequency: exposure of cells to carcinogens is a very common event, and genetic alterations to growth-controlling genes probably occur quite frequently, but, because of inbuilt defense mechanisms, the latter two steps are relatively uncommon. The division of the carcinogenic process into the stages of initiation, promotion and persistence is based upon experimental evidence from models of tumour formation in which initiating and promoting stimuli are required. However, our increasing understanding of the molecular genetics of this process indicates that the stages described above simply reﬂect the requirements for more than one genetic change to occur before neoplasia becomes established. The precise chains of molecular events in most tumour types have yet to be established.
 
 GENETICS Chromosomal abnormalities Very crude DNA abnormalities may manifest themselves as visible changes in chromosomes isolated
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 Brochogenic squamous carcinoma Cervical squamous carcinoma
 
 from neoplastic cells. These abnormalities can occur in a number of forms:
 
 • • • • •
 
 3. irreversible change of growth control (persistence); and 4. formation of neoplasm.
 
 Gastric adenocarcinoma
 
 translocations (part of one chromosome becomes attached to another chromosome); deletions (part of a chromosome is lost); extra chromosomes (usually trisomies – three copies of a chromosome rather than two); abnormal conﬁgurations such as ring chromosomes; and abnormalities associated with gene ampliﬁcation, e.g. homogeneously staining regions.
 
 The DNA of many neoplasms, particularly malignant ones, is inherently unstable, and random chromosomal abnormalities are common. However, there are a number of chromosomal abnormalities that are consistently found in certain tumour types, the best known being the ‘Philadelphia chromosome’ (a reciprocal, balanced translocation between chromosomes 9 and 22). At a purely descriptive level, these can be useful for diagnosis, particularly in groups of tumours in which the cells are morphologically similar, such as leukaemias and the ‘small round cell tumours’ of childhood such as neuroblastoma and alveolar rhabdomyosarcoma. Detailed molecular study of these chromosomal abnormalities has yielded some insight into the pathogenesis of some of the neoplasms with speciﬁc chromosomal abnormalities. A good example of this is the translocation between chromosomes 14 and 18 that occurs in follicular (low grade) B cell non-Hodgkin’s lymphomas. This translocation results in the bcl-2 gene coming under the control of the immunoglobulin heavy chain gene promoter. As B lymphocytes constitutively express their immunoglobulin genes, this results in inappropriate over-expression of the bcl-2 gene and thus overproduction of the bcl-2 protein. As bcl-2 is an anti-apoptotic protein, this results in the ‘immortalisation’ of the neoplastic B lymphocytes.
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 Oncogenes and tumour suppressor genes Advances in molecular genetics have allowed more detailed study of the genes and genetic events associated with neoplasia than studies of chromosome structure allow. Research in this ﬁeld has led to the discovery of genes which mediate the development of neoplasms. These genes are referred to as oncogenes. Another group of genes are negatively associated with neoplasia in that their inactivation promotes tumour formation. These are known as tumour-suppressor genes or anti-oncogenes. The discovery of most oncogenes has resulted from study of retrovirally-driven neoplasms in animals (such neoplasms are rare in humans). Study of oncogenic retroviruses such as the Rous sarcoma virus revealed that they carried RNA templates for DNA sequences that caused transformation of normal cells. It was subsequently found that these viral oncogenes all had closely-related counterparts in the human genome ( proto-oncogenes). It seems that retroviruses have the ability to ‘hijack’ these genes and incorporate them into their own genetic material. Study of the tumour-promoting genes in human neoplasms reveals that when they can be identiﬁed, they are usually proto-oncogenes with a known viral oncogene equivalent, although there are some proto-oncogenes that have not yet been found to be utilised by retroviruses. Study of the nature of proto-oncogenes has revealed, perhaps not surprisingly, that they are all genes whose products are involved in the control of cell growth. The products of proto-oncogenes may be growth factors, growth factor receptors, proteins involved in transduction of signals through the cell membrane and cytoplasm following binding of growth factors to their receptors, or nuclear transcription factors. Examples of each class are given in Table 5.6. Proto-oncogenes are, therefore, expressed in normal growing cells in a controlled manner. In neoplastic cells this control of their expression is lost. This can be due to activation by:
 
 • • •
 
 mutation; chromosomal translocation; or ampliﬁcation.
 
 Mutations affecting oncogenes are usually point mutations that occur at positions in the gene sequence that affect the regulation of production of the protein encoded by the gene, but not altering the structure of the active site of the protein. Chromosomal translocations can result in proto-oncogenes being realigned next
 
 Table 5.6
 
 Examples of oncogenes
 
 Oncogene
 
 Type of protein produced
 
 Growth factors and their receptors sis Platelet-derived growth factor erb-B Epidermal growth factor receptor fms Macrophage colony-stimulating factor receptor Signal transduction molecules (G-proteins, tyrosine kinases, etc.) ras G-protein src Tyrosine kinase abl Tyrosine kinase Transcription factors myc fos
 
 Nuclear binding protein Transcription factor
 
 to inappropriate promoter sequences. For example, in Burkitt’s lymphoma, the c-myc proto-oncogene comes under the control of the immunoglobulin gene promoter, resulting in uncontrolled growth of a population of B lymphocytes. When a gene is ampliﬁed, multiple copies of that gene are present within the genome, resulting in uncontrolled overproduction of the protein encoded by the gene. Certain genes appear to have a ‘protective’ function, inhibiting or preventing the development of neoplasia. The best-known example of this class is p53. If the p53 gene is non-functional, DNA damage can accumulate within a cell, increasing the chances of the development of neoplasia. Mutations of p53 are extremely common in malignant neoplasms, being detectable in up to half of all common epithelial malignancies. Other genes involved in this process include BRCA1 and 2 genes associated with hereditary breast and ovarian cancers and DNA mismatch repair genes, such as hMLH1 and hMSH2 which are associated with hereditary non-polyposis coli colorectal cancer. The product of this gene has the ability to direct cells with damaged DNA into apoptosis.
 
 TUMOURS – BENIGN AND MALIGNANT CLASSIFICATION Neoplastic disease can affect any organ or tissue, and each organ or tissue can give rise to a variety of neoplasms. This has led to a need to classify neoplastic
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 disease in a way that is universally comprehensible. Broadly speaking, neoplasms are classiﬁed according to:
 
 • •
 
 their behaviour – benign or malignant; and their histogenesis – presumed cell type of origin.
 
 Benign vs malignant The most important factor that inﬂuences the behaviour and, therefore, the prognosis of a neoplasm is whether it is benign or malignant. Benign and malignant neoplasms tend to differ in a number of ways (Table 5.7 and Fig. 5.5), but the deﬁning distinction is invasiveness. Malignant neoplasms invade surrounding tissue, whereas benign neoplasms do not. The invasiveness of malignant neoplasms also confers upon them the ability to metastasise. However, not all malignant neoplasms metastasise: for example, basal cell carcinomas of the skin very rarely metastasise, but are regarded as malignant because of their ability to invade the dermis and underlying tissues. The distinction between benign and malignant is not always black and white, however. Some neoplasms are classiﬁed as being ‘borderline’ or ‘of borderline malignancy’. Such neoplasms are usually either benign neoplasms with extensive dysplastic change or very low grade malignant tumours. A good example of this category is provided by borderline ovarian tumours. These tumours can be large and on histology show dysplastic features. However, follow-up studies show that these tumours have a good prognosis, rarely recurring or metastasising. This is perhaps not surprising when one considers that they are distinguished from ovarian carcinomas by the absence of invasiveness of the neoplastic epithelium – the deﬁning feature of malignancy.
 
 Table 5.7 Characteristics of benign and malignant neoplasms Benign
 
 Malignant
 
 Non-invasive Do not metastasise Necrosis rare Ulceration rare Slowly growing Histologically resemble tissue of origin Nuclear morphology usually normal Border usually circumscribed
 
 Invade surrounding tissues Capable of metastasis Necrosis common Ulceration common Rapidly growing Variable resemblance to tissue of origin Nuclear morphology usually abnormal Border usually irregular
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 The rules of any classiﬁcation are naturally subject to modiﬁcation by their use in clinical practice, so not all terms commonly used to classify neoplasms correspond to the rules outlined above. For example, the term transitional cell carcinoma is often used to describe non-invasive papillary lesions of the urothelium. Theoretically, a more correct term would be ‘transitional cell papilloma’, which was indeed at one time the accepted term for these lesions. However, because of the tendency of these lesions to relentlessly recur and the lack of any histological hallmarks that distinguish those lesions that ultimately become invasive, they are now all regarded as carcinomas ab initio.
 
 Nomenclature The names given to neoplasms are a synthesis of their histogenesis and behaviour, incorporating the class of cell of origin (epithelial vs. mesenchymal, etc.), type of differentiation (glandular vs. squamous, etc.) and whether benign or malignant. All solid tumours have the sufﬁx ‘oma’, meaning ‘growth’. Circulating neoplasms of the haemopoietic and lymphoreticular system are referred to as leukaemias.
 
 EPITHELIAL NEOPLASMS Benign epithelial neoplasms are referred to as adenomas if they consist of glandular (exocrine or endocrine) cells, or papillomas if they have a papillary growth pattern – these are usually derived from a surface epithelium. Malignant epithelial neoplasms are referred to as carcinomas. This term usually has a preﬁx which refers to the pattern of growth or differentiation of the tumour, for example adenocarcinoma is the term used to describe a malignant epithelial neoplasm showing glandular differentiation. Often, a preceding adjective is used to describe the growth pattern or presumed cell of origin. In these situations the preﬁx ‘adeno’ may be dropped in common usage. Examples are papillary and follicular carcinomas of the thyroid (growth pattern) and ductal and lobular carcinomas of the breast (presumed cell of origin when these terms were coined, although now thought to be erroneous). The common macroscopic growth patterns of benign and malignant neoplasms are outlined in Fig. 5.6.
 
 Mesenchymal neoplasms Benign mesenchymal neoplasms are named by combining a preﬁx describing their constituent cells with the sufﬁx ‘oma’. For example, a lipoma is a benign neoplasm of fat, and an angioma is a benign neoplasm
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 Fig. 5.5 Comparison of morphology of benign and malignant neoplasms. A shows a low power photomicrograph of a haematoxylin and eosin-stained histological section of a viral wart. B shows a similarly prepared histological section of a cutaneous invasive carcinoma at the same magniﬁcation. These, therefore, represent benign and malignant neoplasms arising in the same tissue and derived from the same cell type. The wart is exophytic, non-invasive and retains some elements of the normal organisation of the epidermis, for example, formation of a distinct granular layer. In contrast, the squamous carcinoma has ulcerated the epidermis, invaded the dermis and lost most of its architectural resemblance to normal epidermis.
 
 of blood vessels. In malignant mesenchymal tumours the sufﬁx becomes sarcoma; thus a liposarcoma is a malignant neoplasm of fat, and an angiosarcoma is a malignant neoplasm of blood vessels (or, more strictly speaking, endothelium). A list of terms used for mesenchymal and other neoplasms is given in Table 5.8.
 
 Lymphoreticular neoplasms All neoplasms derived from lymphocytes are referred to as lymphomas, with the exception of those that circulate, which are referred to as leukaemias (e.g. chronic lymphocytic leukaemia, hairy cell leukaemia), and neoplasms of plasma cells, which are termed plasmacytomas or myeloma depending on whether they affect single or multiple sites. The reason for the use of the blanket term ‘lymphoma’ is that the biology of these
 
 neoplasms is complex. Lymphomas are divided into Hodgkin’s disease and non-Hodgkin’s lymphomas. Hodgkin’s lymphomas are deﬁned by the presence of the Reed-Sternberg cell, a morphologically characteristic cell of uncertain origin but probably derived from B lymphocytes. Non-Hodgkin’s lymphomas exist in a bewildering diversity of forms which have spawned a number of different classiﬁcations. Broadly speaking, they can be subdivided into lymphomas of B lymphocytes or T lymphocytes and high-grade or low-grade lesions, the latter distinction being the most important for management and prognosis. More recently, certain types of lymphomas have become more strictly deﬁned by cytogenetic or molecular genetic abnormalities. For example, mantle cell lymphoma is a type of B cell lymphoma with morphology similar to low grade lymphomas but with a more aggressive clinical course. This
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 Polyp
 
 Usually benign
 
 Papilloma
 
 Usually benign
 
 Ulcerated
 
 Usually malignant
 
 Fungating
 
 Usually malignant
 
 Nodular
 
 Usually benign
 
 occasionally show a remarkable property by maturing from a primitive, poorly differentiated tumour into a benign ganglioneuroma. The vast majority of tumours occurring in the nervous system are derived from support tissues. In the central nervous system these are most commonly astrocytomas; in the peripheral nervous system they are derived from Schwann cells or nerve sheath ﬁbroblasts, which form Schwannomas and neuroﬁbromas, respectively. Although they are usually sporadic and single, these benign nerve sheath tumours are notable for sometimes being multiple in the setting of the familial syndromes of neuroﬁbromatosis type 1 (multiple neuroﬁbromas) and type 2 (acoustic Schwannomas, meningiomas and ependymomas). An important concept that is illustrated by tumours of the central nervous system is the distinction between histological and biological malignancy. A non-invasive cerebral neoplasm acts as a space-occupying lesion and, therefore, has the potential to kill the patient, although it may do this over a longer period of time than its histologically malignant counterparts.
 
 Neuroendocrine neoplasms Infiltrating
 
 Usually malignant
 
 Fig. 5.6 Common tumour growth patterns.
 
 type of lymphoma is characterized by a chromosomal translocation – t(11;14)(q13;q32) which leads to upregulation of cyclin D1, a cell cycle control gene. For practical purposes all lymphomas are regarded as malignant, but some, such as nodular lymphocytepredominant Hodgkin’s disease, have such a good prognosis that there is doubt as to whether they are true neoplasms.
 
 Neoplasms of nervous tissue Mature nerve cells very rarely give rise to any type of neoplasm; however, their precursors can give rise to a variety of tumours such as neuroblastoma and medulloblastoma. These are examples of a variety of neoplasms bearing the sufﬁx blastoma which are derived from embryonal cells and occur almost exclusively in children. Examples outside the nervous system include nephroblastoma (Wilm’s tumour) of the kidney and hepatoblastoma of the liver. Neuroblastomas
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 This term refers to neoplasms that either form from, or have characteristics of, cells of the amine and/or precursor uptake and decarboxylation (APUD) diffuse endocrine system which consists of cells such as the islet cells of the pancreas, the calcitonin-secreting C cells of the thyroid, and the endocrine cells of the gut epithelium, or epithelial neoplasms that show evidence of this form of differentiation through the presence of neurosecretory granules within their cytoplasm. These neoplasms can be benign or malignant, and are characterised by their ability to secrete peptide hormones or vasoactive amines. They usually present with symptoms caused by the substance that they secrete rather than symptoms directly attributable to the tumour itself. The resultant syndromes will be discussed in more detail in the section below on clinical effects. The nomenclature of these neoplasms is variable and somewhat confused. However, it is common practice to refer to tumours secreting an identiﬁable product as causing a distinct syndrome according to their product, for example, insulinoma or gastrinoma; others are referred to by the generic term carcinoid. These tumours are generally of low to intermediate grade malignancy; their highly malignant counterpart is the so-called small cell carcinoma. The common examples of neuroendocrine tumours are shown in Table 5.9.
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 Table 5.8
 
 Common tumour names
 
 Tissue/cell type
 
 Benign
 
 Malignant
 
 Epithelial Glandular Squamous
 
 Adenoma Squamous papilloma
 
 Adenocarcinoma Squamous carcinoma
 
 Mesenchymal Fibrous tissue Smooth muscle Skeletal muscle Vascular Nerve sheath Fat Bone Cartilage
 
 Fibroma Leiomyoma Rhabdomyoma Angioma Neuroﬁbroma Lipoma Osteoma Chondroma
 
 Fibrosarcoma Leiomyosarcoma Rhabdomyosarcoma Angiosarcoma Neurogenic sarcoma Liposarcoma Osteosarcoma Chondrosarcoma
 
 Lymphoreticular Lymphocytes Lymphoid tissue
 
 Lymphoma (Hodgkin’s or nonHodgkin’s)
 
 Primitive/embryonal Kidney Autonomic nerve Cerebellum Liver Others Neuroendocrine Melanocytic Germ cells
 
 Nephroblastoma Neuroblastoma Medulloblastoma Hepatoblastoma See Table 5.9 Naevi* Mature teratoma
 
 Malignant melanoma Immature teratoma Seminoma
 
 *Possibly hamartomas, rather than simple benign neoplasm
 
 Table 5.9
 
 Examples of neuroendocrine tumours
 
 Organ/tissue
 
 Name
 
 Product
 
 Clinical manifestation
 
 Pancreatic islet cells
 
 Insulinoma Glucagonoma Gastrinoma
 
 Insulin Glucagon Gastrin
 
 Hypoglycaemia Hyperglycaemia Gastric ulceration (Zollinger-Ellison syndrome)
 
 Gut and bronchial neuroendocrine cells
 
 Carcinoid
 
 Various, e.g. 5-HT
 
 Flushing, palpitations (if liver metastases are present)
 
 Thyroid C cells
 
 Medullary carcinoma
 
 Calcitonin
 
 Silent
 
 Melanocytic neoplasms Benign proliferations of melanocytes are extremely common. These are known as melanocytic naevi. These are often congenital and may thus be hamartomas rather than true neoplasms (this distinction will be
 
 explained below), although others may be acquired in childhood or adulthood. Malignant melanocytic neoplasms are known as melanomas. Because this is a rather benign-sounding term, it is common practice to embellish this by referring to them as malignant
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 melanomas (there is no such thing as a benign melanoma in humans, although they may occur in horses).
 
 Germ cell neoplasms Like other cell types, spermatogonia and oocytes are capable of forming neoplasms. Although germ cells themselves are haploid, the neoplasms that arise from them are generally diploid. In germ cell tumours arising in females, the sex chromosomes are invariably XX, whereas those arising in males can be XX or XY. The capacity of these cells to differentiate down the various embryonic lineages determines how germ cell neoplasms can manifest themselves. They may form neoplasms of essentially undifferentiated germ cells. In males these are referred to as seminomas; in females, dysgerminomas. Tumours that show differentiation beyond this stage are known as teratomas (‘monster tumours’). The degree of differentiation of a teratoma is reﬂected in the maturity of the tissues it forms. The maturity of teratomas dictates their behaviour: mature teratomas occurring in females are common and benign, whereas immature teratomas are uncommon and malignant. In males, teratomas of any type can give rise to metastases, although the more immature types are usually more aggressive. In mature cystic teratomas, well-formed squamous epithelium, glandular epithelium, neural tissue and teeth are frequently seen and almost any other tissue can be present. The tissues present in immature teratomas resemble those of the early embryo. Other related tissues such as yolk sac and trophoblast may also be present in immature teratomas. The majority of germ cell tumours arise in the gonads, but some arise in sites such as the mediastinum and retroperitoneum, reﬂecting the site of origin and path of migration of the primordial germ cells. The majority of teratomas in females are mature; in males the majority are immature. Malignant germ cell tumours are far more sensitive to radiotherapy and chemotherapy than, for example, malignant epithelial neoplasms. This has resulted in an excellent prognosis for seminomas and a relatively good prognosis for teratomas, even when metastatic disease is present. A related group of neoplasms are the gestational trophoblastic tumours which are derived, as their name indicates, from placental trophoblast following a pregnancy. They are very uncommon following normal pregnancies, but are relatively more common following (hydatidiform) molar pregnancies. Like normal trophoblast, the cells of these tumours are well equipped to invade and metastasise, but are fortunately highly sensitive to chemotherapy.
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 Mixed neoplasms A number of neoplasms show more than one neoplastic component, most commonly both epithelial and mesenchymal, indicating origin from a cell capable of differentiating down both lineages. This is distinct from the recruitment of non-neoplastic stroma that occurs in most epithelial neoplasms (see section on tumour dependency). Examples of benign mixed neoplasms are the ﬁbroadenoma of the breast and the so-called pleomorphic salivary gland adenoma. Malignant neoplasms consisting of a mixture of epithelial and mesenchymal elements are generally referred to as carcinosarcomas; these occur most commonly in the female genital tract. There are some examples of mixed tumours which are distinctive clinicopathological entities such as synovial sarcoma (a misnomer because it is not derived from synovium) and the so-called pulmonary blastoma.
 
 Poorly differentiated neoplasms A proportion of malignant neoplasms do not show any evidence of differentiation, by conventional light microscopy. In the past these were assigned to the diagnostic dustbin of ‘anaplastic tumours’. However, advances in electron microscopy and more particularly immunohistochemstry and cytogenetics now allow the majority of these neoplasms to be at least assigned to a broad category such as lymphoma or carcinoma, and sometimes to be diagnosed precisely. These distinctions can be of great importance to patient management: for example, an undifferentiated tumour that on further investigation proves to be a lymphoma may be highly responsive to appropriate chemotherapy.
 
 Other lesions resembling neoplasms Hamartomas are benign tumour-like lesions the growth of which is coordinated with that of the individual. They usually consist of one or more mature, welldifferentiated tissue or cell types. Examples of such lesions are congenital melanocytic naevi (‘moles’) and pulmonary hamartomas. It should be noted, however, that there is not a strictly deﬁned distinction between hamartomas and other benign neoplasms. Choristomas are tumour-like lesions which consist of a perfectly formed mature tissue in an ectopic site. These are sometimes referred to as ‘rests’. Examples are ectopic adrenal tissue in the ovary, and ectopic pancreas in the wall of the gut. Like hamartomas, these are benign, non-neoplastic developmental abnormalities, the growth of which is coordinated with that of the individual in which they arise.
 
 NEOPLASIA CHAPTER TITLE RUNNING HEAD
 
 Eponymous neoplasms As is the case in all areas of medicine, we delight in applauding our fellows, and inevitably, many tumours have gained eponymous names. Most eponymouslynamed tumours also have a histogenetic label: for example, the Grawitz tumour of the kidney is more commonly known as renal cell carcinoma. However, some tumours, usually of obscure histogenesis, are known only by their eponymous name. The bestknown examples are Ewing’s sarcoma of bone and Burkitt’s lymphoma.
 
 INVASION As invasion is the sine qua non of the malignant neoplasms, the process of invasion might be expected to have been extensively studied and well understood. However, our knowledge of this subject is still at a very descriptive level.
 
 Within tissue of origin The invasiveness of epithelial neoplasms is easier to deﬁne and identify than that of other types of neoplasm. This is because there is a distinct anatomical barrier – the basement membrane – across which non-malignant epithelial cells do not cross. Thus it is possible to distinguish between carcinoma-in-situ and invasive carcinoma in tissues such as uterine cervix (Fig. 5.7), whereas in mesenchymal neoplasms, for example, diagnosis of malignancy tends to depend more upon the identiﬁcation of surrogate features such as high mitotic activity or necrosis which are known to be associated with the ability to metastasise in that particular tumour type, unless there is clear evidence of invasion of structures such as neurovascular bundles. As well as invading ‘vertically’ through the basement membrane into the underlying stroma, some neoplasms also invade ‘horizontally’ through the epithelium in which they arise. This form of invasion is termed Pagetoid because it characterises Paget’s disease of the nipple in which ductal carcinoma-in-situ of the breast spreads along the lactiferous ducts to the nipple epidermis. Pagetoid spread may precede or occur concurrently with invasion of the basement membrane and is also commonly seen in melanomas. The ability to invade surrounding tissue presumably requires the acquisition of the ability to break down the physical barriers that normally prevent this happening. There is some evidence that this is due to the acquisition of the ability of neoplastic cells to secrete
 
 Fig. 5.7 Early invasion into squamous carcinoma. The upper part of this photomicrograph demonstrates squamous carcinoma-in-situ. The cells show no evidence of maturation, the nuclei are variable in size, show a coarse chromatin pattern, have no consistent orientation with respect to the basement membrane, and mitotic ﬁgures are present above the basal layer (where mitosis occurs in normal squamous epithelium). The arrow indicates a small group of cells that have penetrated the basement, membrane to invade the underlying stroma. This is the ﬁrst step in the process that leads to the local establishment of a malignant neoplasm and, ultimately, to distant metastases.
 
 proteolytic enzymes such as metalloproteinases, and that this may be related to alterations in the interactions between the tumours cells and their basement membrane by alterations in their expression of adhesion molecules such as E-cadherin, the integrins (peptide cell adhesion molecules) and CD44 (a multifunctional cell surface proteoglycan). However, the precise signiﬁcance of these events has yet to be fully deﬁned, and the precise molecular mechanisms are proving elusive, despite extensive study. The presumed role of metalloproteinases in tumour invasion has led to the development of speciﬁc pharmacological inhibitors of these enzymes. However, the results of clinical trials of these drugs have been disappointing.
 
 Invasion of vessels The ability of a neoplasm to metastasise depends upon its ability to invade vascular channels. In carcinomas, lymphatic vascular invasion usually precedes blood vessel invasion, so the ﬁrst metastases to develop usually do so in the lymph nodes. Spread into the blood stream may then follow either from invasion of the efferent vessels in lymph nodes, or from blood vessel invasion at the site of the primary tumour.
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 Non-epithelial tumours appear to play by slightly different rules: for example, lymph node metastases are uncommon in most sarcomas, haematogenous spread being the rule in these neoplasms. The likelihood of vascular invasion in most tumours seems to correlate with their size or depth of invasion. This has been well established in colorectal carcinoma, cervical carcinoma and malignant melanoma. Thus it seems to relate more to the frequency with which the invading edge of the tumour encounters vessels, rather than requiring a phenotypic change in the same way as the transition between in-situ and invasive disease. However, the story is not a simple one, and different tumours have individual patterns of behaviour. For example, papillary carcinomas of the thyroid have a high frequency of lymph node metastasis, but are rather reluctant to enter the blood stream, giving this tumour type a good prognosis, even when lymph node metastases are present. On the other hand, follicular carcinomas of the thyroid often invade blood vessels seemingly in preference to lymphatics, giving rise to skeletal and pulmonary metastases.
 
 Local invasion of other tissues Many of the most serious manifestations of malignant neoplasms are due to their ability to directly invade neighbouring tissues and structures. The pattern of local spread can vary from tumour to tumour: for example, adenoid cystic carcinomas of the salivary glands and some melanomas have a preference for perineural spread. Some structures are inherently resistant to invasion, but may nonetheless be affected by compression: for example, pelvic malignancies such as carcinomas of the cervix and ovaries can cause renal failure by constricting the ureters. The extent to which a malignant neoplasm manifests itself through interfering with neighbouring structures depends, naturally, upon where the neoplasm arises. For example, a proximal bronchogenic carcinoma can cause morbidity and mortality in a number of ways without having to metastasise (Table 5.10).
 
 METASTASIS Along with invasiveness, the capacity to metastasise is a deﬁning characteristic of malignant neoplasms. The term ‘metastasise’ means ‘to move house’. While this term may not recognise that the neoplasm also retains its original place of residence, it does infer that not only does the neoplasm have to ﬁnd its way to a distant
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 Table 5.10 Consequences of local invasion of bronchogenic carcinoma Structure invaded/compromised
 
 Consequence
 
 Symphathetic chain Recurrent laryngeal nerve Brachial plexus Phrenic nerve
 
 Horner’s syndrome Hoarseness Pancoast syndrome Hemidiaphragmatic paralysis Pericardial effusion Facial swelling Massive haemoptysis Massive haemoptysis Dysphagia
 
 Pericardium Superior vena cava Pulmonary vessels Aorta Oesophagus
 
 site; it also has to be able to establish itself there in order to be viable. There are several possible routes by which neoplasms can metastasise:
 
 • • • • •
 
 via lymphatics; via the blood stream; transcoelomic spread (across cavities such as the peritoneum); via the cerebrospinal ﬂuid; and ‘seeding’ during surgery.
 
 The process of metastasis can be broken down into the following stages:
 
 • • •
 
 invasion of vessel/body cavity; homing to the ‘recipient’ organ or tissue; and establishment and growth of metastasis within the recipient tissue.
 
 These stages are demonstrated in Fig. 5.8. The ﬁrst stage has been discussed above.
 
 Tumour homing In many cases, the site of a metastasis is determined by where the lymphatics or blood stream take it. This is demonstrated by the formation of lymph node metastases in carcinoma of the breast. It has been found that the ﬁrst lymph node to which the lymph from a breast carcinoma drains can be identiﬁed by scintigraphy. This node is termed the sentinel node. If there is no metastasis in this node, the likelihood of metastases being present in other nodes draining that breast is low. The same principle probably applies to the formation of liver metastases in colorectal carcinoma, in that the blood vessels that are invaded in these neoplasms are tributaries of the portal vein.
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 Invasion through basement membrane into stromal tissue
 
 Invasion of vessel wall
 
 Tumour cells carried by lymph/blood
 
 Adhesion to and penetration of vessel wall
 
 Growth within tissue of metastasis
 
 Fig. 5.8
 
 Stages of the metastatic process.
 
 selective homing of neoplastic cells must occur. Neuroblastoma has the capacity to metastasise to bone, but for some reason commonly chooses the skull or orbit, despite the primary tumour arising in the adrenal medulla or sympathetic chain. Likewise, every medical student knows that the combination of a glass eye and hepatomegaly points to the diagnosis of liver metastases of ocular melanoma, a neoplasm that seems invariably to be able to ﬁnd its way to the liver, apparently ignoring many other potential sites of metastasis on its way. The homing powers of haematological malignancies tend to be more obvious than those of other classes of neoplasm. An excellent example of this is given by gastric MALT (mucosa-associated lymphoid tissue) lymphomas (also known as marginal zone lymphomas). Although it is possible to demonstrate that neoplastic cells from gastric MALTomas circulate, if the tumour is removed surgically, the circulating cells generally fail to establish themselves elsewhere. This is because, like non-neoplastic MALT lymphocytes, the neoplastic lymphocytes home back to their tissue of origin. However, this does not apply to high grade gastric lymphomas in which the neoplastic cells appear to ‘forget the rules’ and are capable of dissemination.
 
 Process of metastasis formation A similar mechanism has been proposed for the localisation of bone metastases in prostate, breast and thyroid carcinomas. In prostatic carcinoma, bone metastases are far more common in the pelvis and lumbar spine than in other sites, in breast carcinoma the thoracic vertebrae are commonly involved, and in thyroid carcinoma the shoulder girdle and upper spine are common sites. In all three cases this is explained by retrograde spread through anastomosing venous plexi. However, this may not be the sole explanation, as these carcinomas are all capable of metastasising to sites in the skeleton distant from their anastomosing venous plexi, and often do so in preference to metastasising to other organs or tissues. This, therefore, infers a ‘seed and soil’ relationship in which a particular type of neoplasm has an afﬁnity for a particular tissue. This may either be because of selective homing to that tissue, or because the recipient tissue provides a suitable environment in which the metastasis can grow, possibly through local growth factor production. Our understanding of the balance between these two processes is far from complete and the molecular mechanisms that cause the apparent preference of certain tumours for certain tissues remain obscure. However, there are a few striking examples of where
 
 In order for a metastasis to establish itself in a recipient tissue, it has to:
 
 • • • •
 
 interact with the vascular endothelium in order to come out of the circulation; enter the tissue; survive and grow within the tissue; and establish its own blood supply.
 
 The interaction between the neoplastic cells and the vascular endothelium may be direct, mediated by cell adhesion molecules, or in many cases it may depend upon the neoplastic cells being contained within ﬁbrin or thrombus material which then binds to the vascular endothelium or is simply ‘ﬁltered out’ in capillaries.
 
 BIOLOGY OF NEOPLASTIC CELLS Neoplastic cells, even undifferentiated ones, retain most of the characteristics of normal cells in terms of their structure and metabolism. There is no truly deﬁnitive abnormality shared by all neoplastic cells, although it is probably true to say that they all have alterations in their DNA and do not resemble their normal counterparts completely in their metabolism and function.
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 DNA abnormalities The qualitative genetic abnormalities occurring in neoplastic cells have been discussed in the section on genetics, above. These qualitative changes do not tell the whole story, however. Neoplastic cells, particularly those of malignant tumours, have inherently unstable DNA. Not only do they retain the genetic abnormalities that resulted from the initial carcinogenic process, they continue to acquire additional ones. This results in heterogeneity within the tumour with generation of genotypically and phenotypically different clones. The importance of this is that these clones often have differing susceptibilities to chemotherapy. Thus, chemotherapy tends to select out resistant clones. This explains why combination chemotherapy is generally more effective than single agents, and why post-chemotherapy recurrences tend to be resistant to the regime originally used. Within the neoplastic cells, the accumulation of genetic abnormalities often manifests itself in quantitative DNA abnormalities. While the cells of benign or well-differentiated malignant neoplasms may have a diploid chromosomal conﬁguration (i.e. identical to normal somatic cells), many malignant neoplastic cells are either:
 
 • •
 
 polyploid (contain multiples of the normal number of chromosomes); or aneuploid (contain a number of chromosomes that is other than the normal number or a multiple thereof ).
 
 Such abnormalities are not stable and tend to become more extreme as the neoplasm progresses. In general, aneuploid neoplasms tend be behave more aggressively than their diploid or polyploid counterparts. These DNA abnormalities manifest themselves histologically as abnormalities of nuclear morphology, such as hyperchromatism, abnormalities of chromatin distribution, multiple or enlarged nucleoli and increased and variable nuclear size. These features can be vital for the pathological diagnosis of malignancy, particularly in cytological specimens.
 
 Mitosis and apoptosis An increased frequency of mitosis is a common feature of malignant neoplasms, but is less usual in benign neoplasms. Characteristically, this mitotic activity is independent of any regulatory stimulus, in contrast to the increases in mitotic activity occurring in physiological situations such as wound healing. Frequent cell division accounts for why most malignant neoplasms grow in size. However, they generally only increase
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 in size at a small fraction of the rate that would be expected if all of the cells produced survived. The reason for this is that the majority of cells produced perish rapidly through apoptosis. Apoptosis is a natural suicide mechanism that is programmed into almost all cells and is controlled by many of the same genes that control proliferation. Thus, highly proliferative cells are usually also highly vulnerable to apoptosis. However, in some neoplastic cells, the mechanism leading to apoptosis is defective, resulting in ‘immortal cells’. This is the case in some low grade B cell lymphomas where an anti-apoptotic gene, Bcl-2, is inappropriately switched on by being linked to the immunoglobulin heavy chain gene promoter by a chromosomal translocation. The frequency of mitosis in these neoplasms is very low, so they grow by a gradual accumulation of cells. This is reﬂected in their slow but relentless clinical course. Melanomas, on the other hand, often have the particularly deadly combination of increased proliferation and decreased apoptosis.
 
 Other metabolic abnormalities Despite the high metabolic demands of rapid proliferation, neoplastic cells are often surprisingly resistant to hypoxia. This may be due to their tendency to generate energy by anaerobic glycolysis. Neoplastic cells also often have quantitative and qualitative abnormalities of protein synthesis. Thus they may either overproduce a normal product in an unregulated way or they may produce a protein which is abnormal for their tissue of origin. An example of the former is insulin production by insulinomas; an example of the latter is ectopic ACTH production by bronchogenic carcinomas. Protein production by some tumours has the clinical utility of giving rise to tumour markers which can be used for diagnosis or for monitoring response to therapy. Examples of such markers are given in Table 5.11. Table 5.11
 
 Examples of tumour markers
 
 Tumour type
 
 Marker
 
 Prostatic adenocarcinoma Hepatocellular carcinoma Seminoma Choriocarcinoma
 
 Prostate-speciﬁc antigen Alpha-fetoprotein Placental alkaline phosphatase Beta-human chorionic gonadotrophin CA 125 Carcinoembryonic antigen Monoclonal immunoglobulin Catecholamines and their breakdown products
 
 Ovarian carcinoma Colorectal carcinoma Myeloma Phaeochromocytoma
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 TUMOUR DEPENDENCY In many senses, neoplasms have a parasitic relationship with the individuals in which they arise. In order to grow they need to be supplied with the nutritional requirements of any tissue, and although their growth is autonomous, for most neoplasms this term is relative and they retain some requirement for growth factor/ endocrine support. This relationship with the host has more than a purely academic signiﬁcance; in some tumours it proves to be their therapeutic Achilles heel.
 
 Angiogenesis No solid tumour of normal cellularity can grow beyond a couple of millimetres in diameter without recruiting its own blood supply. The ability to do this is one of the few characteristics that most neoplasms have in common. However, precisely how they do so is not clearly established and may vary from neoplasm to neoplasm. It is likely that most neoplasms can produce cytokines or growth factors that stimulate the proliferation and differentiation of endothelial cells, although there is also evidence to suggest that these factors may be produced by non-neoplastic accessory cells that are present within the tumour, most notably macrophages. It is likely that tissue hypoxia is an important stimulus for angiogenesis. Apart from being biologically important in tumour development, inhibiting angiogenesis may also be signiﬁcant in future treatment strategies for malignant neoplasms. Indeed, inhibition of angiogenesis may contribute to the efﬁcacy of some existing chemotherapeutic regimes.
 
 Growth factor/hormone dependency Although autonomy of growth is a feature of neoplasia, in many cases this is relative; a neoplasm requires less stimulation by growth factors than its parent tissue, but still requires some stimulation, at least for optimal growth. Most neoplasms are dependent to some extent on the presence of suitable growth factors to promote cell division and prevent apoptosis (programmed cell death – many neoplastic cells have a surprisingly tenuous hold on life). The requirement for growth factors may simply be for ubiquitous ones such as PDGF or the insulin-like growth factors (IGFs). Alternatively, the requirement may be more speciﬁc. For example, the high afﬁnity of myeloma cells for bone appears to be due to their requirement for interleukin-6, a factor produced in large quantities by bone cells. In some types of tumour, a very speciﬁc growth factor
 
 requirement may be a useful target for treatment. For example, some breast cancers have high levels of the epidermal growth factor receptor HER-2 due to gene ampliﬁcation. This has led to the development of a therapeutic antibody against HER-2 that has proved effective in controlling the growth of breast cancers with this characteristic. The molecular mechanisms by which growth factors cause cells to proliferate are also important to the growth of many tumours. In particular, changes in the function of tyrosine kinases can be of central importance in the growth of many tumours. For example, chromosomal translocations can lead to inappropriate activation of tyrosine kinases, as can gain of function mutations. An example of the former is the formation of the Philadelphia chromosome in chronic myeloid leukaemia which leads to activation of the c-abl tyrosine kinase. An example of the latter is gain of function mutations of c-kit (a receptor tyrosine kinase) in gastro-intestinal stromal tumours. Although neither of these tumour types are common, these examples have been chosen because the therapeutic use of a tyrosine kinase inhibitor, imatinib mesylate, has dramatically improved the prognosis of both types of tumour in recent years. In addition to dependency on growth factors, the growth of some tumours is at least partially controlled by hormones. Three good examples of this class are carcinomas of the breast, prostate and thyroid (Table 5.12).
 
 Breast carcinoma In common with the breast ductal epithelium from which they are derived, the growth of many breast cancers is also commonly inﬂuenced by oestrogens. The most effective medical treatments for breast cancer are agents that block the action of oestrogen on its intracellular receptors, such as tamoxifen, or that reduce oestrogen production, such as anastrozole. The responsiveness of an individual breast cancer to
 
 Table 5.12 Neoplasms dependent on growth factors/hormones Neoplasm
 
 Growth factor/hormone
 
 Breast carcinoma Prostate carcinoma Thyroid carcinomas Endometrial carcinoma Myeloma
 
 Oestrogens Androgens TSH Oestrogens Interleukin 6
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 anti-oestrogenic treatment can be predicted by the level of oestrogen receptor expression by the cells of the tumour. Overall, oestrogen receptor-positive carcinomas tend to be of lower grade and have a better prognosis than their oestrogen receptor-negative counterparts.
 
 Prostate carcinoma Prostatic epithelium is dependent upon androgenic stimulation for its growth and survival; castration of male rats results in apoptosis of prostate epithelial cells and partial involution of the gland. This characteristic is retained by most prostatic carcinomas, allowing their growth to be inhibited by androgen blockade. This can be achieved by orchidectomy (removal of the main source of androgens) or by interfering with the hypothalamo-pituitary-testicular axis. Luteinising hormone (LH) released from the pituitary stimulates androgen production by Leydig cells in the testis. LH production can be inhibited either by treatment with oestrogens or luteinising hormone releasing hormone (LHRH) agonists which, after a transient stimulation, cause a long term depression of LH release. Unfortunately, after a period of time, prostatic carcinomas usually lose their androgen sensitivity, so the treatments described above are not curative.
 
 Thyroid carcinoma Papillary and follicular carcinomas of the thyroid respond in the same way as normal thyroid follicular epithelium to the growth-promoting effects of thyroid stimulating hormone (TSH). TSH suppression is used in combination with surgery and radio-iodine therapy to treat these neoplasms. It can be achieved by the negative feedback effect of replacement doses of thyroxine.
 
 CLINICAL EFFECTS – LOCAL AND SYSTEMIC The clinical effects of neoplasms are many and varied, being inﬂuenced by the site, size and type of neoplasm, its pattern of spread and the actions of its products.
 
 Local effects The commonest clinical manifestations of the primary neoplasm are:
 
 • • •
 
 a mass (palpable or visible); bleeding (due to ulceration); symptoms of irritation of the tissue of origin (e.g. cough due to carcinoma of the bronchus);
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 • • •
 
 pain; obstruction of a hollow viscus; and compression of or damage to adjacent structures, e.g. nerves.
 
 Mass This applies particularly to superﬁcial lesions of tissues such as the skin and breast, although neoplasms arising in deeper structures such as the stomach and colon may be palpable on clinical examination. Increasingly the presence of a mass manifests itself radiologically, rather than as a presenting complaint or on clinical examination, as modern radiological techniques such as CT and MRI scanning have high sensitivities for the detection of abnormal masses.
 
 BLEEDING This is a common presenting complaint for tumours arising in a large hollow viscus such as the colon or bronchus and reﬂects the tendency of these neoplasms to ulcerate. Bleeding may be overt or occult, manifesting itself as iron-deﬁciency anaemia.
 
 Symptoms of irritation This depends upon the site of the neoplasm. For example, laryngeal neoplasms usually present with hoarseness, bronchogenic carcinoma often causes a cough, and colorectal carcinoma commonly causes alterations in bowel habit.
 
 Pain Although the public perception of cancer is that it is a painful disease, a large proportion of primary neoplasms are painless. Where pain does occur, it is often related to perineural invasion or is caused indirectly by damage to neighbouring structures or obstruction of a hollow viscus.
 
 Obstruction of a hollow viscus This depends upon the relative size of the tumour and the viscus in which it arises. For example, a colonic carcinoma can present with symptoms of obstruction, but this is not the most typical manifestation, whereas dysphagia is the rule in carcinoma of the oesophagus.
 
 Compression or damage to adjacent structures The classical example of this phenomenon is obstructive jaundice caused by carcinoma of the head of pancreas, which is the usual clinical presentation of this
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 neoplasm. Nerves are probably the most eloquent structures when it comes to indicating the presence of a neighbouring tumour. A good example of this is bitemporal hemianopia resulting from compression of the optic chiasma by a pituitary tumour.
 
 caused by the tumour itself or its metastases. These can be divided into the following categories:
 
 Effects of metastases
 
 •
 
 Once they have metastasised, the vast majority of malignant neoplasms are incurable, and disseminated malignancy is generally accepted to be the cause of death in most patients dying of malignant disease. However, the precise mechanism by which metastatic disease brings about death is often obscure. Metastases often cause clinical effects that differ from those attributable to the primary tumour. For example, lung metastases may cause breathlessness, cerebral metastases may cause convulsions or focal neurological signs, bone metastases may cause pathological fractures, and peritoneal deposits may cause ascites. Much of the pain caused by malignant disease is due to secondary deposits in sites such as bone and liver. Extensive metastatic deposits may also worsen effects caused by tumour products (for example, hypercalcaemia due to parathyroid hormone-related peptide) by increasing the total tumour volume. Ultimately, replacement of a large proportion of the volume of an organ by metastases can cause impairment or failure of the function of that organ. For example, liver metastases commonly declare their presence by causing jaundice, and extensive bone marrow deposits can cause anaemia or pancytopenia.
 
 Examples of paraneoplastic syndromes are given in Table 5.13.
 
 Paraneoplastic effects Paraneoplastic effects are those which occur in the presence of a neoplasm but which are not directly
 
 Table 5.13
 
 • •
 
 humoral (i.e. mediated by a secreted tumour product); immunological (usually tumour-associated autoimmune phenomena); and uncertain cause.
 
 Humoral Syndromes caused by the secretion of an ‘appropriate’ product, such as insulin by insulinomas or catecholamines by phaeochromocytomas, have been described above. Many other neoplasms secrete ‘inappropriate’ products such as ACTH or antidiuretic hormone by bronchogenic carcinomas. The commonest of these syndromes is humoral hypercalcaemia of malignancy, which is caused by secretion of parathyroid hormonerelated peptide (PTHrP). The normal function of this peptide, which is produced by many epithelial tissues, is not known. It causes hypercalcaemia by binding to the parathyroid hormone receptor in kidney and bone. It is possible that, to some extent, the weight loss and cachexia associated with many malignant neoplasms is due to secretion of catabolic factors, possibly cytokines such as tumour necrosis factor-alpha and interleukin 6, but it is more likely that in most cases it is multifactorial.
 
 Immunological Autoimmune disease can be triggered by malignant neoplasms. A signiﬁcant proportion of patients with dermatomyositis, particularly those developing it for the ﬁrst time later in life, have an underlying malignancy. Also, membranous glomerulonephritis, a cause
 
 Examples of paraneoplastic syndromes
 
 Syndrome
 
 Associated tumour
 
 Cause
 
 Paraneoplastic Cushing’s syndrome Syndrome of inappropriate ADH Humoral hypercalcaemia of malignancy Carcinoid syndrome Dermatomyositis Eaton-Lambert syndrome
 
 Bronchogenic carcinoma Bronchogenic carcinoma Various Carcinoid (liver metastases) Various Bronchogenic carcinoma
 
 Acanthosis nigricans Hypertrophic pulmonary osteoarthropathy
 
 Pancreatic carcinoma Bronchogenic carcinoma
 
 ACTH ADH PTHrP 5-HT, others Autoantibody induction Autoantibodies against the presynaptic voltage-gated calcium channels ? epidermal growth factor Unknown
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 The exceptional benign tumours that have a poor prognosis are those which impinge upon vital structures and are difﬁcult or impossible to remove surgically: for example, gliomas affecting the mid- or hind-brain.
 
 The stage of a malignancy describes how far advanced that tumour is in terms of its extent of growth. The principle of staging was ﬁrst established by Cuthbert Dukes, who found that the prognosis of carcinoma of the rectum after resection could be predicted by examining the extent of growth of the tumour within the resection specimen. Dukes’ staging remains in widespread use today and is described in Chapter 17. It is usual to describe four stages, in which stage I represents disease localised to the tissue of origin, stage IV represents disseminated disease, and stages II and III are steps in between which are therapeutically or prognostically signiﬁcant for that tumour type. An alternative commonly used method of staging is the TNM classiﬁcation, which includes separate scores for the local extent of the tumour (T), the extent of its lymph node metastases (N) and its visceral metastases (M). The TNM classiﬁcation is useful for carcinomas (it is generally not relevant to non-epithelial neoplasms) as it contains more information than stage alone. Staging can be deﬁned according to anatomical boundaries, or be judged by direct measurements. For example, Clark staging of melanomas relies on the former, the different stages being deﬁned by invasion of different anatomical layers of the skin, whereas Breslow staging of melanomas is done by measuring the greatest depth of invasion of the lesion. The grade of a tumour is a measure of its inherent potential for growth. Stage for stage, high grade tumours progress more rapidly, are usually less easily controlled by treatment and, therefore, have a worse prognosis than their low grade counterparts. The grade of a neoplasm is judged according to its histological appearance, with the degree of differentiation (i.e. resemblance to the tissue or cell type of origin), proliferative activity and extent of necrosis (in effect a surrogate for rate of growth) being taken into account. Generally speaking, stage is more prognostically signiﬁcant than grade, but increasingly the value of combining both in judging prognosis and planning treatment is being recognised. For example, the Nottingham prognostic index (NPI) for breast carcinoma (based on a large retrospective series of cases) is calculated by adding scores for tumour size, grade and lymph node status (perhaps surprisingly, grade and lymph node status have equal weight in this system).
 
 Signiﬁcance of grade and stage
 
 Signiﬁcance of histogenesis
 
 The most important prognostic factors within most individual malignant tumour types are stage and grade, usually in that order.
 
 Within a particular tumour type, stage and grade are usually the most important prognostic factors. However, neoplasms derived from different cell types
 
 of nephrotic syndrome, which results from immunological damage to the glomerular basement membrane, can be initiated by an underlying neoplasm. A variety of neurological syndromes can be associated with malignant neoplasms, most commonly small cell carcinoma of the bronchus. Examples of this are the myasthenia-gravis-like Eaton-Lambert syndrome, cerebellar ataxia and dementia. The majority, if not all, of these syndromes seem to be caused by the production of autoantibodies against nerve cell components such as neurotransmitter receptors, possibly due to an immune response to antigens shared by tumour cells and neurons.
 
 Syndromes of uncertain cause The cause of some paraneoplastic syndromes has not been fully established, but in the majority of cases the syndrome is probably caused by an unidentiﬁed product secreted by the tumour. Examples of this category are ﬁnger clubbing and hypertrophic pulmonary osteoarthropathy associated with carcinoma of the bronchus.
 
 PROGNOSIS How a neoplasm behaves clinically is determined by more than simply being benign or malignant. Some benign tumours are life-threatening, particularly those of the central nervous system, and the prognosis of malignant tumours varies from that of the cutaneous basal cell carcinoma, which can be reliably cured by adequate local excision, to incurable neoplasms such as malignant mesothelioma. Predicting the ‘typical’ or ‘average’ prognosis of a group of comparable neoplasms can be done quite accurately, but predicting the future course of an individual neoplasm can be less certain. The prognosis of benign tumours can generally be stated to be that they are cured by adequate excision. Some benign tumours have a tendency to recur locally. This can be due to:
 
 • •
 
 difﬁculty in identifying the margins of the tumour at the primary excision; and tendency to be multiple at one site.
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 behave inherently in different ways. For example, lymphomas and sarcomas usually differ from carcinomas in their patterns of spread and which organs or tissues they preferentially involve. Comparison of basal cell carcinoma and melanoma provides a good example of how strongly histogenesis can inﬂuence behaviour of a neoplasm within one tissue, in that basal cell carcinomas are indolent and locally invasive, rarely metastasising, whereas melanomas develop more rapidly and metastasise as a rule if not locally excised at an early stage of their development.
 
 with appropriate diagnostic tests. However, to have an impact on a disease within a population, a coordinated screening programme is required. Population screening programmes are aimed at reducing morbidity and mortality from a particular disease within the entire population. In order to be able to establish a screening programme, it is necessary to fulﬁll the following criteria.
 
 •
 
 Other factors of prognostic signiﬁcance Numerous other factors have been shown to inﬂuence the prognosis of individual types of neoplasms, although these are often linked to grade or stage and do not inﬂuence the outcome of individual cases. For example, aneuploidy (see above) is usually associated with a worse prognosis, but also correlates with high grade. Increasingly, speciﬁc genetic characteristics are being shown to inﬂuence prognosis. For example, ampliﬁcation of the N-myc gene conveys an unfavourable prognosis in neuroblastoma. Of greatest practical utility is a prognostic factor that predicts or detects a response (or lack thereof) to a particular form of therapy. The best-established examples of this are oestrogen receptor status of breast carcinomas (response prediction) and serum tumour markers such as alpha-fetoprotein (response detection).
 
 SCREENING Despite great advances in our understanding of the pathology and pathogenesis of malignant tumours in recent years, the improvements in the prognosis of the common epithelial malignancies such as lung, prostate, colon and breast carcinomas has been rather disappointing. One of the reasons behind this is the tendency of many malignant neoplasms to present clinically at an advanced stage when local spread is too extensive for curative surgery or when metastases are already present. Theoretically, prognosis of these tumours should be improved if they could be detected at an earlier stage, before they became symptomatic. This has led to the development of screening programmes, the best established of which are those for carcinomas of the cervix and carcinoma of the breast.
 
 Principles of population screening It is possible to screen individuals for a variety of neoplastic diseases on an ad hoc basis by simple ‘ﬁshing’
 
 •
 
 • • • •
 
 There must be a diagnostic test available that can practically be applied to large numbers of people and can be repeated on different occasions in the same individual. The test must have high levels of sensitivity (the proportion of tests carried out in individuals who have the disease that detect the disease) and speciﬁcity (the proportion of positive tests that are due to the disease, rather than other diseases or artifacts). The test must give comparable results between different testing centres. It must be possible to apply the test to a high proportion of the target population. There must be established and effective treatments for the disease. There must be evidence that screening for the disease in question can reduce levels of morbidity and mortality from that disease.
 
 In practice, however, issues of funding and political pressures are also strongly inﬂuential in decisions regarding population screening.
 
 Existing screening programmes Cervical carcinoma screening Squamous carcinoma of the cervix and its precursor lesion, cervical intraepithelial neoplasia (CIN), can be detected by exfoliative cytology. Given that these diseases affect a relatively accessible site in a relatively young age group, and that by the time cervical carcinomas become symptomatic, they are often locally advanced, screening for cervical carcinoma has been widely practised for many years. However, only recently has a co-ordinated national screening programme been developed in the UK. The test employed, microscopic examination of exfoliative cytology samples stained by the Papanicolaou technique, is highly sensitive and speciﬁc. It has the considerable advantage of allowing detection of the precursor condition, CIN, and thus allowing simple local curative treatment to be carried out before
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 invasive carcinoma develops. The major disadvantage is that it is labour-intensive and therefore expensive and prone to subjective error. However, despite this, the UK cervical carcinoma screening programme appears to be successful, because prevalence and death rates from cervical carcinoma in the UK are declining. It is probable that this is attributable to the screening programme, but this cannot be stated with absolute certainty as the screening programme represents (for obvious ethical reasons) an uncontrolled experiment. Although cervical screening has been highly successful, even in the best circumstances, it is not completely effective. Also the applicability of the systems of cervical screening used in countries such as the UK to developing countries is questionable. Testing for infection by high risk HPV types is currently under investigation as an alternative method of screening.
 
 Breast carcinoma screening After carcinoma of the bronchus, carcinoma of the breast is the commonest cause of death from neoplastic disease for women in the UK. There has been some improvement in the prognosis of this disease in recent years, probably mainly due to the introduction of oestrogen receptor antagonists such as tamoxifen, but it remains a leading cause of cancer mortality in women in many countries. Prognosis in carcinoma of the breast is most strongly related to stage. It therefore should follow that detecting lesions at an earlier stage should improve the overall prognosis. It is often possible to detect carcinomas of the breast, or their precursor lesion, ductal carcinoma-in-situ, by mammography before they become palpable. This has led to mammography being used for screening purposes. In the UK this occurs in the setting of a co-ordinated national screening programme.
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 Breast carcinoma screening programmes have been shown to be associated with an improved prognosis. However, this improvement is probably at least partially due to lead time artefact. This means that screening detects some lesions earlier than they would have presented, but earlier treatment does not affect their natural history. Thus some screening-detected patients simply have their diagnosis for longer rather than surviving for longer. This artefact is less of a problem in interpreting survival data in populations that have been screened for longer, but even in these populations, the improvements in outcome are disappointingly small, although there is evidence that the beneﬁts of breast cancer screening increase the longer a screening programme has been in place.
 
 Future of screening There is much debate about screening for two other common carcinomas, namely those of the prostate and large bowel. Prostatic carcinoma can be screened for by measuring serum prostate-speciﬁc antigen. This is a relatively inexpensive and simple test which has a high degree of sensitivity and fairly good speciﬁcity. However, because the value of radical prostatectomy (the only potentially curative treatment) is still uncertain, the value of screening is also unproven. Colorectal carcinoma can be detected by testing for faecal occult blood. This is a simple and inexpensive investigation that has been shown to be effective in pilot screening programmes. In the U.K., a national screening programme will soon be put in place, based upon faecal occult blood testing. Individuals with a strong family history of colorectal carcinoma are currently screened, but usually using the far more sensitive (but more expensive and invasive) modality of colonoscopy.
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 INNATE IMMUNITY THE IMMUNE RESPONSE
 
 Innate immune defences consist of:
 
 Immunity is deﬁned as resistance to disease. At its most basic level this consists of a physical barrier (the mucosal surfaces and skin) and the antibacterial actions of certain components of secretions such as lactoferrin and enzymes. Much more effective defences are accomplished by two systems which amplify and focus inﬂammatory responses onto invading foreign substances (or damaged self components). Basic immune responses can be divided into innate (non-adaptive) and speciﬁc (adaptive) effector mechanisms (Fig. 6.1).
 
 • • • • •
 
 physical barriers such as mucosal epithelium; secretions with antibacterial activity, including lactoferrin; phagocytic cells: monocytes, macrophages and neutrophils; NK cells (lymphocytes capable of non-MHCrestricted killing); soluble mediators which can enhance the activity of innate and speciﬁc responses: C-reactive
 
 INNATE IMMUNITY Cellular
 
 Humoral
 
 Complement Mannose Binding Protein (MBP) C-Reactive Protein (CRP) Anti-bacterial substances (e.g. lactoferrin)
 
 Neutrophils Monocyte/macrophages NK lymphocytes
 
 Cytokines
 
 ADAPTIVE IMMUNITY Cellular
 
 T lymphocytes
 
 (
 
 CD4 ‘Helper’ CD8 ‘Cytotoxic’ B lymphocytes
 
 Humoral
 
 Antibodies
 
 Cytokines
 
 ) Fig. 6.1 The components of the immune system.
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 Table 6.1 Pattern recognition of receptors of innate immune system PAMPs
 
 PRR’s
 
 Gram Negative Organism LPS Lipopolysacharride
 
 •
 
 TLR – 4
 
 Gram Positive Organism Lipoteichoic acid Lipoarabinomannan
 
 TLR – 2, TLR – 6
 
 RNA CPG DNA
 
 TLR – 7 TLR – 9
 
 Mannans
 
 Macrophage mannose receptor
 
 Lectins
 
 CRP
 
 protein (CRP), mannose-binding lectin (MBL), cytokines; and soluble enzymic cascades such as the complement system, which is activated directly by exposure to pathogens and serves to directly lyse the pathogen, or to enhance and target the activity of innate and speciﬁc effector cells by opsonisation and activation via cell surface receptors for complement components.
 
 Recently it has been recognised that phagocytic effector cells of the innate immune system such as macrophages, dendritic cells and NK lymphocytes recognize pathogen associated molecular patterns (PAMPs) via pattern recognition receptors (PRRs) which are germ-line encoded proteins on pathogens. (Table 6.1). The most important of these PRRs are the toll-like receptors (TLRs), although others exist. The innate immune system is non-adaptive, i.e. it cannot adapt its receptors to recognise an organism which has evolved and mutated its antigens to evade binding. It does not develop memory (enhanced responses on subsequent encounters with the same antigen), and it does not possess antigen speciﬁcity through the specialised and mutable antigen receptors of immunoglobulins, although clearly TLR systems are speciﬁc for particular ligands.
 
 SPECIFIC IMMUNE RESPONSES Speciﬁc (adaptive) immune responses are more effective than innate ones and are mediated by lymphocytes and antibodies which amplify and focus non-speciﬁc responses and provide additional effector functions.
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 These cells are organised into lymphoid tissues (Fig. 6.2). Humoral immunity often refers to the antibody arm of the speciﬁc immune response. Cellular (cellmediated) immunity refers to lymphocyte-mediated effector responses (T helper (Th) and cytotoxic cells) of the speciﬁc immune response. These two arms of the speciﬁc immune response are not really separable, since antibodies are usually not produced without some cell-mediated response to the same antigen and vice-versa. T and B lymphocytes possess inﬁnitely variable antigen receptors which can clonally expand. Antigen receptors which can be secreted into interstitial ﬂuid and onto mucosal surfaces are called antibodies. Antibodies can activate complement and also enhance opsonisation of antigen to facilitate phagocytosis. Both innate and adaptive mechanisms exponentially amplify the immune response, since clonal expansion of lymphocytes increases the number of cells reactive with an antigen. Cytokines and complement components recruit other immune effector mechanisms and antibodies activate complement and phagocytes.
 
 IMMUNE RESPONSE The components of each type of response in the prevention of individual infections or in the pathogenesis of autoimmune diseases differs (Table 6.2). The speciﬁc adaptive immune response is thus ﬂexible and adaptable, capable of responding to antigens which have not been previously encountered, including those generated in organisms by the selection pressures of an effective adaptive immune response. Many pathogens have speciﬁc adaptations/mutations to evade previous immunological memory responses (e.g. inﬂuenza antigen variability) or to suppress the normal mechanisms of immune destruction.
 
 COMPLEMENT The complement system is a soluble enzymic cascade which focuses and ampliﬁes the activity of the speciﬁc and innate immune systems as well as having lytic activity against bacteria (Fig. 6.3). It is part of the innate defences since it has no intrinsic antigen speciﬁcity. The complement cascade has a ﬁnal common pathway which leads to the insertion of a multimeric poreforming structure (membrane associated complex (MAC) consisting of complement components C5-9) into bacterial cell membranes, leading to osmotic lysis.
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 Afferent lymphatic Lymphoid follicle (B cells) CENTRAL LYMPHOID ORGANS Peripheral lymphoid tissues
 
 Paracortical T cell area
 
 Artery Vein Efferent lymphatic
 
 Bone marrow Thymus
 
 Medullary cord (macrophages and plasma cells)
 
 Gut lumen
 
 Gut-associated lymphoid tissue (e.g. Peyer’s patches, tonsils)
 
 M cells T cell area
 
 Germinal centre B cell follicle
 
 Spleen
 
 Central arteriole
 
 B cell area
 
 Germinal centre
 
 Marginal sinus Periarteriolar lymphoid sheath (T cells)
 
 Fig. 6.2 The organisation of the lymphoid system. The lymphoid system is organised to ensure efﬁcient recirculation and interaction of T lymphocytes, B lymphocytes and antigen-presenting cells.
 
 The production of this lytic complex is achieved via two mechanisms called the classical and alternative pathways. Inability to generate the MAC complex leads to particular susceptibility to infections with Neisserial organisms causing recurrent meningitis.
 
 Classical pathway The classical pathway is triggered by antigen-antibody immune complexes which bind circulating complement factor C1q to the Fc region of the antibody
 
 tail, which has undergone conformational changes as a result of antibody binding. The resultant sequential activation of complement proteins results in the formation of a C3 convertase (C4b2b) which cleaves C3, thus forming a C5-convertase (C4b2b3b) which catalyses the production of the C5-9 pore-forming complex. In the process, C2, C3 and C4 are split into fragments, the smaller of which (C2a, C3a, C4a) are chemotactic and the larger of which (C3b, C4b) bind to immune complexes to opsonise or solubilise them,
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 Table 6.2
 
 Infections and protective immune responses
 
 Type of infectious agent
 
 Immune response
 
 Extracellular bacteria Pneumococcus Meningococci
 
 Antibodies Complement Phagocytes
 
 Intracellular bacteria Salmonella Brucella
 
 Antibodies Phagocytes CD4 T cells
 
 Intracellular Mycobacteria
 
 Activated macrophages Type I cytokines
 
 Viruses
 
 Mucosal protection by IgA antibodies CD8 T cells NK cells
 
 Parasites Extracellular Intracellular
 
 Eosinophils, Macrophages Cytokines IL2, IL4, IL5 IgE CD4 & CD8 T lymphocytes
 
 or to a pathogen surface to opsonise it. Thus multiple effects ensuing on other effector mechanisms are caused as a result of complement activation. CRP and MBL can directly activate the classical pathway of complement without the intervention of immune complexes. The lectin pathway is very similar to classical pathway complement, with MBL binding to mannose on pathogens, which is then sequentially bound by MASP to form a C3 convertase. Deﬁciencies of early complement components are associated with increased risk of developing autoimmune and immune complex disease, possibly because of inability to solubilise immune complexes.
 
 Alternative pathway The alternative pathway is phylogenetically older than the classical pathway and is triggered by contact with exposed bacterial capsules without the need for prior antibody production. Factors B and D (analogous to the classical pathway C4 and C2) again lead to the production of a C3 convertase (C3bBb) and a C5 convertase (C3bBb3b), leading to opsonisation, chemotaxis and the ﬁnal common pathway in a similar way to the classical pathway. Complement activation is closely regulated by various factors, because uncontrolled complement
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 activation would lead to tissue injury and inﬂammation. Examples of diseases caused by abnormalities of complement control include: C1 esterase inhibitor deﬁciency (hereditary angioedema), C3 nephritic factor in type 2 MPGN, factor H deﬁciency in familial HUS. Hereditary angioedema (HAE) is a rare autosomal dominant disorder of C1 inhibitor (C1-INH) deﬁciency. The presentation may mimic an acute abdomen with peritonitis and effusions and many have had invasive surgical investigation before diagnosis. C1-inh is the plasma inhibitor of ﬁrst component of complement. It is also the major plasma inhibitor of activated Hageman factor (the ﬁrst protease in the contact system) and of plasma kallikrein (the contact system protease that cleaves kininogen and releases bradykinin). Deﬁciency leads to uncontrolled complement and kallikrein activation resulting in edema of subcutaneous or submucosal tissues. Acute abdominal pain, nausea, and vomiting are the dominant symptoms in 25% of patients with HAE. This diagnosis should be considered in patients presenting with recurrent abdominal pain where C4 levels are low. Acute management is with intravenous C1 inhibitor replacement, prophylaxis by increasing production with danzole, or decreasing consumption by tranexamic acid. New inhibitors of bradykinin are in development.
 
 ANTIGENS An antigen is any substance which can elicit a speciﬁc immune response. An antigen consists of many epitopes. An epitope is a speciﬁc sequence of a protein or carbohydrate recognised by the receptor molecules of the immune system (antibody or T cell receptor). Antigens can be divided into foreign (non-self, allogeneic, xenogeneic, etc.) and self-antigens (autoantigens). Although an antigen usually elicits an immune response, if the antigen is encountered in appropriate circumstances the speciﬁc immune response may be switched off by a variety of mechanisms which will be important to consider when discussing the immunology of transplantation and autoimmune diseases.
 
 ANTIBODIES An antibody is a soluble protein immune receptor produced by B lymphocytes, consisting of two identical antigen-binding sites (Fig. 6.4). The antigen speciﬁcity of the antibody resides in the antigen-binding variable regions (the fragment antigen-binding, Fab, portion). Antibodies are divided into different isotypes (classes)
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 CLASSICAL PATHWAY
 
 ALTERNATIVE PATHWAY Direct activation by pathogen surface
 
 MBP binds MASP
 
 Deposition of 3bº on pathogen surface
 
 CRP or immune complex binds C1q
 
 C4
 
 C4º Binds to pathogen surface
 
 C4ac
 
 Ba
 
 Factor B
 
 C4b2b
 
 C2
 
 C3bBb
 
 C3 convertase
 
 C3 convertase
 
 C2a C4b2bBb
 
 C3bBb3b
 
 C3
 
 C3
 
 C5 convertase C3ac C5 C5ac
 
 C3ac
 
 C5b
 
 C5 C6 C7 C8 C9
 
 C5ac Key:
 
 C5,6,7,8,9 membrane attack complex (MAC)L
 
 C = Chemotactic activity O = Opsonisation activity L = Lytic activity MBP = Mannose binding protein MASP = Mannose associated binding protein
 
 Fig. 6.3 The complement system. The complement system is an enzymic cascade which leads to the formation of lytic, chemotactic and opsonising factors. ‘Classical’ activation by antibody or ‘alternative’ activation by other means result in similar pro-inﬂammatory effector function. C  chemotactic activity; O  opsonisation activity; L  lytic activity.
 
 which have different functional attributes due to the Fc (fragment constant) tails coded by the constant region genes of the heavy chain; thus different constant region genes produce different antibody classes. Antibodies which bind to antigen or cells and activate complement via the Fc region thus recruit, activate, amplify and target non-speciﬁc defence mechanisms. Up to 1010 different antibody speciﬁcities may be produced in any individual. This is achieved by joining multiple different copies of genes encoding the variable regions of heavy and light chains of the immunoglobin.
 
 Somatic recombination of the gene segments (V, D and J region genes) leads to generation of diversity and broad repertoire of antibody speciﬁcities. The antigenbinding variable regions are further (inﬁnitely) diversiﬁed by a combination somatic hypermutation (Fig. 6.4) which results from random mutations to the V genes in the hypervariable regions (mutation hotspots) and to the joins between V, D and J genes, enabling antibodies to be produced which can bind to virtually any natural or synthetic antigen encountered. Each cell producing antibody which binds an epitope of an
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 Heavy chain germline DNA
 
 J
 
 D
 
 V Region
 
 C
 
 C
 
 C
 
 Somatic recombination D J
 
 V
 
 DNA
 
 C
 
 C
 
 C
 
 V
 
 D J
 
 V
 
 DNA
 
 C
 
 C
 
 C Transcription and splicing of RNA
 
 V V
 
 Primary RNA
 
 D J C C C
 
 V
 
 V V V
 
 RNA translation to protein C H3 C H2
 
 VH
 
 CH1
 
 VL1
 
 VH1
 
 VH1
 
 VL1
 
 CL1
 
 CH1
 
 CH1
 
 CL1
 
 CH2
 
 CH2
 
 CH3
 
 CH3
 
 Formation of whole antibody (2 identical heavy and 2 identical light chains)
 
 Fig. 6.4 The formation of antibodies by somatic recombination. Junctional diversity results from imprecise splicing at the joins between V, D, J and C region genes. This enhances the ability of antibody binding sites (where mutations already occur frequently in hypervariable parts of the V regions) to bind diverse antigens. Heavy chains are formed from V, D, J and C genes, light chains from V, D and C genes. The C region determines the isotype of the heavy chain (G, A, M, E, D) and the light chain (K or L).
 
 antigen is stimulated to clonally reproduce, and thus further ampliﬁcation of the immune response occurs with the progeny of each cell producing exactly the same antibody but many different clones expanding. Most antibody immune responses are polyclonal (many cell clones expand, each recognising different, sometimes overlapping, epitopes on the antigen); oligoclonal responses occur when a limited number of clones expand for some reason (e.g. prolonged inﬂammation); monoclonal proliferations are usually representative of malignant transformation of a single
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 clone of a B cell at some point in its differentiation (early or late B cells  lymphoma, and often produce IgM; terminally differentiated plasma cells  myeloma and usually produce IgG/A isotypes). The antigens recognised by antibodies are often conformational (that is, they require a folded 3D structure for recognition), often bringing widely separated areas of a larger molecule together to form the epitope (which is, therefore, discontinuous in linear sequence, unlike the epitopes recognised by T cells). Antibodies thus tend to recognise native folded-3D structures. Most antibody production is ‘T cell dependent’ (i.e. very inefﬁcient in the absence of T cells, which recognise linear epitopes on the same antigen as that recognised by the antibody and provide ‘help’ (co-stimulation to amplify responses) to B cells,). A small number of relatively ‘T-independent’ B lymphocytes exist which bear the CD5 surface antigen. They tend to recognise conserved carbohydrate epitopes on pathogens (including human ABO blood groups), produce IgM and may represent a phylogenetically older type of B cell defence.
 
 Isotypes and subclasses B lymphocytes initially produce IgM upon a primary encounter with antigen; this is very efﬁcient at complement ﬁxation and opsonisation, but IgM circulates as a large pentameric (ﬁve antibody molecules) structure with a short half-life (⬃ﬁve days). Subsequently an individual B cell will undergo a class-switch to IgG, IgA, or IgE production, but class-switching depends on effective T cell help following T cell recognition of an epitope on the same antigen. Memory develops in parallel with the class switch. Both these processes require effective communication between B-cells, Antigen Presenting Cells (APC) and T cells (mediated by CD40– CD40L interaction). IgG diffuses well into extracellular spaces and can neutralise circulating viruses and bacteria (prevent binding by blocking receptors), opsonise via complement or Fc receptors or lyse via complement activation. IgG is divided into four subclasses (IgG1, IgG2, IgG3, IgG4) which have different Fc regions (and thus are coded by different heavy chain constant region gene segments). These classes and subclasses have different half lives and abilities to ﬁx complement, or bind Fc receptors (Table 6.3). There are several different types of Fc receptors (FcRI or CD64, FcRII or CD32, FcRIII or CD16) which bind some IgG subclasses better than others and are distributed differently on each effector cell type. IgG1 constitutes 60–70% of the circulating IgG in man; IgG2 constitutes 20–40%. IgG3 constitutes 15–20%.
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 Table 6.3 The functional attributes of different immunoglobulin molecules Class/subclass Function
 
 IgG1
 
 IgG2
 
 IgG3
 
 IgG4
 
 IgM
 
 IgA
 
 IgE
 
 Classical complement Alternative complement FcR binding phagocytes Mast cell binding Mean plasma level (g/L)
 
     9
 
   /  3
 
     1
 
     0.5
 
     1.5
 
  ?   3
 
     0.00005
 
 IgG4 circulates in trace amounts and its functional signiﬁcance is unknown, although it may be important in IgE-mediated antiparasite and allergic responses. IgG1 and IgG3 tend to be produced in response to protein antigens; IgG2 in response to polysaccharide antigens (such as those of bacterial capsules). IgA is secreted preferentially onto mucosal surfaces and is important in prevention of initial adherence to epithelium or mucosal penetration (blocks interaction with cell surface receptors) of bacterial and viral pathogens spread via respiratory or gastrointestinal routes. IgA deﬁciency thus predisposes to mucosal infections. The gut contains peptidases which degrade IgG and IgM rapidly. IgA is protected from destruction by a remnant of the polyIg receptor (which selectively transports secretory IgA across epithelium to the outside of the mucosal surface) called the secretory component, and IgA is usually secreted as a dimer joined by a j(oining)piece. Most secretory IgA is of the IgA2 subclass; most circulating in serum is IgA1. The signiﬁcance of this is uncertain. Unlike most IgG subclasses or IgM, IgA does not efﬁciently ﬁx complement via the classical pathway of complement activation.
 
 ANTIGEN-PRESENTING CELLS In contrast to antibodies, T cells can not recognize native antigens. They recognise short linear peptides on the surface of APC which digest the whole antigen and present the fragments on the surface in the grooves of major histocompatibility complex (MHC) Class I or II molecules (MHC restriction). The initial interaction of T – lymphocytes with antigen is important in determining whether a speciﬁc immune response is promoted or suppressed. The default pathway in unprimed ‘naive’ cells (which have not encountered speciﬁc antigen before) is either to become speciﬁcally unresponsive to the antigen (anergy) or to die
 
 Table 6.4 Immunological Synapse – crosstalk between APC and T cell TCR CD4 CD8 CD 28 (Stimulating) CTLA 4 (Inhibiting) CD2 CD40L
 
 ↔ ↔ ↔ ↔ ↔ ↔ ↔
 
 Antigen peptide MHC groove MHC II MHC I CD 80/CD86 CD80/CD86 CD58 (LFA3) CD40
 
 (apoptosis) if the antigen is encountered in an insufﬁciently stimulating context. Naive T lymphocytes are relatively refractory to stimulation, and require potent signals to activate them to clonally proliferate and/or become effector cells. This usually occurs centrally in the lymph nodes, bone marrow or spleen, but can occur elsewhere. These extra signals are complex and multifactorial but act in addition to the recognition of antigenic peptide in the MHC groove by the T cell receptor (TCR) on the CD4 or the CD8 T cell. This incorporates adhesion molecules which stabilise contact between lymphocyte and APC, and costimulator molecules which provide activation signals to the T cell from the APC (Immunological Synapse – cf. neurological synapse). Important interactions occurring at the immunological synapse are shown in Table 6.4. APC of several different types provide these second signals while presenting a processed fragment of antigen to a lymphocyte (Fig. 6.5). Primary stimulation of naive T cells requires a potent professional APC (such as the Dendritic cell (DC) or an activated B lymphocyte) with potent stimulatory capacity and ability to acquire and process (digest) antigen by phagocytosis or endocytosis. Secondary restimulation of recently activated or memory T cells is less stringent and can occur on non-professional APC which are not potent
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 Macrophage
 
 MHC I restricted cytotoxicity
 
 II 4
 
 Cytokines
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 Antigen
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 CD40
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 Complement
 
 Antibody production including isotype class switching
 
 Key: Costimulator/adhesion molecules
 
 MHC Class I with antigen
 
 I
 
 T cell receptor II
 
 Fig. 6.5
 
 MHC Class II with antigen
 
 CD4
 
 8
 
 CD8
 
 Cellular interactions in adaptive immune responses.
 
 enough to stimulate naive cells effectively, e.g. activated endothelium or monocytes and other cells expressing MHC Class II molecules. ‘Professional’ APC such as DC are resident as sentinels in the skin (Langerhans’ cells) or in the interstitium of most tissues (interstitial DC) including lymph nodes (interdigitiating DC). On encounter with antigen, DC become activated (mature) and migrate centrally via lymphatics to become resident in the T cell areas
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 4
 
 of lymph nodes (paracortical area) as interdigitating cells. There, T cells recirculating through lymph nodes via lymphatic drainage encounter antigen and clonally proliferate, if they carry the appropriate antigen-speciﬁc TCR. Subsequently they migrate back to the peripheral tissues and elicit a local immune response. Similar processes occur in the spleen and Peyer’s patches. B cells may also be stimulated directly by DC.
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 T LYMPHOCYTES T cells recognise antigen fragments on the surface of APC which express MHC Class I and II molecules on the surface. MHC molecules have an antigen-binding groove on the surface which can bind antigen fragments of 9–11 amino acids (MHC Class I) or 14–20 amino acids (MHC Class II) in length. Thus they act as display platforms on which the TCR can recognise antigen, but because they bind antigen fragments themselves, the MHC molecules also inﬂuence the immune responses in any individual since each MHC type will bind some antigens better than others, and occasionally won’t bind some antigens at all. The TCR binds to a part of the lips of the groove as well as the antigen fragment. Thus the TCR is also selfrestricted (MHC Restriction), since it binds only to the combination of [self antigen (MHC)  foreign antigen]. A T cell will not operate effectively with nonself APC which bears different MHC molecules. They can, however, co-operate with non-self cells provided they express the same MHC molecules (as they have to do in allogeneic bone marrow transplantation where the BM is donor-type and the recipient is host-type). MHC Class I is bound by CD8, and MHC Class II by CD4 on the T cell surface (Fig. 6.5). Virtually every nucleated cell expresses MHC Class I on the surface, but MHC Class II expression is restricted to certain cell types (e.g. Professional APC, B lymphocytes) especially when the cell is activated. APC express MHC Class II in high density and thus are the major activators of CD4 positive lymphocytes. MHC Class I restricted CD8 positive T cells are also stimulated by APC, but they recognize foreign peptides (e.g. viral, intracellular bacteria) on all nucleated cells by ‘seeing’ viral antigen in the surface groove of self-MHC Class I, and are activated to deliver a lethal attack on the cell. Not surprisingly, viruses have adapted to reduce MHC Class I surface expression (e.g. adenovirus) and can partially evade their attentions (NB NK cells recognize this lack of MHC class I as a sign of an infected cell). Degraded intracellular antigens in the cytosol tend to get access to the MHC Class I groove in the process of MHC assembly in the endoplasmic reticulum, and thus responses to intracellular antigens tend to occur via the MHC Class I pathway (Fig. 6.6). Extracellular antigens from bacteria phagocytosed and digested in the lysosomes of APC tend to gain access to MHC Class II most (readily since the assembly pathway of MHC Class II molecules intersects with the lysosomal pathway). Thus degraded extracellular
 
 antigen gains access to ‘empty’ MHC Class II molecules after the invariant chain (which occupies the MHC groove prior to antigen binding in order to let the molecule pre-assemble without antigen) is displaced by alterations in the intralysosomal pH. All T cells have CD3 and TCR complex on their surface. The T cell receptor requires various co-receptor molecules (LFA-1, CTLA-4, CD28, CD40L) to be associated with it on the cell surface in order to enable efﬁcient antigen recognition and signalling from antigen-presenting cells. Therefore any T cells lacking these co-receptors will fail to function normally. CD4-bearing T cells generally have ‘helper’ functions; those which aid B cell antibody production are called Th2 and those which activate mononuclear phagocytes and promote cellular inﬂammatory activity are called Th1 (Table 6.5). These T cells types tend to produce different cytokines when activated by antigen; Th1 produce pro-inﬂammatory IFNγ, IL-1, IL-12, TNFα; Th2 produce IL-4, IL-5, IL-13, TNFα and others which promote antibody production. In any particular immune response one type of T helper activity will often dominate. This is important both in defence against infection and in the pathogenesis of immunologically-mediated diseases. CD8 positive T cells in contrast often have cytotoxic effector properties and are critically important in defense against certain viral infections.
 
 Memory Once T and B lymphocytes have recognised their cognate antigen, they proliferate by producing clones of themselves and acquire effector functions which orchestrate the immune response. Some of these proliferating lymphocytes differentiate into long-lived cells which are called memory cells. B cells differentiate into long-lived plasma cells and some memory B cells are constantly re-stimulated by long-lasting reservoirs of antigen on the follicular dendritic cells (FDC) in lymph nodes. A secondary (memory) response thus involves the activation of an expanded pre-existing panel of antigen-reactive clones, which have differentiated to produce IgG or IgA rather than IgM, giving a response magniﬁed in both quantity and quality. Previously activated cells have been ‘primed’ and thus are more readily activated by small amounts of antigen on APC, since they require less stimulation through their co-receptors. During an immune response, B cells are selected by competition for antigen on FDC in the lymph nodes; those binding strongly survive, others die through inability to compete for antigen and
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 Fig. 6.6
 
 Invariant chain (I:) blocks peptide binding groove
 
 HLA Class I and Class II restricted antigen processing and presentation.
 
 loss of a survival signal. Thus the antibody response undergoes a process of afﬁnity maturation (each generation of antibodies binds better to antigen). Antigenexperienced T – cells differentiate into central memory (CM) T – cells and are primed to produce enhanced secondary immune responses on re-exposure to same pathogen.
 
 Apoptosis Uncontrolled activaton of the immune sytem and consequent inﬂammatory processes is potentially
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 life threating if it is not tightly regulated. In order to prevent an escalating cycle of destruction leading to inevitable death of the organism there are cellular and humoral mechanisms which downregulate the response of both innate and adaptive responses after activation. Down-regulation of cellular responses may involve cellular death as a result of apoptosis (programmed cell death) – either as a result of a cell completing its lifespan (approximately 20 clonal divisions for a T cell) or as a result of direct immunological interaction with regulatory T cells. This apoptotic process is non-inﬂammatory, unlike necrotic cell death.
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 Table 6.5 T cell subtypes Th1
 
 Th2
 
 Cytotoxic
 
 Surface marker Function
 
 CD4 Pro-inﬂammatory Macrophage activation
 
 CD4 B cell help
 
 CD8 Cytotoxic for intracellular pathogens
 
 Cytokines
 
 IL-2 IFNγ TNFa IL-12 GM-CSF
 
 IL-2 IL-4 IL-5 IL-10 IL-13 TGFß
 
 IL-2 (IFNγ) (TNFß) (TNFa)
 
 Infections if compromised
 
 Mycobacteria Leishmania Pneumocystis
 
 Tetanus Pneumococcus Poliovirus
 
 Inﬂuenza Listeria Toxoplasma
 
 T CELL STIMULATION – SIGNALS 1 TO 3 The principle of initiation of an immune response is the same whether it is to an infection, to self-antigen in autoimmune diseases or to non-self MHC in an alloimmune response in transplantation. It requires both naïve and memory lymphocytes and the recognistion of antigen through the speciﬁc receptor (signal 1) and the simultaneous provision of additional co-stimulatory signals though other cell surface receptors (signal(s) 2). On internalizing the antigen, APCs become activated and move to the secondary lymphoid organs, bringing the antigen to the central lymphoid system where large numbers of T cells and B cells are present. The antigen on the surface of dendritic cells triggers the T – cells with an appropriate T – cell receptor which recognizes the MHC-bound antigen fragment and this constitutes ‘Signal 1’, transduced through the TCR-CD3 complex. Co-stimulation or ‘Signal 2’ which is delivered via CD80 (B7.1) and CD86 (B7.2) on APC to CD28 and other molecules on the T-cells. Signals 1 & 2 activate three internal signal transduction pathways:
 
 • • •
 
 calcium – calcineurin pathway; RAS-mitogen activated protein-(MAP) kinase pathway; NF-κB pathway.
 
 These pathways lead to activation of transcription factors inducing expression of IL-2, CD-154 and CD25. IL-2 and other cytokines activate the ‘target of rapamycin’ (TOR) pathway to provide ‘Signal 3’,
 
 Table 6.6 Classiﬁcation of speciﬁc immune (hypersensitivity) responses Type
 
 Mechanism
 
 Clinical example
 
 I
 
 IgE-mediated
 
 Allergy
 
 II
 
 Antibody against cell surface antigens
 
 Some penicillin reactions Haemolytic anaemias
 
 III
 
 Immune complex deposition
 
 Extrinsic allergic alveolitis Serum sickness
 
 IV
 
 Cell-mediated immunity
 
 Delayed type hypersensitivity skin test Contact dermatitis
 
 which triggers cell proliferation. This results in the clonal expansion of lymphocytes leading to generation of antibodies and of T-cell effector functions. Gell and Coombs classiﬁed immune responses in the 1930s (Table 6.6). This is now of limited clinical usefulness since mixed patterns are always seen, but is useful for the general understanding of immunologically mediated diseases.
 
 AUTOIMMUNE DISEASES An autoimmune disease is one in which an immunological attack directed against self-antigens is primarily responsible for the clinical picture. All autoimmune diseases are disorders of the speciﬁc immune response.
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 This deﬁnition encompasses diseases which affect multiple systems (also known as non-organ-speciﬁc) such as systemic lupus erythematosus (SLE) and those which primarily affect a single organ (organ-speciﬁc, e.g. Graves’ disease, myaesthenia gravis (MG), autoimmune Addison’s). The immunological effector mechanisms may include direct cellular or humoral responses to an autoantigen, immune complex deposition or interference with normal function of the target antigen (e.g. anti-acetylcholine receptor antibodies in MG, anti-TSH receptor antibodies in autoimmune thyroid disease). Autoimmune diseases are usually more common in women (probably related to oestrogen), may be associated with infections (ankylosing spondylitis, Reiter’s, insulin-dependent diabetes), and are associated with certain MHC haplotypes (A1, B8, DR3) or antigens (e.g. B27, DR3, DR4, DQ2). In many diseases there is dysregulation of immune responses to multiple autoantigens, with an increased incidence of multiple autoimmune diseases.
 
 SELF-TOLERANCE T cells recognise antigen together with self-MHC epitopes in the antigen-binding groove of MHC molecules. Strongly self-reactive cells are eliminated (deleted) by encounter with self-antigen on thymic APC (thymic epithelium and DC) in early fetal life. Some self-antigens are probably not expressed in the thymus and remain hidden from the immune system (cryptic epitopes, e.g. intraocular antigens), and tolerance is not established. These antigens tend to reside in immunopriviledged sites, and an immune response does not occur unless released by trauma (e.g. sympathetic ophthalmitis). In adults any cells capable of some degree of self-reactivity which escape deletion in the thymus are probably actively suppressed or made unresponsive (anergised) by peripheral mechanisms which involve T – regulatory cells (CD4, CD25 FoxP3 positive T cells). Allograft tolerance can be transferred by these cells (‘infectious tolerance’). The potential for self-reactivity thus exists in all individuals but is usually prevented from becoming a pathogenic mature immune response. Some anti-self immune responses are involved in ‘housekeeping’ activities such as the removal of effete RBC. It is not uncommon to ﬁnd low titre autoantibodies during infections and tissue injury. Low titres of non-pathogenic autoantibodies (often IgM isotype) are also commonly found in the unwell elderly without any immunological disease.
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 Autoimmune disease may occur either by reactivation of anergised cells by encounter with potent APCs in certain circumstances which override their programmed unresponsiveness (e.g. where a strong immune response to another antigen results in bystander help sufﬁcient to activate self-reactive T cells in the vicinity), by cross-reactivity between self- and foreign antigens, or as a result of inherited or acquired defects in molecules important in the control of immune responses and maintenance of anergy (e.g. Fas/FasL deﬁciencyleading to defective apoptosis). The clinical phenotypes of the autoimmunity probably reﬂect the predominant effector mechanisms and the organ speciﬁcity of the antigen(s) and may result in direct damage or interference with normal function. The identity of many autoantigens is now known (Table 6.7). Some are receptors, some enzymes. Autoimmunity may also occur because of failure of induction of self tolerance in the thymus (e.g. autoimmune regulator protein (AIRE) abnormality leading to autoimmune poly-endocrinopathy, candidiasis, ectodermal dysplasia – (APECED)) which results from an inability of the thymic APC to present self antigens to maturing T cells and, therefore, a failure of deletion of self-reactive T cells. Organ-speciﬁc autoimmunity manifests itself by damage or malfunction of a single organ as a result of a speciﬁc immune response, usually to multiple antigens or to multiple organs on the basis of shared antigens (e.g. steroid cell antibodies linking Addison’s disease and premature ovarian failure, or the lung and kidney damage of Goodpasture’s syndrome). In some conditions (e.g. myasthenia gravis) humoral responses play a major role in many of the disease manifestations, but are unlikely to occur without cellular responses which may also be important. In other diseases, cellular mechanisms may be the predominant pathogenic response: e.g. extrinsic allergic encephalomyelitis (EAE, a model for multiple sclerosis) to myelin basic protein (MBP) and other intracerebral autoantigens. In systemic autoimmunity such as SLE, pathogenesis is multifactorial and involves multiple unrelated antigens. Humoral and cellular responses to multiple nuclear (nucleosome) and cytoplasmic components are seen, particularly anti-double-stranded DNA antibodies (dsDNA) which can cause an immune complex neph-ritis. Sometimes titres of antibodies or complement levels (reduced by immune complex deposition) reﬂect disease activity in an individual, but in others they do not. In some diseases, the autoantibodies or lymphocytes are pathogenic in models of disease (e.g.
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 Table 6.7 Autoantigen speciﬁcities and disease Disease
 
 Autoantigen
 
 Function
 
 Pemphigus
 
 Desmoglein 1 & 3
 
 Intracellular adhesion (desmosomal cadherin)
 
 Pemphigoid
 
 BPAg 1 & 2
 
 Basement membrane adhesion (hemidesmosome)
 
 Graves’ disease
 
 TSHR (stimulator)
 
 Hormone receptor
 
 Hypothyroidism
 
 TSHR (blocking)
 
 Hormone receptor
 
 Myasthenia gravis
 
 AchR
 
 Receptor for neuromuscular transmitter
 
 Goodpasture’s
 
 NC domain collagen IV
 
 Basement membrane constituent
 
 Addison’s disease
 
 21 hydroxylase 17 hydroxylase Cytochrome p450 side chain cleavage enzyme (scc)
 
 Enzymes involved in steroid hormone metabolism (p450SCC shared with ovary/testis)
 
 Autoimmune CAH PBC
 
 p450IID6, p450IIC9, p450IA2 E2 subunit of pyruvate dehydrogenase
 
 Liver microsomal enzymes 2-oxoacid dehydrogenase pathway in mitochondria
 
 DP
 
 LMP/TAP
 
 DQ
 
 DR
 
 B
 
 C
 
 A
 
 0 kB
 
 4000 kB α β
 
 β α
 
 β β α C4B
 
 C4A
 
 C2
 
 TNFA
 
 CYP21B
 
 TNFB CYP21A
 
 Class II region
 
 Factor B
 
 Class III region
 
 HSP70
 
 Class I region
 
 Fig. 6.7 The structure of the human major histocompatibility gene complex (human leucocyte antigen).
 
 anti-dsDNA antibodies in SLE; anti-GBM antibodies in Goodpasture’s). In other diseases they are not, and may be secondary markers of damage (e.g. many antinuclear antibodies (ANA) in SLE, antithyroid peroxidase antibodies in thyroid malignancy).
 
 MHC ANTIGENS AND AUTOIMMUNITY MHC antigens are inherited (along with a package of minor antigens) as a haplotype consisting of an HLA-A, -B, -C (Class I); -DR, -DP, -DQ (Class II) allele from each parent (Fig. 6.7). Allogeneic immune responses (against a foreign MHC antigen from the same species) can be generated after transplantation. The MHC molecule on the APC determines the type and composition of the peptide fragment that it
 
 can present to the naïve T cell, and is an important factor in predisposition, protection or disease expression. Certain alleles or haplotypes are associated with particular diseases (Table 6.8). Both organ-speciﬁc and non-organ-speciﬁc autoimmune diseases are associated with similar MHC haplotypes in some cases, suggesting an inherited predisposition. Few MHC associations with diseases are very strong (most strongly seen between B27 and ankylosing spondylitis), since most conditions are multifactorial and are a result of a combination of genes and additional environmental inﬂuences, perhaps including infection. The apparent association of MHC Class I alleles (e.g. HLA-B27) and MHC Class II (e.g. DQB1) may also be due to molecular mimickry between pathogen and MHC, resulting in autoimmune attack. (Heat
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 shock protein (HSP) 60 is widely conserved and generates immune responses in bacterial infection and some autoimmune diseases.). In contrast, some of MHC haplotypes may actually confer protection from some infections and autoimmune disease.
 
 TRANSPLANTATION Transplantation is the process of surgically implanting an organ from one individual (donor) into another (recipient). Organ transplantation is the therapy of choice for end-stage organ failure where no other treatment exists. One year graft survival close to 90% or higher is reported for nearly all types of transplant activity. This is primarily due to successful control of the patient’s immune system. This is managed by immunosuppressive therapy and selection of donor/ recipient pairs based on favourable comparisons in HLA matching. The adaptive immune system treats the new graft like any foreign antigen and mounts a speciﬁc immune response to it, resulting in graft rejection. In order to obtain long-term acceptance one has to either suppress the recipient immune response or induce a state of tolerance. The ideal immunosuppressive regime would be donor-speciﬁc (no impairment of defence mechanisms against pathogens, no increase in malignancy, and no impairment of responses to a third party allograft). As yet, this is only achieved in animal models. Graft alloantigens are displayed to T cells by direct presentation (donor HLA antigen is recognised directly on the surface of donor APC, either as an antigen fragment in donor HLA molecules or by direct stimulation of the TCR by the allogeneic HLA molecule) or
 
 Table 6.8 MHC associations with disease Disease
 
 HLA allele
 
 Relative risk
 
 Ankylosing spondylitis Goodpasture’s syndrome Pemphigus vulgaris Anterior uveitis SLE Multiple sclerosis Graves’ disease Rheumatoid arthritis IDDM Myasthenia gravis
 
 B27 DR2 DR4 B27 DR3 DR2 DR3 DR4 DR3 & 4 DR3
 
 90 16 14 10 6 5 4 4 3 2.5
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 indirect presentation (processed antigen fragments of donor HLA are phagocytosed, digested and presented on recipient APC, in the antigen-binding grooves of recipient HLA molecules as is the case with any other antigen, and this process is dependent on surface costimulatory molecules on the APC). The direct pathway predominates in graft rejection, at least initially.
 
 TRANSPLANTATION BARRIER Non-self antigens are subject to immune-mediated attack by adaptive humoral and cellular mechanisms. The most important antigens are those most widely expressed on the graft, e.g. ABO blood group antigens, and those eliciting strong responses, e.g. disparate MHC antigens (allogeneic response). Any other polymorphic cell surface molecule on the graft which is not expressed by the recipient will also elicit an immune response. In the case of cross-species grafting (xenogeneic transplantation), the rejection response is even stronger as a result of increased disparity between the MHC molecules and the presence of broadly reactive antibodies which bind to the graft and cause hyperacute rejection. The aim of immunosuppression is to depress the effector immune response to prevent graft rejection (at least initially). The hope is that subsequently either tolerance or graft acceptance will result from downregulation of the antigraft response and enable withdrawal of immunosuppression. The aim of ABO-matching and HLA-matching (tissue typing) is to reduce the antigenic disparity between the graft and the recipient. Other antigens clearly exist (e.g. endothelial antigens) but matching for these is not currently practicable; however, genetic linkage of genes means that related donors with a haplotype match are likely to share the same non-MHC genes. Cyclosporin A (CsA), a fungal metabolite, prolonged survival of renal transplants in man in the late 1970s. By this time, however, graft survival from living related donors had reached a plateau, suggesting that early graft survival results from ABO matching and immunosuppressive drugs, with some contribution from HLA-DR matching (which is more effective than HLA-B or HLA-A matching). Some have, therefore, argued that the beneﬁt of HLA matching is insigniﬁcant with modern immunosuppressive drug regimes; however, it appears that long-term graft survival appears more dependent on HLA-A and -B matching (Fig. 6.8). Solid organ grafts contain passenger leucocytes, including lymphocytes and APC. The most important
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 passenger leucocytes in the graft are dendritic cells expressing high levels of MHC Class II. Experimental depletion of these APC pre-transplant improves graft survival, but this strategy is not in routine use in human transplantation.
 
 MATCHING The object of tissue typing is to match the donor tissue to the recipient by the ABO blood group and the human leukocyte antigens (HLA) they express. In addition to assessing the degree of antigen mismatch between
 
 100 90
 
 % Grafts surviving
 
 80 70 60 50
 
 0
 
 Mismatch
 
 1 2 3 4 5 6
 
 Mismatch
 
 40 30 20 10 0 0
 
 12
 
 24 36 48 Time (months)
 
 60
 
 72
 
 Fig. 6.8 Renal transplant survival is related to a degree of HLA matching.
 
 Table 6.9
 
 donor and recipient pairs, it is also necessary to ensure that the recipient does not have pre-formed antibodies to donor MHC antigens. These may have arisen through blood transfusions or pregnancy, or from previous organ transplantation. A cross-match test is performed to ensure no anti-graft antibodies are present that could mediate rejection. Sensitization, is indicated by the presence of anti-donor antibodies prior to transplant, but the deﬁnition of high risk sensitization varies between centres from 50–90% of ‘panel reactivity’ (a panel  a wide range of HLA alleles). Currently, renal transplants are matched for ABO blood group, direct cross-match for anti-HLA alloantibodies and HLA matching (Table 6.9). Cross-matching is now usually performed using ﬂow cytometry rather than lymphocytotoxicity assays for HLA class I reactive IgG and IgM antibodies (predictive of antibodymediated hyper-acute rejection) since it is easier to perform. Potential recipient sera are stored at intervals while awaiting a donor, for retrospective analysis. Flow cytometric cross-match may be more sensitive but some positivity is of uncertain signiﬁcance and expert interpretation is required to determine the suitability for transplant in individual cases. The accuracy of HLA typing depends on the technology employed. HLA-DR matching confers better protection against graft loss in the ﬁrst year than HLA-A or -B in the presence of cyclosporin. HLADR mismatch increases graft loss by ﬁve-fold, HLA-B mismatch by three-fold and HLA-A mismatch by twofold. However this translates to only a minor (3–5%) increment in graft survival when immunosuppression
 
 Matching criteria for transplantation
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 HLA XM in heart transplantation if highly sensitised recipient only (10–20% panel reactive). na not routine but may retrospectively determine need for immunosuppression/risk of rejection. nb only for vascularised high risk grafts.
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 with cyclosporin A is used, and it is often better to use a fresh but mismatched kidney locally, rather than endure prolonged ischaemic time in search of a better match elsewhere. The technique for determining the HLA-type is important. The serological techniques for HLA class-I matching may be unable to distinguish between certain alleles, and apparent identity on serology may miss minor differences in sequence which can be recognised by the immune system. In general, molecular techniques such as oligonucleotide probes are more speciﬁc and sensitive and used when matching for bone-marrow transplantation.
 
 Ischaemia and reperfusion The process of organ procurement and implantation results in severe physical stress on solid organs used in transplantation. Every transplant organ faces two insults – ischaemia, and later re-perfusion. Ischaemia results in build-up of toxic products of anaerobic respiration (e.g. lactate), that contribute to free radical damage upon re-perfusion of the organ with recipient blood. Severe ischaemia – reperfusion injury (I-RI) leads to delayed graft function post-transplant. I-RI may also make the transplanted organ more visible to the immune system of the recipient and promote activation of both innate and adaptive immunity against the donor organ. This is mediated by release of cytokines and chemokines from the damaged tissue leading to inﬂammation and facilitates a potent immune response.
 
 ORGAN PRESERVATION To minimise the effects of I-RI, and to allow time for organ transportation and allocation to the most suitable recipient, then surgery, the established method for organ procurement comprises an in-situ irrigation with a suitable cold-preservation solution, and hypothermic storage at 0–4ºC. The core components of these preservation solutions are the impermeants (usually sugars like glucose) that prevent ﬂuid entry into cells and subsequent cellular oedema (cell swelling), buffers to maintain pH, and ions. During warm ischaemia (Warm ischaemic time i.e. the time from cessation of circulation until perfusion with cold preservative. In heart-beating donors this time is theoretically zero), active transport mechanisms involving Na/K and Ca2/Mg2 ATPase are inhibited, which leads to a steady inﬂux of Na, Cl and Ca2 into the cell with subsequent inﬂux of water
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 causing cellular swelling. This process is further accelerated during cold ischaemia (the time from perfusion with ice cold preservative until circulation is re-established in the recipient), resulting in reperfusion injury. Current buffer systems include, phosphate, citrate, histidine and bicarbonate. It is thought that a high potassium concentration helps to prevent the build up of intracellulular calcium during ischaemia. Solutions having a high potassium content are classed as ‘intra-cellular’ type (Euro Collins (EC), University of Wisconsin (UW)) solutions. ‘extracellular’ type solutions contains only sodium and no potassium (Phosphate Buffered Sucrose-PBS140). The cellular oedema caused by the inﬂux of water is the primary event that damages ischaemic organs. In the human kidney, the proximal tubules appear most susceptible to I-RI. Cell volume is actively regulated in vivo but this regulation is lost in ischaemic tissue since the process is energy dependent and ATP is rapidly depleted in an ischaemic organ. Advances in organ preservation will provide ways not only to improve the condition of a donated organ, but may lead to a reduction in the numbers of organs not used because of excessive ischaemic time.
 
 REJECTION A renal transplant is most likely to be lost in the ﬁrst three months, but rejection is only one possible cause of graft loss. Most patients have at least one episode of acute rejection. Major immunologically mediated antitransplant responses can be directed against several antigens, including A, B, O blood group antigens, MHC Class I and II molecules and cell-surface carbohydrates (e.g. alpha-gal in xenogeneic transplantation) (Fig. 6.9). Anti-transplant responses can also occur against other cell-surface antigens which are poorly deﬁned and for which matching is currently not performed (except serendipitously) in transplants from identical twins or close relatives. The presence of a non-self MHC on a cell surface will generate a strong allogeneic cellular and humoral immune response. 50% of renal grafts have at least one episode of acute rejection.
 
 Hyperacute rejection Hyperacute rejection is caused by pre-existing, complement-ﬁxing antibodies. This should not happen with current tissue typing and matching strategies. Rapid allograft rejection (coagulopathy, infarction and neutrophil inﬁltrate mediated by antibody and complement) occurs within minutes or hours and is
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 FcR (< 1 day)
 
 HLA-A, -B, -C
 
 Hyperacute rejection
 
 IgM C´
 
 A B O
 
 Vascular endothelium
 
 IgG C´
 
 FcR (< 5 days)
 
 HLA-A, -B, -C
 
 Accelerated rejection
 
 IgG
 
 Perivascular cellular aggregates
 
 FcR (< 100 days)
 
 HLA-A, -B, -C
 
 Acute rejection
 
 CD4
 
 CD8
 
 IgG C´
 
 Vascular
 
 Chronic rejection
 
 NK
 
 Eosinophil
 
 Macrophage obliteration
 
 Chronic interstitial fibrosis
 
 caused by IgG anti-HLA Class I (not IgM), or ABO antibodies (hence utility of cross-matching and ABO matching pretransplant). There is no effective therapy except prevention by screening allograft recipients and rapid graft excision once established.
 
 Fig. 6.9 Mechanisms of graft rejection. Hyperacute and accelerated rejection appear to be predominantly mediated by antibodies and complement. Acute rejection appears to be mediated by humoral and cellular mechanisms. The vasculopathy of chronic rejection is of unknown aetiology.
 
 vascular rejection. Some centres biopsy high risk grafts early to pick this up. High dose IVIG, plasmapheresis, rituximab and antilymphocyte agents such as OKT3 may be effective but less so than for acute rejection.
 
 Acute rejection (⬍100 days) Accelerated rejection (⬍5 days) Accelerated rejection is usually mediated by pre-existing non-complement-ﬁxing anti-HLA antibodies in sensitised patients. Flow cytometry may pick up positive cross-matches missed by standard lymphocytoxicity testing. Early biopsy reveals interstitial cellular or
 
 Acute rejection probably represents a combination of T cell effector function (cellular rejection) and antibody mediated endothelial damage (acute vascular rejection). The antibodies involved include IgM isohaemagglutinins in ABO mismatch and IgG antiHLA Class I antibodies in multiparous or previously
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 transfused/transplanted patients. IgM anti-Class I antibodies do not appear to adversly affect graft survival, even if they can lyse in vitro. Thus ABO cross-matching and pretransplant recipient screening for anti-donor-HLA Class I is essential for renal and heart/lung recipients. Some centres also screen for anti-HLA Class II, but the signiﬁcance of these antibodies is controversial. Peak antibody titres may wane with time while awaiting renal transplantation, but in view of the possibility of recrudescent immunological memory, screening is often performed against this peak serum as well as the current serum. Anti-HLA antibodies are not looked for in all transplant types. Liver transplants are relatively insensitive to HLA Class I mismatches, and cross-matching is not practical in others because of constraints of time and limited donor availability. Hepatocytes may be protected by low level surface HLA expression or the secretion of soluble blocking Class I molecules. Acute rejection reﬂects major antigenic disparity between graft and recipient. Renal cellular rejection is primarily driven by CD4 positive Th1 cells which recruit and activate effectors such as monocyte/macrophages, eosinophils, NK cells and cytotoxic T cells. There is usually tubulitis (invasion of tubules) with interstitial oedema and inﬁltration. In antibody-mediated vascular rejection there is endothelial damage (ﬁbrinoid necrosis, ﬁbrin and platelet thrombi if severe) with lymphocytic vascular invasion and peri-venous aggregates. Initially the rejection may be focal and be missed by a biopsy needle. The presence of anti-donor antibodies in serum or C4d deposition in intertubular capillaries on biopsy help to distinguish the presence of humoral rejection and have now been incorporated into the Banff criteria. Early treatment with high dose corticosteroids (pulsed doses of methyl prednisolone) is effective within 2–4 days in most cases. In steroid-resistant rejection ALG, ATG, rituximab or OKT3 may be effective.
 
 rejection, suggesting an immunological mechanism. Of allogeneic renal grafts, 3–5% are lost annually after the ﬁrst year. Chronic renal rejection is a poorly understood vasculopathy of medium and small arterioles, to which hypertension, hyperlipidaemia and infection may contribute. Similar vascular changes occur in heart and lung transplantation. Vessels are thickened with elastic reduplication and intimal proliferation, medial necrosis and ﬁbrin deposition. Cellular inﬁltrates are infrequent, but interstitial ﬁbrosis occurs. There is no effective therapy.
 
 Recurrence of original disease Recurrence is infrequent in immunologically mediated disease, since graft recipients are heavily immunosuppressed. However, latent infections may recrudesce.
 
 Donor-speciﬁc tolerance A form of tolerance (antigen-speciﬁc immunological unresponsiveness) occurs in a few long-term human renal transplant recipients who can discontinue immunosuppressive drugs without graft loss. Although induction of tolerance would be a long-term goal for transplantation, there is as yet no reliable method to induce this. In the past, blood transfusion was avoided if possible because of the risk of allosensitisation (in 20–30%) of the potential renal graft recipient which would restrict the number of suitable donors. However, transfusion paradoxically gave a survival beneﬁt to the graft, perhaps as a result of speciﬁc induction of tolerance. Early work suggested that transfusion can induce alloantigen-speciﬁc tolerance, improving graft survival in heart and renal transplantation (if there was a single DR match). However, the beneﬁt is modest, and it has rarely been used since the introduction of cyclosporin (CsA), because a similar improvement in graft survival is achieved by the drug without the risk of allosensitisation, and there is no evidence that transfusion brings additional beneﬁt to most patients.
 
 Chronic rejection (⬎100 days) Chronic rejection (chronic allograft nephropathy) may reﬂect antibody responses to antigen mismatches whichare not effectively suppressed by immunosuppressive agents, unlike acute rejection. The greater the mismatch (especially for HLA-DR) the more severe the chronic rejection, and number of acute rejection episodes correlates with the likelihood of chronic rejection (50% of renal recipients with one or more rejection episodes show some chronic rejection within ﬁve years). Reduction of immunosuppression accelerates
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 RENAL TRANSPLANTATION Renal transplantation is used for end stage renal failure with 90% loss of nephrons and severe uraemia. glomerulonephritis, pyelonephritis, interstitial nephritis, adult polycystic disease and diabetes are the most common causes in all age ranges. Usually an ABO-matched HLA Class I and Class II compatible deceased donor (maintained on life support and clinically brain-stem dead) is used, although now 30%
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 Table 6.10 Landmarks in human renal transplantation Date
 
 Procedure
 
 1902 1908 1936 1942 1951
 
 First successful autologous kidney transplant (lasted ﬁve days), Ullman Functional canine renal homografts excised and replaced, Carrel First human to human kidney transplant (failed), Voronoy Immunological rejection of skin grafts demonstrated by Medawar & Gibson Plastic-encased renal allograft transplantation into the thigh, some with prednisolone cover (one graft functioned for 51/2 months), USA Eight iliac fossa grafts anastomosing renal to iliac vessels (failed), France 6-mercaptopurine and steroids used Human twin-twin transplant (functioned for eight years), Murray, USA Mercaptopurine (MP) postpones canine renal allograft rejection Total body irradiation, results poor Azathioprine (6-MP derivative) developed Prednisolone and azathioprine (6-MP derivative) in canine renal allografts Cyclosporin prolongs renal graft survival, Calne
 
 1951 1950s 1954 1958 1958 1960 1963 1978
 
 of renal transplants are from living donors. HLAmatching is not the only factor important for successful grafting (Tables 6.9 and 6.10, Fig. 6.8); adequate cold preservation, with minimal cold ischaemic time (up to 48 h) and minimal warm ischaemia during reperfusion, is also important. Heart, liver and two kidneys may be retrieved, ﬂushed with cold storage solution and stored on ice. Lymph node and spleen are taken from the donor for tissue typing (because they are rich in lymphocytes). The kidney is placed in an extraperitoneal position in either the right or left iliac fossa. Immunosuppression is started 4–12 h before transplantation. The most appropriate immunosuppressive regimen will vary depending on the risk factors present including cold ischemia time, age, recipient sensitization level, prior transplant and others. One-year survival is almost 90% (0–3/6 HLA mismatch). The ﬁve-year kidney graft survival is dependent on number of HLA mismatches and is around 68% for 0/6 match and is 55% for 6/6 mismatch.
 
 BONE MARROW TRANSPLANTATION The ideal is to obtain complete HLA-A, -B, -DR, -DQ matching by serological and PCR techniques for the best possible match using ﬁrst degree relatives or volunteer donor panels. There is a much higher risk of graftversus-host disease than in solid organ grafts, because of the transplantation of immunocompetent donor T cells. Best results are seen with haplotype-matched ﬁrst degree relatives. Unrelated donors, who inevitably include other antigen mismatches even if HLA match
 
 appears good, have a worse prognosis. Therefore, if the donor is unrelated, only a single minor mismatch is allowed, whereas if the donor is related a single antigen major mismatch may be accepted.
 
 HEART TRANSPLANTATION Cardiac transplantation for end-stage cardiac disease began in 1967 and now has a 75% ﬁve-year survival. HLA matching is usually impractical due to limited organ preservation times (4–6 h) and low organ availablility, but a known positive anti-HLA antibody cross-match contraindicates transplantation. HLA-DR matching may reduce early cardiac rejection, but it is uncertain whether this improves survival or reduces the accelerated atherosclerosis seen in 40% of recipients at ﬁve years (also seen in chronic rejection of kidneys and liver). It is hypothesised that accelerated atherosclerosis may be immune-mediated and secondary to endothelial damage, since it is worse in MHC Class I mismatches and allosensitised individuals. Antiplatelet drugs may slow progression, but retransplantation is the main therapeutic option. Immunosuppressive requirements are stricter than for renal transplants, with CsA, steroids, azathioprine, and ATG (antithymocyte globulin) or Campath (a lytic monoclonal antibody directed against surface CD52 on all leucocytes) being used. One or more rejection episodes occur in 85% of recipients. Weekly endomyocardial biopsies may be performed to monitor rejection. Focal and perivascular interstitial lymphocyte inﬁltrates (neutrophils if severe) are seen
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 in rejection, similar to renal rejection. Rejection may be aborted with steroids, ATG or OKT3. Infections are the most common cause of death within three months of transplantation.
 
 azathioprine, OKT3, and tacrolimus. Prostaglandin (PGE1) infusion may be beneﬁcial. Graft survival of up to 75% has been reported at one year. Cadaveric donors with minimal graft cold ischaemia (6 h) are used. Acute and chronic rejection occurs.
 
 LUNG TRANSPLANTATION Common indications for lung tranplantation include COPD, interstitial lung disease, cystic ﬁbrosis, and alph-1 antitrypsin deﬁciency. Matching criteria are the same as for heart-lung transplantation, with a threeyear survival of 60% for COPD and cystic ﬁbrosis. No hyperacute rejection has been documented, but there is no time to cross-match anyway due to time constraints on organ preservation (6 h). Acute cellular rejection produces perivascular lymphocytic inﬁltrates and bronchiolitis. Chronic rejection produces bronchiolitis obliterans.
 
 LIVER TRANSPLANTATION This is used for end-stage liver failure. The most common indication in children is biliary atresia and in adults primary biliary cirrhosis. Cross-matching is not routinely done for anti-HLA antibodies although a positive cross-match for anti-HLA Class I antibodies may predispose to chronic rejection. The degree of HLA-A, -B, -DR, -DQ mismatch may determine the need for immunosuppression retrospectively. Re-infection of the graft is a particular problem with liver transplantation for end-stage hepatitis B or C infection in the immunosuppressed recipient. Autoimmune diseases such as primary biliary cirrhosis (PBC) or autoimmune chronic active hepatitis (AICAH) rarely recur in the graft. CsA, corticosteroids, azathioprine, tacrolimus and OKT3 are used for immunosuppression and treatment of acute rejection. Chronic rejection produces intraluminal biliary ﬁbrosis analogous to the vasculopathy in other types of organ transplantation.
 
 SMALL BOWEL TRANSPLANTATION This is a potential solution for intestinal failure. The small bowel contains large amount of lymphoid tissue in Peyer’s patches and mesenteric lymph nodes, thus rejection and graft-versus-host disease are a greater problem than with other organs, and the bowel is very intolerant of ischaemia. In addition, the infection risk is high because the bacteria in the gut translocate easily across damaged mucosa, causing sepsis. A combined small bowel and liver graft may be performed. Graft survival is improved by CsA, prednisolone,
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 PANCREATIC TRANSPLANTATION This is usually carried out for juvenile-onset diabetics who have concominant renal failure and require kidney transplantation in addition. The aim is to prevent the development of other microangiopathic complications.
 
 Whole organ pancreatic transplantation The kidney and pancreas from the same donor are usually transplanted simultaneously, one organ into the right iliac fossa, the other into the left iliac fossa. The use of pancreatic transplantation alone to prevent the complications of diabetes is increasing.
 
 Pancreatic islet transplantation In 2000, Dr. James Shapiro and colleagues published a report describing seven consecutive patients who achieved euglycemia following islet transplantation using a steroid-free protocol and large numbers of donor islets, since referred to as the Edmonton protocol. This protocol has been adapted by islet transplant centers around the world and has greatly increased islet transplant success. For an average-size person (70 kg), a typical transplant requires about one million islets, extracted from two donor pancreases. Healthy islets are isolated from a donor pancreas, puriﬁed, and then infused through a small tube into the portal vein of the liver. ABO and anti-HLA Class I cross-matching are essential for this tissue. No other matching is practicable for vascularised gland or isolated islet cells. The latter approach excludes passenger leucocytes and reduces rejection potential. The islets themselves do not express costimulator molecules and thus do not invoke rejection (and may even tolerise the host). Loss of APC is accelerated experimentally by in vitro culture in 95% oxygen or UV irradiation before transplantation. While signiﬁcant progress has been made in the islet transplantation ﬁeld, it still remains an experimental therapy.
 
 CORNEAL TRANSPLANTATION No matching is required, because this non-vascular graft is a relatively immunoprivileged site. The cornea can be stored for 28 days. HLA-A and -B matching is used only for high risk grafts with previous rejection or
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 a vascularised corneal bed, but the effectiveness is disputed. Topical corticosteroids are the main means of preventing rejection, but oral cyclosporin may be used in high risk patients. Rejection is treated with increased topical treatment or intravenous methylprednisolone, but success rates of 98% at ﬁve years are achieved.
 
 HEART-LUNG TRANSPLANTATION The main advantage of this approach (for lung disease, cystic ﬁbrosis and pulmonary hypertension) over lung transplantation is not immunological but preservation of tracheal blood supply. Two-year survival for heart-lung transplants approaches 50%. HLA matching is impracticable due to the cold ischaemia time limit of 6 h. HLA-A, -B, -DR, -DQ matching may determine the level of immunosuppression required subsequently. Immunosuppressive regimes are similar to those of heart transplantation. The lungs are very vascular and susceptible to immunological attack, showing the ﬁrst signs of rejection. Monitoring of graft function (FEV1, PO2, CXR), bronchiolar lavage and transbronchial biopsy for the interstitial perivascular mononuclear inﬁltrates of rejection are used. Obliterative bronchiolitis occurs in 50% of recipients at 8–12 months as result of chronic rejection with intimal vasculopathy. Obliterative bronchiolitis is treated with steroids and ATG, but the prognosis is poor. Table 6.11
 
 IMMUNOSUPPRESSION IN TRANSPLANTATION In the absence of mechanisms for producing donorspeciﬁc tolerance, we are left to fall back on general impairment of the host immune responses in order to prevent immune-mediated graft rejection. These drugs, however, predispose the patient to infections (Table 6.11) and neoplasia. Post-transplantation EBV positive lymphoproliferative disorders are increased with prolonged immunosuppression (particularly with ATG, ALG, OKT3, CsA) and in those with primary EBV infections post-transplantation. The mode of action of immunosuppressive drugs is described later. Azathioprine was ﬁrst used in renal transplantation in the 1960s. Corticosteroids are still used for their multiple anti-inﬂammatory and immunomodulatory effects. CsA and, more recently, FK506 (tacrolimus) have markedly improved the outlook in clinical solid organ transplantation. Antilymphocyte immunoglobulins (ALG, ATG) and anti-T cell monoclonal antibodies (ATG, Campath, OKT3) are effective in T cell depleting bone marrow and treating cellular rejection. Newer drugs such as mycophenolic acid, rapamycin, Brequinar, 15-deoxyspergualin, and antibodies to costimulatory or adhesion molecules on T cell and APC surfaces are promising new alternatives, the latter holding out the possibility of speciﬁc tolerance induction.
 
 Infections in immunosuppressed transplant recipients
 
 Transplant
 
 Infection/site
 
 Bacterial
 
 Fungal
 
 Viral
 
 Renal
 
 Pyelonephritis Pneumonia Bacteraemia
 
 Gram negative enteric Enterococci Staphylococci Streptococci
 
 Candida Aspergillus Cryptococcus
 
 CMV HSV-1/2 EBV
 
 Heart-lung
 
 Pneumonia Mediastinitis Bacteraemia
 
 Staphylococci Streptococci Gram negative enteric Pseudomonas (lung)
 
 Aspergillus Candida Cryptococcus (lung)
 
 CMV HSV-1/2 EBV Adenovirus
 
 Liver
 
 Hepatic/abdo abscess Cholangitis Bacteraemia
 
 Gram negative enteric Enterococci Staphylococci
 
 Candida Aspergillus
 
 CMV HSV 1/2 EBV Adenovirus Hep B & C
 
 Bone marrow
 
 Bacteraemia Pneumonia Multiple sites
 
 Gram negative enteric Staphylococci Streptococci Mycoplasma
 
 Candida Aspergillus Cryptococci
 
 CMV HSV 1/2 EBV Parvovirus
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 GRAFT-VERSUS-HOST DISEASE The transfer of immunologically competent T cells (and their precursors) may result in an attack on the host by donor lymphocytes. These cells clonally proliferate in the new host. This is a major problem in bone marrow transplantation but is also occasionally seen in solid organ transplantation (particularly small bowel) depending on the number of lymphoid cells in the graft. Acute graft-versus-host-disease (GVHD) (onset 100 days post-transplant) may resolve with treatment. Chronic GVHD (100 days) is an aggressive disease with autoimmune-like features and multiple organ involvement with ﬁbrosis. Preventative drug strategies, including methotrexate and CsA, are mandatory for allogeneic bone marrow transplantation, and some estimation of risk can be made from specialised quantitation of precursors of cytotoxic recipient-reactive T cells in the donor (CTLPp). The mechanisms regulating the balance between long-term chimaerism (where donor lymphoid cells persist in the new host without damage), and GVHD are unknown.
 
 TUMOUR IMMUNOBIOLOGY It has been assumed for many years that the immune system is important in the suppression of neoplastic growth. Immunodeﬁcient or immunosuppressed individuals (particularly those with T cell dysfunction or renal recipients treated with OKT3) have a clearly increased incidence of certain tumours (viral(EBV)-induced B cell lymphomas and non-viral lymphoid tumours). Some primary antibody-deﬁcient patients (CVID) also have an increased incidence of neoplasia (particularly stomach and B cell non-Hodgkin’s lymphoma (NHL)). HIV infection has increased knowledge of the role of intact immunity in tumour suppression and refocused attention in the potential role of oncogenic viruses such as HPV 16/18 (cervical cancer), EBV (Burkitt’s lymphoma), HTLV-1 (T cell leukaemia) and HSV-8 (Kaposi’s sarcoma) in producing tumours in humans. Virally or chemically-induced tumours are most immunogenic; but tumours are very heterogeneous, with many eliciting little or no speciﬁc immunity. Melanoma, renal cell carcinoma and lymphomas appear most susceptible to immune surveillance, which is predominantly mediated by CD8 positive cytotoxic T lymphocytes and NK cells. Many tumours evade immune responses by low expression of immunogenic molecules such as HLA, by the secretion of
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 immunomodulatory cytokines or the direct induction of anergy in reactive lymphocytes. Many tumours continue to grow despite the activities of tumourinﬁltrating lymphocytes (TIL). A unique tumour antigen for cellular immune responses is necessary in order to enhance speciﬁc immune responses against a tumour. A variety of tumour antigens and approaches have been used for immunologically mediated therapy in recent years. Suitable antigens for immunotherapy are either uniquely expressed in a neoplastic cell or heavily over-expressed in the tumour.
 
 IMMUNE SURVEILLANCE In immune surveillance, the immune system is able to recognise variants from normal antigen expression and focus an immunologically mediated attack on them. The antigens recognised include overexpressed tissue-speciﬁc antigens, mutated self-antigens, or normally repressed antigens to which tolerance has not been established (e.g. BCR/ABL, p53, C-myc, p21Ras, MAGE-1, MART-1, gp100). Since tumours are clonal cell populations, often with a high mutation rate, it is possible for immunological selection pressure to favour the evolution of less immunogenic variants (immunological escape). Many tumours evade effective immune responses by a variety of mechanisms (Table 6.12)
 
 Table 6.12
 
 Immune avoidance by tumours
 
 Strategy
 
 Mechanism
 
 Reduced HLA Class I expression
 
 Allelic loss under selection pressure Virus mediated (adenovirus) Oncogene mediated Reduction of TAP transporters
 
 Induction of anergy
 
 Tumour acting as non-professional APC
 
 Immunosuppressive factors
 
 Endogenous TGFβ, IL-10 Viral IL-10 (EBV) Endogenous prostaglandin E2
 
 Immunoprivileged sites
 
 CNS, testis, ovary
 
 Immunocompromised host
 
 Old age, HIV infection, drugs, pregnancy
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 TUMOUR MARKERS
 
 Passive antibody immunotherapy
 
 Any soluble circulating antigen in serum or plasma, measurable by biochemical or immunoassay, can be used as a tumour marker. Most are proteins secreted in excess, and thus are not absolutely speciﬁc for any given tumour, interpretation depending on the absolute level. They are thus often more suited to monitoring response to treatment rather than diagnostic screening. Some are cytokines or hormones secreted by the tumour (e.g. β human chorionic gonadotrophin, alpha-fetoprotein); others are cell surface antigens shed into the circulation (e.g. cell surface mucins in adenocarcinomas, CA125, CA159). Levels generally reﬂect tumour mass. Many also have non-neoplastic sources and can be affected by non-speciﬁc inﬂammation, liver disease, etc.
 
 TUMOUR IMMUNOTHERAPY Attempts to use the immune system to treat tumours have utilised several approaches: (1) use of speciﬁc antibodies or cells to attack tumour cells, (2) induction of antitumour immune responses, or (3) enhancement of pre-existing antitumour responses, both innate and speciﬁc (Table 6.13).
 
 Table 6.13
 
 Strategies for immunomodulation
 
 Strategy
 
 Action
 
 Speciﬁc cancer vaccine
 
 Vaccinate with tumour/virus speciﬁc antigens
 
 Targeted immunotherapy
 
 Use antibodies to target drug or radiation therapy to speciﬁc tumour or tissue
 
 Viral vaccine
 
 Prevent primary infection and thus viral induced tumours
 
 Enhance tumour immunogenicity
 
 Gene transfection with costimulator or cytokine genes to enhance local immune responses
 
 Cellular adoptive immunotherapy
 
 IL-2, PHA or CD3 activated LAK, PBMC, CD8 T cells, TIL
 
 Boost general cellular immunity
 
 Cytokine infusions, e.g. IL-2 to activate NK cells and other cellular effectors
 
 The detection of tumour-speciﬁc surface antigens may enable the use of targeted therapies where a monoclonal antibody is the carrier molecule which speciﬁcally directs and concentrates a therapeutic drug, prodrug, toxin, or isotope to the neoplasm. In practice the speciﬁcity of the toxin or isotope on the conjugate molecule is not absolute and there is some collateral damage to normal tissue. This technique has been used with some success in B cell lymphomas, with conjugates targeted to B cell speciﬁc surface molecules such as CD22. In addition, the antibodies may attach to Fc receptors of effector cells and recruit additional cellular effectors. This technique is also of use in radioimaging of tumours.
 
 Vaccination Attempts to vaccinate with crude cell extracts and tumour speciﬁc antigens have been made with some success but depend on the existence and isolation of a relatively tumour speciﬁc antigen. Virally induced tumours can be reduced by preventing primary infection by vaccination (e.g. hepatitis B).
 
 Cellular immunotherapy Certain tumours are susceptible to the action of activated CD8 positive cytotoxic T lymphocytes and NK cells, both in animal models and humans. Adoptive transfer or cellular immunotherapy is an attempt to activate or clonally expand pre-existing tumour speciﬁc T and NK cells in vitro. One form is called lymphokineactivated killer cells (LAK) because IL-2 is used in their generation in vitro. Unfortunately this form of therapy requires the isolation and sterile in-vitro expansion of PBMC or T cells using IL-2 before re-infusion into the patient. It is a cumbersome, individualised, tumour speciﬁc therapy, and impractical for general usage.
 
 Gene therapy Animal models suggest that the direct conversion of poorly immunogenic tumours into potent APC may enhance effective tumour speciﬁc immunity. This can be accomplished by transfection of cytokine genes such as TNFα, IL-2, IL-4, IFNγ, GM-CSF or costimulatory molecules such as B-7 (CD80). This has yet to be shown to be of use in humans. Another strategy to enhance the induction of antitumour responses is to transfect skeletal muscle with the DNA sequence of a tumour speciﬁc antigen. The skeletal muscle cell transiently expresses the antigen and acts as an APC. A costimulatory molecule may
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 Table 6.14
 
 Immunodeﬁciency and infection Infections
 
 Primary defect
 
 Secondary defect
 
 Neutrophils (neutropenia)
 
 Endogenous bacteria, including Pseudomonas
 
 Autoimmune neutropenia, cyclical neutropenia
 
 Drug-induced neutropenia
 
 Neutrophils (functional defect)
 
 Catalase positive Staphylococcus, Salmonella, Aspergillus
 
 CGD, LAD
 
 Complement
 
 Bacteria (Neisseria meningitidis)
 
 Speciﬁc complement component deﬁciency
 
 Macrophages
 
 Atypical mycobacteria
 
 T cells (generalised defect)
 
 Viruses, fungi, mycobacteria, Pneumocystis, Listeria, etc.
 
 HIV SCID, Di George
 
 HIV, immunosuppressive drugs
 
 T cells (speciﬁc defect)
 
 Candida
 
 CMC
 
 B and T cells (combined)
 
 Encapsulated bacteria  opportunists (variable)
 
 HIV (children), some SCID, some CVI, HIGM
 
 Drug induced immunosuppression
 
 B cells (generalised)
 
 Encapsulated bacteria (also loss of protection against viruses)
 
 XLA, CVI
 
 CLL, myeloma
 
 B cells (speciﬁc defect)
 
 Encapsulated bacteria
 
 Speciﬁc antibody deﬁciency to polysaccharide antigens
 
 be transfected simultaneously. This is also a cumbersome, individualised therapy for each patient.
 
 APC enhancement Another approach is to attempt to boost the immune response of the host by the use of potent autologous professional APC which have been pulsed with tumour antigen. This works well in animal models and is being developed for use in man. There is also the possibility of enhancing APC activity by using cytokines, or targeting gene transfection to APC using lineage-speciﬁc promotors.
 
 Cytokine immunotherapy This is used in an attempt to boost cellular (T and NK) immune responses in the tumour host or to alter the immunogenicity of the tumour cells. IL-2 therapy has been used in melanoma and renal carcinoma with very limited success, and signiﬁcant side effects. IL-12 and IL-7 are currently being assessed. The local release of IFNγ as a result of cytokine exposure may enhance the susceptibility of some tumour cells to lysis.
 
 IMMUNODEFICIENCY An immunodeﬁciency is an impaired ability to mount effective immune responses to infectious agents.
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 Impaired immunity may be primary (e.g. primary antibody deﬁciencies) or secondary (to disease, drugs, infection). The majority are secondary to other conditions. Immunodeﬁciency results in differing types of infections (bacterial, viral, fungal) depending on the defence mechanisms affected (Table 6.14).
 
 SECONDARY IMMUNODEFICIENCY There are multiple causes of secondary immunodeﬁciency (Fig. 6.10). It is well recognised that lymphoproliferative disease, including chronic lymphatic leukaemia (CLL) and myeloma, result in impairment of speciﬁc adaptive immunity in later stages of disease progression, and increased susceptibility to bacterial infection. Non-neoplastic diseases such as systemic lupus erythematosis (SLE) or rheumatoid arthritis (RA show an inherently increased susceptibility to infections, although the direct cause of the impairment is unknown. Drug therapy is an important cause of immunosuppression affecting both speciﬁc and innate mechanisms. Infections can cause immunosuppression either directly (e.g. HIV-induced T cell destruction) or indirectly (EBV, CMV). Inﬂammation can cause transient impairment of immune response – e.g. after surgery, trauma, burns (where there is also loss of serum proteins) – and
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 Lymphoproliferative disease Cytokines
 
 Infections
 
 Drugs
 
 Malnutrition Lymphocyte Trauma
 
 Prostaglandins
 
 Burns
 
 Complement
 
 Surgery
 
 Malnutrition
 
 Cytokines
 
 Hypercatabolic states Drugs Prostaglandins
 
 Phagocytes PMN/ macrophage
 
 Blood/plasma loss Infection
 
 Renal failure
 
 Burns
 
 Lymphoproliferative disease Splenectomy Renal failure
 
 Infection Humoral defences Abs/C 
 
 Malnutrition Hypercatabolic states Blood/plasma loss
 
 Hepatic failure
 
 Burns Surgery Trauma
 
 Infection Epithelial barriers
 
 Foreign bodies
 
 Malnutrition Hypercatabolic states Renal failure
 
 increased susceptibility to infection, although abnormalities of functional assays are usually more pronounced than clinical problems (depressed CMI skin tests, depressed in-vitro lymphocyte proliferations, alterations in granulocyte and NK functions), reﬂecting the plasticity of the immune response as a whole. Postoperative infections in patients given perioperative blood transfusions appear to be increased due to an ill-deﬁned immunosuppressive effect of some component of the blood given (RBC or WBC).
 
 Secondary immunodeﬁciency as a result of surgery The most common way a surgical procedure predisposes to infection is by breaching a mucosal barrier.
 
 Fig. 6.10 The causes of secondary immunodeﬁciency. Many causes of secondary immunodeﬁciency act on several different components of the immune response.
 
 In addition, barriers may be compromised by haemorrhage, gut immobility, ischaemia, burns or malnutrition. This would result in increased penetration of pathogens across the mucosa and skin with subsequent defective killing of organisms by phagocytes. The presence of drains or other foreign bodies also provides both routes of entry and niduses of infection. Surgery results in severe metabolic alterations with an initial hypometabolic phase followed by a hypermetabolic phase. In the ﬁrst three days after major gut surgery 6–7% of body weight may be lost. There is a potential for infection from endogenous or exogenous sources. A similar impairment of speciﬁc and innate defence mechanisms operates in trauma and generalised inﬂammatory responses due to disease or infection, but in
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 elective surgery careful attempts to maintain homeostasis during the period of anaesthesia may reduce this impairment. The precise causes of immunosuppression are unknown but may involve circulating cytokines, loss of blood or plasma (depleting immunoglobulins or complement), hypercatabolic states, or renal and hepatic failure. These effects make it important to perform functional studies on lymphocytes and neutrophils at times when a patient is well. These multiple effects are sometimes referred to as surgical stress.
 
 Cellular effects of surgical stress Lymphocyte numbers are not consistently altered by surgical stress. CD4 T cell numbers only fall in major trauma (by day 2–4). This may be reﬂected in the total lymphocyte count. This phenomenon may result from redistribution of cells to peripheral organs or lymphoid tissue rather than a decline in numbers. CD4/ CD8 ratios are not useful, since they reﬂect a dynamic ratio of two populations and take no account of absolute numbers. NK cell numbers appear stable. B cell numbers may remain stable or transiently decline. Some of the observed changes may be due to the pharmacological effects of anaesthetic drugs, which can reduce proliferation of B cells. There is no clinically useful correlation between these observations and outcome of surgery. There is anergy to delayed-type hypersensitivity (DTH) skin tests in postsurgical patients, and impairment is more frequent in those with a worse outcome, although it is not clear if this is cause or effect. Patients with burns, viral infections and sarcoidosis all have variable and transient depression of DTH to unrelated antigens, but have other reasons to be susceptible to infections. Likewise, in vitro T cell IL-2 production and antigen speciﬁc proliferation are inversely related to the severity of injury. T cells are activated (increased CD25 (IL-2R) expression), but proliferation (speciﬁc antigen, allogeneic cells and mitogens) is generally impaired, perhaps due to soluble factors (complement fragments or cytokines), which can suppress neutrophil chemotaxis and NK cell activity.
 
 Cytokine effects of surgical stress Failure to produce cytokines such as IL-1 and IL-2 is associated with fatal outcomes. There also appears to be decreased production of IFNγ in trauma, which may impair phagocyte activation and B cell proliferation and increase immunosuppressive PGE2 production. Many other cytokines are produced, including PAF and TNFα which induces production of IL-1, IL-6 and PGE2.
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 Complement activation by surgical stress Both classical and alternative pathways are activated by trauma, the alternative pathway (AP) in burns. This leads to complement consumption in the early stages, with the production of complement fragments which affect phagocyte function. Complement can also be directly activated by drugs, methylmethacrylate resins in orthopaedic surgery and dialysis or cardiopulmonary bypass pump membranes but the effect is often subclinical or results in an adverse reaction rather than immunosuppression.
 
 Antibody production in surgical stress Any fall in total immunoglobulin levels is due to haemodilution by i.v. ﬂuid replacement or exudative loss of plasma (in severe burns). Defects in speciﬁc antibody production to vaccination following major injury have been demonstrated. Thermal injury and trauma reduces vaccine responses to tetanus but not to polysaccharide antigens, suggesting that some of these defects may reﬂect T cell dysfunction.
 
 Phagocyte dysfunction in surgical stress A neutrophil leucocytosis is usual and proportional to the degree of inﬂammation/trauma. This may be due to mobilisation of marginalised neutrophils from pulmonary vasculature or new emigrants from the bone marrow under cytokine control. Neutrophil activation is seen with transiently decreased adhesiveness followed by an increase which parallels changes of adhesion molecule expression on damaged vascular endothelium. This enables homing of neutrophils, activation and extravasation at the site of injury. However, neutrophil chemiluminescence, NBT reduction, and superoxide production are suppressed and antibacterial lysosyme and B12 binding protein are reduced. In vitro chemotaxis is decreased for up to nine days even after minor trauma, and longer in major trauma. Reduced chemotaxis correlates with poor outcome in burns patients. Depletion of complement or immunoglobulins due to hypercatabolism, consumption and loss may secondarily impair neutrophil opsonisation and chemotaxis. In severe trauma, acute phase protein production may be depressed.
 
 APC function in surgical stress Although there is often an initial monocytosis after surgery, with a transient increase in phagocytosis, enzyme content and cytochrome oxidase activity, this is transient and often becomes impaired subsequently. MHC Class II expression may be reduced after surgery
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 or haemorrhage. Impairment of APC function has not been formally demonstrated in humans.
 
 Endothelial effects of surgical stress Endothelial injury with subsequent coagulation, platelet activation, increased vascular permeability, endothelial cell and platelet production of cytokines or prostaglandins/leukotrienes and upregulation of adhesion molecules are central events in surgical and traumatic injury. Subsequent cytokine-mediated effects on distant organs produce the classical systemic signs of fever (IL-1 and IL-6 are the ‘endogenous pyrogen’ acting on the hypothalamic axis; IL-1 produces leukocytosis and activates phagocytes, IL-6 upregulates production of complement and other acute phase proteins from mononuclear phagocytes and the liver).
 
 Neuroendocrine effects of surgical stress The role of the neuroendocrine system is of increasing interest but poorly understood. There are increases in circulating hormones and cytokines, including colonystimulating factors, corticosteroids and catecholamines, which result in increased neutrophil emigration and production in the marrow as well as pro-inﬂammatory cytokines such as IL-1, IL-2 and IFNγ. Betaendorphins can increase T cell cytotoxicity in vitro, but the clinical relevance of these changes is unknown.
 
 IMMUNOLOGICAL IMPAIRMENT AFTER SPLENECTOMY Severe immunological impairment is caused by splenectomy. Splenic preservation should be attempted whenever possible. Splenectomy removes both secondary lymphoid tissue in the white pulp and a major phagocytic site for the removal of senescent erythrocytes, opsonised bacteria and intracellular parasites. The spleen is a major site of antibody production, particularily IgM, and is a reservoir of lymphocytes. Splenectomy, therefore, results in a T cell lymphocytosis and an impaired antibody response to the polysaccharide antigens of bacterial capsules. The result is an increased susceptibility to overwhelming bacterial sepsis, especially in children. Estimates of risk vary, but the risk is especially high in children less than four-yearsold, and in the ﬁrst few years after splenectomy. It is likely that the underlying disease inﬂuences prognosis, because the risk is greater after splenectomy for pathology, e.g. thalassaemia, than for trauma. Infections may present insidiously, then rapidly deteriorate. Encapsulated bacteria such as Streptococcus pneumoniae, Haemophilus inﬂuenzae and Neisseria
 
 meningitidis predominate, because antibodies to bacterial polysaccharide capsules are important in defence. Mortality from infection is up to 50–70%. Most children receive prophylactic penicillin for ﬁve years postsplenectomy, but practice varies in adults, and compliance with long-term therapy may be a problem. Many patients carry prophylactic antibiotics for self-medication, and all need education on the risks and importance of rapid presentation of symptoms to a doctor. All splenectomised individuals should be immunised with polysaccharide vaccines against Pneumococcus, Neisseria meningitidis (A & C) and Haemophilus inﬂuenzae B. These are best given ten days before splenectomy (when a functional spleen is present) or, if pre-immunisation is not possible, two weeks after surgery. They should carry a warning card. If they are traveling abroad they will require additional meningococcal vaccination to cover ACWY strains of Neisseria and appropriate prophylaxis for malaria.
 
 CONTROLLING IMMUNOSUPPRESSION IN THE SURGICAL PATIENT Attempts can be made to reduce immunosuppression after surgery. Homeostasis and pain control reduces any potential neuroendocrine effects. Avoiding ischaemia improves entry and function of immune effector cells and reduces the likelihood of bacterial infection. Early wound closure and removal of drains reduces potential portals of bacterial entry. Blood transfusion should be minimised where possible (to reduce possibility of blood-borne transmission of infection and the putative immunosuppressive effects of transfusion). It is also helpful, wherever possible, to avoid use of broad spectrum antibiotics which alter normal ﬂora in the gut and increase translocation of pathogens. Nutritional support may be important in some procedures.
 
 NUTRITIONAL SUPPORT IN SURGERY Nutritional support (calories and protein) to meet the increased metabolic needs following surgery may reduce immunosuppression, particularly in gastrointestinal procedures. Parenteral nutrition does not appear to have any clinical beneﬁt despite correction of nitrogen balance, perhaps due to mucosal atrophy in the gut, and the invasive procedure itself increases the risk of iatrogenic sepsis. Enteral arginine supplements produce improvements of in vitro tests of lymphocyte function in burns patients which may be of clinical beneﬁt, as may omega-3 fatty acids. Enteral
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 feeding does not produce the mucosal atrophy associated with parenteral nutrition and thereby may reduce the translocation of pathogens across the gut mucosa and maintain local mucosal IgA secretion. Enteral, but not parenteral, glutamine supplementation may improve mucosal integrity and aid macrophage and lymphocyte function. These interventions have yet to be subjected to double-blind clinical trials of efﬁcacy.
 
 Immunodeﬁciency in uraemia Both uraemia and haemodialysis lead to an immunocompromised state. Infections are a major cause of mortality in renal failure. Vascular access and cutaneous staphylococcal carriage result in increased risk of infection. Haemodialysis membranes may activate the alternative pathway of complement, leading to C5a generation which affects neutrophil function and causes transient peripheral pooling in the lungs. Metabolic derangement impairs cellular function, and dryness and ulceration of mucosal barriers increases translocation of bacteria. T cell lymphopaenia occurs with impaired proliferation, depressed DTH skin test responses, and some impairment of antibody responses to vaccination.
 
 Immunodeﬁciency in nephrotic syndrome Nephrotic patients have a peculiar susceptibility to pneumococcal sepsis. Loss of IgG (180 kD) may be relevant in some patients. IgM is generally retained due to its larger size. Complement factor B may also be lost in the urine. Raised complement C3 and C4 levels are usually seen in the nephrotic syndrome due to compensatory hepatic and mononuclear phagocyte production. There is no such feedback regulation of IgG, and low IgG levels persist. There is a demonstrable defect of opsonisation and phagocytosis in vitro, reﬂecting impairment of antibody, complement and neutrophil function.
 
 Immunodeﬁciency in connective tissue diseases Primary immunodeﬁciencies predispose to autoimmunity, but patients with autoimmune diseases are often immuno-compromised as a consequence of the disease itself, as well as immunosuppressive drug therapies. Patients with SLE have acquired abnormalities of complement due to consumption by immune complexes and may have dysregulated polyclonal antibody production. Patients with rheumatoid arthritis may have secondary abnormalities of neutrophil function which may predispose to staphylococcal infection,
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 possibly by immune complex formation altering neutrophil function. Despite these observations, the use of potent immunosuppressive drugs is the major modality of treatment in patients with CTD.
 
 Immunodeﬁciency in malnutrition Malnutrition is the most common cause of immunodeﬁciency worldwide, increasing childhood and perinatal mortality from infectious diseases, such as measles. The metabolic demands of established infection (negative nitrogen balance) further compromise the infected host. Impaired DTH, decreased cytokine production, reduced T cell numbers and proliferation to antigen or mitogens is seen. Vaccine responses and total IgG levels are often normal in mild malnutrition, but impaired in severe cases; however, IgA levels often fall. C3 levels fall due to reduced hepatic synthesis and consumption. Neutrophil chemotaxis and opsonisation may be normal but bacterial killing is impaired.
 
 Immunodeﬁciency as a result of infection Some impairment of immune responses is common after viral infections where transiently reduced T cell function and DTH anergy are often found (measles, Hep B, EBV, CMV, rubella). The clinical relevance of these functional alterations is not clear, although clearly some viruses gain a survival advantage by suppressing host antiviral responses. Herpes viruses (EBV, CMV) appear to directly suppress T cell cytokine production (IFNγ) and proliferation. Speciﬁc antibody production is unimpaired, yet autoantibody production may be increased. HIV infection is a special case which causes T cell depletion (and thus causes secondary B cell malfunction) by a combination of direct cytotoxicity and immune-mediated CD8 positive cytotoxic attack on infected T cells and APC. This may eventually lead to clonal exhaustion of T cell precursors (possibly by direct infection of T cell progenitor cells) and eventual loss of antigen speciﬁc T cells, leading to total immunoparesis. Full discussion of the possible pathogenesis of immunodeﬁciency in HIV infection is beyond the scope of this chapter. Some bacterial infections (TB, leprosy) and fungal infections (Aspergillus) can also cause reduced T cell and macrophage function.
 
 Immunodeﬁciency as a result of malignancy An immunocompromised state is often found in disseminated lymphoid and non-lymphoid malignancy. Leukaemias and lymphomas cause reduced DTH and mitogen T cell responses, sometimes with impairment
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 of antibody production. CLL can cause hypogammaglobulinaemia and infections, and may require intravenous immunoglobulin (IVIG) replacement. The host is immunocompromised by radiotherapy, chemotherapy or splenectomy. Hodgkin’s disease suppresses T cell function and speciﬁc antibody responses to carbohydrate antigens by an unknown mechanism, but IgG levels are normal. Myeloma impairs T and B cell function by an unknown mechanism, thus despite normal or elevated IgG levels (which may be predominantly monoclonal paraprotein) speciﬁc antibody responses to pathogens and vaccines are impaired. Bacterial pneumonia is common.
 
 Age-related immunodeﬁciency Premature children have insufﬁcient maternal IgG transfer (predominantly occurs in the last few weeks of pregnancy) and may have transient hypogammaglobulinaemia until endogenous production of immunoglobulins restores normal IgG levels at 6–9 months of age. Phagocytosis, T and B cell function, chemotaxis and complement levels are also impaired in comparison with normal neonates. IgA production may not reach adult levels until ﬁve years of age in many otherwise normal children. Responses to polysaccharide antigens are generally poor in normal children before two years of age. In old age some impairment of immunity is suggested by the increased incidence of infections, monoclonal paraproteins, autoantibodies, DTH anergy, and reduced antibody responses to vaccines and lymphoproliferative disorders. This is reﬂected in decreased T cell numbers, decreased T cell proliferation and cytokine production. Macrophages are also impaired, with decreased cytokine production or responsiveness. B cell numbers tend to increase with age, while IgE production reduces and many allergies remit.
 
 Immunodeﬁciency as a result of metabolic disturbances Diabetes (susceptible to staphylococci and fungi) and cirrhosis (Escherichia coli peritonitis) result in illdeﬁned defects in cell-mediated and humoral immunity. The susceptibility is probably multifactorial and would include tissue ischaemia, increased glucose levels, altered glycosolation of immunoglobulins, cytokines, and other proteins.
 
 Drug-induced immunosuppression This is probably the most common iatrogenic immunocompromised state. Some drugs have immunosuppressive properties which are incidental to their primary
 
 usage (e.g. hydroxychloroquine, dapsone, some antibiotics and phenytoin).
 
 PRIMARY IMMUNODEFICIENCY Some immunodeﬁcient states are inherited, although the expression of the immunodeﬁciency may in some cases be triggered by environmental triggers at a later stage in life such as EBV in X-linked lymphoproliferative disorder (XLP). These immunodeﬁciencies may present with unduly prolonged, recurrent or severe infections in childhood or adulthood (Table 6.15). The genetic bases of many are now known (Fig. 6.11). Some of the immunodeﬁciency states may initially present as surgical complications (e.g. deep seated abscess and inﬂammatory bowel disease in chronic granulomatous disease; acute abdomen in hereditary angioedema, etc).
 
 INNATE IMMUNODEFICIENCIES Phagocyte immunodeﬁciencies Defects in neutrophil function include chronic granulomatous disease (CGD), where there is a genetic abnormality in a subunit of the cytochrome b558 enzyme complex (NADPH oxidase). This complex produces oxygen free-radicals in neutrophil and monocyte cytoplasmic phagosomes which kill pathogens in conjunction with hydrogen peroxidase. Some bacteria or fungi produce the enzyme catalase which neutralises hydrogen peroxidase, thus CGD patients get recurrent, deep-seated and severe infections with catalase positive Staphylococcus, Salmonella and Aspergillus.
 
 Table 6.15 Frequency of UK primary antibody deﬁciency 1996 (in 1921 patients) Deﬁciency
 
 Percentage
 
 Common variable immunodeﬁciency IgG subclass deﬁciency X-linked agammaglobulinaemia SCID IgA deﬁciency Chronic granulomatous disease Combined T/B disorders (including HIGM) Neutropaenia Speciﬁc antibody deﬁciency Complement deﬁciency (including MBL)
 
 44 11 9 5 5 3 2.5 2 2 2
 
 141
 
 6
 
 6
 
 GENERAL PATHOLOGY AND MICROBIOLOGY
 
 Reticular dysgenesis
 
 Lymphoid progenitor
 
 Stem Cell
 
 Autosomal recessive SCID
 
 X-Linked SCID ADA SCID PNP SCID T progenitor
 
 B progenitor
 
 XLA (Btk)
 
 ZAP70 SCID MHC Class I deficiency CD8 T cell
 
 Thymus
 
 Digeorge X-Linked hyperIgM syndrome X-HIG M
 
 IgM + B cell
 
 DC
 
 Monocyte
 
 LAD (CD18 deficiency)
 
 LAD
 
 CGD
 
 Neutrophil
 
 LAD Autoimmune neutropaenia
 
 40
 
 CD MHC Class II deficiency
 
 Myeloid progenitor
 
 CV I
 
 L 40
 
 CD4 T cell
 
 CD
 
 IgG/A + B cell Selective IgG subclass deficiency CV I
 
 WAS
 
 IgA deficiency Plasma cell
 
 Fig. 6.11
 
 The causes of primary (congenital) immunodeﬁciencies.
 
 CGD is usually X-linked and manifest in males, with female carriers, although autosomal forms exist which may present later in adult life. Patients usually have problems in early childhood and often require surgical drainage of deep abscesses. Prophylactic antibiotics to cover Staphylococcus and Aspergillus are necessary, sometimes augmented with subcutaneous injections of the neutrophil-activating cytokine IFNγ.
 
 Leucocyte adhesion deﬁciency LAD-1 results from the deﬁciency of the CD18 chain integrin component of the adhesion molecules LFA-1 (CD18/CD11a), CR3 (CD18/CD11b) and CR4 (CD18/ CD11c). Deﬁciency results in abnormal neutrophil adhesion and complement receptors, and failure to form pus at the sites of infection because of impaired migration across inﬂamed endothelium (diapedesis).
 
 142
 
 Primary antibody deﬁciency Patients with the severe combined T and B cell immunodeﬁciencies (SCID) will not survive into adulthood without bone marrow transplantation (BMT), which may well restore a functional immune system. SCID will not be mentioned further here. The most common clinical problem resulting from primary antibody deﬁciency encountered by surgeons is excision of bronchiectatic lung tissue, or ENT sinus drainage procedures for persistent sinus disease. Most primary antibody deﬁciencies are disorders of B cell development or function with impaired or absent antibody production. Some have minor abnormalities of T cell function and have an increased incidence of autoimmunity and malignancy. The most common type, common variable immunodeﬁciency (CVI), has a prevalence of 12–20 per million.
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 Primary antibody deﬁciency (PAD) presents with pneumonia, sinus and gastrointestinal infections due to the absence of IgG and IgA. Lack of IgA leads to susceptibility to mucosal pathogens entering by the respiratory and gastrointestinal tract. Patients get: respiratory infections with encapsulated bacteria (Haemophilus inﬂuenzae (usually untypable), Streptococcus pneumoniae) and mycoplasma; gastrointestinal infections with Giardia, Campylobacter and Salmonella; Mycoplasma arthritis; and rarely Neisseria meningitidis meningitis (more usual in complement deﬁciency). Antibody deﬁcient patients usually clear viral infections normally, although they never develop antibody-mediated resistance against re-infection. They usually do not get infections with opportunists or unusual organisms, except in hyper-IgM syndrome (HIGM) due to a T cell defect, where pneumocystis pneumonia and cryptosporidial gastroenteritis occur. X-linked agammaglobulinaemia (XLA) patients occasionally get fatal enteroviral meningoencephalitis and myositis. Since XLA is a B cell disorder, this suggests that antibodies mediate important enteroviral protection. Treatment consists of intravenous immunoglobulin (IVIG, predominantly IgG) replacement prepared from a large pool of healthy donors screened for infectious disease. We cannot replace IgA yet, and a major problem with monomeric IgG infusions is poor penetration onto mucosa and the rapid enzymic destruction once there (normal dimeric IgA is speciﬁcally secreted and protected by the “secretory component”). Adjunctive surgery or prophylactic antibiotics may be necessary, especially if end-organ damage such as bronchiectasis or chronic sinusitis becomes established because of delayed diagnosis. Patients with CVI have an increased risk of malignancy and autoimmunity. Gastric carcinoma, associated with achlorhydria, gastric atrophy and pernicious anaemia, is increased 40-fold, and extranodal B cell lymphomas are increased 100-fold. Occasionally, T cell lymphomas occur. PAD patients may also have autoimmune thrombocytopaenias (which must be mediated by non-antibody mechanisms) and may require splenectomy if unresponsive to treatment. Diagnosis of autoimmune disease or infections may be difﬁcult because serological tests are useless, since patients do not make antibodies. Vaccinations are unlikely to be useful, and live vaccines are avoided because a concurrent deﬁcit of cell-mediated immunity in some antibody deﬁcient patients may lead to fatal dissemination of the vaccine.
 
 PAD patients with low IgG levels (pre- or posttreatment) are susceptible to mycoplasma arthritis. This can result in severe joint destruction and chronic pain requiring operative intervention under cover of tetracyclines. Sinus disease remains problematic in many patients. Drainage procedures such as Caldwell-Luc procedures were generally unsuccessful in the past. The role of new endoscopic procedures such as FESS (functional endoscopic sinus surgery) remains to be deﬁned. Regional lymphadenopathy and splenomegaly can occur, particularly in CVI and HIGM. In each case there may be a requirement for excision biopsy of lymph nodes to exclude a lymphoma or other neoplasm. Approximately one in ﬁve CVI patients have a granulomatous variant (GAD), with splenomegaly, reduced CD4 positive T cells, raised CD8 positive T cells, low B cell numbers and sarcoid-like noncaseating granulomata in multiple organs. These may cause diagnostic confusion with mycobacteria (antibody deﬁcient patients are not unduly susceptible to tuberculosis) and other granulomatous disorders (Whipple’s disease, syphilis, toxoplasmosis). Benign reactive nodular hyperplasia of the gut lymphoid tissue is present in many antibody deﬁcient patients, and may mimic other intra-abdominal pathology.
 
 IMMUNOSUPPRESSION Immunosuppression by disruption of the immune response to a speciﬁc antigen is the ultimate goal of immunologists and surgeons and may result from improved understanding of the role of clonal anergy and deletion in the maintainance of self-tolerance and tolerance to foreign antigens (including MHC). Meantime, patients have to live with the inadequacies and potentially fatal side effects of pharmacological immunosuppression. Many of the initial immunosuppressive drugs were ﬁrst used in cancer chemotherapy because of their toxicity against proliferating cells. This led to blanket immunosuppression and high incidence of side effects. Immunosuppression can be achieved by targeting various mechanisms:
 
 • • • • •
 
 depleting lymphocytes; diverting lymphocyte trafﬁc; blocking/modifying lymphocyte response pathways; inhibiting cell proliferation; and inhibiting metabolism.
 
 143
 
 6
 
 6
 
 GENERAL PATHOLOGY AND MICROBIOLOGY
 
 Table 6.16 The principal mechanisms of action of immunosuppressive drugs
 
 Drug
 
 Anti-inﬂammatory
 
 Proliferation
 
 Cytokines
 
 Corticosteroids CsA FK506 Rapamycin Cyclophosphamide Methotrexate Mycophenolate Leﬂunamide Brequinar 15 Deoxyspergulainy Azathioprine TBI T cell mAb Anticytokine mAb Anti-adhesion
 
 y
 
 y y y y
 
 y y y
 
 y y
 
 y y y
 
 Phagocyte
 
 T cell
 
 B cell
 
 APC
 
 y
 
 y ?
 
 y ?
 
 y ?
 
 y
 
 y y
 
 y y y y y y y y y
 
 y y
 
 y
 
 y y
 
 y y y y y y
 
 The various drugs used may be subdivided according to their principal mode of action (Table 6.16, Fig. 6.12).
 
 CORTICOSTEROIDS Corticosteroids cross the cell membrane to bind to cytosolic glucocorticoid receptors, which translocate to the nucleus to bind to glucocorticoid responsive elements which activate gene transcription over 6–12 h. They also have multiple anti-inﬂammatory effects on neutrophils, vascular adhesion, cytokine production, wound repair, 5-lipo-oxygenase and cytokine production such as IL-1. Corticosteroids also affect B cells (reduce antibody secretion, promote apoptosis) and T cells (reduce cytokine secretion and proliferation). Their big disadvantage comes from side effects including cushingoid features, hypertension, peptic ulceration, poor wound healing, osteoporosis, myopathy, cataracts, stunted growth, acute pancreatitis, avascular necrosis of bone, hypoglycaemia and diabetes, acne, as well as increased susceptibility to infections.
 
 ANTICYTOKINES IL-1RA is anti-inﬂammatory in RA but is not helpful in transplantation.
 
 144
 
 Adhesion/ Costimulator
 
 y y
 
 y y
 
 y y y
 
 y
 
 y
 
 y y y y
 
 y
 
 y y y
 
 y
 
 y
 
 y
 
 ANTI-APC 15-Deoxyspergualin (15DS) binds to heat shock proteins (HSP) and interferes with their ability to act in the loading of antigenic peptides onto HLA molecules. 15DS only has a modest effect in transplantation. Cytokines and costimulatory molecule expression are unaffected, but multiple toxicities including leucopenia limit its utility. 15DS also suppresses B cell proliferation, inhibiting antibody formation.
 
 NUCLEOSIDE SYNTHESIS INHIBITORS Azathioprine Azathioprine is a cytotoxic drug used in transplantation, autoimmune diseases and vasculitis. Azathioprine is a precursor of 6 mercaptopurine which undergoes intracellular conversion to the purine analogue thiosinic acid which inhibits DNA/RNA synthesis. The enzyme thiopurine methyltransferase (TPMT) metabolises azathioprine; the risk of myelosuppression is increased in those with a low activity of the enzyme, particularly in the very few individuals who are homozygous for low TPMT activity. It kills lymphocytes, phagocytes, megakaryocytes and erythroblasts and any other proliferating cell indiscriminately. In transplantation (and autoimmunity), antigen speciﬁc, clonally proliferating cells are killed more rapidly than resting cells.
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 GC Blood vessel
 
 Neutrophil
 
 Vascular adhesion Anti adhesion molecule mAb AAMMA
 
 Diapedesis and migration into tissue
 
 Macrophage
 
 Neutrophil CYCLO GC AZA
 
 GC Promotion of apoptosis
 
 Anti-B cell mAb
 
 NK CYCLO AZA
 
 ALA CYCLO CSA
 
 GC, CYCLO, AZA, Brequinar 15DS, FK, CSA Suppression of clonal proliferation Anti-T cell mAb
 
 GC Inhibition of antibody production FPO
 
 B lymphocyte
 
 Th
 
 Tissue
 
 AAMMA
 
 AZA CD4 T lymphocyte (resting)
 
 APC
 
 CD8 T lymphocyte (resting) Anti-T cell mAb
 
 Progenitor cells CYCLO AZA Inhibit lymphocytic progenitor cells
 
 Anti-T cell mAb
 
 G0 CSA FK Inhibition G0
 
 G1
 
 CSA FK Arrest cell cycle in G0 phase
 
 RAPA LEF Arrest cell cycle in G0 phase
 
 G1 RAPA LEF Inhibition
 
 Brequinar GC AZA CYCLO Inhibition of clonal proliferation
 
 GC, CSA, FK Inhibition of cytokine production
 
 AAMMA Inhibits cytotoxicity
 
 AZA Anti-T cell mAb
 
 CD8
 
 Target cell
 
 Fig. 6.12 Sites of action of immunosuppressant drugs. GC  glucocorticoid (steroid); RAPA  rapamycin; CYCLO  cyclophosphamide; LEF  leﬂunamide; AZA  azathioprine; 15-DS  15-deoxyspergualin; CSA  cyclosporin A; FK  FK506 (tacrolimus).
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 The main side effects are thus infections, bone marrow suppression, hepatotoxicity, hair loss and late malignancy.
 
 Mycophenolate Mofetil It is a prodrug that is rapidly hydrolysed to the active drug, mycophenolic acid (MPA) which is a selective, non-competitive and reversible inhibitor of inosine monophosphate dehydrogenase (IMPDH) – an important enzyme in the de-novo pathway of guanine nucleotide synthesis. B and T lymphocytes are highly dependent on this pathway for cell proliferation, while other cell types can use salvage pathways. MMF selectively inhibits lymphocyte proliferation and functions by blocking purine synthesis and is an alternative to azathioprine. Mycophenolic acid also inhibits smooth muscle proliferation and may be useful in preventing chronic vascular rejection.
 
 CYTOTOXIC THERAPIES Total body irradiation Total body irradiation (TBI) was used brieﬂy in human renal transplantation and can induce tolerance, but has major side effects and may need rescue progenitor cell transplantation. TBI kills lymphocytes indiscriminately in the secondary lymphoid tissues, and the lymphopenia blunts graft rejection responses. Occasionally, Y-mantle irradiation may be used for highly sensitised recipients.
 
 Cyclophosphamide Cyclophosphamide is used in autoimmune diseases, vasculitis and in higher doses in ablation of recipient marrow pre-BMT (conditioning). It is an alkylating agent which chemically modiﬁes the bases of DNA to prevent normal replication by cross-linking. Thus it is both mutagenic and cytotoxic. Cyclophosphamide’s main side effects include mucositis, infertility, infection, bone marrow suppression, hair loss and malignancy (bladder and other late tumours). In high doses the drug Mesna is used to neutralise the bladder toxicity of the acrolein metabolite.
 
 ANTI-T CELL-PROLIFERATION/ ACTIVATION DRUGS Cyclosporin CsA is a lipid-soluble fungal derivative, and was the ﬁrst T cell speciﬁc drug which inhibits cytokine synthesis and clonal proliferation in T cells. It is indiscriminate, because it inhibits all T cells in the early calcium-dependent G0 phase of activation, not just
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 antigen speciﬁc cells. CsA binds to the cell surface receptor cyclophylin, becomes internalised to bind to calcineurin (a calcium/calmodulin-dependent phosphatase) leading to transcription factor inhibition (preventing NFAT dephosphorylation and nuclear translocation). It thus suppresses cytokine and cytokine receptor production (e.g. IL-2/IL-2R, IL-3, IL-4, IFNγ, TNFα, GM-CSF). Because CsA inhibits T cell proliferation and cytokine production it impairs B cell and macrophage T helper-dependent functions. CsA also inhibits B cells and macrophages directly and acts synergistically with corticosteroids. The main side effects include nephrotoxicity, hepatotoxicity, hypertrichosis, gingival hyperplasia, tremor and infection. There is also an increased incidence of neoplasia, especially lymphomas.
 
 Tacrolimus FK506 (tacrolimus) is similar to CsA, acting on the G0 phase of proliferation, but binds to a separate FK506binding protein (FKBP) which then interacts with calcineurin. FK506 has apparent advantages over CsA in liver transplantation but has similar toxicity.
 
 Rapamycin Sirolimus (Rapamycin) and Everolimus have a different mode of action. They have no effect on calcineurin activity. The Rapamycin – FKBP-12 complex blocks a signal transduction pathway triggered by ligation of growth factors and IL-2. It, therefore, allows activation of T lymphocytes by antigen but blocks proliferation by arresting the cells in G1 phase of cell cycle. These cells then die by apoptosis. The Rapamycin: Immunophilin complex binds and inhibits the protein kinase named mTOR (mammalian target of Rapamycin). Rapamycin can reverse early allograft rejection.
 
 MONOCLONAL ANTIBODIES Anti-T cell mAb Humanised monoclonal antibodies (mAb) promise to be more speciﬁc than polyclonal heterologous antisera such as antilymphocyte (ALG) or antithymocyte globulins (ATG) (Table 6.17). New technologies for rapid production of antibody-like molecules such as phage display will probably improve availability. mAb can be divided into those which deplete cell numbers (by lysis or inducing redistribution) and those which block important cell surface costimulatory and adhesion molecules, or a combination of these effects (as with anti-CD3 (e.g. OKT3) or anti-CD4 mAb). Problems
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 Table 6.17 Biological therapeutics used in transplantation, autoimmune disease and neoplastic disease Types of agents Monoclonal antibodies • Murine – mouse myeloma cell fusion product (mmAb) • Chimeric – human Fc plus intact whole murine variable regions (cmAb) • Humanised – human FC and mouse complementarity determining regions (CDR) inserted into human genomic light chain sequences (hmAb) • Fully human – no mouse sequences at all (human mAb) Fusion proteins • Between human Fc region and another protein e.g. cytokine receptor or adhesion molecule Name reﬂects disease target and species origin of material Examples ALG- rabbit (mAb)
 
 Puriﬁed immunoglobulin solution produced by the immunization of rabbits with human thymocytes that is used to treat acute rejection.
 
 ATG- equine (ATGAM)
 
 Polyclonal preparation approved by the FDA for prophylaxis of rejection as an induction agent in high risk renal transplant. Primarily IgG from horse hyperimmune serum.
 
 Muromonab-CD3 (OKT3) (mmAb)
 
 A mouse, antihuman, monospeciﬁc antibody directed against CD3 antigen on T lymphocytes. Extremely effective at reversing acute rejection episodes.
 
 Basiliximab (cmAb)
 
 Chimeric monoclonal antibody that speciﬁcally binds to and blocks IL-2 receptor on the surface of activated T cells. Renal transplant induction.
 
 Daclizumab (hmAb)
 
 Humanized monoclonal antibody that speciﬁcally binds to and blocks IL-2 receptor on surface of activated T cells.
 
 Alemtuzumab (Campath) (hmAb)
 
 Humanized monoclonal antibody against the CD52 antigen. The anti-CD52 antibody induces lympholysis from complement-mediated lysis or other effector mechanisms.
 
 Bevacizumab (hmAb)
 
 Inhibitor of vascular endothelial growth factor. Licensed for ﬁrst-line treatment of metastatic colorectal cancer in combination therapy.
 
 Rituximab (cmAb)
 
 Anti-CD20 chimeric antibody licenced for CD20 positive B cell lymphoma but used off licence for transplant rejection, autoimmune disease and other evolving applications.
 
 Cetuximab (cmAb)
 
 Inhibitor of epidermal growth factor – treatment of metastatic colorectal cancer expressing epidermal growth factor receptor. Cetuximab is also licensed, in combination with radiotherapy, for the treatment of locally advanced squamous cell cancer of the head and neck.
 
 Imatinib
 
 Protein tyrosine kinase inhibitor, which is licensed for the treatment of newly diagnosed chronic myeloid leukaemia where bone marrow transplantation is not considered ﬁrst-line treatment and for chronic myeloid leukaemia in chronic phase after failure of interferon alpha, or in accelerated phase, or in blast crisis. Licensed for c-kit (CD117)-positive unresectable or metastatic malignant gastro-intestinal stromal tumours (GIST).
 
 Erlotinib
 
 Tyrosine kinase inhibitor-licensed for the treatment of locally advanced or metastatic non-small cell lung cancer after failure of previous chemotherapy.
 
 Trastuzumab (Herceptin) (hmAb)
 
 Licensed for the treatment of early breast cancer which overexpresses human epidermal growth factor receptor-2 (HER2). Treatment with trastuzumab for early breast cancer should be preceded by surgery.
 
 include the development of ‘resistance’ due to neutralising antibodies against the foreign protein sequences of the species of origin of the mAb. This can be reduced by ‘humanising’ the antibody (i.e. replacing with a human Fc protein sequence but retaining the
 
 binding speciﬁcity of the original mouse/rabbit mAb). The properties of the ﬁnal molecule can be adjusted since the Fc portions of each human immunoglobulin isotype have different abilities to activate complement or bind to cellular receptors.
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 Side effects of mAb include; cytokine release with the ﬁrst dose (pyrexia, ﬂu-like symptoms, rigors or even hypotension and pulmonary oedema), infections – including opportunistic infections (CMV, fungi), HSV reactivation, and late onset EBV lymphoproliferation or B cell lymphomas (especially with OKT3). Antibodies can be directly conjugated to toxins for immunotherapy of tumours, but anti-IL-2R-toxin conjugate has been used experimentally for immunosuppression. In the future, combinations of antibodies are likely to be used. Cytoreductive antibodies include Campath (CDw52, pan-leucocyte), anti-CD3 (OKT3, anti-T cell murine IgG2a mAb against the CD3ε chain of the TCR complex), anti-CD2 and anti-CD45 (used to deplete passenger APC in experimental grafts).
 
 Anti-costimulatory/adhesion ligand mAb These antibodies interfere with antigen presentation, T cell proliferation and T/B cooperation at an early stage of T cell activation. They include anti-CD80 (B7.1), anti-CD4, anti-CD25 (IL-2 receptor), antiLFA-1(CD18/CD11a), anti-ICAM-1(CD54), and antiCD28. In addition to mAb, chimaeric molecules can be produced using molecular techniques consisting of a receptor or its ligand attached to a human Fc immunoglobulin tail. These agents block the physical interaction between a receptor/ligand pair. One example is CTLA-4-Ig (which binds to B7.1 and blocks its interaction with CD28 or CTLA-4 on T cells). Anti-CD4 produces infectious tolerance which can be adoptively transferred by T cells from one animal to another. AntiCD8 have not been tried, since CD8 cells are not essential for experimental transplant rejection and have had minimal effects in animal models. CTLA4-Ig prolongs allograft survival in animals and can induce tolerance to xenogeneic human pancreatic islet grafts. Anti-LFA-1/ICAM-1 combination therapies interfere with antigen presentation/costimulation and cell adhesion in lymphocytes and phagocytes, and can produce experimental tolerance in primates. ICAM1 mAb are being trialled for treatment of rejection and GVHD in humans. Anti-IL-2R mAb are effective in prevention of renal allograft rejection. Anti-IL-4 and
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 anti-IL-4R may prolong experimental allograft survival, suggesting that other such combinations may be useful. However, prolongation of survival is not the establishment of long-term tolerance, and the redundancy of the cytokine network makes single agent therapy unlikely to be sufﬁcient.
 
 MALIGNANCY IN IMMUNOSUPPRESSION Organ transplant recipients There is a three-fold increase in neoplasia in transplant recipients, usually in young adults about 60 months after transplantation and which is related to the degree of pharmacological immunosuppression, especially with agents such as OKT3. Kaposi’s sarcoma is 500 times more common in renal recipients than agematched controls. Kaposi’s sarcoma tend to occur earlier (mean 23 months), lymphomas later at 37 months, and squamous carcinomas of vulva or perineum after 100 months. Carcinoma of the cervix is increased 14-fold and is human papilloma virus-associated (HPV16 and 18). Immunosuppressed solid organ recipients also tend to get ultraviolet and virus-induced squamous tumours of skin and lip (human papilloma virus type 5) which are more aggressive than in immunocompetent hosts, but in contrast do not have an increased incidence of basal cell carcinoma. NonHodgkin’s lymphoma (NHL) is increased 28–49 fold, and these are mostly of B cell origin and EBV positive. These statistics demonstrate the importance of a functional immune system in the surveillance of virallyinduced tumours. Thus some lymphomas regress on reduction of immuno-suppression (or acyclovir), but as a result the graft may be lost.
 
 Others The incidence of tumours is also increased in anyone on long-term immunosuppressive treatment for autoimmunity or after chemotherapy for a primary malignancy. SLE and Sjögrens have an intrin-sically increased risk of B cell NHL which is enhanced by immunosuppressive treatment. In addition, cyclophosphamide therapy increases the incidence of bladder carcinoma, because of renal excretion of toxic metabolites.
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 SURGICALLY IMPORTANT MICRO-ORGANISMS This section will concentrate only on those microorganisms which cause surgical problems. Microbes may be divided into:
 
 • • •
 
 conventional pathogens, i.e. those which may cause infection in the previously healthy person; conditional pathogens, i.e. those which cause infection in those who have a predisposition to infection; and opportunistic pathogens, i.e. those that are usually of low virulence but which will cause infection in the immunocompromised patient.
 
 Examples of the above are shown in Box 7.1. Micro-organisms which are of the greatest signiﬁcance in surgery are usually bacteria. Bacteria may be classiﬁed as follows:
 
 •
 
 shape: — bacilli – rod shaped; — cocci – spherical;
 
 Box 7.1 Microbial infections • Conventional Staphylococcus aureus – wound infection Haemophilus inﬂuenzae – chest infection Neisseria gonorrhoea – gonorrhoea • Conditional Pseudomonas aeruginosa – wound infection Klebsiella – urinary tract infection • Opportunistic Pneumocystis carinii – chest infection Candida albicans – oesophagitis Aspergillus fumigatus – aspergillosis
 
 • •
 
 Gram staining: — Gram positive – blue; — Gram negative – pink; growth requirements: — aerobic; — anaerobic; and — facultatively anaerobic.
 
 GRAM POSITIVE COCCI The important streptococci.
 
 ones
 
 are
 
 staphylococci
 
 and
 
 Staphylococci These tend to be arranged in grape-like clusters. They may be divided into coagulase positive and coagulase negative. Coagulase positive staphylococci are called Staph. aureus. They are responsible for the following: 1. superﬁcial infections; e.g. boils, abscesses, styes, conjunctivitis, wound infections. 2. deep infection; e.g. septicaemia, endocarditis, osteomyelitis, pneumonia 3. food poisoning; and 4. toxic shock syndrome. Coagulase negative staphylococci, e.g. Staph. epidermidis are of lower pathogenicity and rarely cause infection in healthy people. They form part of the normal skin ﬂora. However, they may be responsible for infection in association with foreign bodies, e.g. prosthetic cardiac valves, intravenous lines, continuous ambulatory peritoneal dialysis, and vascular grafts. These infections may lead to septicaemia and endocarditis and become life threatening. Their treatment with antibiotic alone is often inadequate, and the prosthesis may require removal. Staph. saprophyticus, a commensal, may cause urinary tract infections in sexually active women.
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 Antibiotic sensitivity Staph. aureus appears in resistant forms, especially in hospital practice. Recently there has been an increase in MRSA (methicillin-resistant Staph. aureus) which is now the predominant hospital strain and presents a major threat to surgical patients. This is resistant to all penicillins and cephalosporins. Antibiotics that may be active against Staph. aureus include:
 
 • • • • • • •
 
 penicillin (80% of hospital strains are resistant); ﬂucloxacillin (active against beta-lactamaseproducing organisms but not MRSA); erythromycin; clindamycin; fusidic acid; cephalosporins; and vancomycin.
 
 Streptococci These are spherical or oval cocci occurring in chains. They are classiﬁed by their ability to lyse red blood cells present in blood containing culture medium. They are further subdivided by serology, on the basis of polysaccharide antigens present on their surface, into Lanceﬁeld groups. The species responsible for sepsis are the beta-haemolytic strains where colonies completely lyse the blood cells on a culture plate, causing a colourless, clear, sharply deﬁned zone. They include Lanceﬁeld groups A, B, C and G.
 
 Lanceﬁeld Group A Strep. pyogenes causes:
 
 • • • • • • •
 
 tonsillitis and pharyngitis; peritonsillar abscess (quinsy); otitis media; mastoiditis; wound infection with cellulitis and lymphangitis; erysipelas; and necrotising fasciitis.
 
 Antibiotic sensitivity Penicillin is the drug of choice. All strains are sensitive. In patients allergic to penicillin, erythromycin is the drug of choice, but some strains are resistant.
 
 Lanceﬁeld Group D ‘Viridans’ streptococci These show alpha haemolysis on blood-containing culture plates with a green (hence the term viridans) discoloration around the colonies. Most human strains are commensals of the upper
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 respiratory tract and are of low pathogenicity. They are responsible for endocarditis. ‘Strep. milleri’ may be classiﬁed with this group but it is now more often classiﬁed with pyogenic streptococci. It may cause liver, lung or brain abscesses. Streptococcus pneumoniae (Pneumococcus) This has a polysaccharide capsule, which is correlated with its virulence, probably because it prevents or inhibits phagocytosis. Eighty-four capsular types are recognized. Pneumococci are often paired on gram stain. The organism is responsible for the following
 
 • • • • • •
 
 lobar pneumonia; chronic bronchitis; meningitis; sinusitis; conjunctivitis; and septicaemia (especially in splenectomised patients).
 
 Antibiotic sensitivity All strains are sensitive to penicillin and erythromycin.
 
 Enterococci Enterococcus faecalis is the most surgically important in this group. It may cause urinary tract infections and abdominal wound infections and may be isolated from bile in acute cholecystitis. Enterococci are usually sensitive to ampicillin, moderately resistant to penicillin, and resistant to cephalosporins.
 
 GRAM POSITIVE RODS Anaerobic Gram positive rods are mainly soil saprophytes but a few are pathogens. The surgically important ones include species which produce powerful toxins, e.g. Clostridium perfringens (gas gangrene), C. tetani (tetanus), C. botulinum (botulism) and C. difﬁcile (diarrhoea in association with antibioticinduced colitis). Gas gangrene, tetanus and antibioticinduced colitis will be dealt with later in the chapter.
 
 GRAM NEGATIVE COCCI They include Neisseria gonorrhoea, Neisseria meningitidis and Moraxella catarrhalis. N. gonorrhoea and N. meningitidis are intracellular Gram negative diplococci. N. gonorrhoea may cause fever and severe lower abdominal pain in females or be the cause of a urethral discharge in males. A Gram stain of a smear from a high vaginal swab in the female or from a urethral discharge in the male may conﬁrm the diagnosis by demonstrating the presence of Gram negative intracellular diplococci.
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 GRAM NEGATIVE BACILLI
 
 •
 
 This is a large group of micro-organisms of surgical importance. They may be divided into facultative anaerobes, e.g. E. coli and Klebsiella, and aerobes, of which Pseudomonas is the most commonly encountered in surgical practice.
 
 • •
 
 gastroenteritis (food poisoning), usually due to S. enteritidis or S. typhimurium; osteomyelitis (rare); and septic arthritis (rare).
 
 Facultative anaerobes (Coliforms)
 
 S. typhi may survive in symptomless carriers and persist in the gall bladder. Faecal carriage may occur by contamination with bile, and epidemics may occur especially if the carrier is a food handler.
 
 Escherichia coli
 
 Shigella
 
 This is a normal inhabitant of the human intestine. Some strains produce powerful toxins. E. coli is an important cause of sepsis and diarrhoea. Examples of sepsis include:
 
 They are intestinal parasites in man. They cause dysentery. Sh. dysenteriae which produces exotoxins causes the most severe illness. Other shigellae may cause a milder form of dysentery, Sh. sonnei being the most common cause in the UK.
 
 • • • • •
 
 UTIs; wound infection, especially after surgery on the lower gastrointestinal tract; peritonitis; biliary tract infection; and septicaemia.
 
 Yersinia These are animal parasites which occasionally cause disease in humans. Yersinia pseudotuberculosis and Yersinia enterocolitica are the most common, causing food poisoning and mesenteric adenitis.
 
 Examples of diarrhoeal illnesses include:
 
 Other enterobacteria
 
 • • •
 
 These include enterobacter, citrobacter, providencia, morganella and serratia. They are human and animal intestinal residents but some strains are saprophytes. Moist hospital environments may act as reservoirs. They are often multiresistant to antibiotics. They may cause the following:
 
 infantile gastroenteritis; traveller’s diarrhea; and haemorrhagic diarrhoea, e.g. haemolytic uraemic syndrome.
 
 Klebsiella Klebsiella spp inhabit the human intestine. Some strains are saprophytic in soil, water and vegetation. They are responsible for:
 
 • • • •
 
 UTIs; septicaemia; endocarditis; and pneumonia (rare).
 
 Proteus Proteus spp. are responsible for:
 
 • • •
 
 UTIs; wound infections, e.g. burns, pressure sores; and septicaemia.
 
 • • • •
 
 UTIs; wound infections after abdominal surgery; respiratory infections in hospitalised patients; and septicaemia.
 
 Antibiotic sensitivity Since many strains are now resistant to commonlyused antibiotics, sensitivity should be determined. In systemic infection, cephalosporins, gentamicin, ciproﬂoxacin or carbapenems may be used. In UTIs trimethoprim, amoxicillin and nitrofurantoin may be used for sensitive organisms.
 
 Salmonella
 
 Aerobic Gram negative bacilli
 
 They inhabit animal gastrointestinal tract. They are predominantly animal pathogens which can cause disease in humans. Salmonella typhi and Salmonella paratyphi differ from other species in that man is the only natural host. Foodstuffs from animal sources are the usual source of transmission of infection. They are responsible for:
 
 Pseudomonas aeruginosa
 
 •
 
 enteric fever, typhoid or paratyphoid; these are due to S. typhi and S. paratyphi A, B, C;
 
 This inhabits human and animal gastrointestinal tracts, water and soil. The organism survives in moist environments in hospitals and may also survive in aqueous antiseptics and other ﬂuids. It is an important cause of hospital-acquired infections. It particularly affects patients with serious underlying conditions, e.g. burns and malignancy, or as a result of therapeutic
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 interventions, e.g. urinary catheters, endotracheal tubes. It is a frequent cause of infection in the immunocompromised patient. It is a pathogen in the following conditions:
 
 • • • • • • • •
 
 UTIs, especially within indwelling catheters; burns; wound infections; septicaemia; pressure sores; venous stasis ulcers; chest infections, especially patients on mechanical ventilation and those with cystic ﬁbrosis; and eye infections (it may contaminate certain types of eye drops).
 
 Antibiotic sensitivity
 
 Pasteurella multocida This is a small ovoid gram negative bacillus. It inhabits the respiratory tract of many animals, notably dogs and cats. In man it may cause septic wounds after animal bites. It is usually sensitive to penicillin, tetracycline, erythromycin and aminoglycosides.
 
 SPECIFIC ANTIBIOTICS AND ANTIMICROBIALS This section deals with antibiotics particularly as they are used for the surgical patient. The list is not meant to be comprehensive.
 
 The presence of Ps. aeruginosa is not necessarily an indication for antibiotic therapy especially if it is isolated from a superﬁcial site. Clinical and bacteriological assessment in the individual patient is appropriate before prescribing antibiotics. Ps. aeruginosa is resistant to most common antibiotics. The most suitable antibiotics are aminoglycosides, ciproﬂoxacin, ceftazidime, and piperacillin/tazobactam.
 
 PENICILLINS
 
 Other Gram negative bacilli
 
 Phenoxymethyl penicillin (penicillin V)
 
 Campylobacter These are curved or spiral rods which are microaerophilic. They are found in various animal species, including chickens, domestic animals and seagulls. Campylobacter is the most common cause of bacterial food poisoning in the UK.
 
 Haemophilus inﬂuenzae This is mainly found in the respiratory tract, often as part of the normal ﬂora but may also cause respiratory disease, especially community-acquired respiratory disease. It exists in non-capsulated and capsulated strains. Non-capsulated strains are responsible for exacerbation of chronic bronchitis and bronchiectasis. Capsulated strains often cause severe infections in young children, e.g. meningitis, acute epiglottitis, osteomyelitis, arthritis and orbital cellulitis. Septicaemia may occur especially as part of postsplenectomy sepsis. A vaccine is available against H. inﬂuenzae type B (HiB).
 
 Benzyl penicillin This is active against streptococci, pneumococci, clostridia, N. gonorrhoea and N. meningitidis. Few staphylococci are now sensitive. The main surgical indications are for the prophylaxis of gas gangrene and tetanus and for streptococcal wound infections. It may be given parenterally, either i.v. or i.m. This is administered orally. It is used prophylactically following splenectomy to prevent pneumococcal septicaemia, especially in children where it is used long term. It may also be used for prophylaxis in patients with rheumatic heart disease.
 
 Flucloxacillin This is administered either orally, i.m. or i.v. for penicillinase-resistant Staphylococcus aureus. It is often used as an adjunct to drainage of abscesses, especially in diabetics or immunosuppressed patients.
 
 Amoxicillin and ampicillin These may be administered either orally, i.m. or i.v. Their use in the surgical context is largely for chest infections or urinary tract infections. Many staphylococci and coliforms produce β-lactamase and are, therefore, resistant. Amoxicillin and ampicillin are usually active against Enterococcus faecalis and Haemophilus inﬂuenzae.
 
 Antibiotic sensitivity
 
 Co-amoxiclav (Augmentin®)
 
 These are usually sensitive to amoxicillin, tetracycline, cephalosporins (second and third generations) and trimethoprim. Chloramphenicol should be reserved for severe infections, e.g. meningitis and acute epiglottitis.
 
 This contains amoxicillin and potassium clavulanate. It may be administered either orally or i.v. The clavulanate is inhibitory to β-lactamase and extends the spectrum of amoxicillin. It is active against some
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 coliforms, staphylococci and bacteroides. It is also useful in surgery as prophylaxis in bowel, hepatobiliary and GU surgery.
 
 Piperacillin/tazobactam (Tazocin®) This may be administered i.m. or i.v. It is active against bacteroides, coliforms, klebsiella and Pseudomonas aeruginosa. It is often used in combination with an aminoglycoside for life-threatening infections.
 
 Cefuroxime This is a second generation cephalosporin which may be given orally, i.m. or i.v. In practice it is used most commonly i.v. It is a broad spectrum antibiotic against Gram positive and Gram negative organisms. It is not active against bacteroides or against Pseudomonas. It is widely used in prophylaxis, especially in combination with metronidazole in colorectal and biliary tract surgery.
 
 When administering penicillins, care should be taken to check for previous sensitivity. Caution should be particularly exercised in asthmatics and others with a history of allergic conditions. Hypersensitivity reactions are usually manifested by an urticarial rash, although anaphylaxis may occur. Cross-sensitivity occurs between different penicillins. Most penicillins are relatively nontoxic, and, therefore, large doses may be given. Caution must be exercised in patients with renal and/or cardiac failure, as injectable forms contain potassium and sodium salts. Rarely, convulsions may occur after giving high doses i.v. or following intrathecal injection.
 
 Cefotaxime and ceftazidime
 
 CARBAPENEMS
 
 SULPHONAMIDES AND TRIMETHOPRIM
 
 These are β-lactam drugs which resist most common β-lactamases and have a very broad spectrum. They should be reserved for ‘difﬁcult to treat’ infections.
 
 Co-trimoxazole (sulphamethoxazole  trimethoprim)
 
 Meropenem and imipenem These are administered by the i.v. route and are indicated for respiratory, abdominal and other infections due to resistant gram negative organisms. Imipenem may cause convulsions.
 
 CEPHALOSPORINS These drugs are assigned to three generations. Speciﬁc examples of each generation in surgical usage are described below. Unfortunately, resistance levels are increasing rapidly.
 
 Cefradine, cefalexin and cefaclor These are ﬁrst generation cephalosporins which are usually given orally. They are active against a wide range of Gram positive and Gram negative organisms, including E. coli, klebsiella, proteus, and Staph. aureus (unless methicillin-resistant). They are not active against Enterococcus faecalis, Ps. aeruginosa or bacteroides. They are useful as second line drugs for the treatment of urinary tract infections, respiratory tract infections, skin and soft tissue infections.
 
 These are third generation cephalosporins which are administered i.m. or i.v. They have a broad spectrum similar to second generation drugs and ceftazidime is also active against Pseudomonas. They are normally reserved for use in serious sepsis due to susceptible aerobic Gram negative bacilli. About 10% of patients who are allergic to penicillin are also allergic to cephalosporins. Rashes and fever may occur. In patients with renal failure, dose reduction is required. Mild transient rises in liver enzymes may occur.
 
 This may be given either orally or i.v. It is used for treatment of urinary tract infections and respiratory infections. It is active against Gram positive and Gram negative organisms. Ps. aeruginosa is resistant. It may be used for Salmonella septicaemia and Pneumocystis pneumonia. Nausea, vomiting, rashes and mouth ulcers may occur. Leucopenia and thrombocytopenia may also occur occasionally. Life threatening reactions are not uncommon in the elderly.
 
 Trimethoprim This may be administered orally or i.v. by slow infusion. It is used for urinary tract infections and respiratory infections. It should be avoided in pregnancy. Nausea, vomiting, rashes, stomatitis and marrow suppression may occur. It potentiates the action of warfarin and phenytoin.
 
 MACROLIDES Erythromycin This is usually administered orally or i.v. by slow infusion. Its use in surgical patients is limited. It is usually used as a second-line drug in patients allergic
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 to penicillin. It is active against streptococci, staphylococci, clostridia and Campylobacter. It is used for skin and soft tissue infections and respiratory tract infections. It is valuable in atypical pneumonia, Legionnaire’s disease and Campylobacter enteritis. The chief side effect when given orally is diarrhoea. When given i.v. phlebitis at the site of infusion is a common side effect. It may potentiate warfarin and cyclosporin.
 
 AMINOGLYCOSIDES They are valuable drugs for severe Gram negative infections, usually given in combination with a β-lactamase antibiotic. The most commonly used are gentamicin, amikacin and tobramycin.
 
 Gentamicin This is usually given i.v. but can also be given i.m. It is active against coliforms, Ps. aeruginosa and staphylococci. Streptococci and anaerobes are resistant.
 
 Amikacin This is reserved for life-threatening infections with gentamicin-resistant organisms with proven amikacin sensitivity.
 
 Tobramycin This drug is particularly useful in infections due to Ps. aeruginosa. The major side effects of aminoglycosides are ototoxicity (vertigo or deafness) and nephrotoxicity. Therapeutic levels depend on renal function. Serum levels must be monitored. Accurate monitoring of levels is essential in patients with impaired renal function and patients on long-term therapy.
 
 QUINOLONES Ciproﬂoxacin This is usually given orally or i.v. It is a broad spectrum antibiotic against Gram negative bacteria, including Ps. aeruginosa, and staphylococci. Anaerobes are resistant. Its uses in surgery include urinary tract infections, especially those that are catheter-related, prostatitis and skin and soft tissue infections with Ps. aeruginosa. It is also useful for chest infections, especially those due to Gram negative organisms. Most strains of MRSA and an increasing proportion of Gram negative organisms are now resistant. The side effects include nausea, diarrhoea and vomiting. CNS side effects include anxiety, nervousness, insomnia and rarely convulsions. Ciproﬂoxacin potentiates warfarin.
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 OTHER ANTIBIOTICS AND ANTIMICROBIALS Metronidazole This is widely used in surgery both prophylactically and therapeutically. It may be given orally, i.v. or rectally. It is active against anaerobic bacteria, e.g. bacteroides and clostridia. It is also active against the protozoal organisms Entamoeba histolytica and Giardia lamblia. It is used for intraperitoneal sepsis and gynaecological sepsis. It is used prophylactically in appendicitis against wound infection (usually given rectally) and in colorectal surgery, where it is given i.v. with induction of anaesthesia. It is also administered for giardiasis, intestinal amoebiasis and amoebic liver abscess. The side effects include anorexia, a sore tongue and an unpleasant metallic taste. It potentiates warfarin.
 
 Tetracycline This is of limited use in surgery. It may be used in chronic bronchitis, non-speciﬁc urethritis and atypical pneumonia.
 
 Fusidic acid This is usually used for penicillin-resistant staphylococcal infections and staphylococcal osteomyelitis. Tissue concentrations are good. It may be administered orally or i.v. Resistance arises easily and preferably it should be used in combination with another anti-staphylococcal agent.
 
 Vancomycin This may be given orally or i.v. It is active against staphylococci (including methicillin-resistant strains), streptococci, enterococci and clostridia. Its chief use is for severe infections. Recently its use has increased due to intraperitoneal administration in CAPD peritonitis. Side effects include phlebitis when given i.v. ototoxicity and nephrotoxicity. Serum levels must be monitored to control dosage.
 
 Teicoplanin Teicoplanin is a bacteriocidal glycopeptide active against both aerobic and anaerobic Gram positive bacteria. It is usually administered i.v. but may be given i.m. It is active against Staph. aureus and coagulase positive staphylococci (sensitive or resistant to methicillin), streptococci, enterococci, Listeria monocytogenes, micrococci and Gram positive anaerobes, including Clostridium difﬁcile. Teicoplanin is chemically related to vancomycin, with similar activity and toxicity.
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 Treatment with a combination of antibiotics
 
 ANTIBIOTICS IN SURGERY Antibiotics are never a substitute for sound surgical technique. Pus, dead tissue and slough need removing. Antibiotics should be used carefully and only with positive indications. Prolonged or inappropriate use of antibiotics may encourage resistant strains of organisms to emerge. Except in straightforward cases, advice should be sought from a microbiologist.
 
 PRINCIPLES OF ANTIBIOTIC THERAPY Selection of antibiotic The decision to prescribe antibiotics is usually clinical and is based initially on a ‘best guess’ policy, i.e. based on experience of the particular condition, what the organism is likely to be, and to which antibiotic it is most likely to be sensitive. The following sequence of events usually occurs in selection of an antibiotic: 1. A decision is made on clinical grounds that an infection exists. 2. Based on signs symptoms and clinical experience, a guess is made at the likely infecting organism. 3. The appropriate specimens are taken for microbiological examination, i.e. culture and sensitivity. 4. The cheapest, safest and most effective drug or combination of drugs effective against the suspected organism is given. 5. The clinical response to treatment is monitored. 6. The antibiotic treatment is altered if necessary in response to laboratory reports of culture and sensitivity. Occasionally the response of the infection to an apparently appropriate antibiotic is poor. Possible causes for this include:
 
 • • • • • •
 
 failure to drain pus, excise necrotic tissue, or remove foreign bodies; failure of the drug to reach the tissues in therapeutic concentration, e.g. ischaemic limb; the organism isolated is not the one responsible for the infection; after prolonged antibiotic therapy, infection with new organisms develops; inadequate dosage; and inappropriate route of administration.
 
 There are several reasons why it may be appropriate to use two antibacterial drugs in combination. These include:
 
 • • • • •
 
 as a temporary measure during the investigation of an undiagnosed illness; to achieve a synergistic effect; to prevent the development of bacterial resistance; the treatment of mixed infections; and to allow reduction in the dosage of a potentially toxic drug.
 
 Route of administration Antibiotics should be given intravenously in severe infections in seriously ill patients. Some antibiotics, e.g. gentamicin, can only be given by the parenteral route. When the patient has had gastrointestinal surgery, antibiotics are best given parenterally until GI function is resumed, and then the drugs may be given orally. It is best to avoid the intramuscular route if possible, as it is uncomfortable for the patient and, in shocked patients, absorption would be inadequate.
 
 Duration of therapy This depends upon the individual’s response and laboratory investigations. For most infections which show an appropriate response to treatment after 48 h, a suitable ‘course’ should be for 3–5 days but prolonged treatment may be needed for some staphylococcal and pseudomonal infections. A clinical response is the most appropriate guide, and this should be taken in conjunction with microbiological data.
 
 Dosage The dosage of a drug may need to be modiﬁed in renal and liver disease. In renal failure the dosage of drugs eliminated by the kidney may require major adjustment, e.g. aminoglycosides or vancomycin, whereas those eliminated by the liver, e.g. erythromycin, can usually be given in normal dosage.
 
 Penetration of tissue The drug must penetrate to the site of the infection: e.g. in meningitis the antibiotic must pass into the CSF. Deep abscesses are a particular problem and an important cause of antibiotic failure. An antibiotic cannot penetrate through the wall of the abscess to a collection of pus but may allow healing around the pus and may create an antibioma. The importance of draining pus cannot be overemphasised.
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 Hypersensitivity or allergy This is most often due to penicillin and may manifest itself merely in the development of a rash but may also manifest in the form of life-threatening anaphylaxis. A clear history of allergy to antibiotics must be sought.
 
 Drug toxicity Some antibiotics are toxic, e.g. ototoxicity and nephrotoxicity with aminoglycosides, bone marrow depression with chloramphenicol.
 
 Superinfection Superinfection may occur with antibiotic-resistant micro-organisms, e.g. yeasts. This is probably most common in immunosuppressed patients. Antibioticassociated pseudo-membranous colitis due to Clostridium difﬁcile may occur in any patient taking antibiotics. Initially this was thought to be due speciﬁcally to clindamycin, but it is now realised that broad spectrum β-lactam antibiotics are most often involved.
 
 PROPHYLACTIC ANTIBIOTICS Despite aseptic techniques, some operations carry a high risk of postoperative wound infection, bacteraemia, or septicaemia. Administration of antibiotics in the perioperative period will reduce the risks.
 
 Indications for prophylactic antibiotics
 
 • •
 
 •
 
 • • • • •
 
 implantation of foreign bodies, e.g. cardiac prosthetic valves, artiﬁcial joints, prosthetic vascular grafts; patients with pre-existing cardiac disease who are undergoing surgical procedures, including dental procedures, e.g. patients with mitral valve disease, as prophylaxis against subacute bacterial endocarditis; amputation, especially for ischaemia or crush injuries where there is dead muscle. The risk of gas gangrene is high, especially in contaminated wounds. Penicillin is the antibiotic of choice; diabetics; immunosuppressed patients; organ transplantation; compound fractures and penetrating wounds; and surgical incisions where there is a high risk of bacterial contamination, i.e. clean contaminated wounds or frankly contaminated wounds (e.g. bowel preparation for colonic surgery).
 
 Most prophylactic antibiotics are given to prevent wound infection. In some cases they are given prior to instrumental procedures in potentially infected sites,
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 e.g. when performing cystoscopy, when they are given to prevent bacteraemia. Any patients with congenital heart disease, rheumatic heart disease, or prosthetic valves should be given antibiotics before an elective procedure which may result in bacteraemia. Procedures include dental procedures (including scaling and polishing), GU instrumentation, some types of GI endoscopy, respiratory tract instrumentation and open surgery. In most cases one dose is given preoperatively, either orally if the procedure is under local anaesthetic (1 h preoperatively) or intravenously if the procedure is under general anaesthetic. An additional dose is sometimes given postoperatively. The aim is to achieve therapeutic levels at the time of surgery. Table 7.1 shows some indications for prophylactic antibiotics, the likely organism involved, and a recommended prophylactic regime.
 
 SURGICAL SEPSIS The term sepsis covers several purulent infections which the surgeon may encounter in surgical practice.
 
 SKIN INFECTIONS Boils, styes and carbuncles A boil (furuncle) is an infection of a hair follicle. A stye (hordeolum) is an infection of a hair follicle on the eye lid. A carbuncle is a group of boils interconnecting in the subcutaneous tissue by tracts. These infections are painful but not serious. Antibiotics are rarely indicated for boils and styes but may be appropriate for carbuncles. Infection is usually due to Staph. aureus, which is usually an endogenous strain carried in the nose or on the skin. Boils may be recurrent, appearing in crops over several weeks or several months. They may be a presenting sign of diabetes. Antibiotic therapy is indicated only in certain cases: e.g. boils on the ‘dangerous area’ of the face where venous drainage is to the cavernous sinus and where cavernous sinus thrombosis may result; and also in the immunocompromised patient and diabetics.
 
 Erysipelas This is a spreading infection of the skin due to Streptococcus pyogenes. It presents as a raised, red, indurated area of the skin which is sharply demarcated. The patient may present with high fever and appear toxic. It is a rare condition at the present time but responds well to penicillin.
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 Table 7.1
 
 Prophylactic antibiotics
 
 Clinical situation
 
 Likely organism(s)
 
 Prophylactic regime
 
 Appendicectomy
 
 Anaerobes
 
 Metronidazole (single dose pr 1 h preop)
 
 Biliary tract surgery
 
 Coliforms
 
 Cephalosporin (i.v. immediately preop and for 24 h postop)
 
 Colorectal surgery
 
 Coliforms Anaerobes
 
 Metronidazole  cephalosporin or gentamicin (i.v. immediately preop and for up to 48 h postop)
 
 GU surgery (open surgery)
 
 Coliforms
 
 Gentamicin (single i.v. dose preprocedure). Cephalosporin (i.v. immediately preop and for 24–48 h post-op) or gentamicin (single i.v. dose immediately preop)
 
 Insertion of prosthetic joints
 
 Staph. aureus Staph. epidermidis
 
 Flucloxacillin (i.v. immediately preop and for 24–48 h postop)
 
 Amputation of limb
 
 C. perfringens
 
 Penicillin (i.v. immediately preop and for 24 h postop)
 
 Vascular surgery with prosthetic graft
 
 Staph. aureus Staph. epidermidis Coliforms
 
 Cephalosporin (i.v. immediately preop and for 24 h postop)
 
 Prevention of tetanus in contaminated wound ( immunoprophylaxis)
 
 C. tetanus
 
 Penicillin (i.v. or i.m. on presentation)
 
 Oral streptococci
 
 Amoxicillin (single oral dose 1 h preop; clindamycin if allergic) Low risk: amoxicillin (oral dose 4 h preop and one dose postop) High risk: amoxicillin & gentamicin (i.m. or i.v. immediately preop; vancomycin if allergic)
 
 Enterococci
 
 Amoxicillin  gentamicin (i.v. immediately preop)
 
 Prophylaxis of endocarditis Minor dental procedure under LA Major dental procedure under GA
 
 GU instrumentation
 
 CELLULITIS Cellulitis is a spreading infection of the subcutaneous tissues.
 
 Acute pyogenic cellulitis This is due to Strep. pyogenes and presents as a red, painful swelling, usually of a limb, being commonly associated with lymphangitis and lymphadenitis. It is particularly likely to occur in the lymphoedematous limb. Treatment is with penicillin.
 
 Anaerobic cellulitis This is rare and is usually due to anaerobes, including clostridia, but more often is due to synergistic infection with both aerobes and anaerobes. The causative organisms are usually a combination of anaerobes (bacteroides, clostridia, anaerobic cocci) and aerobes (coliforms, Pseudomonas aeruginosa and Strep.
 
 pyogenes). Clinically, redness and oedema present around a wound (surgical or traumatic). This may progress in two ways, as follows.
 
 Bacterial gangrene The skin becomes purple and ischaemic and eventually undergoes necrosis. Fournier’s gangrene of the scrotum is an example.
 
 Necrotising fasciitis In this condition the skin remains normal in the early stages whilst the infection spreads along fascial planes, causing extensive necrosis. Later the overlying skin becomes deprived of its blood supply, loses its sensation and eventually becomes purple, black and undergoes necrosis. This is a life-threatening condition in which the patient is seriously ill with fever, toxaemia and, occasionally, septic shock. Wide excision of the area of necrosis and infection, together with treatment
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 with appropriate antibiotics is indicated. The mortality rate is high.
 
 LYMPHANGITIS AND LYMPHADENITIS Lymphangitis is a non-suppurative infection of lymphatic vessels that drain an area of cellulitis. Lymphadenitis is infection of the regional lymph nodes as a result of infection in the areas which they drain. It usually, but not always, results from cellulitis and lymphangitis. Occasionally the nodes suppurate and form an abscess. Lymphangitis produces red tender streaks along the line of lymphatics extending from the area of cellulitis towards the regional lymph nodes. Lymphadenitis is represented by enlarged, tender, regional lymph nodes. Occasionally the overlying skin is red and the glands may be ﬂuctuant. Treatment of both lymphangitis and lymphadenitis depends upon isolation of the appropriate infecting organism.
 
 GAS GANGRENE Gas gangrene is a rare disease in peace time but is closely associated with grossly contaminated wounds due to war injuries. However, there remains a problem in civilian surgical practice in that clostridial infection can occur after elective surgery especially on the gastrointestinal tract (Clostridium perfringens is a normal bowel inhabitant), lower limb amputation, or vascular surgery on the ischaemic limb. In the case of trauma it is due to contamination of wounds by dirt and soil which contain clostridia derived from faeces. Infection is favoured by extensive wounds with the presence of necrotic tissue which provides an anaerobic environment for clostridia to proliferate. An anaerobic environment initiates conversion of spores to vegetative, toxinproducing pathogens. Clostridia proliferate and produce toxins that diffuse into the surrounding tissue. The toxins destroy the local microcirculation. This allows further invasion which can advance extremely rapidly. The α toxin of Clostridium perfringens kills muscle cells and destroys fat. Gas formation occurs with local crepitus. As the disease advances, toxins are released into the systemic circulation, causing the clinical features of pallor, restlessness, delirium, tachycardia, jaundice and ultimately septic shock and death. With gas gangrene the surface oedema, necrosis, and discoloration of the skin are less extensive than the underlying myositis. Diagnosis is conﬁrmed by examining a specimen of exudate or tissue after Gram staining, when the typical Gram positive bacilli are seen; and by culture.
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 TETANUS This is a rare condition in the UK, because of widespread immunisation. It is caused by Clostridium tetani, an anaerobic Gram positive bacillus which produces a neurotoxin. It is found in soil and faeces. The neurotoxin enters the peripheral nerves and travels to the spinal cord where it blocks inhibitory activity of spinal reﬂexes, resulting in the characteristic features of the disease. The disease follows the implantation of the spores into deep, devitalised tissues. There is usually a history of a wound which may be as minor as the prick of a rose thorn. The incubation period is 1–30 days. Muscle spasm usually occurs ﬁrst at the site of inoculation and is followed by trismus resulting in the typical risus sardonicus (lockjaw). Stiffness in the neck, back and abdomen follow, together with generalised spasms which may cause asphyxia. The muscles remain in spasm between convulsions. Opisthotonos (arching of the back and neck due to spasm) may occur. This stage is followed by convulsions which are extremely painful and during which the patient is conscious. Death may occur from asphyxia due to involvement of respiratory muscles or from inhalation of vomit with aspiration pneumonia. The diagnosis is usually clinical. Attempts at bacteriological conﬁrmation often fail. Tetanus is rare in the UK because of an active immunisation programme in childhood with tetanus toxoid. All children should be immunized with three doses at monthly intervals. Booster doses should be given at entry to school and then on leaving school. All patients attending an Accident and Emergency department with new trauma, however mild, should have a booster unless they have received ﬁve doses previously. Contaminated and penetrating wounds should be debrided and prophylactic penicillin administered. Human antitetanus immunoglobulin should be given for wounds contaminated with manure.
 
 ABSCESSES An abscess is a local collection of pus. Abscesses are walled off by a barrier of inﬂammatory reaction (pyogenic membrane), and ﬁbrosis occurs, ‘encapsulating’ the abscess. It is, therefore, impossible to treat abscesses satisfactorily with antibiotics alone. Surgical drainage is also necessary. Without treatment abscesses tend to ‘point’ spontaneously to the nearest epithelial surface: e.g. skin (boil), gut (pelvic abscess to rectum), and bronchus (lung abscess). Spontaneous drainage often leads to healing
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 Table 7.2
 
 Common sites of abscesses
 
 Site
 
 Source of infection
 
 Organism
 
 Skin (boil)
 
 Hair follicle
 
 Staph. aureus
 
 Breast
 
 Breast feeding
 
 Staph. aureus
 
 Pelvic
 
 Abdominal or pelvic sepsis, e.g. salpingitis appendicitis
 
 Coliforms Bacteroides Enterococci
 
 Subphrenic
 
 Abdominal or pelvic sepsis, e.g. peritonitis
 
 Coliforms Bacteroides Enterococci
 
 Tubo-ovarian
 
 Pelvic sepsis Gonorrhoea
 
 Genital ﬂora N. gonorrhoeae
 
 Ischio-rectal
 
 Spread from perianal glands
 
 Coliforms Anaerobes
 
 Perinephric
 
 Acute pyelonephritis
 
 Coliforms
 
 Hepatic
 
 Cholangitis Portal pyaemia
 
 Coliforms Anaerobes
 
 Lung
 
 Aspiration pneumonia Bronchiectasis Bronchial obstruction Staph. aureus pneumonia
 
 Strep. Pneumonia Anaerobes Staph. aureus
 
 Cerebral
 
 Haematogenous, e.g. bronchiectasis, infective endocarditis Sinusitis Otitis media
 
 Streptococci Staph. aureus Anaerobes
 
 provided the initiating stimulus has been eliminated. If spontaneous drainage does not eliminate the initiating stimulus, a chronic abscess may form, resulting in a continuously discharging sinus or abscess which intermittently develops, discharges and heals. A good example of this is a stitch abscess or a stitch sinus which does not heal until the stitch is removed. Treatment of an abscess, inappropriately, with antibiotics alone, may actually halt the expansion of the abscess, giving rise to a ‘sterile’ abscess or antibioma. Pyogenic abscesses are caused by a wide variety of bacteria and occur at many different sites (Table 7.2). They may be clinically obvious such as in the breast, perianal region, or axilla, or they may be cryptic or hidden, e.g. subphrenic or pelvic abscesses. Abscesses do not necessarily form at the site of primary infection but may form at a more distant site, e.g. pelvic or subphrenic abscesses after perforated appendicitis, due to tracking of infected material. ‘Metastatic’ abscesses may form as a result of haematogenous spread or ‘pyaemic’ spread of infected thrombi. Portal pyaemia following appendicitis may
 
 result in liver abscesses, and infective endocarditis may result in cerebral abscesses.
 
 FUNGAL INFECTIONS Fungal infections cause three types of disease:
 
 • • •
 
 infections (mycoses); mycotoxicoses; and allergic reactions.
 
 Infections (mycoses) 1. Superﬁcial infections. The commonest encountered surgically is infection of the mucous membrane with yeasts (thrush). Infections of keratinized tissues of skin, nail and hair occur. Abnormalities of toe nails may be caused by fungi. 2. Subcutaneous infections may occur as the result of traumatic implantation of spores leading to local disease with tissue destruction and sinus formation. Such infections are rare in the UK but are more common in tropical regions.
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 3. Systemic infections may occur due to haematogenous spread. These are serious and often fatal. They occur in immunocompromised patients and widespread disease may occur due to yeasts or ﬁlamentous fungi, e.g. aspergillus.
 
 Mycotoxicoses These result from the ingestion of food contaminated with moulds, e.g. aﬂatoxin, associated with Aspergillus ﬂavus. Aﬂatoxin is carcinogenic and repeated ingestion may lead to the development of liver cancer.
 
 Systemic infections Intravenous therapy is required, e.g amphoteracin B, ﬂucytosine or a combination of both. Oral ﬂuconazole or itraconazole may be used in mucosal or systemic infections. They may also be used prophylactically in susceptible patients, e.g. neutropenic or immunosuppressed. Other yeast infections are rare in surgical patients.
 
 FILAMENTOUS FUNGI
 
 Allergic reactions
 
 Dermatophytes
 
 Inhalation of fungal spores, e.g. Aspergillus fumigatus may provoke type I and/or type III hypersensitivity reactions.
 
 These cause infection of the keratinised tissue of skin, nails and hair, e.g. tinea, ringworm.
 
 Aspergillus
 
 YEASTS Candida. Candida spp are involved in invasive mycoses. Candida spp, especially Candida albicans are isolated from blood cultures with increasing frequency. Infection is usually endogenous but cross-infection may occur. Patients at risk include:
 
 • • • • • • • •
 
 premature babies; adults with debilitating diseases, e.g. diabetes; immunocompromised; AIDS; transplant patients on immunosuppressive drugs; malignancy, especially leukaemia, lymphoma; patients on long term broad spectrum antibiotics or cytotoxic drugs; and patients undergoing surgical procedures.
 
 Clinical features
 
 Invasive aspergillosis is a well recognised complication of prolonged immunosuppression and is a main cause of death in patients undergoing allogeneic bone marrow transplants. Aspergillus fumigatus is the main pathogen. Aspergillus spp cause a variety of clinical pictures as follows:
 
 • • •
 
 Allergic bronchopulmonary aspergillosis. Inhaled spores cause hypersensitivity reactions, e.g. type I (asthma), type III (extrinsic alveolitis). Aspergilloma. Fungal balls grow in existing lung cavities due to TB, bronchiectasis, sarcoid and malignancy. Invasive aspergillosis. Usually seen in the immunocompromised with pneumonia and later spreads to brain, kidneys and heart. Treatment of invasive aspergillosis is with intravenous amphotericin B, caspofungin or voriconazole. Mortality is high reaching 90% in patients with persistent neutropenia.
 
 Infection (candidiasis) depends on the host’s susceptibility. Minor susceptibility leads to mild, superﬁcial infections, whilst more serious susceptibility leads to deep invasive infections. Superﬁcial infections include:
 
 MOULD PATHOGENS
 
 •
 
 Pneumocystis carinii
 
 • •
 
 mucous membranes, e.g. thrush – white patches on buccal mucosa, vagina or oesophagus; skin, e.g. red weeping areas where skin is moist, e.g. intertrigo in obese patients; and deep, e.g. endocardium, heart valves, eye, meninges, kidney, liver, bone.
 
 Treatment Superﬁcial infections Topical preparations, e.g. nystatin or amphoteracin or an imidazole, e.g. miconazole or clotrimazole.
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 This is a predominant cause of pneumonia in HIVinfected individuals. It may also occur in immunosuppressed transplant patients. It is usually the result of reactivation of latent infection. A severe pneumonia with progressive dyspnoea and respiratory failure results. Chest x-ray reveals diffuse inﬁltrates with a ‘white out’ of the lungs. Diagnosis is via demonstration of the characteristic cysts in bronchial aspirates, bronchial lavage or lung biopsy. Treatment is by co-trimoxazole or pentamidine.
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 FUNGAL INFECTIONS IN CRITICALLY ILL PATIENTS Nosocomial fungal infections in critically ill patients have become increasingly apparent in the past 25 years. Fungi, predominantly candida, are now amongst the most frequently isolated organisms in intensive care units. Patients particularly at risk of frequent fungal infections are neutropenic children and adults. Patients particularly at risk include:
 
 • • •
 
 surgical patients; burns patients; and heroin addicts.
 
 invasion or dissemination can be predicted by the extent of pre-existing colonisation. Diagnosis of disseminated fungal infections is difﬁcult but may be diagnosed with certainty if a patient develops endophthalmitis or a positive fungal culture is made from an organ such as the kidney or lung. Treatment is also difﬁcult. Whether to give prophylactic treatment is controversial. Empirical treatment should be given to patients with candida in the urine or heavy colonisation at other sites if their clinical condition is deteriorating. The following are considered criteria for treatment:
 
 •
 
 Risk factors include:
 
 •
 
 • •
 
 •
 
 • • • • • • • • •
 
 use of multiple antibiotics; high APACHE score (acute physiological and chronic health evaluation); prolonged ventilation; central venous pressure catheters; urinary catheters; total parenteral nutrition; steroids; diabetes; steroid therapy; chemotherapy; and immunosuppression after transplantation.
 
 Prophylactic antifungal treatment may sometimes be responsible for fungal infections by species other than Candida albicans. The fungi that cause the infections normally live as commensals in the gut lumen and on mucocutaneous surfaces, e.g. skin, oropharynx, vagina. A susceptible host may be infected either endogenously by organisms from his own gastrointestinal tract or exogenously through hand contact as a result of poor hygiene. How candida enters the blood stream is not clear. Translocation across the gut mucosal barrier may occur but some form of mucosal disruption may also be required, e.g. percutaneous intravascular catheters. The main problem in dealing with candida infection in an ITU is distinguishing between simple colonisation and invasive or disseminated infection. A diagnosis of invasive disease requires the presence of the fungus in normally sterile tissues whilst dissemination is deﬁned as invasion of non-continuous organs secondary to haematogenous spread. Failure to identify and treat those with disseminated fungal infection results in high mortality. If multiple sites are colonised there will be an increased risk of severe infections in patients recovering from abdominal surgery. In practice, the chances of
 
 • •
 
 a single positive blood culture in a patient who is at risk; isolation of candida from any sterile site (except urine); positive identiﬁcation of yeast on microscopic examination of a sterile specimen before the results of culture are available; positive histological features in tissues from patients at risk; and isolation from multiple sites.
 
 ASEPSIS AND ANTISEPSIS Asepsis is the exclusion of organisms from the tissues. Antisepsis is the attempt at the prevention of growth and multiplication of micro-organisms that cause sepsis.
 
 RISK FACTORS CONTRIBUTING TO SEPSIS These may be related to problems in the patient, problems related to treatment, the injury or the disease process itself, and the environment. These causes are shown in Box 7.2.
 
 WOUND INFECTION Classiﬁcation of wounds Wounds may be classiﬁed by their potential for infection: 1. clean: an operation carried out through clean non-infected skin under sterile conditions where the GI tract GU tract, or respiratory tract are not breached, e.g. hernia repair, varicose vein surgery; the risk of wound infection should be less than 2%; 2. clean contaminated: an operation carried out under sterile conditions with breaching of a hollow viscus other than the colon, where contamination is minimal, e.g. cholecystectomy; the risk of wound infection should be less than 8%;
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 Box 7.2
 
 Risk factors contributing to sepsis
 
 • Patient-related Age Diabetes Intercurrent illness, e.g. cardiac, respiratory, renal Immunosuppression Nutritional status Obesity • Injury or disease-related Location Extent • Treatment-related Length of preoperative stay Duration of surgery Emergency vs elective surgery Poor surgical technique
 
 Box 7.3 Factors inﬂuencing the development of wound sepsis • Type of surgery Clean or contaminated Prosthesis or foreign body Drain Duration of surgery ‘Place’ on list • Surgical team Skill of surgeon Aseptic technique Carriage of Staph. aureus • Age and general condition of patient • Precautions taken against possibility of infection Preoperative duration of stay Adequate antisepsis of hands Adequate skin preparation Preparation of the bowel Antibiotic prophylaxis Adequate ventilation • Ward factors postoperatively
 
 3. contaminated: an operation carried out where contamination has occurred, e.g. by opening the colon, an open fracture, or animal or human bites; the risk of wound infection is around 12%; and 4. dirty: an operation carried out in the presence of pus, or a perforated viscus, e.g. perforated appendicitis, faecal peritonitis; the risk of wound infection is 25%.
 
 Factors inﬂuencing the development of wound sepsis These are shown in the Box 7.3.
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 HOSPITAL-ACQUIRED INFECTION Hospital-acquired infections, or nosocomial infections occur in about 10% of hospitalised patients. The commonest are UTIs, wound infections, lower respiratory tract infections, and skin and soft tissue infections. Present-day pathogens are often resistant to antibiotics, a major problem being methicillin-resistant Staph. aureus (MRSA). Predisposition to hospital-acquired infection includes:
 
 • • •
 
 age – the extremes of life; susceptible patients, e.g. immunosuppressed, diabetic, those with prosthetic implants; and modes of treatment, e.g. intravenous lines, indwelling catheters, etc.
 
 The origin of bacterial infection may be divided into two main sources:
 
 • •
 
 endogenous – with patient’s normal ﬂora; and exogenous – from other people or objects in the environment.
 
 ENDOGENOUS INFECTION This occurs where the organism is carried by the patient either as part of the normal ﬂora or ‘replacement’ ﬂora, i.e. ‘replacement’ organisms which colonise various sites when the patient is treated with antimicrobials. A knowledge of the normal ﬂora present at various sites is important such that distinction may be made from ‘replacement’ organisms which have resulted from antibiotic therapy. The following are examples of normal ﬂora:
 
 • • • •
 
 skin – coagulase negative staphylococci and diphtheroids; upper respiratory tract – ‘S. viridans’, diphtheroids, anaerobes, commensal neisseriae; lower gastrointestinal tract – coliforms, enterococci, pseudomonas, anaerobes (bacteroides, clostridia); and anterior urethra – skin ﬂora (as above) or faecal ﬂora (as above).
 
 Commensal bacteria are potential pathogens, and infection may result if the balance is disturbed by a breach of the body defences or if an organism normally a commensal at one site gains access to another site where it is not a commensal: e.g. E. coli, which is part of the normal ﬂora of the colon, gaining access to the urinary tract and giving rise to a UTI. Broad
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 spectrum antibiotics alter the normal ﬂora, inhibiting sensitive organisms and allowing overgrowth of resistant bacteria which may result in serious infection. A detailed knowledge of the normal ﬂora is required to distinguish normal ﬂora in culture from pathogens responsible for infection.
 
 •
 
 EXOGENOUS INFECTION
 
 CONTROL OF STAPHYLOCOCCAL OUTBREAKS – THEATRE
 
 Exogenous infection is derived either from other people or objects in the environment: 1. people: this may be from medical, nursing, or other patients either from infection, subclinical infection, or asymptomatic carriers; 2 inanimate objects (fomites): these include surgical instruments, anaesthetic equipment, ventilators, humidiﬁers, and parenteral ﬂuids, particularly if drugs are added under non-sterile conditions; and 3. other sources: these include ﬂoors, blankets, urinary bottles, toilets, dust, air and air conditioning systems.
 
 METHOD OF SPREAD OF INFECTION Infection may spread by the following methods:
 
 • • •
 
 contact – hands, clothing, etc.; airborne – droplets and respiratory infection, dust, scales shed from skin, aerosols, nebulisers, air conditioning; and ingestion – food poisoning, overcrowded wards, especially psychiatric and geriatric, faecal-oral spread, poor kitchen hygiene, and carriers.
 
 PREVENTION AND CONTROL OF HOSPITAL-ACQUIRED INFECTION The following are important factors in the prevention and control of hospital-acquired infection:
 
 •
 
 • • • • • •
 
 education of staff: hand washing; correct disposal of waste, e.g. soiled dressings; good nursing care; safe environment, e.g. appropriate space between beds, clean toilets, etc.; good theatre technique; good aseptic surgical technique; skin infection and antisepsis; sterilisation and disinfection; prophylactic antibiotics; protective clothing; isolation of patients with established infection; appropriate design of hospital buildings;
 
 •
 
 staff health: exclude staff suffering from infection from contact with patients; protect staff, e.g. hepatitis B immunization; and surveillance: e.g. infection control; monitoring of infection rates; careful tracking of potentially dangerous bacteria; appropriate policy making.
 
 Personnel with obvious skin sepsis or skin lesions should be excluded from the surgical team. In the event of an outbreak of staphylococcal infection, carriers of Staph. aureus should be excluded and treated. Personnel should wear protective theatre clothing, caps to cover the hair, clean theatre underdress, gowns and masks. Following adequate washing with antiseptics, gloves should be worn. Chlorhexidine, povidoneiodine or alcoholic chlorhexidine are suitable for hand preparation. The number of personnel in theatre should be reduced to a minimum. Theatre environment is important. The air ﬂow should be in the correct direction. Floors should be kept clean and horizontal surfaces, e.g. trolleys, reduced to a minimum as these are dust traps. The walls and ceilings should be cleaned on a regular basis. Lights above the operating table should be kept dust free to prevent potentially bacteria-laden particles landing in the wound. As far as the patient is concerned, the bed linen and clothes must not be allowed in the theatre area. Any shaving that is carried out should be carried out immediately prior to surgery and not some time before which may allow staphylococci to colonise small lacerations in the skin. Disinfection of the skin at or near the operation site should be carried out and the skin at or near the site of the wound separated from the rest by drapes or occlusive drapes, e.g. Opsite. Fig. 7.1 shows how staphylococcal infection may spread.
 
 METHICILLIN-RESISTANT STAPHYLOCOCCUS AUREUS (MRSA) All patients to be admitted for surgery should be screened for MRSA. Sites frequently colonized are the nose, hairline, axillae, groin and perineum. During outbreaks, additional screening of patients and staff may be required. Eradication of the carriage of MRSA in a carrier involves application of antiseptics, e.g. mupirocin to the nose and skin and use of antiseptic soaps and shampoos. Patients with MRSA should be nursed in isolation. Vancomycin or teicoplanin may be the
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 Infected patient
 
 Other patient
 
 Infected wound
 
 Wound (initially clean) Staphylococci air/dust/bedclothes
 
 Staphylococci Hand of nurse or doctor
 
 Cross infection Staphylococci Carrier (skin/nose) Staphylococci
 
 Fig. 7.1
 
 The spread of staphylococcal infection.
 
 only agents available for treatment for MRSA. Strains of Staph. aureus resistant to methicillin are also resistant to all beta-lactam agents. Some epidemic strains are multiresistant, exhibiting resistance to aminoglycosides, macrolides and other antistaphylococcal agents which include the topical agent mupirocin, which has been used to eradicate the organism from carriers.
 
 CLOSTRIDIUM DIFFICILE This is a recognized cross-infection problem. Control depends on a combination of hygiene measures such as isolation of patients with diarrhoea and hand washing (alcohol does not kill spores) between contact with patients and careful use of problem antibiotics such as clindamycin and injectable cephalosporins.
 
 TRANSMISSIBLE INFECTION AND THE SURGEON The surgeon, and indeed any medical, nursing or paramedical personnel, is at risk from three main viral infections; hepatitis B, hepatitis C (HCV) and HIV.
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 HEPATITIS B The hepatitis B virus is a double-stranded DNA virus. The incubation period is six weeks to six months and the period of infectivity is from six weeks before onset of the symptoms and possibly indeﬁnitely thereafter. 10% of patients become chronic carriers. Antigen carriage is a risk for hospital staff, especially those in ‘high risk’ arreas, e.g. theatre staff. Dialysis units are often quoted as being a ‘high risk’ area but following outbreaks many years ago, all staff and patients are tested for HBsAg. Hepatitis vaccine is offered to all high risk healthcare workers. These categories involve surgeons, theatre nurses, pathology department staff, accident and emergency staff, staff in liver transplant units, workers in residential units for the mentally handicapped, staff of GI units and staff of infectious and communicable diseases units. Hepatitis B may be transmitted by:
 
 • • • • • • •
 
 blood transfusion; inoculation via sharps injuries from blood or blood products; droplet transmission; syringe and needle sharing in drug addicts; sexual intercourse with an infected partner; homosexual practices; and tattooing, ear piercing, etc. with unsterile equipment.
 
 A number of antigen-antibody systems occur relating to HBV. The three viral antigens are:
 
 • • •
 
 HBsAg: hepatitis B surface antigen; HBcAg: hepatitis B core antigen; and HBeAg: hepatitis ‘e’ antigen.
 
 Following infection, antibodies are formed against all three of the viral antigens but there are important clinical consequences of their identiﬁcation. Infected persons and carriers have HBsAg and anti-HBcAg but lack anti-HBsAg in their blood. On recovery from infection, HBsAg disappears from the blood and antiHBsAg becomes demonstrable together with antiHBcAg. The e-antigen is found only in HBsAg positive sera and appears during the incubation period. The presence of HBeAg (e-antigen) implies high infectivity. Carriers with a persistence of the e-antigen are much more likely to infect others. It has been shown that surgeons who possess the e-antigen may infect their patients during operative procedures. Clinical presentations of hepatitis B include:
 
 • •
 
 acute hepatitis with clinical recovery; acute fulminating hepatitis with death; and
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 •
 
 chronic active hepatitis with risk of developing cirrhosis and hepatocellular carcinoma.
 
 HIV may be transmitted by:
 
 • HEPATITIS C Hepatitis C virus (HCV) is a single-stranded RNA virus. The incubation period is from six weeks to two months. About 0.7% of the population is chronically infected with HCV. Carriers are a source of infection. HCV carriage is seen in drug addicts, recipients of blood and blood products before September 1991 (when testing was instituted), children of infected mothers and healthcare workers from occupational injuries. Hepatitis B may be transmitted by:
 
 • • • • • • •
 
 blood transfusion (before September 1991 in UK); syringe and needle sharing in drug addicts; mother to baby transmission; SHARPS injuries; sexual transmission occurs but is uncommon; tattooing, ear piercing etc. with unsterile equipment; and sharing toothbrushes and razors.
 
 HCV is identiﬁed by antibody testing. About 20% of people infected with HCV will clear the virus in the acute stage but will be antibody-positive. PCR will identify if active virus is still present. The patient is often asymptomatic. Only about 25% become symptomatic and jaundiced. The severity of the symptoms does not necessarily equate with the extent of the liver disease. Around 20% of those infected will clear the virus in the acute stage. Of those that do not, some will never develop liver damage. Many will develop only moderate liver damage with or without symptoms. Of the remainder 20% will progress to cirrhosis within 20 years and of that 20%, some will progress to liver failure and some will develop hepatocellular carcinoma.
 
 HIV HIV is a single-stranded RNA retrovirus. It produces DNA via the enzyme reverse transcriptase. DNA is incorporated into the host cells. HIV results in widespread immunological dysfunction. Infection results in a fall of the CD4 cell numbers and reduction of antigen-presenting cells. Immunological failure results in opportunistic infections and an increased risk of malignancy.
 
 • • •
 
 sexual intercourse (heterosexual intercourse is likely to be the main cause in Africa and Asia; homosexual intercourse in the UK and North America); blood transfusion; intravenous drug abuse; and mother to infant.
 
 The following are at risk of becoming HIV positive:
 
 • • • • • •
 
 homosexual or bisexual males; prostitutes (male and female); intravenous drug abusers; haemophiliacs who were treated before routine testing became available, i.e. October 1995; sexual partners of the above; and children of infected mothers.
 
 Asymptomatic viraemia occurs for up to three months after exposure and patients are infective during this period. ELISA test for HIV antibodies is negative at this stage. At seroconversion an acute illness can occur with fever, myalgia and joint pains. An asymptomatic phase then follows. Antiviral antibodies are now present in the blood and the patient is infective and this phase may continue for many years. Some patients may develop persistent generalized lymphadenopathy following seroconversion which lasts for up to three months with few or no constitutional symptoms. AIDS develops within 5–10 years. However, an AIDS-related complex may occur before full-blown AIDS occurs. The AIDS-related complex is associated with CD4 cell count of 400/mm2. The virus infects lymphocytes, macrophages and monocytes, i.e. cells that are found in all body ﬂuids. HIV binds the CD4 receptors on T helper lymphocytes (CD4 cells). After a long latent period, up to 8–10 years, the CD4 cell count begins to decline and hence the increase of immunosuppression with a risk of many opportunistic infections and also tumours. AIDS-related complex is characterised by fever lasting more than three months, weight loss, diarrhoea, anaemia and night sweats. AIDS is diagnosed by the presence of an AIDS indicator disease (see below) with a positive HIV test. Anti-HIV antibodies appear during the asymptomatic phase after seroconversion. The CD4 count falls (400/mm2) in AIDS-related complex. The CD4 count thereafter falls further (200/mm2) when AIDS develops.
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 AIDS indicator diseases are as follows:
 
 • • • • • • • • • • • • •
 
 multiple recurrent bacterial infections (see below); bronchial candidiasis; disseminated coccidiomycosis; cryptosporidiosis; micro-bacterial infection (dissemination); CMV infection; Histoplasmosis; cerebral toxoplasmosis; pneumocystis pneumonia; invasive cervical carcinoma; Kaposi’s sarcoma; Lymphoma; and HIV encephalopathy.
 
 • •
 
 Sites of bacterial infection in AIDS include:
 
 • • • • • • • •
 
 boils, carbuncles, cellulites; anorectal abscesses; empyema thoracis; necrotising fasciitis; osteomyelitis; septic arthritis; epididymo-orchitis; and pelvic inﬂammatory disease.
 
 PRECAUTIONS FOR THE CARE OF KNOWN AND SUSPECTED HBV, HBC AND HIV CARRIERS Sources of infection include:
 
 • • • •
 
 contact: blood, urine, faeces, saliva, tears, CSF; airborn: use of power tools in theatre; inoculation; and SHARPS injuries: needlestick, scalpels.
 
 Universal precautions taken include those precautions taken to protect theatre staff from infection with all cases. These include gowns, masks, surgical gloves and no-touch technique. Special precautions are required for all high-risk patients, e.g. hepatitis, HIV or patients suspected of having these conditions. The following should be observed:
 
 • •
 
 All personnel involved in patient care should be aware of the risk. Any patient considered as a risk should be indicated as belonging to a high-risk category in the operating list; under no circumstances should the disease causing the risk be placed upon the operating list, for reasons of patient conﬁdentiality.
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 Arrangements should be made for all contaminated ﬂuids, dressings, etc. to be handled and disposed of correctly. Appropriate theatre technique should be adopted as follows: — only absolutely necessary personnel should be in theatre. There should be no spectators; — remove all but essential equipment; — use disposable scrub suits, footwear, gowns and drapes; — double-gloving and use of ‘indicator’ glove systems; — visors to prevent splashing in eyes; — blunt suture needles; — stapling devices rather than needles where possible; — pass all instruments in a kidney dish; — the operation should be carried out with no-touch technique if possible, with meticulous attention to haemastatis; — all disposable equipment should be removed in speciﬁcally marked containers; — the theatre should be thorough cleansed with dilute bleach solution at the end of the procedure; and — recovery staff must also be aware of the risk.
 
 Immunisation Immunisation is available against hepatitis B but not hepatitis C or HIV. Hepatitis B vaccine is offered to all high-risk staff. Categories of high-risk staff include:
 
 • • • • • • • • •
 
 surgeon; theatre nurses; other operating department personnel; pathology department staff; A & E staff; liver transplant unit staff; GI unit staff; workers in residential units for the mentally handicapped; and staff of infection and communication diseases units.
 
 Dialysis units are often quoted as being ‘high-risk areas’. However, following outbreaks of hepatitis B several years ago, all staff and patients of dialysis units are tested for HBsAg.
 
 ACCIDENTAL INJURY TO STAFF Management of SHARPS injuries Immediately after the injury has occurred, the site of the injury should be allowed to bleed. It should then be
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 washed with soap and water and the incident reported to the supervisor/senior ofﬁcer/occupational health. The injured person should visit the occupational health department or the nearest emergency department as soon as possible. Appropriate accident forms should be ﬁlled out. At the occupational health or emergency department, the following detailed information should be obtained:
 
 with deep needle stick injuries who are exposed to large volumes of blood. There is however, no hard evidence that Zidovudine will stop HIV infection development. The drug is highly toxic and should not be used during pregnancy or breast-feeding. Side effects include nausea, malaise, fatigue, headache and bone marrow suppression.
 
 • • • • • •
 
 STERILISATION
 
 •
 
 the circumstances of the injury; how long ago it occurred; was the skin penetrated; did it bleed; was the SHARP visibly contaminated with blood; was the source patient known to be infected and with what; and any ﬁrst aid measures.
 
 It should be explained that the risk of transmission is very small. Blood tests should be offered after appropriate counselling. If the source patient is known, i.e. the original use of the needle in needle stick unjury, they should be asked to consent for testing to HIV, HBV or HCV. They should be appropriately counselled before the tests are carried out. The person sustaining the ‘SHARPS’ injury should be advised about the risks of transmission until the test results are received. In this period they should practice safe sex and not donate blood.
 
 Post-exposure prophylaxis Hepatitis B If the source patient tests positive for HBV, the vaccinated healthcare workers should be tested for antibody to HBV. If antibody levels are low, a dose of hyperimmune anti-hepatitis B IgG plus one dose of vaccine should be given. In the unvaccinated, one dose of hyperimmune anti-hepatitis B IgG should be given and a course of HBV vaccinations commenced. Similar procedures should be followed when the source patient cannot be identiﬁed or refuses to be tested.
 
 Hepatitis C There is no vaccine or speciﬁc treatment for this. Immune serum globulins should be offered as prophylaxis.
 
 HIV HIV testing should be carried out after counselling at three months and six months after injury. There is no vaccine available. Zidovudine may be given to workers
 
 Sterilisation is the complete destruction of all micro-organisms including spores, cysts and viruses. Sterilisation may be achieved by physical and chemical methods.
 
 PHYSICAL Heat Moist heat Steam under pressure attains a higher temperature than boiling water, the ﬁnal temperature being directly related to pressure. Sterilisation by steam under pressure is the most commonly used method in hospitals. This is carried out in autoclaves, where steam is heated to 121ºC. Steam condenses on the surface of the instruments in the autoclave, giving up a large amount of latent heat of vaporisation required for its production. The sterilising cycle must be long enough to ensure adequate sterilisation. The ‘hold time’ at 121ºC should be 15 min, but the entire cycle is longer, allowing for heating up and cooling down. A higher temperature of 134ºC with a ‘hold time’ of three min may also be used. Continuous recordings should be made of the temperature in the autoclave, and all sterilisers should have a preset automatic cycle which cannot be interrupted until the cycle is completed. Monitoring of the efﬁcacy of sterilisation is carried out by Browne’s tubes placed among the instruments. These glass tubes contain ﬂuid which changes from red to green after appropriate exposure. Sterile packs can be identiﬁed as appropriately sterilised by changing colour of heat sensitive inks on the pack (Bowie-Dick test). Bacteria, fungi, spores and viruses are destroyed in autoclaves at 134ºC for a ‘hold time’ of 3 min or 121ºC for a ‘hold time’ of 15 min. Slow viruses, e.g. Creutzfeld-Jakob’s disease, are difﬁcult to destroy and will need longer times. Moist heat is more effective than dry heat because it penetrates materials better and denatures proteins of the cell walls of micro-organisms.
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 Dry heat
 
 Formaldehyde
 
 The efﬁcacy of dry heat depends on the initial moisture of the microbial cells. Dry heat at 160ºC with a ‘hold time’ of 2 h will kill all micro-organisms. However, many articles will not withstand these high temperatures. The process is not suitable for materials that are denatured or damaged at the required temperature, e.g. plastics. It is not suitable for aqueous ﬂuids, e.g. i.v. ﬂuids. It may be used for solids, non-aqueous liquids, and to sterilise objects that will stand the heat in enclosed (airtight) containers. All items must be thoroughly cleaned and dried before they are placed in a hot air oven.
 
 Dry saturated steam in combination with formaldehyde kills vegetative bacteria, spores, and most viruses. It is suitable for many heat-labile instruments, e.g. cystoscopes, as sterilisation can be achieved at low temperature, i.e. 73ºC for 2 h. Adequate prior cleaning of the instruments is required before exposing to formaldehyde. Otherwise, where items are contaminated with body ﬂuids, proteins will be ﬁxed and deposited on the equipment.
 
 Irradiation
 
 Disinfection is a process used to reduce the number of viable micro-organisms. It fails to inactivate some bacterial spores and some viruses. Disinfection has to be distinguished from cleaning, which is a process which physically removes contamination but does not necessarily inactivate micro-organisms. The efﬁcacy of disinfection depends on several factors: for example, the length of exposure, or the presence of blood, faeces, or other organic matter which may reduce the efﬁcacy of the disinfection process. Some examples of disinfection are given below:
 
 Sterilisation by ionising radiation is an industrial process and is used commercially for large batches of suitable objects. These are heat-labile articles and often single-use items, e.g. catheters, syringes and i.v. lines.
 
 Filtration Bacteria and spores may be removed from heat-labile solutions by ﬁltration. Cellulose acetate (Millipore) ﬁlters with a small pore size can remove viruses. The efﬁciency of sterilisation is determined by pore size. This method is used by the pharmaceutical industry for sterilisation of drugs for injection.
 
 Chemical
 
 DISINFECTION
 
 • •
 
 Ethylene oxide This is a highly penetrative agent against vegetative bacteria, spores and viruses. It is a highly explosive gas and must be used under strictly controlled conditions. It is used to sterilise heat-labile articles. It is ideal for electrical equipment, ﬁbre optic endoscopes, or for resterilisation of single-use items, e.g. dialysis lines. However, the resterilisation of dialysis lines is not to be condoned, but is necessitated by ﬁnancial expediency in some countries. The gas penetrates well into rubber and plastics. It is toxic, irritant, mutagenic and may be carcinogenic.
 
 •
 
 •
 
 Glutaraldehyde Immersion in 2% glutaraldehyde can be used to sterilise endoscopes and other instruments containing plastic or rubber. Inactivation of microbes varies, and different times are required, TB organisms requiring at least 60 min. Glutaraldehyde may cause contact dermatitis in personnel involved in sterilising equipment, e.g. nurses preparing endoscopes.
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 •
 
 •
 
 Hypochlorite (Milton, Eusol). Hypochlorites have a wide antibacterial spectrum, including viruses. They are inactivated by organic matter. Povidone-iodine (Betadine). This has wide antibacterial spectrum. It is useful for preoperative skin preparation of the patient and as a surgical scrub solution. Chlorhexidine (Hibitane). This is active against Gram positive bacteria. It is usually used as a 0.5% solution in 70% ethanol or in water. Unlike iodine it is devoid of the risk of irritation of the skin and sensitisation. Triclosan (Aquasept). This is active against Gram positive and some Gram negative bacteria. It is usually used as a 2% aqueous solution. It can be used as a bath concentrate for prevention of cross infection and secondary infection (ster-Zac® bath concentrate). Quaternary ammonium salts (Cetrimide). Quaternary ammonium compounds are active against Gram positive bacteria. They have no action against Pseudomonas. They are weak disinfectants. Formaldehyde. Formaldehyde has a wide antibacterial spectrum, including viruses.
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 •
 
 •
 
 •
 
 Formaldehyde is a hazardous substance. It is irritant to the eyes, respiratory tract, and skin. Aqueous 10% formaldehyde can be used to disinfect contaminated surfaces. If used as a gas it needs to be used in an air-tight cabinet. Glutaraldehyde (Cidex). This has a wide antibacterial spectrum, including viruses. It kills spores slowly. Penetration is poor and it is irritant and may cause hypersensitivity. Boiling water. This is an efﬁcient disinfection process which kills bacteria, including TB, some viruses, including HBV and HIV, and some spores. Items for disinfection must be thoroughly cleaned and totally immersed in the boiling water. It is suitable for proctoscopes and sigmoidoscopes. Pasteurisation. This can be used for foodstuffs such as milk which can be disinfected but not sterilised by moist heat. Milk is held at 63–66ºC for 30 min. Most non-spore-forming pathogenic bacteria, including Mycobacterium tuberculosis, brucellae, campylobacter and salmonellae, are killed.
 
 SKIN PREPARATION Surgical site infections are a common cause of nosocomial infections. They account for about 15% of all nosocomial infections. Surgical site infections can occur both perioperatively and postoperatively and skin is a major potential source of microbial contamination. It is, therefore, important to create and maintain a sterile ﬁeld during the operation but good hand hygiene is an important component of both operative and postoperative care.
 
 Bacterial ﬂora The bacterial ﬂora of the hands is divided into two groups, resident and transient ﬂora:
 
 •
 
 •
 
 resident ﬂora are organisms consistently isolated from the hands of most people. They include coagulase-negative staphylococci, corynebacteria, acinetobacter and occasionally enterobacteriaciae; and transient ﬂora are bacteria that can be isolated from the skin (especially of healthcare workers) but are not consistently present in the normal population. Examples include staphylococcus aureus and MRSA.
 
 Hand hygiene Non-surgical setting Hand hygiene is required before performing invasive procedures and contact with wounds, catheters, drainage sites and after any potential microbial contamination during examination of a patient. On the whole, compliance with hand hygiene recommendations is poor and studies have shown that healthcare workers clean their hands far less frequently than perceived. Risk factors for lack of adherence to hand hygiene include:
 
 • • • • •
 
 medical personnel (as opposed to nursing personnel); male gender; working in an intensive therapy unit; wearing gloves/gowns; and performing activities associated with a high risk of cross-contamination.
 
 Improved hand hygiene has been associated with the introduction of alcoholic hand gel at the patient bedside. Hand gel contains an emollient which prevent drying of the skin, is fast-acting and easy to use.
 
 Surgical setting A surgical hand scrub is used in the surgical setting. The basis of this is as follows:
 
 • • •
 
 removal of debris and transient micro-organisms from nails, hands and forearms; reduction of resident ﬂora to a minimum; and inhibition of rapid rebound growth of bacteria.
 
 The ideal antimicrobial hand scrub agent should:
 
 • • • • •
 
 signiﬁcantly reduce micro-organisms on intact skin; be non-irritant; have a broad-spectrum; be fast-acting; and have a residual effect.
 
 Organisms are known to proliferate in the moist environment produced by wearing surgical gloves and these frequently become damaged during surgical procedures. It is, therefore, desirable that the antimicrobial agent used has persistent chemical activity to suppress microbial growth. Ideal agents include chlorhexidine and iodophors which demonstrate residual activity. Residual activity is due to the agent binding to the stratum corneum of the skin.
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 Surgical scrub The following are considered ideal components of a surgical scrub:
 
 •
 
 • •
 
 •
 
 •
 
 •
 
 •
 
 the hands and forearms should be thoroughly moistened and should be washed an appropriate surgical scrub agent and rinsed before the actual scrub commences. This will loosen surface debris and transient micro-organisms; the areas under the nails should be cleaned under running water using a nail cleaner. The areas under the nails harbour organisms; an appropriate anti-microbial agent, e.g. chlorhexidine or povidone iodine should be applied with friction to wet hands and forearms. This is required to remove any ingrained dirt, transient organisms and some of the resident bacteria ﬂora; a scrub is only effective if all surfaces are cleaned and therefore ﬁngers, hands and forearms should be thoroughly cleansed, especially beneath the nails and between the ﬁngers; hands should be held higher than the elbows and well away from the body. This prevents contamination, allowing water to run from the cleanest area down and to avoid the surgical clothing. Disposable brushes should be discarded appropriately and not re-used. This prevents crosscontamination. If re-usable brushes are normally used, they should be decontaminated and sterilised before re-use; every attempt must be made to avoid splashing water on to the surgical attire. If a sterile gown is worn over damp surgical attire, contamination of the gown will occur by strikethrough moisture; and subsequent hand scrub should follow the same procedure as bacteria multiply rapidly, particularly in the warm environment of a gloved hand.
 
 PATIENT PREPARATION Patients who have been in hospital for a long time pre-operatively have an increased risk of surgical site infections. This is due to the patient becoming colonised with hospital ﬂora such as multi-resistant gramnegative organisms or MRSA. It may be appropriate that such patients bathe with an antiseptic agent, e.g. triclosan (ster-Zac® bath concentrate) prior to surgery. Hair removal is perhaps best done with a depilatory
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 agent as this is associated with a reduced risk of surgical site infections but if shaving or clipping of hair is carried out, this should be done immediately prior to the procedure to reduce bacterial colonisation of any breaks in the skin which occur during shaving. Immediately prior to surgery the patient’s skin should be treated with an antiseptic solution, the commonest being used in the UK are chlorhexidine or povidone iodine. The antiseptic should be generously applied to the surgical site and allowed to dry. With alcoholic solutions, avoid pooling of the agent in the umbilicus as, if diathermy is used, burns may occur.
 
 Surgical drapes The function of surgical drapes is to establish an aseptic barrier that minimizes the passage of micro-organisms between non-sterile and sterile areas. Excessive movement should be avoided when applying drapes as this creates air currents in which particles can migrate and contaminate the surgical site. Two types of drape are commonly used in the UK, cotton and disposable. Cotton drapes require careful laundering and autoclaving between each use and they may absorb blood and moisture which provides an ideal culture medium. Disposable drapes can be coated with a water repellent. Most disposable drapes have a plastic adhesive strip to attach the drape to the skin. There is evidence of higher postoperative surgical site infections with this and it has been thought that sweating under the occlusive plastic strips produces a medium for bacteria to ﬂourish.
 
 COMPLICATIONS OF INFECTION PATHOPHYSIOLOGY OF THE BODY’S RESPONSE TO INFECTION One of the most frequent and serious problems confronting the clinician is the management of the systemic response to infection. The incidence of sepsis has been increasing over the last 25 years and is the most common cause of death in ITUs. New terminology has arisen in an attempt to stratify the spectrum of sepsis and to introduce a universal deﬁnition of the various stages of sepsis. The Society of Critical Care Medicine and the American College of Chest Physicians, at a meeting held in 1991, produced a series of deﬁnitions for the systemic inﬂammatory response syndrome (SIRS), sepsis, and other clinical conditions
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 related to sepsis. The development of SIRS is manifested by two or more of the following criteria:
 
 • • • •
 
 Primary precipitating event
 
 temperature above 38ºC or below 36ºC (rectal); tachycardia above 90 bpm; tachypnoea – respiratory rate above 20 breaths per minute or a PaCO2 of less than 4.3 kPa; and WBC above 12,000 cells per mm3 or below 4,000 cells per mm3 or 10% of immature forms.
 
 Inflammatory response
 
 Sepsis is described as SIRS with a documented infection and severe sepsis as SIRS with a documented infection and haemodynamic compromise. It should be noted that immunocompromised patients can be septic without eliciting an inﬂammatory response. Multiple organ dysfunction syndrome (MODS) is a state of physiological derangement in which organ function is not capable of maintaining homeostasis. There is a continuum from the development of SIRS to the onset of sepsis and progression to shock and multiple organ dysfunction. The identiﬁcation of SIRS alone in a patient on ITU has a poor speciﬁcity for predicting the development of sepsis and septic shock. However, there is an increasing incidence of organ system failure as patients progress from SIRS to septic shock.
 
 PATHOPHYSIOLOGY OF SYSTEMIC INFLAMMATORY RESPONSE SYNDROME AND MULTI-ORGAN DYSFUNCTION SYNDROME
 
 SIRS
 
 MODS
 
 Multi-organ failure
 
 Fig. 7.2 Pathway in the development of multi-organ failure.
 
 •
 
 The pathway in the development of multi-organ failure is shown in Fig. 7.2. The primary precipitating event initiating SIRS may result from infection, trauma, tumour, hypoxia or ischaemia. Infection may be bacterial, viral, fungal or protozoal. In clinical practice the main precipitating events are:
 
 • • • • • •
 
 localised or disseminated sepsis; peritonitis; pancreatitis; burns; trauma; and severe haemorrhage associated with hypotension and hypoperfusion.
 
 Three stages have been described in the development of SIRS:
 
 •
 
 Stage I – In response to a local insult, the local environment produces cytokines which provoke
 
 •
 
 an inﬂammatory response, promote wound repair, and recruit cells of the reticulo-endothelial system. Stage II – Small quantities of cytokines are released into the circulation to enhance the local response. Macrophages and platelets are recruited, and growth factor production is stimulated. An acute phase response occurs which is controlled by a simultaneous decrease in pro-inﬂammatory mediators and release of endogenous antagonists. These mediators hold the initial inﬂammatory response in check. This continues until the wound is healed, the infection resolves and homeostasis is restored. Stage III – If homeostasis is not restored, stage III (SIRS) develops. A massive systemic reaction occurs, cytokines becoming destructive rather than protective. Inﬂammatory mediators trigger numerous humoral cascades, resulting in sustained activation of the reticuloendothelial system with loss of integrity of the microcirculation and dysfunction of various distant end-organs.
 
 The destructive systemic and regional responses to SIRS, i.e. increased peripheral dilatation, excessive microvascular permeability, accelerated microvascular
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 clotting, and leucocytes/endothelial cell activation, contribute to pathological changes in various organs and are considered the major aetiological factors in the development of septic shock, ARDS and MODS. Changes associated with MODS include fever, hypermetabolism, anorexia, protein catabolism, cachexia, and altered fat, glucose and trace element mineral metabolism. These processes are accelerated in the presence of a second insult, e.g. shock, infection, ischaemia following the initial trauma. Mediators of SIRS include endotoxin, TNF and interleukins, chieﬂy IL-1 and IL-6. Cells involved include endothelial cells and leucocytes, especially neutrophils. Secondary inﬂammatory mediators include arachidonic acid metabolites, nitric oxide, and platelet-activating factor (PAF).
 
 CLINICAL DEFINITION OF SEPSIS SYNDROME This involves progress as follows: SIRS ↓ sepsis ↓ severe sepsis ↓ septic shock (refractory shock) ↓ death Sepsis is SIRS resulting from a documented infection. Severe sepsis is sepsis associated with evidence of endorgan dysfunction, hypoperfusion and hypotension. Septic shock is severe sepsis with refractory hypotension (in spite of adequate volume resuscitation).
 
 SEPTIC SHOCK (REFRACTORY SHOCK) Factors involved in septic shock include:
 
 • • • • •
 
 •
 
 MULTI-ORGAN DYSFUNCTION SYNDROME This is a progression from SIRS resulting in end-organ dysfunction. MODS requires dysfunction of two or more organ systems and results from hypoperfusion and ischaemia of the tissues. The clinical picture depends on the organ systems affected.
 
 MULTI-ORGAN FAILURE Multiple organ failure is a ﬁnal common pathway associated with the consequences of severe infection, severe tissue injury or shock. The primary precipitating events have been dealt with above. Factors leading to multi-organ failure include:
 
 • CLINICAL EFFECTS OF SEPSIS SYNDROME
 
 •
 
 These depend upon the precipitating cause, degree of organ involvement and severity. They include:
 
 •
 
 • • • • • • • •
 
 overt or occult infection; a ﬂushed warm periphery; hypotension; tachycardia; tachypnoea; hypoxia; metabolic acidosis; and deranged clotting (abnormality of clotting cascade in inﬂammatory response).
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 peripheral vascular failure; persistent hypotension resistant to vasoconstrictors; usually high output due to low systemic vascular resistance and increased heart rate; cardiac dysfunction due to myocardial depressant factor, metabolic acidosis and hypoxaemia; and microcirculatory changes due to: — vasodilatation; — a-v shunting (maldistribution of ﬂow); — increased capillary permeability; — interstitial oedema; — decreased O2 extraction; and defect of O2 utilisation at cellular level.
 
 • • •
 
 excessive release of endogenous mediators, including TNF, IL-1, IL-6; impaired local microvascular perfusion interfering with O2 delivery to tissues with disruption of cellular metabolic functions; impaired intestinal barrier function with bacterial translocation releasing endotoxins into the portal circulation and to the liver; damage to reticulo-endothelial function; immune depression with T and B cell depression; and T-suppressor cell stimulation, resulting in increased vulnerability to infection.
 
 The target organs of cytokines include the lung, cardiovascular system, kidney, liver, gastrointestinal tract, brain, reticulo-endothelial system and immune system.
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 The clinical picture of multi-organ dysfunction depends on the organ systems involved.
 
 Respiratory The respiratory system is often involved. The patient will be hypoxic and show symptoms of respiratory failure. Acute respiratory distress syndrome (ARDS) may result (see below). Nosocomial pneumonia occurs in 70% of patients.
 
 Principles of treatment of sepsis syndrome Attempts to abrogate SIRS may be approached in three ways:
 
 • • •
 
 eradication of source of infection; treatment of sepsis-associated cardiovascular, metabolic and multi-organ disturbances; and inhibitors of toxic mediators, e.g. anti-TNF, antiinterleukin 1.
 
 Cardiovascular Endothelial damage leads to interstitial oedema. There is also vasodilatation leading to hypotension. Tissue hypoxia results in lactic acidosis. Myocardial dysfunction occurs due to the effects of inﬂammation, circulating myocardial depressant factor and endotoxins.
 
 Renal Oliguria occurs (0.5 ml/kg/hr urine production). There will be elevation of the blood urea and creatinine.
 
 OUTCOME OF MULTI-ORGAN FAILURE The mortality of multi-organ failure is directly related to the number of organs that have failed. With one organ affected, the prognosis is fairly good with approximately 70% survival. With the failure of two organs, it falls to 50% and with four the mortality approaches 100%. The prognosis is also affected by the age of the patient and previous compromise of organ function.
 
 Hepatic Hypoperfusion of the liver results in reduced metabolism of drugs and hormones. Poor control of glucose homeostasis and failure of synthetic function, e.g. clotting factor, resulting in coagulopathies. There is also failure to conjugate bilirubin and hypobilirubinaemia results.
 
 Gastrointestinal Atrophy of the mucosa occurs due to hypoperfusion and ischaemia. There is an increased risk of bacteria translocation into the portal system, stimulating liver macrophages to produce cytokines with ampliﬁcation of SIRS.
 
 Cerebral There may be confusion, agitation, stupor, coma, the above being due to hypoperfusion, septic encephalopathy or metabolic encephalopathy.
 
 Haematological There may be anaemia, leucopenia, thrombocytopenia or leucocytosis. Clotting screen may show a range of abnormalities from prolonged APTT and PT to frank disseminated intravascular coagulation (DIC).
 
 Metabolic Hypoglycaemia may occur due to sepsis and catecholamine release (both cause insulin resistance). Lactic acidosis will result and there will be a generalised catabolic state. If MODS continues unchecked, then organ dysfunction will become irreversible. At this state multi-organ failure is said to have occurred. This progression is potentially preventable with appropriate treatment.
 
 ADULT RESPIRATORY DISTRESS SYNDROME The causes of ARDS are shown in Box 7.4. The condition is further discussed in Chapter 11.
 
 SEPTICAEMIA Bacteraemia is the presence of bacteria in the circulation, where they can be identiﬁed by blood culture. There is no sign of clinical infection. Septicaemia implies the presence of bacteria in the circulation, identiﬁed by blood culture, with clinical evidence of infection. In septicaemia there is multiplication of bacteria in the blood, with a failure of bacteriocidal mechanisms to stem the number of organisms released into the circulation. Septicaemia is often a complication of a more localised infection, e.g. subphrenic abscess, peritonitis, or cholangitis. Clinical presentation is usually due to a worsening of the patient’s condition with fever, confusion, agitation, rigors, tachypnoea, hypotension and organ failure. Consequences of septicaemia include SIRS and MODS and multiorgan failure. Some conditions predisposing to septicaemia and causative organisms are shown in Table 7.3.
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 Box 7.4 Causes of adult respiratory distress syndrome (ARDS) • Shock Septic shock, especially Gram negative Haemorrhagic Cardiogenic Anaphylactic • Trauma Major trauma Direct pulmonary trauma Lung contusion Near drowning Irradiation Smoke inhalation Aspiration of vomitus (gastric acid) Inhalation of chemicals, e.g. chlorine, ammonia • Cerebral Head injury (neurogenic pulmonary oedema) Cerebral haemorrhage • Embolism Fat Air Amniotic ﬂuid • Drugs Opiates Barbiturates • Others Acute pancreatitis Disseminated intravascular coagulation Cardiopulmonary bypass Massive blood transfusions Eclampsia Oxygen toxicity
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 Table 7.3 Causes of septicaemia Predisposing factor
 
 Causative organism
 
 Abdominal sepsis, e.g. peritonitis, abscess, cholangitis
 
 Coliforms, bacteroides Enterococcus faecalis
 
 Infected wounds
 
 Staph. aureus
 
 Burns
 
 Coliforms, bacteroides Strep. pyogenes
 
 Urinary tract infection
 
 Coliforms
 
 Chest infection
 
 Strep. pneumoniae
 
 Gynaecological infection, e.g. salpingitis
 
 Coliforms, bacteroides Enterococcus faecalis Staph. aureus Toxic shock syndrome (tampons)
 
 Indwelling vascular lines e.g. CVP lines, Hickman catheters
 
 Staph. epidermidis Staph. aureus Coliforms
 
 Postsplenectomy
 
 Strep. pneumoniae H. inﬂuenzae N. meningitidis
 
 Intravenous drug abuse
 
 Staph. aureus
 
 Immunocompromised, e.g. organ transplant recipients, AIDS
 
 Coliforms Pseudomonas Staph. aureus Strep. pneumoniae Fungi
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 8 Nervous system Samuel Jacob & Andrew T Raftery
 
 ANATOMY CRANIAL CAVITY The cranium, or the skull, consists of the cranial cavity and the facial skeleton. Most bones of the cranial cavity are ﬂat bones having two plates of compact bone separated by a thin layer of trabecular bone, or the diploe. Both the inner and outer surfaces are lined by periosteum, the inner periosteum being the endosteal layer of dura mater. The bones of the cranial cavity are the frontal, occipital, sphenoid, ethmoid and the paired temporal and parietal bones. The cranial cavity has a cranial vault and the base of the cranium with the three cranial fossae.
 
 may cause internal injuries without fracture because of the plasticity of the skull bones. The lambda is the junction between the lambdoid suture and the sagittal suture. It is the area of the posterior fontanelle in the infant. The bregma, where the anterior fontanelle was in the infant, is at the junction between the coronal and the sagittal sutures. The glabella is the prominence above the nasion which is the depression between the two supraorbital margins. The pterion is a thin part of the skull at the junction of the parietal, frontal and temporal bones and the greater wing of the sphenoid in the temporal region of
 
 Cranial vault The cranial vault, or the roof of the cranial cavity, is formed by the frontal bone anteriorly, the paired parietal bones laterally and the occipital bone posteriorly (Fig. 8.1). In about 8% of cases a metopic suture presents in the midline during early stages of development between the two halves of the frontal bones and persists in adulthood. A midline sagittal groove marks the position of the superior sagittal sinus. The sinus and its groove widen as they pass posteriorly. The falx cerebri is attached to the lips of this groove. Irregular depressions along the groove lodge the arachnoid granulations. The sagittal suture separates the two parietal bones in the midline. The coronal suture divides the frontal from the parietal bones, and the lambdoid suture divides the two parietal bones from the occipital and the temporal bones. Posterior to the coronal suture the middle meningeal vein and its tributaries, accompanied by the middle meningeal artery, groove the vault of the skull. The bony vault is thin in the temporal and the lower part of the occipital regions, where there are thick muscular attachments. A blow on the skull vault
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 Coronal suture
 
 Sagittal suture
 
 Lambdoid suture
 
 Fig. 8.1 The vault of the skull from below. Source: Rogers A W, Textbook of anatomy; Churchill Livingstone, Edinburgh (1992)
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 the skull. The anterior branch of the middle meningeal artery and the accompanying vein traverse the pterion. Vascular markings of the meningeal vessels, sutures and diploic vessels may be confused as fracture lines. At birth the anterior and posterior fontanelle are open and are palpable. Blood can be taken by puncturing the anterior fontanelle in the midline. CSF can be aspirated by passing a needle obliquely through it into the subarachnoid space. The posterior fontanelle fuses by about three months after birth and the anterior by about 18 months.
 
 Anterior cranial fossa
 
 Three cranial fossae
 
 •
 
 The ﬂoor of the cranial cavity has three cranial fossae – the anterior, middle, and the posterior cranial fossae – each progressively lower than the one in front. The anterior cranial fossa overlies the orbit and the nasal cavities. The frontal lobe of the brain lies in the anterior cranial fossa. The middle cranial fossa lies below and behind the anterior and contains the temporal lobes. Most posteriorly the posterior cranial fossa lies at the lowest level and contains the brainstem and the cerebellum.
 
 The anterior cranial fossa (Fig. 8.2) is largely formed by the orbital plate of the frontal bone supplemented posteriorly by the lesser wing of the sphenoid. The ethmoid bone with its cribriform plate and the crista galli occupies the gap between the two orbital plates. The orbital plate separates the anterior cranial fossa from the orbit. The cribiform plate roofs the nasal cavities. The following structures pass between the anterior cranial fossa and the nasal cavities.
 
 •
 
 •
 
 The olfactory nerves – about 20–30 nerves arise from the olfactory mucosa of the nasal cavities, pass through the cribriform plate and enter the olfactory bulbs which lie on the cribriform plate. Emissary veins connecting the cerebral veins and veins in the nasal cavity also pass through the cribriform plate as well as the foramen caecum lying anterior to the crista galli. The anterior ethmoidal nerves and arteries accompanied by veins pass through the anterior part of the cribriform plate into the nasal cavities.
 
 Anterior cranial fossa Crista galli Cribriform plate Lesser wing of sphenoid Greater wing of sphenoid Foramen rotundum Hypophyseal fossa
 
 Orbital plate of frontal bone Optic canal Anterior clinoid process Posterior clinoid process
 
 Foramen ovale
 
 Foramen spinosum Tegmen tympani
 
 Middle cranial fossa Squamous part of temporal bone Foramen lacerum
 
 Arcuate eminence Internal auditory meatus
 
 Petrous part of temporal bone
 
 Foramen magnum Posterior cranial fossa
 
 Internal occipital protuberance
 
 Fig. 8.2 The ﬂoor of the cranial cavity. Source: Rogers op. cit.
 
 177
 
 8
 
 8
 
 SPECIFIC SYSTEMS
 
 A fracture of the anterior cranial fossa may cause bleeding into the nose and/or orbit and CSF rhinorrhea. Bleeding into the orbit may manifest as subconjunctival haemorrhage and/or proptosis.
 
 Middle cranial fossa The body of the sphenoid lies in the middle forming the ﬂoor of the pituitary (hypophyseal) fossa (Fig. 8.2). Laterally are the greater wings of the sphenoid and the squamous parts of the temporal bones. The petrous part of the temporal bone containing the middle and inner ear forms the posterior boundary of the fossa. The pituitary fossa is bounded in front and behind by the anterior and posterior clinoid processes. It contains the pituitary gland and is roofed by the diaphragma sellae, a fold of dura mater. Anteriorly the middle cranial fossa has the optic canal and the supraorbital ﬁssure communicating with the orbit. The optic canal transmits the optic nerve and the ophthalmic artery. The supraorbital ﬁssure transmits the:
 
 • • • • •
 
 oculomotor nerve; trochlear nerve; abducens nerve; ophthalmic division of the trigeminal nerve; and ophthalmic veins.
 
 Lateral to the pituitary fossa the middle cranial fossa has a few important foramina:
 
 • • • •
 
 the foramen rotundum, transmitting the maxillary nerve; the foramen ovale, posterolateral to the foramen rotundum, transmitting the mandibular nerve; the foramen spinosum, posterolateral to the foramen ovale, for the middle meningeal artery; and the foramen lacerum – the upper opening of the carotid canal contains the internal carotid artery.
 
 Fractures of the middle cranial fossa are common, as the bone is weakened by the foramina and canals. Fracture involving the tegmen tympani, the thin anterior surface of the petrous temporal bone, results in bleeding into the middle ear. Excessive bleeding ruptures the tympanic membrane, discharging blood from the ear. This can be associated with CSF otorrhoea. The seventh and eighth nerves also may be involved, as they run in the petrous temporal bone.
 
 Posterior cranial fossa The posterior cranial fossa has an anterior wall formed by the petrous temporal bone laterally and the body of
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 the sphenoid and the basilar part of the occipital bone medially. The latter two form the clivus which extends from the foramen magnum to the dorsum sellae. The occipital bone mostly forms the ﬂoor and lateral walls of the fossa. The internal occipital protuberance is in the midline on the posterior wall. Above this the skull is grooved by the superior sagittal sinus. Running anterolaterally on either side from the internal occipital protuberance are the grooves for the transverse sinuses, which continue down beneath the petrous temporal bone as the sigmoid sinuses. The sigmoid sinus passes through the jugular foramen to become the internal jugular vein. The ninth, tenth and eleventh nerves as well as the inferior petrosal sinus pass through the jugular foramen anterior to the sigmoid sinus. The hypoglossal or anterior condylar canals transmitting the hypoglossal nerves lie on the anterior rim of the foramen magnum. Through the foramen magnum the medulla oblongata continues into the vertebral canal as the spinal cord. The vertebral arteries and the spinal accessory nerves enter the skull via the foramen magnum. Anteriorly in the fossa on the medial aspect of each petrous temporal bone is the internal acoustic meatus conveying the seventh and eighth nerves and the labyrinthine arteries into the internal ear. Below the internal acoustic meatus in the anterior aspect of the jugular foramen is the cochlear canaliculus into which opens the aqueduct of the cochlea (perilymphatic duct) which brings the perilymph of the internal ear into communication with the CSF. Fractures of the posterior cranial fossa may involve the basilar part of the occipital bone which separates the pharynx from the posterior cranial fossa. Bleeding may then occur into the pharynx. More lateral fractures can bleed into the back of the neck.
 
 BRAIN AND MENINGES Brain The brain is subdivided into the forebrain, midbrain and hindbrain, comprising the major parts listed in Table 8.1.
 
 Cerebral hemisphere The cerebral hemisphere has a layer of grey matter on its external surface, the cerebral cortex, and white matter in the interior in which there are nuclei forming the basal ganglia. The cavity of the cerebral hemisphere is the lateral ventricle.
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 The cerebral hemisphere (Fig. 8.3) is divided into four lobes for descriptive purposes:
 
 • • • •
 
 Frontal lobe lies in the anterior cranial fossa, and its anterior end is the frontal pole. Temporal lobe lies in the middle cranial fossa, with an anterior end the temporal pole and an upturned projection on its medial surface, the uncus. Parietal lobe lies above the temporal lobe between the frontal and the occipital lobes. Occipital lobe lies above the tentorium cerebelli, and its posterior end is the occipital pole.
 
 The cerebral cortex has a large number of sulci (clefts) and gyri (folds). The lateral sulcus is the largest
 
 sulcus on the superolateral surface and separates the temporal lobe from the parietal and frontal lobes (Fig. 8.3). The central sulcus separates the precentral and postcentral gyri which contain the primary motor and sensory areas of the cortex. On the medial surface of the hemisphere the parieto-occipital sulcus separates the occipital lobe from the parietal lobe. The calcarine and postcalcarine sulci concerned with visual centres are also seen on the medial surface. The corpus callosum which is seen between the two hemispheres carries commissural ﬁbres linking one hemisphere to the other. Its anterior enlargement is the genu and the posterior end the splenium.
 
 Major functional areas of the cortex
 
 Table 8.1
 
 Major subdivisions and parts of the brain
 
 Major subdivisions
 
 Parts
 
 Forebrain
 
 Cerebral hemisphere, or telencephalon [lateral ventricle] Diencephalon containing thalamus and hypothalamus [third ventricle]
 
 {
 
 Midbrain
 
 Mesencephalon [cerebral aqueduct] Brainstem Pons, medulla and cerebellum [fourth ventricle]
 
 }
 
 Hindbrain
 
 The parts of the ventricular system are shown in brackets.
 
 Precentral gyrus
 
 A number of major functional areas are located in the various lobes of the cerebral hemisphere (Fig. 8.4). The olfactory impulses are linked with the temporal lobe in the region of the uncus. The auditory cortex lies on the superior temporal gyrus on the lateral surface of the hemisphere. The visual pathways reach the occipital cortex around the calcarine sulcus. The major motor area of the cortex is the precentral gyrus, from which ﬁbres pass through the internal capsule to the motor nuclei of the cranial and spinal nerves. The somatic sensory cortex, which is mostly the postcentral gyrus, receives afferents from the thalamus carrying various sensory modalities. The motor elements of speech are centred on the Broca’s area in the posterior part of the inferior frontal gyrus of the dominant hemisphere. Both
 
 Central sulcus Postcentral gyrus Parietal lobe
 
 Frontal lobe Parieto-occipital sulcus
 
 B A
 
 Occipital lobe
 
 Frontal pole Occipital pole
 
 Temporal pole
 
 Cerebellum Lateral sulcus Temporal lobe
 
 Preoccipital notch
 
 Fig. 8.3 The brain: lateral view. Line A indicates the posterior border of the temporal lobe; line B indicates the superior border of the temporal lobe (along with the lateral sulcus). Source: Rogers op. cit.
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 rea ya
 
 Mo
 
 rot are a Sens or
 
 Central sulcus
 
 Vi are sual a
 
 Auditory area
 
 Uncus
 
 Fig. 8.4 The major areas of the cortex. A lateral view. B medial view. Source: Rogers op. cit.
 
 • •
 
 occipital cortex – contralateral homonymous hemianopia; and temporal lobe – disturbance of auditory sensation and perception, impaired long-term memory, disturbance of language comprehension, dysphasia if the dominant hemisphere is affected.
 
 Basal ganglia
 
 Fig. 8.5 The motor homunculus, showing proportional somatotopic representation in the precentral gyrus. Source: Rogers op. cit.
 
 pre- and postcentral gyri have somatotopic representation as shown in the homunculus in Fig. 8.5.
 
 Clinical problems associated with lesions of the various cortical areas These are:
 
 • • •
 
 frontal cortex – emotional disturbance; precentral gyrus – motor weakness of the opposite side of the body; postcentral gyrus – anaesthesia, especially for two point discrimination and stereognosis on the opposite side of the body;
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 These nuclei are situated deep in the cerebral hemisphere and consist of the corpus striatum – containing the caudate nucleus, the putamen and the globus pallidus (Fig. 8.6) – and the claustrum and the amygdala. The putamen and the globus pallidus are together known as the lentiform nucleus. The lentiform nucleus is separated from the thalamus and the caudate nucleus by the internal capsule. The caudate nucleus and the putamen receive their afferent ﬁbres mostly from the cerebral cortex and the thalamus and send their efferents to the globus pallidus. Efferents from the globus pallidus go to the thalamus, substantia nigra, red nucleus and the reticular formation in the brainstem. The basal ganglia and their connections form the major part of the extrapyramidal system. The diencephalon is the middle portion of the forebrain. It consists of the thalamus, the hypothalamus and the third ventricle. A faint groove running from the interventricular foramen to the cerebral aqueduct separates the thalamus from the hypothalamus. The thalamus is the major relay centre in the sensory pathway. Most sensations are carried from lower levels through various sensory tracts to the thalamic nuclei, from where they are relayed to the sensory cortex. The hypothalamus, lying antero-inferior to the thalamus, is the coordinating
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 Caudate nucleus
 
 Median fissure
 
 Cerebral cortex
 
 Corpus callosum Lateral ventricle Fornix
 
 Internal capsule Putamen
 
 Lateral sulcus
 
 Insula
 
 Optic tract
 
 Fig. 8.6 The brain: coronal section. Source: Rogers op. cit.
 
 III ventricle Globus pallidus
 
 area for visceral functions; it also contains centres for endocrine functions.
 
 Midbrain The midbrain connects the diencephalon to the pons of the hindbrain and contains a small canal, the cerebral aqueduct. The cerebral aqueduct extends from the third ventricle to the fourth ventricle. The part behind the aqueduct is the tectum containing the superior and inferior colliculi, which are respectively connected to the visual and auditory pathways. The two cerebral peduncles lying in front of the aqueduct are further divided into tegmentum and basis pedunculi by the substantia nigra. The basis pedunculi contain the descending ﬁbre tracts which are continuations of the internal capsule. The tegmentum of the midbrain has the ascending tract as well as nuclei for the oculomotor and the trochlear nerves. The oculomotor nerve nuclei are situated at the level of the superior colliculus and the trochlear nerve nucleus at the level of the inferior colliculcus. The substantia nigra is connected to the corpus striatum, providing the latter with its dopaminergic innervation. Vascular lesions of midbrain may cause nystagmus and even ophthalmoplegia, and hemiparesis. The midbrain is contained in the gap between the free border and the tentorium cerebelli (the tentorial notch). An increase in cranial pressure above or below the tentorium can displace the midbrain and compress the structures surrounding it against the unyielding tentorium. The temporal lobe can be
 
 compressed and the uncus can herniate through the tentorial notch. A supratentorial lesion raising the intracranial pressure often compresses the oculomotor nerves at this level. The pineal gland is situated in the midline between the two superior colliculi, towards the posterior end of the third ventricle. Its function in man is not clearly known. In lower animals it converts serotonin to melatonin which maintains the circadian rhythm. The human pineal gland normally becomes calciﬁed and as it is normally in the midline its lateral displacement may be a sign of displacement of the hemisphere by a space occupying lesion.
 
 Hindbrain The hindbrain (Fig. 8.7) lies below the tentorium cerebelli in the posterior cranial fossa. Its brainstem components, the pons and the medulla, lie on the clivus and extend from the midbrain downwards where it passes through the foramen magnum to become continuous with the spinal cord. The cerebellum projects posteriorly, occupying most of the posterior cranial fossa. The fourth ventricle, which is the cavity of the hindbrain, lies between the brainstem and the cerebellum. The anterior part of the pons contains ﬁbres largely composed of those descending from the higher centres to synapse in the pontine nuclei. These ﬁbres are relayed to the cerebellum as the middle cerebellar peduncles. The rest of the pons (the pontine tegmentum) contains a number of ascending and descending tracts as well as nuclei of the trigeminal nerve, abducens nerve, the
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 Optic tract
 
 Optic chiasma Optic nerve
 
 Anterior perforated substance Oculomotor nerve Mamillary body
 
 Trochlear nerve Posterior perforated substance
 
 Trigeminal nerve (motor root)
 
 Pons
 
 Trigeminal nerve (sensory root) Abducens nerve
 
 Nervus intermedius Facial nerve
 
 Vestibulochlear nerve
 
 Glossopharyngeal nerve Vagus nerve
 
 Hypoglossal nerve Olive
 
 Accessory nerve
 
 Fig. 8.7 The brainstem and cerebellum: ventral view. Source: Rogers op. cit.
 
 Cerebellum Middle cerebellar peduncle
 
 Pyramid
 
 facial nerve and the reticular formation. The facial colliculus is a bulge at the posterior aspect of the pons, where the facial nerve ﬁbres wind round the abducens nerve nucleus. Most laterally in the pons is the nuclear complex associated with the vestibulocochlear nerve. A vascular lesion of the pons involving the facial colliculus will cause paralysis of the facial and abducens nerves resulting in ipsilateral facial palsy and convergent squint.
 
 Medulla The medulla extends from the pons downwards for about 2.5 cm, where it passes through the foramen magnum to become continuous with the spinal cord. The anterior surface of the medulla is grooved by an anteromedial sulcus on either side of which are two elevations, the pyramids. The pyramid contains the corticospinal ﬁbres, a large proportion of which decussate at the lower part of the medulla in the pyramidal decussation. Lateral to the pyramid is another bulge, the olive, which contains the inferior olivary nucleus, which relays ﬁbres to the cerebellum. The groove between the pyramid and the olive contains the rootlets of the hypoglossal nerve which originate from the hypoglossal nucleus in the substance of the medulla. Posterolaterally
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 the medulla has the inferior cerebellar peduncle which connects the medulla to the cerebellum. The sulcus between the inferior cerebellar peduncle and the olive has the ninth (glossopharyngeal), tenth (vagus) and the eleventh (accessory) cranial nerves. The nuclei of these are also seen in the medulla. The medulla contains the respiratory, cardiac and vasomotor centres. Compression of the medulla as in coning (see below) cause respiratory and cardiovascular failure.
 
 Cerebellum The cerebellum (Fig. 8.8) is the largest part of the hindbrain. It is made up of two lateral cerebellar hemispheres separated by the vermis. The cerebellum is connected to the brainstem by the three pairs of cerebellar peduncles.
 
 •
 
 •
 
 The superior cerebellar peduncles connect the cerebellum to the midbrain and contain efferent ﬁbres from the cerebellum to the midbrain and the thalamus. The middle cerebellar peduncles connect the pons and cerebellum and contain the axons of the pontine nuclei relaying impulses from the higher centres to the cerebellum.
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 Meninges Midbrain
 
 The three layers of the meninges are:
 
 Cerebral aqueduct
 
 • • •
 
 dura mater; arachnoid mater; and pia mater.
 
 The three meningeal spaces are:
 
 •
 
 Lateral lobe
 
 Superior vermis (midline cerebellum)
 
 •
 
 Flocculus
 
 • Nodule
 
 extradural (epidural) space between the cranial bones and the endosteal layer of dura; this is a potential space which becomes a real space when there is an extradural haemorrhage from a torn meningeal vessel; subdural space, a potential space that may enlarge after head injury; and subarachnoid space between the arachnoid and pia, which contains CSF and the blood vessels of the brain.
 
 Tonsil
 
 Dura mater Lateral lobe
 
 Inferior vermis
 
 Fig. 8.8 The cerebellum A superior view. B inferior view. Source: Rogers op. cit.
 
 •
 
 The inferior cerebellar peduncles form the connection between the medulla and the cerebellum and carry ﬁbres connecting the vestibular nuclei, spinal cord and the inferior olivary nuclei to the cerebellum.
 
 The most anterior and caudal part of the lateral lobe is the ﬂocculus attached to the nodule in the midline. The ﬂocculonodular lobe is an important part in the vestibular system, which maintains balance. The bulge of the lateral lobe that projects inferiorly posterolateral to the medulla is the tonsil. In cases where there is raised intracranial tension, the tonsils can herniate into the foramen magnum and compress the medulla oblongata following a lumbar puncture. The structural organisation of the cerebellum is uniform and is similar to that of the cerebral hemisphere, i.e. a thin layer of cortex outside and the deeper white matter containing various cerebellar nuclei. Lesions of cerebellum are characterised by ataxia and intention tremors (tremor during movements, unlike the tremor in Parkinson’s disease which is seen at rest).
 
 The dura mater has an outer endosteal layer and an inner meningeal layer. The attachment of the endosteal layer to the ﬂoor of the cranial cavity is ﬁrmer than it is to its roof. A blow on the head can detach the endosteal layer from the skull cap without fracturing the bone. However, tearing of the meninges of the base of the skull is often associated with a fracture. The meningeal layer of dura continues into the vertebral canal as the dura mater covering the spinal cord. The two layers of dura mater are fused together except in areas where they form walls of the dural venous sinuses. The cranial cavity is divided into compartments by three folds of dura mater. These folds are (Fig. 8.9):
 
 • • •
 
 falx cerebri; tentorium cerebelli; and falx cerebelli.
 
 Falx cerebri The falx cerebri lies between the two cerebral hemispheres, and is attached anteriorly to the crista galli and posteriorly to the tentorium cerebelli. The superior sagittal sinus lies along its superior border, and the inferior sagittal sinus lies along its inferior free margin. The straight sinus is seen where the falx cerebri meets the tentorium cerebelli. Tentorium cerebelli The tentorium cerebelli is attached anteriorly to the posterior clinoid process of the sphenoid bone, and its attachment runs posterolaterally along the superior border of the petrous temporal bone where the superior petrosal sinus is
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 Falx cerebri
 
 Tentorium cerebelli
 
 Falx cerebelli
 
 Fig. 8.9 The folds of the dura mater. A sagittal section of the head. B diagrammatic posterior view of the dural folds. Source: Rogers op. cit.
 
 enclosed. Where the latter empties into the transverse sinus, the attached border turns posteromedially along the lips of the groove for the transverse sinus to reach the internal occipital protuberance and then continues on the opposite side of the skull to the other posterior clinoid process. The free border of the tentorium cerebelli is attached to the anterior clinoid process and, running posteriorly and then medially, it curves round the midbrain, forming the tentorial notch. Just behind the apex of the petrous temporal bone the inferior layer of the tentorium prolongs into the middle cranial fossa as the trigeminal cave. This prolongation crosses inferior to the superior petrosal sinus to lie on the anterior surface of the petrous temporal bone in between the endosteal and the meningeal layers of the dura. Falx cerebelli This is a small fold of dura below the tentorium in the posterior cranial fossa. It lies between the two lateral lobes of the cerebellum. Diaphragma sellae This fold of dura mater forms the roof of the hypophyseal fossa. It covers the pituitary gland and has an aperture for the passage of infundibulum.
 
 The Trigeminal Cave (Meckel’s Cave) In the middle cranial fossa, on the anterior surface of the petrous part of the temporal bone is the trigeminal impression which contains the trigeminal cave, a space formed by the separation of the two layers of the dura mater. The trigeminal ganglion (Gasserian ganglion) of the trigeminal nerve is located inside the trigeminal cave. Injection of the ganglion in the treatment of trigeminal neuralgia is performed by approaching the
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 ganglion through the foramen ovale which lies adjacent to the trigeminal cave.
 
 Meningeal arteries There are several meningeal arteries which supply the meninges as well as the bones of the skull. The middle meningeal artery, a branch of the maxillary artery, enters the skull through the foramen spinosum and divides into an anterior and posterior branch. The anterior branch lies in the region of the pterion and is a usual source of extradural haemorrhage. Surface anatomy: The middle meningeal artery enters the skull at a point level with the midpoint of the zygomatic arch and divides 2 cm above it. The pterion, a point important for making a burr hole, is 4 cm above the zygomatic arch and 3.5 cm behind the lateral angle of the eye.
 
 Arachnoid mater The smooth outer surface of the arachnoid mater is separated from the dura by the subdural space. The subarachnoid space between the arachnoid and the pia contains the cerebrospinal ﬂuid and the major blood vessels. The arachnoid and the subarachnoid space extend into the vertebral canal and the sacral canal up to the level of the 2nd piece of sacrum. The deeper surface of the arachnoid gives delicate prolongations into the subarachnoid space. There are also prolongations, the arachnoid granulations which are the sites of reabsorption of CSF, into the superior sagittal sinus (Fig. 8.10) and probably into other venous sinuses.
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 Scalp
 
 Bone
 
 Superior sagittal sinus
 
 Arachnoid granulations
 
 Arachnoid Pia
 
 Falx cerebri
 
 Cerebral cortex
 
 Fig. 8.10 Coronal section through the skull. Source: Rogers op. cit.
 
 Subarachnoid cisterns The subarachnoid space varies greatly in size as the arachnoid follows the surface of the dura and the pia follows that of the brain. The largest spaces are the cisterns, of which the following are important:
 
 • • •
 
 the cerebellomedullary cistern (or cisterna magna), which lies posterior to the medulla below the cerebellum; the pontine cistern, which lies anterior to the pons; and the interpeduncular cistern, which is in the space between the cerebral peduncles and the optic chiasma. It contains the circle of Willis and the oculomotor and the trochlear nerves.
 
 Pia mater The pia mater follows the surface of the brain closely, dipping down into all sulci except the ﬁner ones of the cerebellum. Blood vessels entering the brain carry a sleeve of pia into the nervous tissue, which stops short at the capillary levels. At the choroid ﬁssure of the lateral ventricle and at the roof of the third and fourth ventricles the pia mater is invaginated by the blood vessels forming the tela choroidea and the choroid plexus.
 
 into the venous system through the arachnoid granulations along the dural venous sinuses. The total volume of CSF is about 100–150 mL in the adult; its pressure is about 8–10 cm H2O. The general shape of the ventricular system is shown in Fig. 8.11. The lateral ventricles, larger than the others, are contained in the cerebral hemispheres. Each lateral ventricle has a body which is ﬂoored by the thalamus and the caudate nucleus. The corpus callosum forms its roof. The anterior horn projects forward in front of the interventricular foramen. The posterior horn projects into the occipital lobe, and the inferior horn projects into the temporal lobe. The choroid plexuses, which are found in the inferior horn and the body, are continuous with those on the roof of the third ventricle through the interventricular foramen. The interventricular foramen (foramen of Monro) is bounded by the anterior end of the thalamus and the fornix. It connects the lateral ventricle to the third ventricle. The third ventricle is a narrow slit-like space between the two thalami and the hypothalami. It is roofed by the tela choroidea, a double layer of pia mater, containing choroid plexus. The third ventricle is connected to the fourth ventricle by the cerebral aqueduct. The fourth ventricle is tent shaped with a diamond shaped ﬂoor or anterior wall formed by the pons and the medulla. It is roofed by the superior and inferior medullary vela connected to the superior and inferior cerebellar peduncles, respectively. The cerebellum lies posterior to the fourth ventricle. The fourth ventricle has three openings on its roof, which connect it to the subarachnoid space. The single foramen of Magendie is in the midline, and the paired foramen of Luschka more laterally. Through these, CSF from the ventricular system enters the subarachnoid space. The circumventricular organs are midline structures bordering the 3rd and 4th ventricles where the bloodbrain barrier is deﬁcient. They include the pineal gland, median eminence, neurohypophysis, area postrema of the fourth ventricle and the choroid plexus. These barrier-deﬁcient areas are recognized as important sites for communicating with the CSF and between the brain and peripheral organs via blood-borne products. (See under physiology.)
 
 Ventricular system and cerebrospinal ﬂuid Cerebrospinal ﬂuid is produced in all four ventricles by the choroid plexus. It ﬂows from the lateral ventricles into the third ventricle, from there through the cerebral aqueduct into the fourth ventricle and thence into the subarachnoid space. It is reabsorbed
 
 BLOOD SUPPLY TO THE BRAIN Arterial supply The two vertebral arteries and the two internal carotid arteries supply the brain (Fig. 8.12).
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 Vertebral arteries After entering the cranial cavity through the foramen magnum, the two vertebral arteries lie in the subarachnoid space and ascend on the surface of the medulla to the lower border of the pons where they unite to form the basilar artery. The basilar artery lies in the groove on the anterior surface of the pons and, at its
 
 upper border, divides into the two posterior cerebral arteries. The following branches supplying the brain and spinal cord arise from the vertebral artery:
 
 • • •
 
 the posterior spinal artery; the anterior spinal artery; and the posterior inferior cerebellar artery.
 
 Lateral ventricle Hole produced by thalamic interconnexus IIIrd ventricle Anterior cornu of lateral ventricle Interventricular foramen
 
 Posterior cornu of lateral ventricle Suprapineal recess Cerebral aqueduct
 
 Infundibular recess
 
 Inferior cornu of lateral ventricle
 
 IVth ventricle
 
 Fig. 8.11 Cast of the ventricular system. Source: Rogers op. cit.
 
 Vertebral artery
 
 Middle meningeal artery Maxillary artery Atlas
 
 External carotid artery Facial artery Superior thyroid artery
 
 Common carotid artery Inferior thyroid artery Thyrocervical trunk Costocervical trunk Subclavian artery
 
 Fig. 8.12 The subclavian and carotid arteries. Source: Rogers op. cit.
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 The posterior spinal artery arises from the lower part of the vertebral artery, descends along the line of attachment of the dorsal roots of the spinal nerves and supplies the dorsal column of the white mater and the dorsal horn of the grey mater of the spinal cord. The artery often arises as a branch of the posterior inferior cerebellar artery. The anterior spinal artery descends in front of the medulla and unites with the artery of the opposite side, forming a single artery lying in the anterior median ﬁssure of the spinal cord. It supplies the ventral two-thirds of the spinal cord as well as the anteromedial aspect of the medulla, including the pyramid and the medial lemniscus. Anterior spinal artery syndrome or Beck’s syndrome is characterized by ischemia or infarction of the spinal cord in the distribution of the anterior spinal artery. This condition is usually associated with atherosclerosis of the aorta and may result from an acute aortic dissection or rarely dissection of the anterior spinal artery. Clinical features include weakness and loss of pain and temperature sensation below the level of injury, with relative sparing of position and vibratory sensation perceived by the posterior columns. The posterior inferior cerebellar artery winds backward deep to the rootlets of the hypoglossal, vagus and the glossopharyngeal nerves to reach the cerebellum. The artery supplies the posterolateral aspect of the medulla, besides the cerebellum, and its blockage compromises the nucleus ambiguus and the nucleus of the spinal tract of the trigeminal, resulting in ipsilateral paralysis of the muscles of the palate and Middle cerebral artery
 
 pharynx and anaesthesia for pain and temperature on the face.
 
 Basilar artery The following branches are given by the basilar artery:
 
 • • • • •
 
 anterior inferior cerebellar artery; labyrinthine artery; pontine arteries; superior cerebellar artery; and posterior cerebral artery.
 
 The anterior inferior cerebellar artery arises from the lower end of the basilar artery and supplies the cortex and white matter and the deeply lying nuclei of the cerebellum. It also supplies the upper part of the medulla and the lower end of the pons. The labyrinthine artery accompanies the seventh and eighth cranial nerves and supplies the internal ear. The pontine arteries supply the pons. The superior cerebellar artery is given off very near the bifurcation of the basilar artery. It supplies the cerebellum and gives branches to the pons and midbrain. The oculomotor nerve lies between the superior cerebellar and posterior cerebral arteries. The posterior cerebral arteries are the terminal branches of the basilar artery. Each posterior cerebral winds round the midbrain to reach the medial surface of the cerebral hemisphere and supplies the occipital lobe, including the visual area, as well as the temporal lobe (Fig. 8.13). Occlusion of the posterior cerebral Branches from the anterior cerebral artery
 
 Anterior cerebral artery Posterior cerebral artery
 
 Middle cerebral artery
 
 Branches from the posterior cerebral artery
 
 Fig. 8.13 The cerebral arteries of he cerebral hemisphere. A medial view. B lateral view. Source: Rogers op. cit.
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 artery causes blindness in the contralateral visual ﬁeld.
 
 Internal carotid arteries The branches of the internal carotid artery supplying the brain are as follows:
 
 • • • •
 
 posterior communicating artery; anterior cerebral artery; middle cerebral artery; and anterior choroid artery.
 
 The posterior communicating artery is a small artery running backwards from the internal carotid to join the posterior cerebral to form the circle of Willis. The anterior cerebral artery is the smaller of the two terminal branches of the internal carotid artery. It crosses over the optic nerve and, near the midline, is connected to the opposite artery by the anterior communicating artery. The anterior cerebral artery supplies the medial part of the inferior surface of the frontal lobe, and courses along the upper surface of the corpus callosum, supplying the medial surface of the frontal and parietal lobes and the corpus callosum. It also supplies a narrow strip on the upper part of the lateral surface. The motor and sensory areas of the lower extremity, located in this area (Fig. 8.5), are supplied by the anterior cerebral artery, resulting in characteristic paralysis when the artery is occluded. The middle cerebral artery is the larger of the terminal branches of the internal carotid artery. It lies in the lateral sulcus, and its branches supply the lateral surface of the frontal, parietal and temporal lobes, except the narrow strip in the upper part supplied by the anterior cerebral. Occlusion of the artery results in contralateral motor and sensory paralysis of the face and arm. The anterior choroid artery is given off from the internal carotid near its termination. It may also arise from the middle cerebral. It courses backward along the optic tract and supplies the interior of the brain, including the choroid plexus in the inferior cornu of the lateral ventricle.
 
 Circle of Willis The two internal carotids and the two vertebral arteries form an anastomosis known as the circle of Willis on the inferior surface of the brain (Fig. 8.14). Each half of the circle is formed by:
 
 • •
 
 Anterior communicating artery
 
 anterior communicating artery; anterior cerebral artery;
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 Internal carotid artery Anterior cerebral artery Middle cerebral artery Central arteries
 
 posterior communicating artery
 
 Basilar artery
 
 Posterior cerebral artery
 
 Pontine branches
 
 Superior cerebellar artery
 
 Labyrinthine artery Anterior inferior cerebellar artery Vertebral artery Posterior inferior cerebellar artery
 
 Fig. 8.14 The circle of Willis. The central arteries supply the corpus striatum, internal capsule, diencephalon and midbrain. Source: Rogers op. cit.
 
 • • •
 
 internal carotid artery; posterior communicating artery; and posterior cerebral artery.
 
 Though the majority are thus interconnected, there is normally only minimal mixing of the blood passing through them. When one artery is blocked the arterial circle may provide collateral circulation.
 
 Venous drainage of the brain The veins of the brain, lying along with the arteries in the subarachnoid space, are thin-walled vessels without valves. They pierce the arachnoid and drain into the dural venous sinuses. The major veins of the brain are as follows:
 
 • • • •
 
 superior cerebral veins; superﬁcial middle cerebral vein; basal vein; and great cerebral vein.
 
 The superior cerebral veins drain the lateral surface of the cerebral hemisphere. They open into the superior sagittal sinus. Veins lying posteriorly in this group are directed forward and join the sinus against the direction of the blood ﬂow.
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 Superior sagittal sinus Falx cerebri
 
 Inferior sagittal sinus Right transverse sinus Superior petrosal sinus Sphenoparietal sinus
 
 Straight sinus
 
 Cavernous sinus
 
 Tentorium cerebelli
 
 Inferior petrosal sinus
 
 Fig. 8.15 The venous sinuses. Source: Rogers op. cit.
 
 The superﬁcial middle cerebral vein lies in the lateral sulcus. It runs downward and forward and drains into the cavernous sinus. The basal vein is formed by the union of the deep middle cerebral vein, which lies in the depth of the lateral sulcus, and the anterior cerebral vein, which accompanies the anterior cerebral artery. The basal vein winds round the cerebral peduncle and ends in the great cerebral vein. The great cerebral vein is formed by the union of the two internal cerebral veins which drain the interior of the cerebral hemisphere. It receives the basal veins and it drains into the straight sinus.
 
 Cranial (dural) venous sinuses The cranial venous sinuses (Fig. 8.15) are situated within the dura mater. They are devoid of valves and drain eventually into the internal jugular vein. The cranial venous sinuses are:
 
 • • • • • •
 
 superior sagittal sinus; inferior sagittal sinus; straight sinus; transverse sinus; sigmoid sinus; conﬂuence of sinuses;
 
 • •
 
 occipital sinus; and cavernous sinus.
 
 The superior sagittal sinus begins in front of the crista galli, courses backwards along the attached border of the falx cerebri, and usually becomes continuous with the right transverse sinus near the internal occipital protuberance. At its commencement it may communicate with the nasal veins. A number of venous lacunae lie along its course and open into the sinus. The sinus and the lacunae are invaginated by arachnoid granulations. The superior cerebral veins drain into the superior sagittal sinus (Fig. 8.16). The inferior sagittal sinus lies along the inferior border of the falx cerebri and is much smaller than the superior sagittal sinus. It receives the cerebral veins from the medial surface of the hemisphere and joins the great cerebral vein to form the straight sinus. The straight sinus, formed by the union of the inferior sagittal sinus and the great cerebral vein, lies in the attachment of the falx cerebri to the tentorium cerebelli. It usually becomes continuous with the left transverse sinus near the internal occipital protuberance. The transverse sinus lies in the groove on the inner surface of the occipital bone along the posterior
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 attachment of the tentorium cerebelli. On reaching the petrous temporal bone, it curves downwards into the posterior cranial fossa to follow a curved course as the sigmoid sinus. The sigmoid sinus passes through the jugular foramen and becomes continuous with the internal jugular vein.
 
 The conﬂuence of sinuses is formed by two transverse sinuses connected by small venous channels near the internal occipital protuberance. The occipital sinus, a small venous sinus extending from the foramen magnum, drains into the conﬂuence of sinuses. It lies along the falx cerebelli and connects the vertebral venous plexuses to the transverse sinus.
 
 Cavernous sinus
 
 Lateral lacuna
 
 Superior sagittal sinus (opened)
 
 Superior cerebral veins
 
 Fig. 8.16 The superior sagittal sinus and the superior cerebral vein. Source: Rogers op. cit.
 
 Optic nerve
 
 The cavernous sinus (Fig. 8.17), one on each side, situated on the body of the sphenoid bone, extends from the superior orbital ﬁssure to the apex of the petrous temporal bone. Medially, the cavernous sinus is related to the pituitary gland and the sphenoid sinus. Laterally it is related to the temporal lobe of the brain. The internal carotid artery and the abducens nerve pass through the cavernous sinus. On its lateral wall from above downwards lie the oculomotor, trochlear and ophthalmic nerves. The maxillary divisions of the trigeminal go through the lower part of the lateral wall or just outside the sinus. The endothelial lining separates these structures from the cavity of the sinus. The connections of the sinus are illustrated in Fig. 8.15. Posteriorly, the sinus drains into the transverse/ sigmoid sinus through superior petrosal sinus and via the inferior petrosal sinus, passing through the jugular foramen, into the internal jugular vein. The ophthalmic veins drain into the anterior part of the sinus. Emissary veins passing through the foramina in the middle cranial fossa connect the cavernous sinus to the pterygoid plexus of veins and to the facial veins.
 
 Diaphragma sellae
 
 Hypophyseal stalk Hypophysis cerebri
 
 Oculomotor nerve Cavernous sinus Trochlear nerve Pia Ophthalmic nerve Arachnoid
 
 Sphenoid air sinus
 
 Internal carotid artery
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 Maxillary nerve Abducens nerve
 
 Fig. 8.17 The cavernous sinus. Source: Rogers op. cit.
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 The superﬁcial middle cerebral vein drains into the cavernous sinus from above. The two cavernous sinuses are connected to each other by anterior and posterior cavernous sinuses lying in front of and behind the pituitary. Cavernous sinus thrombosis is rare. If it occurs it affects oculomotor, trochlear and abducent nerves which are necessary for eye movement, and the ophthalmic division of the trigeminal nerve, which gives sensation to the top and middle portion of the head and face. Infections of the air sinuses (speciﬁcally the sphenoid sinus), eyes, eyelids, ears, or skin of the face can all lead to cavernous sinus thrombosis. The most common scenario is an infection of the sphenoid sinus that lies just below the cavernous sinus, allowing for easy spread of the bacteria.
 
 CRANIAL NERVES I: Olfactory nerve See also Chapter 13. Axons from the olfactory mucosa in the nasal cavity pass through the cribriform plate of the ethmoid to end in the olfactory bulb. A cuff of dura, lined by arachnoid and pia, surrounds each bundle of nerves, establishing a potential communication and a route of infection between the subarachnoid space and the nasal cavity. Bilateral anosmia due to severance of olfactory nerves may be produced in head injuries with a fracture of the anterior cranial fossa. Unilateral anosmia may be a sign of a frontal lobe tumour. The olfactory cortex consists of the uncus and the anterior perforated substance. An uncinate type of ﬁt characterised by olfactory hallucinations and involuntary chewing movements associated with unconsciousness may be a sign of a tumour in the olfactory cortex.
 
 (parasympathetic) lie in the midbrain at the level of the superior colliculus. The oculomotor nerves emerge between the two cerebral peduncles, pass between the posterior cerebral and superior cerebellar arteries and run forward in the interpeduncular cistern on the lateral side of the posterior communicating artery. Each nerve pierces the dura mater lateral to the posterior clinoid process to lie on the lateral wall of the cavernous sinus. It then divides into a small superior and a large inferior division which enter the orbit through the superior orbital ﬁssure. The superior division supplies the superior rectus and the levator palpebrae superioris, and the inferior division supplies the medial rectus, the inferior rectus, and the inferior oblique. The parasympathetic ﬁbres from the Edinger– Westphal nucleus leave the branch to the inferior oblique to synapse in the ciliary ganglion. Postganglionic ﬁbres supply the ciliary muscles and sphincter (constrictor) pupillae via the short ciliary nerves. Complete division of the third nerve results in:
 
 • • • • •
 
 ptosis due to paralysis of levator palpebrae superioris; divergent squint due to unopposed action of lateral rectus and superior oblique; dilation of the pupil due to unopposed action of dilator pupillae which is supplied by the sympathetic ﬁbres; loss of accommodation and light reﬂexes due to paralysis of ciliary muscles and constrictor pupillae; diplopia (double vision);
 
 The oculomotor nerve can be paralysed by:
 
 • •
 
 II: Optic nerve
 
 aneurysms of the posterior cerebral, superior cerebellar or posterior communicating arteries; raised intracranial pressure, especially associated with herniation of uncus into the tentorial notch; and tumours and inﬂammatory lesions in the region of the sella turcica.
 
 The optic nerve and the optic pathway are described in Chapter 13.
 
 •
 
 III: Oculomotor nerve
 
 A third nerve palsy with pupillary sparing often has an ischaemic or diabetic aetiology.
 
 The oculomotor components:
 
 • •
 
 nerve
 
 contains
 
 two
 
 major
 
 somatic motor ﬁbres supplying the superior, inferior and medial recti, the inferior oblique and the levator palpebrae superioris muscles; and parasympathetic ﬁbres supplying the ciliary muscles and the constrictor pupillae (Chapter 13).
 
 The somatic efferent nucleus (having ﬁve groups of cells, one for each muscle) and the Edinger–Westphal nucleus
 
 IV: Trochlear nerve The trochlear nerve is the smallest of the cranial nerves. Its somatic motor ﬁbres supply the superior oblique muscle. The nucleus of the trochlear nerve lies in the midbrain at the level of the inferior colliculus. From this nucleus axons pass dorsally around the cerebral aqueduct to decussate in the superior medullary velum. Each nerve then winds round the cerebral peduncle
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 and passes forward in the interpeduncular cistern lying between the superior cerebellar and posterior cerebral arteries lateral to the oculomotor nerve. The nerve pierces the dura posterolateral to the oculomotor nerve, near the point where the free margin of the tentorium crosses the attached margin, to enter the cavernous sinus. It then lies in the lateral wall of the cavernous sinus below the oculomotor nerve and above the ophthalmic division of the trigeminal nerve. The nerve enters the orbit through the superior orbital ﬁssure lateral to the tendinous ring from which the four recti take origin. It then turns medially over the optic nerve and, passing over the levator palpebrae superioris, reaches the superior oblique muscle which it innervates. When the trochlear nerve is injured, diplopia occurs on looking downwards. The patient complains of difﬁculty walking downstairs.
 
 V: Trigeminal nerve The trigeminal nerve (Fig. 8.18) is the principal sensory nerve of the head and it also innervates the muscles
 
 Maxillary nerve Ophthalmic nerve
 
 of mastication. Additionally, it is associated with four parasympathetic ganglia. Its distribution is as follows:
 
 • • •
 
 sensory to – face, scalp, teeth, mouth, nasal cavity, paranasal sinuses and most of the dura mater motor to – muscles of mastication, mylohyoid, anterior belly of digastric, tensor tympani and tensor palati; and ganglionic connections to – the ciliary, sphenopalatine, otic and submandibular ganglia.
 
 Nuclei of the trigeminal nerve Motor nucleus The motor nucleus of the trigeminal nerve, which gives rise to the branchial efferent ﬁbres to the muscles of mastication and the other muscles listed above, is situated in the upper part of the pons near the ﬂoor of the fourth ventricle. Sensory nuclei There are three sensory nuclei in the brainstem which receive the general somatic afferent ﬁbres of the trigeminal nerve.
 
 •
 
 The mesencephalic nucleus, which is concerned with proprioception, is in the midbrain.
 
 Nasociliary nerve Frontal nerve
 
 Mandibular nerve
 
 Ciliary ganglion
 
 Sphenopalatine ganglion Infraorbital nerve
 
 Otic ganglion
 
 Lingual nerve Parotid gland
 
 Submandibular ganglion
 
 Inferior alveolar nerve
 
 Tensor tympani muscle Nerve to tensor palati Nerve to mylohyoid
 
 Fig. 8.18 Summary of the distribution of the trigeminal nerve. Source: Rogers op. cit.
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 • •
 
 The chief sensory nucleus, concerned with touch, tactile discrimination and position sense, is in the pons. The nucleus of the spinal tract, concerned with pain and temperature, is in the medulla and extends caudally into the upper segments of the spinal cord.
 
 Within the nucleus of the spinal tract the ﬁbres from the most anterior part of the face synapse in the caudal part of the nucleus, those from the posterior part most cranially, and the rest in the region of the nucleus in between. The central ﬁbres from the nuclei decussate and ascend as the trigeminal lemniscus to the thalamus from where the impulses are relayed to the postcentral gyrus.
 
 Sensory and motor roots of the trigeminal nerve The two roots emerge from the pons, pass though the pontine cistern and enter the middle cranial fossa where the sensory root has the trigeminal ganglion.
 
 Trigeminal ganglion Most of the cell bodies of the sensory root are located in the trigeminal ganglion, which is also called the semilunar ganglion or the Gasserian ganglion. The ganglion lies near the apex of the petrous temporal bone inside the trigeminal cave, a pocket of dura invaginated from the posterior cranial fossa. Medially the ganglion is related to the internal carotid artery and the cavernous sinus. It can be blocked by introducing a needle through the foramen ovale, which is close to the ganglion. The motor root of the trigeminal nerve and the greater petrosal nerve lie deep to the ganglion. From the convex surface of the ganglion, which is pointing laterally, emerge the three peripheral divisions of the trigeminal nerve: the ophthalmic, the maxillary and the mandibular nerves.
 
 Ophthalmic nerve This nerve enters the cavernous sinus, lies on the lateral wall and passes to the orbit through the superior orbital ﬁssure. Its branches supply the conjunctiva, cornea, the upper eyelid, the forehead, the nose and the scalp. The ciliary ganglion in the orbit is connected to the ophthalmic nerve.
 
 Maxillary nerve From the middle cranial fossa, the maxillary nerve enters the pterygopalatine fossa through the foramen rotundum. It then passes through the inferior orbital ﬁssure, lies on the ﬂoor of the orbit as the infraorbital nerve, and then passes through the maxillary sinus and emerges on the face through the infraorbital
 
 foramen. Its branches supply the cheek, the lateral aspect of the nose, the lower eyelid, the upper lip, the upper jaw and the teeth. The sphenopalatine ganglion is connected to the maxillary nerve in the pterygopalatine fossa.
 
 Mandibular nerve This nerve, which is both motor and sensory, leaves the skull through the foramen ovale. The sensory ﬁbres innervate the auricle and the external acoustic meatus, the skin over the mandible, the cheek, the lower lip, the tongue and the ﬂoor of the mouth, the lower teeth and the gums. The motor ﬁbres supply the muscles of mastication: the temporalis, masseter, medial pterygoid and the lateral pterygoid. Branches from the mandibular division also innervate the tensor tympani and tensor palati as well as the anterior belly of the digastric and the mylohyoid muscles. Proprioceptive ﬁbres are also contained in the branches innervating the muscles. The submandibular ganglion is connected to the lingual nerve (see Chapter 13, p. 419), which is a branch of the mandibular nerve.
 
 VI: Abducent nerve The abducent nerve has somatic motor ﬁbres which supply the lateral rectus muscle. The nucleus of the abducent nerve lies in the ﬂoor of the fourth ventricle in the upper part of the pons. The ﬁbres of the facial nerve wind round the nucleus to form the facial colliculus. The abducent nerve emerges on the brainstem at the junction between the medulla and pons. It then passes forward through the pontine cistern, pierces the dura mater to enter the cavernous sinus, where it lies on the lateral aspect of the internal carotid artery. The nerve enters the orbit through the tendinous ring at the superior orbital ﬁssure and supplies the lateral rectus muscle. The intracranial course of the abducent nerve is long and so it is vulnerable at many sites.
 
 VII: Facial nerve The facial nerve (Fig. 8.19) supplies the muscles of facial expression. It also conveys parasympathetic ﬁbres to the lacrimal gland, glands in the nasal cavity, submandibular and sublingual glands, and transmits taste ﬁbres from the anterior two-thirds of the tongue. The motor nucleus is situated in the lower part of the pons. From the nucleus, motor ﬁbres loop around the abducent nerve nucleus (facial colliculus) and emerge at the cerebellopontine angle along with the nervus
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 Sphenopalatine ganglion Internal acoustic meatus Lacrimal gland Geniculate ganglion Greater petrosal nerve
 
 Sensory fibres accompanying the auricular branch of vagus
 
 Nerve to stapedius
 
 Chorda tympani nerve
 
 Vagus nerve Tongue
 
 Stylomastoid foramen To muscles of facial expression
 
 Sublingual gland
 
 To muscles of auricle and the occipitalis muscle
 
 Submandibular gland
 
 Submandibular ganglion
 
 Parotid gland
 
 Stylohyoid Posterior belly of digastric
 
 Fig. 8.19 Summary of the distribution of the facial nerve. Source: Rogers op. cit.
 
 intermedius, which contains the sensory and parasympathetic ﬁbres. The sensory ﬁbres in the nervus intermedius are the central processes of the geniculate ganglion, and these ﬁbres synapse in the nucleus of the tractus solitarius in the pons. The autonomic ﬁbres originate from the superior salivatory nucleus in the pons. The nervus intermedius lies lateral to the motor ﬁbres of the facial nerve, in between the latter and the vestibulocochlear nerve. The motor ﬁbres of the facial nerve and the nervus intermedius pass through the pontine cistern and enter the internal acoustic meatus where the two join together to form the facial nerve. The nerve then passes through the facial canal in the petrous temporal bone. Here the nerve runs laterally over the vestibule to reach the medial wall of the
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 middle ear, where it bends sharply backwards over the promontory. This bend, the genu, has the geniculate ganglion of the facial nerve. It passes downwards on the posterior wall of the middle ear to emerge though the stylomastoid foramen at the base of the skull. In the petrous temporal bone, the facial nerve gives off three branches:
 
 • • •
 
 greater petrosal nerve; nerve to stapedius; and chorda tympani nerve.
 
 The greater petrosal nerve transmits preganglionic parasympathetic ﬁbres to the sphenopalatine ganglion, the postganglionic ﬁbres from which supply
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 the lacrimal gland and the glands in the nasal cavity. The chorda tympani nerve carries parasympathetic ﬁbres to the submandibular and sublingual glands as well as taste ﬁbres from the anterior two-thirds of the tongue. After emerging from the stylomastoid foramen the nerve enters the parotid gland and divides into the following branches:
 
 • • • • •
 
 temporal; zygomatic; buccal; marginal mandibular; and cervical.
 
 These supply the muscles of facial expression. Before entering the parotid gland the nerve supplies branches to the posterior belly of the digastric, stylohyoid and the muscles of the auricle. Infranuclear paralysis of the facial nerve has a wide variety of causes such as acoustic neuroma and its surgery, viral infection producing inﬂammation and swelling of the nerve, fractures of the base of the skull, and tumours and surgery of the parotid gland. Bell’s palsy is an infranuclear paralysis of the facial nerve of unknown aetiology. The paralysis will affect all the muscles on the same side of the face. Supranuclear paralysis, which affects the contralateral facial muscles, spares the orbicularis oculi and the muscles of the scalp, since the part of the facial nerve nucleus supplying these has bilateral cortical connections.
 
 • •
 
 The glossopharyngeal nerve emerges on the brainstem in the groove between the olive and the inferior cerebellar peduncle. It goes forward and laterally and leaves the skull through the jugular foramen. In the jugular foramen the nerve has two ganglia which contain the cells of origin of its sensory ﬁbres. On emerging from the foramen it gives off the tympanic branch which, after supplying the middle ear, continues as the lesser superﬁcial petrosal nerve carrying parasympathetic ﬁbres to the otic ganglion to supply the parotid gland. In the upper part of the neck the nerve accompanies the stylopharyngeus muscle and enters the pharynx by passing between the middle and superior constrictor muscles. Its terminal branches supply the posterior third of the tongue and the tonsillar fossa (oropharynx).
 
 X: Vagus nerve The vagus nerve (Fig. 8.20) contains the following sensory ﬁbres:
 
 •
 
 VIII: Vestibulocochlear nerve See Chapter 13.
 
 IX: Glossopharyngeal nerve The glossopharyngeal nerve contains sensory ﬁbres (including taste) from the posterior third of the tongue and the oropharynx (tonsillar fossa). The nerve also supplies the stylopharyngeus muscle; its parasympathetic ﬁbres innervate the parotid gland. It also innervates the carotid sinus and the carotid body. In the medulla the glossopharyngeal nerve has the following nuclei:
 
 •
 
 •
 
 the nucleus ambiguus, which supplies nerve ﬁbres to the stylopharyngeus muscle; this nucleus, through the branches of the vagus nerve, also innervates the muscles of the soft palate, pharynx and larynx; the inferior salivatory nucleus, which innervates the parotid gland;
 
 the nucleus of the tractus solitarius, which receives the taste ﬁbres through the glossopharyngeal nerve; and the dorsal motor nucleus of the vagus, which the ninth nerve shares with the vagus for general sensation from the posterior third of the tongue and the oropharynx.
 
 • •
 
 ﬁbres from the mucosa of the pharynx and larynx and those transmitting visceral sensation of the organs in the thorax and abdomen; ﬁbres carrying general sensation from the dura, parts of the external auditory meatus, external surface of the tympanic membrane; and taste ﬁbres from the epiglottis.
 
 The vagus also contains preganglionic parasympathetic ﬁbres to all the thoracic and abdominal viscera up to the splenic ﬂexure. The cranial part of the accessory nerve which innervates the muscles of the soft palate, pharynx and larynx also is distributed via the vagus. The following nuclei are associated with the vagus nerve in the brainstem:
 
 •
 
 the dorsal nucleus of the vagus. This is situated in the ﬂoor of the fourth ventricle in the medulla and receives the general visceral sensation from the various organs supplied by the vagus. Its motor component gives rise to the preganglionic parasympathetic ﬁbres in the vagus;
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 Vagus nerve Meningeal branch
 
 Auricular branch
 
 Accessory cranial root (XI)
 
 Pharyngeal branch Internal laryngeal nerve Superior laryngeal nerve
 
 Branch to carotid sinus
 
 External laryngeal nerve Right vagus
 
 Recurrent laryngeal nerve Cardiac branches
 
 Heart Lung Left vagus Coeliac plexus
 
 Stomach Spleen
 
 Liver Transverse colon
 
 Kidney
 
 Ascending colon
 
 Small intestine
 
 Fig. 8.20 Summary of the distribution of the vagus nerve. Source: Rogers op. cit.
 
 • •
 
 the nucleus of the tractus solitarius which the vagus shares with the facial nerve and the glossopharyngeal nerve for taste ﬁbres; and the nucleus ambiguus from which originate the ﬁbres of the cranial part of the accessory nerve, which is distributed along with the vagus nerve.
 
 The vagus emerges on the brainstem in the groove between the olive and the inferior cerebellar peduncle, below the rootlets of the glossopharyngeal nerve, and passes through the jugular foramen. It bears two ganglia: the superior in the foramen and the inferior after
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 emerging from it. Beyond the inferior ganglion the cranial part of the accessory nerve joins the vagus.
 
 The branches and distribution of the vagus nerve
 
 • •
 
 meningeal branch – arises from the superior ganglion and supplies the dura of the posterior cranial fossa; the auricular branch – also originates from the superior ganglion and supplies small areas on the medial aspect of the auricle, external auditory meatus and the outer surface of the tympanic membrane;
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 • •
 
 • • • •
 
 the pharyngeal branch – arises from the inferior ganglion and supplies muscles of the soft palate and pharynx; the superior laryngeal nerve – this divides into external laryngeal nerve (supplies cricothyroid muscle) and internal laryngeal nerve (sensory nerve of the laryngeal part of the pharynx and the laryngeal mucosa above the level of the vocal cord); the recurrent laryngeal nerve; the cardiac branches; the pulmonary branches; and the branches to the abdominal viscera.
 
 XI: Accessory nerve The accessory nerve has a small cranial and a larger spinal root. The former arises from the nucleus ambiguus and emerges along with the ﬁbres of the vagus from the brainstem. It then joins the spinal root for a short distance and branches off to rejoin the vagus to be distributed to the muscles of the soft palate, pharynx and larynx. The spinal root arises from the upper ﬁve segments of the cervical part of the spinal cord and enters the skull through the foramen magnum, where it joins the cranial root, and leaves the skull through the jugular foramen. Immediately below the jugular foramen the spinal root passes backwards to supply the sternocleidomastoid and trapezius.
 
 XII: Hypoglossal nerve The hypoglossal nerve supplies all the extrinsic and intrinsic muscles of the tongue. Its nucleus, which gives rise to the somatic motor ﬁbres, lies in the medulla in the ﬂoor of the fourth ventricle. The nerve emerges as rootlets in the groove between the pyramid and the olive; the rootlets unite to form the nerve, which leaves the skull through the hypoglossal canal. In the neck the nerve ﬁrst lies between the internal jugular vein and the internal carotid artery, crosses superﬁcial to the latter and the external carotid, and passes forward deep to the mylohyoid muscle to supply the muscles of the tongue. Division of the hypoglossal nerve or lesions involving its nucleus will result in an ipsilateral paralysis and wasting of the muscles of the tongue. Clinically, this is detected by deviation of the protruded tongue to the affected side. Supranuclear paralysis due to an upper motor neurone involving the corticobulbar pathways will lead to paralysis but not atrophy of the muscles on the contralateral side.
 
 SPINAL CORD The spinal cord extends from the lower end of the medulla oblongata at the level of the foramen magnum to the lower border of the ﬁrst or the upper border of the second lumbar vertebra. The lower part of the cord is tapered to form the conus medullaris from which a prolongation of pia mater, the ﬁlum terminale, extends downwards to be attached to the coccyx. In the third month of intrauterine life the spinal cord ﬁlls the whole length of the vertebral canal, but from then on the vertebral column grows more rapidly than the cord. At birth the cord extends as far as the third lumbar vertebra and reaches its adult level gradually (Fig. 8.21).
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 Subarachnoid septum
 
 Dura
 
 Arachnoid Spinal pia mater
 
 Ligamentum denticulatum Dorsal root
 
 Dorsal root ganglion
 
 Spinal nerve Ventral root
 
 Fig. 8.22 The spinal meninges. Source: Rogers op. cit.
 
 The three layers of the meninges envelop the spinal cord. The dura mater, which is continuous with that of the brain, extends up to the second sacral vertebra. The arachnoid mater lines the inner surface of the dura, and the pia mater is adherent to the surface of the cord. The subarachnoid space with the CSF extends to the level of the second sacral vertebra. The epidural space outside the dura contains fat and the components of the vertebral venous plexus. The spinal cord is suspended in the dural sheath by the denticulate ligaments (ligamentum denticulatum, Fig. 8.22). These, having a serrated lateral edge, form a shelf between the dorsal and ventral roots of the spinal nerves. The cord has on its surface a deep anterior median ﬁssure and a shallower posterior median sulcus. It also has, on either side, a posterolateral sulcus along which the dorsal roots of the spinal nerves are attached. The area of the spinal cord from which a pair of spinal nerves are given off is deﬁned as a spinal cord segment. The cord has 31 pairs of spinal nerves and hence 31 segments: 8 cervical, 12 thoracic, 5 lumbar, 5 sacral and 1 coccygeal. The dorsal ( posterior) root of the spinal nerve which carries sensory ﬁbres has a dorsal root ganglion which has the cells of origin of the dorsal root ﬁbres.
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 The ventral (anterior) root, which is motor, emerges on the anterolateral aspect of the cord on either side. The anterior and posterior roots join together at the intervertebral foramen to form the spinal nerve which, on emerging from the foramen, divides immediately into the anterior and posterior rami, each containing both motor and sensory ﬁbres. The length of the nerve roots increases progressively from above downwards. The lumbar and sacral nerve roots below the termination of the cord form the cauda equina.
 
 Internal structure of the spinal cord The grey matter containing the sensory and motor nerve cells is surrounded by the white matter with the ascending and descending tracts (Fig. 8.23). In a transverse section the grey matter is seen as an H-shaped area containing in its middle the central canal. The central canal is continuous above with the fourth ventricle. The posterior (dorsal) horn of the grey matter has the termination of the sensory ﬁbres of the dorsal root. The larger anterior (ventral) horn contains motor cells which give rise to ﬁbres of the ventral roots. In the thoracic and upper lumbar regions there are lateral horns which have the cells of origin of the preganglionic sympathetic ﬁbres.
 
 NERVOUS SYSTEM CHAPTER TITLE RUNNING HEAD
 
 (The grey matter is subdivided into a number of layers, the laminae of Rexed. Laminae I to VI are subdivisions of the dorsal horn, and laminae VII to IX are in the ventral horn. Lamina X is the central commissure connecting the two halves of the grey matter.) The white matter is divided into the dorsal, lateral and ventral columns (funiculi), each containing a number of ascending and descending ﬁbre tracts. A few of the major tracts are brieﬂy described below:
 
 Fasciculus gracilis (of Goll ) and fasciculus cuneatus (of Burdach) These two tracts form the major components of the dorsal column. The fasciculus gracilis lies medial to the fasciculus cuneatus. They contain ﬁbres subserving ﬁne and discriminative tactile sensation as well as proprioception. As the spinal cord is ascended the ﬁbres are added to the lateral part of the dorsal column. Hence the fasciculus gracilis deals mostly with sensation from the lower limb and the fasciculus cuneatus with the upper limb. Fibres in the dorsal columns are uncrossed, carrying sensation from the same side of the body. In the medulla the fasciculus gracilis synapses in the nucleus gracilis, and the cuneatus fasciculus
 
 synapses in the cuneate nucleus, from where secondorder neurons proceed to the higher centres after crossing in the sensory decussation.
 
 Lateral corticospinal tract (crossed pyramidal tract) A major tract in the lateral funiculus is the lateral corticospinal tract. The corticospinal tracts control skilled voluntary movements and consist of axons of neurons in the frontal and parietal lobes. These descend through the internal capsule, the basis pedunculi of the midbrain, the pons, the pyramid of the medulla and then decussate in the motor decussation in the lower part of the medulla oblongata. The majority of ﬁbres cross to the opposite side and descend as the lateral corticospinal tract. The lateral corticospinal tract thus contains axons of neurons of the contralateral cerebral hemisphere. These ﬁbres terminate at different levels, forming synaptic connections with motor neurons. The ﬁbres in the tract are somatotopically arranged, ﬁbres for the lower part of the cord laterally and those for the upper levels medially.
 
 Lateral spinothalamic tract The lateral spinothalamic tract, conducting pain and temperature sensation as well as some tactile
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 sensations, contains crossed ascending axons whose neurons lie in the grey matter of the opposite half of the spinal cord. Axons cross in the midline in the ventral grey commissure close to the central canal. Many of the ﬁbres as they ascend give collaterals to the reticular nuclei in the brainstem and ﬁnally terminate in the thalamic nuclei. The ﬁbres are somatotopically arranged, those for the lower limb superﬁcial and those concerned with the upper limb deepest. Fibres carrying pain and other sensations from the internal organs are carried in the spinoreticular tract, which terminates in the reticular formation in the medulla and pons.
 
 Ventral corticospinal tract (direct pyramidal tract) This tract, lying in the ventral part of the cord, has the corticospinal ﬁbres which remain uncrossed in the motor decussation in the medulla. These ﬁbres eventually cross the midline at segmental levels and terminate close to those in the lateral corticospinal tract.
 
 Blood supply of the spinal cord The blood supply of the spinal cord is derived from the anterior and posterior spinal arteries. The anterior spinal artery is a midline vessel lying in the anterior median ﬁssure and is formed by the union of a branch from each vertebral artery. It supplies the whole of the cord in front of the posterior grey column. The posterior spinal arteries, usually one on either side posteriorly, are branches of the posterior inferior cerebellar arteries or directly from the vertebral arteries. They supply the posterior grey columns and the dorsal columns on either side. The spinal arteries are reinforced at segmental levels by radicular arteries from the vertebral, ascending cervical, posterior intercostal, lumbar and sacral arteries. The radicular arteries enter the vertebral canal through the intervertebral foramina accompanying the spinal nerves and their ventral and dorsal roots. The largest of the radicular arteries is the arteria radicularis magna also referred to as the great radicular artery of Adamkiewicz. The radicular artery of Adamkiewicz arises at approximately the T10–T12 area and supplies the lower thoracic and lumbar cord. Blood ﬂow in the anterior spinal artery is lowest in the lower thoracic region and depends very much on collateral circulation between it and the arteria radicular magna. It may be compromised in resection of segments of the aorta in surgery for aneurysms, emboli, disk herniation, hypotension, haematological disorders, pregnancy, diabetes and trauma.
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 PERIPHERAL NERVOUS SYSTEM The peripheral nervous system is formed by the cranial and spinal nerves carrying the somatic and autonomic nerve ﬁbres. The cranial nerves have already been described (p. 191). The sympathetic nervous system is described on p. 201. This section describes the spinal nerves and their distribution. Each spinal nerve is formed by the union of a dorsal and ventral root. The ventral root of the spinal nerve contains motor ﬁbres whose cell bodies are in the ventral horn of the spinal cord. The sensory ﬁbres in the dorsal root have their cells of origin in the dorsal root ganglion. The ventral and dorsal roots lie in the vertebral canal within the dural sac. They join together to form the spinal nerve in the intervertebral foramen, and immediately beyond the foramen the spinal nerve divides into the dorsal ramus and the ventral ramus. With the exception of the ﬁrst two cervical spinal nerves the ventral rami are larger than the dorsal rami. All dorsal rami pass backwards to innervate the muscles of the back, the ligaments and the joints of the vertebral column. They also supply cutaneous branches to the skin of the posterior aspect of the head, trunk and gluteal region. The dorsal ramus of C1 has no cutaneous branches. The ventral rami in the thoracic region form the intercostal nerves. Each intercostal nerve innervates the muscles of its intercostal space and the overlying skin. The lower six intercostal nerves extend out to the anterior abdominal wall to innervate the muscles and the overlying skin in a segmental fashion. The ventral ramus of the ﬁrst thoracic nerve gives off a small branch that constitutes the ﬁrst intercostal nerve; it then crosses the ﬁrst rib to join the C8 ventral ramus to form the lower trunk of the brachial plexus. At cervical, lumbar and sacral levels the ventral rami form plexuses. The cervical plexus is formed by the C1 to C4 ventral rami, and the nerves derived from it are distributed to the prevertebral muscles, levator scapulae, sternocleido-mastoid, trapezius, the scalene muscles, the diaphragm as well as the skin of the anterior and lateral aspect of the neck, shoulder and the lower jaw and the external ear. The brachial plexus is formed by C5 to C8 ventral rami along with the main branch of the T1 ventral ramus. The brachial plexus innervates the muscles and joints of the upper limb and shoulder girdle and the skin of the upper extremity.
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 The lumbar plexus is formed by L1 to L4 ventral rami with a contribution from the T12 ventral ramus. The femoral and obturator nerves formed from this plexus innervate the muscles and skin of the thigh (see below). Small nerves from the plexus innervate the muscles of the lower part of the anterior abdominal wall, skin of the foot, the lateral part of the hip and the external genitalia. The sacral plexus is formed by S1 to S5 ventral rami with contribution from the ventral rami of L4 and L5. Branches of this plexus innervate the muscles and skin of the lower limb and the pelvic ﬂoor and the perineum. The distribution of the major peripheral nerves is described in Chapter 12. The following is a summary of the innervation of the muscles to upper and lower extremities. All muscles in the anterior compartment of the upper limb are innervated by the musculocutaneous nerve. All the muscles of the anterior compartment of the forearm are innervated by the median nerve except the ﬂexor carpi ulnaris and the medial half of the ﬂexor digitorum profundus; these are innervated by the ulnar nerve. Muscles in the posterior compartments to the arm and forearm are innervated by the radial nerve. Of the intrinsic muscles of the hand, the median nerve supplies the abductor pollicis brevis, the ﬂexor pollicis brevis, the opponens and the lateral two lumbricals. All the other intrinsic muscles of the hand are supplied by the ulnar nerve. The obturator, femoral and sciatic nerves supply the three compartments of the thigh. The obturator nerve supplies the muscles in the medial compartment, the femoral supplies the anterior compartment, and the sciatic supplies the posterior compartment. Of the latter, all the hamstrings originating from the ischial tuberosity are supplied by the tibial component of the sciatic nerve, and the short head of the biceps is supplied by the common peroneal component. The deep peroneal nerve supplies all the muscles of the anterior compartment of the leg and the extensor digitorum brevis of the foot. The superﬁcial peroneal nerve supplies all the muscles in the lateral compartment of the leg, and the tibial nerve supplies the muscles in the posterior compartment. Of the muscles of the foot, the medial plantar supplies ﬂexor digitorum brevis, abductor hallucis, ﬂexor hallucis brevis and the ﬁrst lumbrical; all the rest of the muscles of the foot are supplied by the lateral plantar nerve.
 
 Knowledge of the dermatomes (segmental innervation of the skin) and myotomes (segmental innervation of muscles) are important for testing for nerve root compression and assessing the level of spinal cord injuries. The dermatomes of the upper segments of the brachial plexus (C5,C6) are on the lateral aspect, the lower segments (C8,T1) on the medial aspect and C7 in the middle. There is considerable overlap across adjoining dermatomes. However there is no overlap across the axial line as it separates discontinuous segments. The pattern of the myotomes of the upper limb is more complex. There is a proximal to distal gradient as the C5 supplies the shoulder and T1 the intrinsic muscles of the hand. The ﬂexors of the elbow are by C5 and C6, whereas C7 and C8 supply the extensors (triceps). The biceps tendon jerk, therefore, tests C5,C6 segments and the triceps jerk C7,C8. The dermatomes of the lower limb lie in a numerical sequence downwards at the front of the limb and upwards on its posterior aspect. The myotomes are: at the hip – L2,L3 ﬂexors, L4,L5 extensors; knee – L3,L4, extensors, L5,S1 ﬂexors; ankle – L4,L5 dorsiﬂexors, S1,S2 plantar ﬂexors. Hence the segments tested by the knee jerk are L3,L4 and the ankle jerk S1,S2.
 
 Dermatomes The skin of the trunk is supplied segmentally by the intercostal nerves. In the limbs a similar segmental supply is furnished by the cutaneous nerves. The area of skin supplied by one spinal nerve is called the dermatome. The dermatomes of the body are shown in Fig. 8.24.
 
 Motor root values and peripheral nerve supply of important muscle groups These are shown in Table 8.2.
 
 Tendon and abdominal reﬂexes These are shown in Table 8.3.
 
 SYMPATHETIC NERVOUS SYSTEM The sympathetic nervous system plays a major rôle in regulating the internal environment of the body. When stimulated, it causes sweating, dilatation of the pupil, constriction of blood vessels, bronchial dilatation and diminished peristalsis. It is concerned with the stress reactions of the body. Stimulation of a part of the sympathetic nervous system produces a widespread response. Postganglionic sympathetic terminals release adrenaline and noradrenaline, except those of sweat glands, which are cholinergic in nature. Sympathetic
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 Sympathetic trunk (sympathetic chain) The sympathetic trunk is a ganglionated chain extending from the base of the skull to the coccyx, lying on each side of the vertebral bodies approximately 2.5 cm lateral to the midline. There are usually three cervical ganglia (Fig. 8.26).
 
 C2 C3 C5
 
 C3 C4 T2 T3 C5
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 •
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 S3 L2
 
 S3 L2
 
 S2 L3
 
 L3
 
 L5
 
 L4 L5 L4 S1
 
 S1 L5
 
 Fig. 8.24 The dermatomes of the body.
 
 efferents are accompanied by afferent ﬁbres. These afferents conduct visceral pain impulses. Sympathectomy is most commonly performed to reduce excessive sweating (hyperhidrosis). It may also be used to increase the circulation to the limbs in vasospastic conditions such as Raynaud’s disease. It has been used in the past to relieve the pain caused by phantom limb and causalgia. It is of little value in relieving rest pain due to peripheral vascular disease.
 
 Spinal cord segments of origin of sympathetic ﬁbres The cell bodies of the preganglionic efferent ﬁbres of the sympathetic nervous system lie in the lateral horns of grey matter of spinal cord segments T1–L2. The spinal cord segments involved in the innervation of the various regions of the body, and the detailed pattern of innervation, are shown in Fig. 8.25. T1–T2 segments innervate the head and neck, T2–T7 the upper limb, T1–T4 the thoracic viscera, T4–L2 abdominal viscera, and T11–L2 the lower limb.
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 The superior cervical ganglion is the largest, and it lies opposite vertebrae C2 and C3. The middle cervical ganglion at the level of C6 vertebra is small and may not always be present. The stellate ganglion formed by the fusion of lower cervical and ﬁrst thoracic ganglia lies anterior to the transverse processes of C6 vertebra and the neck of the ﬁrst rib. This ganglion is closely related to the vertebral and the subclavian arteries anteriorly and the apex of the lung inferiorly.
 
 The cervical part of the sympathetic chain lies anterior to the prevertebral fascia adherent to the posterior wall of the carotid sheath. In the upper part of the thorax the sympathetic trunk lies on the heads of the ribs and, as it descends, inclines gradually to the surface of the bodies of the thoracic vertebrae. There are usually 11 thoracic ganglia. The chain is covered by parietal pleura and is crossed posteriorly by the intercostal vessels. The sympathetic chain enters the abdomen by passing behind the medial arcuate ligament. The lumbar sympathetic ganglia lie along the medial border of the psoas on the bodies of the lumbar vertebrae. Usually there are four or ﬁve lumbar ganglia. The right chain is overlapped anteriorly by the IVC and the left by the abdominal aorta. The lumbar arteries, like the intercostal arteries, cross behind the sympathetic trunk; however, the lumbar veins may be in front. From the abdomen the sympathetic trunk passes behind the common iliac vessels, descends in the pelvis medial to the anterior sacral foramina, and ends in the ganglion impar where the two trunks meet each other in front of the coccyx.
 
 Distribution of pre- and postganglionic ﬁbres Myelinated, preganglionic ﬁbres from T1–L2 segments of the spinal cord which leave the corresponding spinal nerves through white rami communicantes have a number of possible destinations (Fig. 8.27):
 
 • •
 
 end by synapsing in the corresponding ganglion of the sympathetic chain; enter the chain and travel varying distances up or down before synapsing at a ganglion; and
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 Table 8.2 Motor root values and peripheral nerve supply of important muscle groups. (Easterbrook Table 4.2) Joint movement
 
 Muscle
 
 Root value
 
 Peripheral nerve
 
 Shoulder Abduction External rotation Adduction
 
 Deltoid Infraspinatus Pectoralis/latissimus dorsi
 
 C4,5 C4,5 C6–8
 
 Axillary Suprascapular Medial and lateral pectoral
 
 Biceps Triceps
 
 Musculocutaneous Radial
 
 Biceps/ brachioradialis
 
 C5,6 C7,8 C6,7 C5,6 C6
 
 Musculocutaneous Radial
 
 Flexor muscles of forearm Extensor muscles of forearm
 
 C7,8 C7
 
 Median and ulnar Radial
 
 Long ﬁnger ﬂexors Long ﬁnger extensors Small hand muscles
 
 C8 C7 T1
 
 Median and ulnar Radial Ulnar
 
 Iliopsoas Glutei Adductors Glutei and tensor fasciae latae
 
 L1–3 L5, S1 L2,3 L4,5, S1
 
 – Inferior gluteal Obturator Superior gluteal
 
 Hamstrings Quadriceps
 
 L5, S1,2 L3,4
 
 Sciatic Femoral
 
 Anterior tibial Calf (gastrocnemius and soleus) Peronei Anterior tibial and posterior tibial
 
 L4,5 S1,2 L5, S1 L4 L4,5
 
 Sciatic (common peroneal) Sciatic (tibial) Sciatic (common peroneal) Sciatic (common peroneal) Sciatic (tibial)
 
 Flexor hallucis longus Extensor hallucis longus
 
 S2,3 L5, S1
 
 Sciatic (tibial) Sciatic (common peroneal)
 
 Elbow Flexion Extension Pronation Supination Wrist Flexion Dorsiﬂexion Finger Flexion Extension Opposition of thumb or splaying of ﬁngers Hips Flexion Extension Adduction Abduction Knee Flexion Extension Ankle Dorsiﬂexion Plantar-ﬂexion Eversion Inversion Toes Flexion Extension
 
 Note: All muscles on back of upper limb (triceps, wrist and ﬁnger extensors) are innervated by C7. Source: Easterbrook, Basic Medical Sciences for MRCP Part 1, Elsevier, Edinburgh (2005), with permission.
 
 enter the chain and leave without synapsing as splanchnic nerves to synapse in coeliac, aortic and pelvic ganglia associated with the corresponding autonomic plexuses in the abdomen.
 
 •
 
 Synapses in the ganglionic neurons provide ampliﬁcation and facilitate widespread reaction on stimulation. Unmyelinated postganglionic axons may also take one of a number of routes.
 
 •
 
 •
 
 •
 
 Some leave in the grey rami communicantes which join the spinal nerve for distribution to skin and blood vessels. Some leave to form plexuses around arteries. Cardiac nerves are postganglionic ﬁbres from the cervical and upper thoracic ganglia which innervate the thoracic viscera through the cardiac and pulmonary plexuses.
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 Table 8.3 Tendon and abdominal reﬂexes
 
 Scalenus medius
 
 Reﬂex
 
 Muscle
 
 Root Value
 
 Knee Ankle Biceps Triceps Supinator Abdominal Cremasteric Anal
 
 Quadriceps Gastrocnemius Biceps Triceps Brachioradialis Abdominal muscle Cremaster Anal sphincter
 
 L3, 4 S1 C5, 6 C7 C6 T8–12 L1, 2 S3, 4
 
 Superior cervical ganglion Middle cervical ganglion
 
 Cervicothoracic ganglion
 
 Spinal cord
 
 Scalenus anterior Brachial plexus Head and neck
 
 Sympathetic chain
 
 Dilator pupillae Blood vessels Sweat glands Muscles of hairs
 
 Fig. 8.26 The cervical part of the sympathetic chain. Source: Rogers op. cit.
 
 Superior cervical ganglion
 
 Regional layout of the sympathetic nervous system
 
 Cervicothoracic ganglion
 
 Coeliac ganglion
 
 Respiratory tract Cardiac branches Oesophagus Gut from Stomach to colon
 
 Renal ganglion
 
 Liver, biliary tract Pancreas Kidney, ureter Bladder Hind gut Reproductive tract
 
 Pelvic ganglion
 
 Head and neck Preganglionic ﬁbres arise from T1–T2 segments of the spinal cord. After relaying in the superior cervical ganglion, ﬁbres are distributed via the carotid and vertebral arteries to the dura mater, cerebral arteries, the dilator pupillae and the levator palpebrae superioris. Postganglionic ﬁbres from the three cervical ganglia also accompany the cervical spinal nerves and to a lesser extent the cranial nerves. Interruption of the head and neck supply of sympathetic nerves will result in Horner’s syndrome, characterised by constriction of pupil, slight ptosis and anhidrosis on the side of the lesion. This can be caused by any condition causing pressure on the cervical part of the sympathetic chain.
 
 Upper limb Fig. 8.25 The layout of the sympathetic nervous system. Source: Rogers op. cit.
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 Preganglionic ﬁbres for the upper limbs arise from the T2–T7 segments of the spinal cord. Postganglionic ﬁbres from the middle cervical and stellate ganglia are distributed to the limb mostly through the brachial plexus.
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 Sympathetic afferent fibres
 
 Preganglionic fibres Ganglia of sympathetic chain
 
 Collateral ganglion
 
 Gut
 
 Sympathetic fibres on large blood vessels
 
 Cutaneous blood vesel
 
 Skin
 
 Fig. 8.27 The patterns of distribution of the sympathetic ﬁbres. Source: Rogers op. cit.
 
 Sweat gland
 
 For the control of excessive sweating (hyperhidrosis), and also in vasopastic diseases, sympathetic denervation of the upper limb can be achieved by removing the second and third thoracic ganglia with their rami. The ﬁrst thoracic ganglion is not removed, as it would cause Horner’s syndrome, and in any case preganglionic ﬁbres to an upper limb usually do not arise above T2 level.
 
 Abdominal and pelvic viscera
 
 Lower limb
 
 The coeliac plexus is situated in front of the aorta in the region of the coeliac trunk. Its afferents come from the greater and lesser splanchnic nerves bilaterally. Branches of the vagus, especially the right vagus, also contribute to the coeliac plexus. The majority of preganglionic sympathetic ﬁbres synapse in the two coeliac ganglia in the plexus, and postganglionic ﬁbres accompany branches of the coeliac trunk and the superior mesenteric artery to supply the abdominal viscera.
 
 Preganglionic ﬁbres from the T11–L2 spinal segments synapse in the lumbar and sacral ganglia, and the postganglionic ﬁbres are distributed to the limb through the lumbosacral plexus. For lumbar sympathectomy the third and fourth lumbar ganglia are removed. Preganglionic ﬁbres do not arise below L2 level. The ﬁrst lumbar ganglion is preserved to avoid compromising ejaculation.
 
 The abdominal and pelvic viscera receive their sympathetic innervation through the following autonomic plexuses (Fig. 8.28):
 
 • • •
 
 coeliac plexus; aortic plexus; and hypogastric plexus.
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 Coeliac ganglion Coeliac plexus Superior mesenteric plexus
 
 Sympathetic chain (lumbar part)
 
 Aortic plexus
 
 Hypogastric plexus
 
 constricts the pupils, reduces the heart rate, stimulates smooth muscle to contract (constricts bronchi, increases peristalsis) and stimulates a number of glands, including the salivary glands. It has a cranial and a sacral component. The cranial component accompanies the third, seventh, ninth and tenth cranial nerves, and the sacral component originates from the S2, S3, S4 segments of the spinal cord. As with the sympathetic system, preganglionic parasympathetic ﬁbres tend to be myelinated. The preganglionic ﬁbres are long, and the associated ganglia are small and scattered near the viscera. Parasympathetic innervation is limited to the viscera and glands. There is no distribution to the skin and musculoskeletal tissues. Its distribution may be summarised as follows (Fig. 8.29):
 
 • •
 
 • • Fig. 8.28 The prevertebral autonomic plexuses. Source: Rogers op. cit.
 
 The coeliac plexus continues downwards over the abdominal aorta as the aortic plexus, which in turn receives splanchnic nerves from lumbar sympathetic ganglia and distributes postganglionic ﬁbres to viscera via plexuses accompanying branches of the abdominal aorta. The hypogastric plexus, the continuation of the aortic plexus, lies in front of the ﬁfth lumbar vertebra between the two common iliac arteries. It continues inferolaterally to both sides of the pelvis into the connective tissue medial to the internal iliac vessels. The plexus receives input from the splanchnic branches of the lumbar and sacral sympathetic ganglia. Resection of abdominal aneurysms and extensive dissection in the pelvis may remove aortic/hypogastric plexuses and hence may compromise ejaculation. The coeliac plexus can be blocked to relieve intractable pain in abdominal malignancies.
 
 •
 
 There are four ganglia associated with the parasympathetic nervous system in the head and neck. These are:
 
 •
 
 •
 
 •
 
 PARASYMPATHETIC NERVOUS SYSTEM The parasympathetic nervous system functionally often antagonises the sympathetic system. Its stimulation
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 the oculomotor nerve supplying sphincter pupillae and ciliary muscles in the eye; the facial nerve supplying the lacrimal, submandibular and sublingual glands, as well as glands in the nasal cavity and the mucosa of the palate; the glossopharyngeal nerve supplying the parotid gland; the vagus nerve supplying thoracic and abdominal viscera up to the left colic ﬂexure; and S2-S4 sacral nerves supplying the pelvic viscera and the descending and sigmoid colon.
 
 •
 
 the ciliary ganglion in the orbit, where preganglionic ﬁbres accompanying the oculomotor nerve synapse. Postganglionic ﬁbres, through the short ciliary nerves, supply the ciliary muscles and constrictor pupillae; the sphenopalatine ganglion in the pterygopalatine fossa, where preganglionic ﬁbres accompanying the facial nerve and then the greater petrosal nerve synapse. Postganglionic ﬁbres accompany branches of the ganglion to supply the lacrimal glands in the nasal cavity and the palate; the submandibular ganglion, attached to the lingual nerve in the submandibular region, where preganglionic ﬁbres accompanying the facial nerve and then the chorda tympani nerve synapse. Postganglionic ﬁbres supply the submandibular and sublingual glands and glands in the tongue and ﬂoor of the mouth; and the otic ganglion attached to the trunk of the mandibular nerve in the infratemporal fossa,
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 Lacrimal gland Nasal glands Submandibular gland Sublingual gland
 
 Spinal cord Oculomotor nerve
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 Oesophagus
 
 Cardiac branches Respiratory tract
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 where the preganglionic ﬁbres accompanying the glossopharyngeal nerve and its branch, the lesser petrosal nerve, synapse. Postganglionic ﬁbres supply the parotid gland. The ganglia of the vagus nerve and those of the sacral component of the parasympathetic system are very widely distributed and are in the wall of, or very near, the organs they supply.
 
 S2 S3 S4
 
 Fig. 8.29 The layout of the parasympathetic nervous system. 1  ciliary ganglion; 2  sphenopalatine ganglion; 3  submandibular ganglion: 4  otic ganglion; 5  pelvic ganglion.
 
 The brain receives about 12% of the cardiac output. Cerebral blood ﬂow remains remarkably constant, being held within a relatively narrow range, averaging 55 mL/min/100 g of brain tissue in humans. Regulation of the cerebral circulation is largely under the direction of the brain itself. Local mechanisms tend to maintain cerebral circulation relatively constant despite potential adverse extrinsic effects, e.g. sympathetic vasomotor activity, changes in mean arterial blood pressure, and circulating vasoactive substances.
 
 PHYSIOLOGY CEREBRAL BLOOD FLOW
 
 Control of cerebral blood ﬂow
 
 Of the body tissues, brain is the least tolerant of ischaemia. Interruption of the cerebral blood ﬂow for 5 s will cause loss of consciousness, and ischaemia of longer than three minute results in irreversible brain damage.
 
 In the brain, arteriolar smooth muscle spontaneously contracts when the arteriolar wall tension is passively increased by an increase in arterial blood pressure. Conversely, the arterioles relax when the pressure
 
 Myogenic autoregulation
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 decreases. The reduction in radius caused by contraction matches the increase in perfusion pressure such that there is no change in blood ﬂow over a certain pressure range. The term myogenic autoregulation is applied to this response, which is limited in extent. If mean arterial pressure falls below 50 mmHg, the vasodilatation is no longer sufﬁcient to maintain ﬂow. Conversely there is an upper limit to autoregulation above which the cerebral blood ﬂow (CBF) rises sharply with arterial hypertension – the cerebral vessels becoming abnormally permeable, resulting in cerebral oedema. The normal upper limit of mean arterial blood pressure is around 150 mmHg. Thus, myogenic autoregulation maintains CBF remarkably constant in a range of mean arterial blood pressure of 50–150 mmHg. Myogenic autoregulation may be impaired by a number of cerebral insults:
 
 • • • • • •
 
 hypoxia; ischaemia; trauma; haemorrhage; tumour; and infection.
 
 CBF will then alter in a manner which is more passively related to changes in mean arterial blood pressure. Under certain conditions, the brain may regulate its blood ﬂow by initiating changes in systemic arterial blood pressure. This is caused by stimulation of the vasomotor centre in the medulla by ischaemia. This is known as Cushing’s phenomenon and aids in maintaining CBF in certain cerebral conditions, e.g. expanding intracranial tumours.
 
 Metabolic autoregulation This leads to alteration of local blood ﬂow to maintain a constant supply of oxygen to individual regions of the brain according to their level of activity. All organs receive a blood ﬂow which can vary in proportion to metabolic requirements. During increased organ metabolism there is local decrease in PaO2, an increase in PaCO2, and increase in H concentration. These changes result in arteriolar smooth muscle relaxation, ensuring an increase in ﬂow with little or no change in perfusion pressure, to meet the needs of increased metabolism. Metabolic autoregulation is well developed in the brain.
 
 Neural factors The cerebral vessels are innervated by cervical sympathetic nerve ﬁbres which accompany the internal
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 carotid and vertebral arteries. However, it is thought that neural regulation of the cerebral circulation is weak and that the contractile state of the smooth muscle of cerebral vessels depends mainly on local metabolic factors, i.e. metabolic autoregulation, and cannot be overridden by nervous control of arterioles.
 
 Local factors CBF is altered when partial pressures of O2 and CO2 change throughout the body. CBF is extremely sensitive to changes in arteriolar partial pressure of CO2. Increases in PaCO2 cause marked cerebral vasodilatation. CBF doubles as PaCO2 rises from 40 to 100 mmHg (hypercapnia) and halves as PaCO2 falls to 20 mmHg (hypocapnia). The cerebral vasoconstriction caused by hypocapnia can cause mild cerebral ischaemia. Hyperventilation is used as a means of reducing raised intracranial pressure by inducing hypocapnic vasoconstriction with a reduction in CBF and cerebral blood volume. This type of therapy needs to be used with care to avoid ischaemic brain damage. The relationship between CBF and PaO2 is not as marked as in the case of PaCO2. CBF remains constant over a wide range of PaO2 values until PaO2 falls below 60 mmHg. There is then a rise in CBF which is progressive and may be as high as three-fold at PaO2 of 30 mmHg. Since a reduced O2 supply is usually accompanied by an increase in PaCO2, CBF is regulated by hypercapnia rather than hypoxia to maintain a constant O2 supply. Increased PaO2 causes mild cerebral vasoconstriction only. Indeed, hyperbaric oxygen therapy reduces CBF by only 25%. These vascular responses to change in arterial blood gas tensions may become impaired in the following states:
 
 • • • •
 
 head injury; cerebral haemorrhage; shock; and hypoxia.
 
 Under such circumstances the protective autoregulatory mechanisms ensuring adequate CBF and oxygen delivery are lacking.
 
 CEREBROSPINAL FLUID CSF is produced by the choroid plexuses of the lateral, third and fourth ventricles. It ﬂows from the lateral ventricles through the interventricular foramina into the third ventricle, where more CSF is produced.
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 It then passes through the cerebral aqueduct into the fourth ventricle, where further CSF is formed. From the fourth ventricle CSF passes directly into the subarachnoid space, either via the lateral foramina (of Luschka) or the midline foramen (of Magendie). CSF then circulates through the subarachnoid space that surrounds the brain and spinal cord. In certain areas the subarachnoid spaces are dilated and are called cisterns. Two examples of cisterns are the following.
 
 •
 
 •
 
 The cisterna magna (cerebellomedullary cistern), which lies posterior to the medulla and below the cerebellum, is continuous inferiorly with the subarachnoid space around the spinal cord. It is possible to pass a needle through the foramen magnum into the cisterna magna to obtain a specimen of CSF. The lumbar cistern, which surrounds the lumbar and sacrospinal routes below the level of termination of the spinal cord, is the usual target for a lumbar puncture.
 
 Finally, CSF is reabsorbed through the arachnoid villi into the sinuses of the venous system (Fig. 8.30). The arachnoid villi may become aggregated into arachnoid granulations. These may grow quite large in the adult, producing hollows on the inner surface of the parietal bone in particular. Some CSF (approximately 15%) is absorbed in the lumbar area through spinal villi similar to arachnoid villi, or along nerve sheaths into the lymphatics. CSF absorption is passive, depending on its hydrostatic pressure being higher than that of venous blood.
 
 Scalp
 
 Bone
 
 The volume of CSF in the adult is about 140 mL, about 40 mL in the cerebral ventricles, and 100 mL in the subarachnoid spaces. CSF is produced at a constant rate of about 0.35 mL/min, i.e. 500 mL/day. This rate allows for the CSF to be turned over approximately four times daily. The pressure in the CSF column measured with the patient recumbent in the lateral position is between 120 and 180 mmH2O. The rate at which CSF is produced is relatively independent of the pressure in the ventricles and subarachnoid space and of the systemic blood pressure. However, absorption of CSF is a direct function of CSF pressure. CSF pressure transiently increases during coughing and straining as a result of increase in central venous pressure.
 
 BLOOD-BRAIN BARRIER In the cerebral microcirculation the junctions between endothelial cells are very tight. They do not permit the passage of substances which would normally pass between the endothelial cells of capillaries in other tissues. Also, the capillaries of the brain are surrounded by the end-feet of astrocytes which are closely applied to the basal membrane of the capillaries. The astrocyte end-feet and the tight junctions between the endothelial cells constitute a blood-brain barrier. This barrier is quite permeable at birth, demonstrated by the fact that bilirubin passes into the brain interstitial ﬂuid if its concentration in plasma rises. However, during infancy and childhood, permeability of the barrier decreases considerably. Certain
 
 Superior sagittal sinus
 
 Arachnoid granulations
 
 Arachnoid Pia
 
 Falx cerebri
 
 Cerebral cortex
 
 Fig. 8.30 Coronal section through the skull, showing the superior sagittal sinus and arachnoid granulations. Source: Rogers op. cit.
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 substances are still able to cross the barrier, e.g. respiratory gases, glucose, and fat-soluble drugs like volatile anaesthetic agents. Hydrogen ions do not usually cross the barrier but can do so in chronic acidotic conditions. The existence of the barrier maintains a constancy of interstitial environment around the neurons, for these are sensitive to changes in K, Ca2 and H concentrations in the ﬂuids surrounding them. Neurons are also protected from toxins which may be present in the systemic circulation. The barrier works in both directions, preventing the entry into the systemic circulation of large quantities of neurotransmitter substances released from the synapses of the CNS. In some areas, the blood-brain barrier is absent. These include:
 
 •
 
 •
 
 •
 
 circumventricular organs which abut on the third and fourth ventricles. At the area postrema, drugs such as morphine and digoxin, creatinine and ketones in diabetes mellitus pass through the capillaries to stimulate the chemoreceptor trigger area in the ﬂoor of the fourth ventricle, which is connected to the vomiting centre. Angiotensin II also passes through capillaries in this region to stimulate the vasomotor centre to increase sympathetic outﬂow, thus causing vasoconstriction and increasing peripheral resistance; the posterior lobe of the pituitary gland. ADH and oxytocin are released from axon terminals in the posterior pituitary and pass into the circulation; and the median eminence of the hypothalamus. Here neurons within the hypothalamus pass releasing or inhibitory hormones into the capillaries of the hypothalamic–pituitary portal system. These control the secretion of hormones by the anterior pituitary.
 
 potentials are recorded. The stimulus that recruits all nerve ﬁbres within an individual nerve is called the maximal stimulus. A supramaximal stimulus produces no increase in recorded potential changes, as all the nerve ﬁbres have already been recruited and the action potential is an ‘all or none’ phenomenon. Different nerve groups have different stimulation thresholds and different conduction velocities. The recorded action potential from a peripheral nerve, therefore, has a number of peaks, and this is termed the compound action potential. The compound action potential differs for different nerves and varies with stimulus strength until the maximal stimulus is applied and all nerve ﬁbres are recruited. Nerve ﬁbres can be divided into different groups based on their morphology and function. Large myelinated ﬁbres have faster conduction velocities than smaller non-myelinated ﬁbres. A classiﬁcation of nerve ﬁbres is shown in Table 8.4.
 
 Local anaesthesia Local anaesthetics act on nerve ﬁbres by altering the ionic permeability of the cell membrane. This is brought about by alterations in the membrane-binding of calcium, which prevent sodium inﬂux which is necessary for production of an action potential. C-ﬁbres, i.e. small unmyelinated patent ﬁbres, are affected before A-ﬁbres, i.e. large myelinated motor ﬁbres.
 
 PAIN Pain is the sensation resulting from stimuli which are intensive enough to threaten or cause tissue injury. Painful stimuli may be:
 
 • • •
 
 mechanical, e.g. pinprick; chemical, e.g. acid, corrosive; and thermal, e.g. burn.
 
 NERVE CONDUCTION Mixed peripheral nerves A typical peripheral nerve consists of a number of fasciculi surrounded by the epineurium. Changes in electrical potential recorded from a peripheral nerve represent the sum of all potential changes in each individual axon. Stimulation thresholds and conduction velocities differ in different types of neuron. No action potential is recorded if a subthreshold stimulus is applied to a nerve. As the intensity of the stimulus increases, nerve ﬁbres are recruited and action
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 Table 8.4 Types of nerve ﬁbres
 
 Type
 
 Function
 
 Conduction velocity (mean m/s)
 
 Aα Aβ Aγ Aδ B C
 
 Motor proprioception Touch pressure Muscle spindles (motor) Pain, temperature, touch Autonomic (preganglionic) Pain
 
 100 50 30 20 10 1
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 Pain may be considered to have two components: the sensation of pain itself and the emotional aspect of the suffering and distress associated with it. There are a number of different types of pain.
 
 Somatic pain The speciﬁc sense organs for pain, i.e. the peripheral pain detectors, are called nociceptors. In the skin they are probably free nerve endings. They are supplied by either small myelinated (Aδ) ﬁbres or unmyelinated (C) ﬁbres. The endings of A ﬁbres register high intensity mechanical stimuli (mechanical nociceptors), whilst the endings of C ﬁbres register high intensity mechanical or heat stimuli (mechanothermal nociceptors). The latter are probably less selective in responding to mechanical, thermal, or noxious chemical stimuli. Nerves supplying mechanical nociceptors conduct at velocities as high as 30 m/s, while nerves supplying mechanothermal nociceptors conduct at velocities of less than 5 m/s. Stimulation of both types of ﬁbres may give rise to a double sensation: an initial sharp pain caused by the fast-acting A ﬁbres, followed by a longer lasting aching pain due to activity in C ﬁbres.
 
 Visceral pain Visceral nociceptors are thought to be free nerve endings which occur in the walls of most hollow viscera and mesenteries. They are supplied by small myelinated and unmyelinated afferent ﬁbres. Stimuli exciting a response in these nerves are usually stretching, distension, or ischaemia. Afferents have been identiﬁed in the ureter which respond speciﬁcally to overdistension, while afferents in the heart have been identiﬁed which respond to reduction in coronary blood ﬂow. Excessive stretching or distension of many viscera give rise to colicky or intermittent pain, e.g. intestinal, biliary, or ureteric colic. Visceral pain can also occur with ischaemia, e.g. angina pectoris, or the colicky abdominal pain associated with mesenteric ischaemia. Visceral pains are commonly poorly localised and may be referred to other parts of the body. Most viscera are insensitive to stimuli which would cause intense pain if applied to the skin. Visceral peritoneum does not have pain receptors, whereas parietal peritoneum does. In the unanaesthetised patient, the viscera are:
 
 • • •
 
 insensitive to the pain of cutting; insensitive of the pain of burning; sensitive to factors distending or stretching the wall; and
 
 •
 
 sensitive to inﬂammation, probably due to spasm of the associated muscle.
 
 Visceral pain is diffuse, poorly localised and may vary in intensity from a mild pain (the early stages of acute appendicitis where there is a mild central abdominal pain) to severe (biliary colic, ureteric colic). The localisation of visceral pain in the abdomen depends upon the embryological derivation of the viscus involved:
 
 • • •
 
 foregut-derived structures – poorly localised upper abdominal pain (e.g. biliary colic); midgut-derived structures – poorly localised across the central abdomen (e.g. early stages of acute appendicitis); and hindgut-derived structures – poorly localised across the lower abdomen (e.g. left-sided obstructive colonic carcinoma).
 
 Referred pain Pain arising from a viscus is carried back to the CNS by visceral afferents of the autonomic nervous system. Visceral afferents enter the spinal cord at the dorsal root entry zone after entering the spinal canal in the white rami communicantes. Visceral afferents enter the dorsal root entry zone with other sensory ﬁbres passing back from sensory areas, i.e. the dermatome supplied by a spinal nerve. The pain experienced by the individual is referred to the skin surface within the associated dermatome of the spinal nerve. A classical example of referred pain is that from the irritation of the undersurface of the diaphragm (nerve supply C4) referred to the cutaneous distribution of C4 (shoulder tip).
 
 Pathophysiological basis of pain relief There are two physiological mechanisms by which pain can be controlled:
 
 • •
 
 a peripheral afferent input system; and a central descending system.
 
 Both of these systems act at a common site, i.e. the cells of the substantia gelatinosa in the grey matter of the dorsal horn.
 
 A peripheral spinal gate control theory The theory that antagonism exists between large cutaneous afferents and small pain ﬁbres was based on the observation that counterirritation, e.g. heat or massage, will alleviate pain. Impulses in large ﬁbres inhibit cells in the substantia gelatinosa of the dorsal grey matter, thus shutting the ‘gate’ to the ascent of impulses
 
 211
 
 8
 
 8
 
 SPECIFIC SYSTEMS
 
 from the smaller pain ﬁbres. Transcutaneous electrical nerve stimulation (TENS) is based on this theory. Skin electrodes activate the large ﬁbres in peripheral nerves. This selective activation reduces the ability of nociceptive ﬁbres (Aδ and C) to activate spinal neurons which transmit the pain signals to higher centres.
 
 The central descending system Analgesia can be produced by electrical stimulation of the periaqueductal grey matter in the midbrain or in the limbic system or thalamus. Descending ﬁbres lie in the dorsolateral funiculus of the spinal cord, where control is exerted selectively on the pain input. Part of the descending control of pain may be due to release of endorphins or enkephalins. On the basis of these pathways a more invasive approach to neuromodulation of pain has been devised. Direct or percutaneous implantation of electrodes into the spinal canal to electrically stimulate the dorsal columns has been advocated. This is most effective for pain of the extremities, e.g. after nerve injuries or for peripheral neuropathies. In patients with ischaemic pain, spinal cord stimulation not only reduces pain but may also improve blood ﬂow. Electrodes may also be placed stereotactically either into the periaqueductal grey matter or into the thalamus. Thalamic stimulation is useful for neuropathic pains, while periaqueductal grey matter stimulation is beneﬁcial for nociceptive pain such as severe spinal pain.
 
 Drug modulation of pain Paracetamol Paracetamol inhibits prostaglandin synthesis by a different action to that of NSAIDs (see below). Its action is related to local peroxide concentrations which act as a cofactor in prostaglandin synthesis. Paracetamol reduces peroxide levels. This effectively prevents prostaglandin biosynthesis where the peroxide concentration is low, e.g in brain, but not where it is high, e.g. in sites of inﬂammation or pus.
 
 Non-steroidal anti-inﬂammatory drugs Tissue injury results in the breakdown of cell wall lipid to arachidonic acid. Release of histamine and bradykinin initiates inﬂammation and stimulates nociceptors, a process sensitised by prostaglandins. Nonsteroidal anti-inﬂammatory drugs (NSAIDs) limit the conversion of arachidonic acid to PGG2, an intermediary in prostaglandin production, by inhibiting cyclo-oxygenase. This inhibition of production of
 
 212
 
 prostaglandins by NSAIDs is responsible for their analgesic action.
 
 Opioids Opiates are drugs derived from the juice of the opium poppy. They exert their analgesic effects by binding to speciﬁc opiate receptors. This binding is stereospeciﬁcally inhibited by a morphine derivative called naloxone. Compounds not derived from the opium poppy, but that exert direct effects by binding to opiate receptors, are called opioids. In practice, opioids are deﬁned as directly acting compounds whose effects are stereospeciﬁcally antagonised by naloxone. Opiates such as morphine, heroin and codeine are the most powerful analgesics known. They act by combining with the receptors in many areas of the CNS, including the periaqueductal grey matter, parts of the limbic system, and the substantia gelatinosa of the spinal cord. Certain endogenous analgesic peptides bind to these receptors. These may be divided into three groups:
 
 • • •
 
 enkephalins; dynorphins; and endorphins.
 
 Opioid peptides are not effective when injected intravenously but are more potent than opiates when applied directly to certain areas of the brain and the spinal cord. Opioid peptides may play a role in the effects of acupuncture, as some of the effects of acupuncture can be blocked by the opioid antagonist naloxone. It has also been suggested that opioid peptides may be decreased in chronic pain states. As has been seen above, they can be increased by electrical stimulation of the periaqueductal grey matter. Opioid peptides may act at the level of the spinal cord and in peripheral tissues. Substance P, a peptide present in the terminals of afferent ﬁbres, has been suggested as the transmitter for nociceptive stimuli in the dorsal horn. Opioids may block the release of substance P presynaptically from these afferent ﬁbres, thus reducing pain. There are several types of opioid receptors: these are μ, κ, δ, σ. Conventional opioids (e.g. morphine, pethidine) are agonists attaching to the μ receptors and produce:
 
 • • • •
 
 analgesia at a supraspinal level; drug-induced euphoria; respiratory depression; and drug dependency.
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 Opioid agonist–antagonists The side effects of conventional opioids led to the development of antagonist analgesics. They are so named because they originated from the morphine antagonist nalorphine, which has analgesic properties of its own. These drugs antagonise opioid agonists (causing less respiratory depression and less addiction), but have analgesic properties. Pentazocine and nalbuphine are examples of opioid agonists–antagonists. The latter are antagonists at the μ receptors, but produce analgesia by attaching to the κ receptors. This would explain why nalorphine is unable to reverse (antagonise) the respiratory depression of pentazocine, but naloxone (a pure μ and κ antagonist) can.
 
 BRAINSTEM DEATH Many patients are maintained on artiﬁcial ventilation in intensive care units (ICUs). It is important to be able to decide between those who have the potential for survival and those who do not. It is, therefore, important to deﬁne the condition of brainstem death in which the heart and lungs function but there is no cerebral activity. Brainstem death is regarded as the legal equivalent of death as customarily deﬁned by cessation of heart beat and spontaneous respiration. In order to make the diagnosis of brain death, certain preconditions must be satisﬁed:
 
 • •
 
 The patient’s condition must be known to be due to irreversible brain damage of known aetiology. The patient must be in apnoeic coma, i.e. deeply unconscious and dependent on artiﬁcial ventilation.
 
 There are certain exclusion criteria. There should be no doubt that other, potentially reversible, causes of the state of unconsciousness have been excluded, these include:
 
 • • •
 
 residual drug effects – effects of narcotics, hypnotics, tranquillisers and muscle relaxants; hypothermia – this must be excluded; the core temperature must be 35ºC; and circulatory, metabolic and endocrine disturbances, e.g. hypernatraemia, diabetic coma.
 
 Once the preconditions and exclusions have been taken into account, there are certain clinical criteria which must be applied to conﬁrm the absence of brainstem
 
 reﬂexes and the absence of spontaneous respiration. The following brainstem reﬂexes are tested for:
 
 •
 
 •
 
 •
 
 • •
 
 •
 
 Pupillary. There should be no pupillary response to light. The pupils do not respond either directly or consensually to sharp changes of the intensity of incident light. Cranial nerves involved in this reﬂex are II and III. Absent corneal reﬂexes. There should be no response to direct stimulation of the cornea. This would normally result in blinking of the eye. The cranial nerves tested are V and VII. No motor response to central stimulation. There should be no motor response within the cranial nerve distribution in response to adequate stimulation of any somatic area. The usual test is to apply supraorbital pressure. Absent gag reﬂex. The back of the throat is touched with a catheter. There should be no gagging. This tests cranial nerves IX and X. Absent cough reﬂex. There should be no response to bronchial stimulation by a catheter passed via the endotracheal tube. This tests cranial nerves IX and X. Absent vestibulo-ocular reﬂex. There should be clear access to the tympanic membrane which is conﬁrmed by visual inspection with an auriscope. The head is ﬂexed at 30º. There should be no eye movements following slow injection of 50 mL of ice cold water over one min into each external auditory meatus in turn. This tests cranial nerves VIII, III and VI.
 
 Finally, spontaneous respiration must be demonstrated to be absent despite a stimulus that should provoke it. This is done by disconnecting the patient from the ventilator in the presence of a PaCO2 above the threshold for respiratory stimulation. This is performed by preoxygenating the patient with 100% oxygen for at least ten min. The PaCO2 is allowed to rise to 5.0 kPa before testing. The patient is then disconnected from the ventilator. Oxygen is insufﬂated at 6 L/min via an endotracheal tube to maintain adequate oxygenation during the test, and the PaCO2 is allowed to rise above 6.65 kPa. There should be no spontaneous respirations noted. These tests should be carried out on two occasions, the time interval between the tests being a matter of clinical judgement. The tests should be carried out by two medical practitioners registered for more than ﬁve years, at least one of whom should be a consultant. They should be competent in the ﬁeld and not members of the transplant team.
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 The legal time of death is on completion of the ﬁrst set of brainstem tests, although death is not conﬁrmed until the second set of tests is satisﬁed.
 
 PATHOLOGY HEAD INJURY In the UK approximately 250 per 100 000 population present to hospital each year with head injuries, most of which are due to road trafﬁc accidents and falls. Head injury is one of the most frequent causes of disability and death, especially in young males. Head injuries may be classiﬁed according to their aetiology, i.e. missile or non-missile (blunt) injuries. Missile injuries have been referred to as penetrating injuries in the past, but in some cases the missile does not penetrate but causes a depressed fracture without penetrating brain substance.
 
 Missile injury These may be divided into three types:
 
 • • •
 
 depressed injury, where the missile causes a depressed fracture but does not enter the brain; penetrating injuries, where the missile enters the skull cavity but does not leave; and perforating injuries, where the missile enters and leaves the skull cavity. This type of injury is usually caused by high velocity bullet wounds, and the brain damage is extensive.
 
 Non-missile injuries These most commonly occur in road trafﬁc accidents, falls and assaults. Damage may be minor or may result in severe injuries which are rapidly fatal. Brain damage occurs often as a result of acceleration/deceleration creating rotational and shearing forces which act on the mobile brain anchored within the rigid skull. Head injuries which may be fatal can occur without skull fractures. Two main patterns of brain damage occur which are referred to as primary and secondary.
 
 Primary brain damage Contusions These occur when the brain is crushed when coming into contact with the skull. They usually occur at the site of impact but may be severe on the side opposite the impact, i.e. contre-coup lesions.
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 Large contusions may be associated with intracerebral haemorrhage. Diffuse axonal injury This occurs as a result of acceleration/deceleration and rotational movements. It may occur in the absence of a skull fracture. The majority of changes are usually only detectable on histology. Patients who have sustained diffuse axonal injury and survive are usually severely disabled. Treatment cannot reverse primary brain injury. It is aimed at prevention, recognition and treatment of secondary brain damage.
 
 Secondary brain damage This occurs as a result of complications developing after the time of injury. Secondary brain damage may result from:
 
 • • • • •
 
 intracranial haemorrhage; cerebral hypoxia; cerebral oedema; intracranial herniation; and infection.
 
 Sequelae of head injuries Most patients make a satisfactory recovery unless the head injury is severe, when up to 10% may be severely disabled. Consequences of severe head injuries include:
 
 • • • • • •
 
 death (often diagnosed as brainstem death); persistent vegetative state; post-traumatic epilepsy; traumatic hemiplegia; post-traumatic dementia; and cranial nerve palsies.
 
 INTRACRANIAL HAEMORRHAGE This may be extracerebral, which occurs in relation to coverings of the brain, or intracerebral, which occurs within the brain.
 
 Intracerebral This is usually an expansile haematoma within brain tissue. Most arise in hypertensive patients who have weak spots (microaneurysms) on their arteriosclerotic cerebral vessels. Other causes include bleeding into a tumour, vascular malformations, and bleeding associated with coagulopathies.
 
 Extracerebral These are divided into different types according to where they occur in relationship to the meninges. Extradural and subdural haemorrhages usually occur
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 following trauma. Subarachnoid haemorrhage usually occurs following rupture of a ‘berry’ aneurysm and may also occur following trauma.
 
 Extradural haemorrhage This is bleeding into the extradural space between the skull and dura. It is caused by a head injury, usually with a skull fracture which causes tearing of an artery or a venous sinus. Classically the injury is to the middle meningeal artery following fracture of the temporal bone. The haematoma lies outside the dura and causes compression of the underlying brain as it expands. Clinically there is usually a lucid interval followed by a rapid increase in intracranial pressure. Transtentorial herniation may occur and manifest itself by reduction in conscious level and by brainstem compression. The condition is fatal unless diagnosed early and treated surgically by evacuation of the clot.
 
 Subdural haemorrhage This is bleeding into the subdural space between the dura and arachnoid mater. Bleeding is usually from small ‘bridging’ veins which cross the subdural space. Trauma is the usual cause. Two types are described as follows. Acute subdural haematoma This is commonly seen following head injury, often associated with a lacerated brain resulting from high speed injuries. The haematoma spreads over a large area. The patient usually has marked brain injury from the outset and is comatose, but the condition deteriorates further. Chronic subdural haematoma This is usually seen in the elderly. Brain shrinkage makes the ‘bridging’ veins between cerebral cortex and venous sinuses more vulnerable. It may result from a trivial and forgotten head injury. It may occur weeks or months after the injury. Presentation is with personality change, memory loss, confusion, and ﬂuctuating level of consciousness.
 
 Subarachnoid haemorrhage This is bleeding into the subarachnoid space between the arachnoid and pia mater. Causes include:
 
 • • • • • • • •
 
 trauma in association with head injury; rupture of a ‘berry’ aneurysm; rupture of a vascular malformation; hypertensive haemorrhage; coagulation disorders; rupture of an intracerebral haematoma into the subarachnoid space; tumours; and vasculitis.
 
 Subarachnoid haemorrhage presents with sudden onset of severe headache. Blood spreads over the cerebral surface of the subarachnoid space. In approximately 15% of cases it is instantly fatal, a further 45% of cases dying later due to rebleeding. Blood accumulates in the basal cisterns and may block the egress of CSF, causing hydrocephalus. This can occur early or later in survivors where ﬁbrous obliteration of the subarachnoid space occurs due to organisation of the clot.
 
 SPACE-OCCUPYING LESIONS These may result from a variety of causes. They cause an expansion in volume of the cranial contents and will eventually cause raised intracranial pressure. Intracranial space-occupying lesions may be either diffuse or focal. Diffuse brain swelling results from either vasodilatation or oedema. Focal brain swellings include tumours, abscess and haematomas. The consequences of intracranial space-occupying lesions include:
 
 • • • •
 
 raised intracranial pressure; intracranial shift; intracranial herniation; and hydrocephalus.
 
 RAISED INTRACRANIAL PRESSURE The skull is a rigid container in which brain, CSF and blood are the only contents. At normal intracranial pressures (10–15 mmHg or 12–18 cmH2O), these three components are in volumetric equilibrium, i.e. ICP  VCSF  VBrain  VBlood. This formula is the basis for the Monro-Kellie hypothesis which states that the ICP will increase if the volume of one component is increased. The increase in ICP can only be compensated for by a decrease in one or both of the other components. The compensatory properties among the intracranial contents follow a pressure/volume exponential curve (Fig. 8.31). Increased volume of any of the three components can be balanced up to a certain level without any increase in the intracranial pressure. However, eventually a critical volume is reached when any further volume increase results in raised intracranial pressure. The effects of raised intracranial pressure are:
 
 • • • •
 
 hydrocephalus; cerebral ischaemia; brain shift and herniation; and systemic effects.
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 Table 8.5 Clinical manifestations of tentorial herniation
 
 Intracranial pressure (ICP; mmHg)
 
 8
 
 Affected (compressed) structure
 
 Herniation
 
 Clinical manifestation
 
 100
 
 Oculomotor nerve (Cranial III) 80
 
 Ipsilateral cerebral peduncle Contralateral cerebral peduncle Posterior cerebral artery Cerebral aqueduct
 
 60 40
 
 Reticular formation Midbrain
 
 20 Decompensation 0
 
 Ipsilateral pupillary dilatation Contralateral hemiparesis Ipsilateral hemiparesis Cortical blindness Headache and vomiting from hydrocephalus Coma Decerebrate rigidity, death
 
 Intracranial volume (arbitrary units)
 
 Fig. 8.31 Pressure-volume curve for intracranial pressure (ICP). The compensatory properties of the intracranial contents follow a pressure-volume exponential curve. Increased volume of any of the three components, i.e. brain, CSF, blood, can be accommodation up to a certain point without any change in intracranial pressure. Once a critical volume is reached, decompensation occurs, i.e. blood and CSF have been pushed from the cranial cavity and ICP increases exponentially to the point of herniation.
 
 Hydrocephalus This is a common complication of space-occupying lesions where an increase in ICP may result in the interruption of CSF ﬂow. This is most commonly seen in lesions of the posterior cranial fossa which compress the cerebral aqueduct and fourth ventricle.
 
 frequently fatal because of the secondary haemorrhage into the brainstem. Clinical manifestations of transtentorial herniation are shown in Table 8.5. Tonsillar herniation Herniation of the cerebellar tonsils into the foramen magnum causes compression of the medulla. Medullary compression results in decerebrate posture, respiratory failure, and subsequent death. Subfalcial This is caused by a lesion in one hemisphere and leads to the herniation of the cingulate gyrus under the falx cerebri. Diencephalic Generalised brain swelling leads to the midbrain herniating through the tentorium. This is termed ‘coning’.
 
 Cerebral ischaemia
 
 Systemic effects
 
 The effects of raised intracranial pressure are exerted on the vascular component and result in progressive reduction in cerebral perfusion pressure. (Cerebral perfusion pressure  blood pressure – intracranial pressure.)
 
 Systemic effects of raised intracranial pressure are thought to result from autonomic imbalance and overactivity as a result of compression of the hypothalamus. They include:
 
 Brain shift and herniation These usually occur following a critical increase in intracranial pressure. Lumbar puncture is contraindicated in any patient with raised intracranial pressure, as there is a risk of precipitating a potentially fatal brainstem herniation. Herniations occur at some speciﬁc sites: Transtentorial herniation A laterally placed supratentorial mass may push the uncus and hippocampus over the tentorium cerebelli. The oculomotor nerves, cerebral peduncles, cerebral aqueduct, posterior cerebral artery, and brainstem may be compressed by the displaced temporal lobe. Transtentorial herniation is
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 • • • • •
 
 hypertension; bradycardia; respiratory slowing; pulmonary oedema (often haemorrhagic); and gastrointestinal ulceration (Cushing’s ulcer).
 
 Clinical manifestations of raised intracranial pressure Once the phase of compensation between the three components, i.e. brain, CSF and blood, is passed, further increase in volume of intracranial contents will
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 cause an increase in intracranial pressure. The clinical signs and symptoms are:
 
 • • • •
 
 headache – due to distortion and compression of pain receptors within the dura mater and around cerebral blood vessels; nausea and vomiting – due to pressure on the vomiting centre in the pons and medulla papilloedema due to venous obstruction; and decrease in level of consciousness ranging from drowsiness to coma depending on the degree of raised intracranial pressure.
 
 MENINGITIS Bacterial meningitis is the only form of meningitis which the surgical trainee is likely to encounter. Bacteria gain access to the CNS by four main routes:
 
 • • • •
 
 direct spread from an adjacent focus of infection, e.g. middle ear, mastoid, paranasal sinuses, osteomyelitis of vertebrae or skull; blood-borne as part of septicaemia or septic embolus from bacterial endocarditis or bronchiectasis; penetrating wounds, including skull fractures; and iatrogenic, e.g. following lumbar puncture or spinal anaesthesia or following neurosurgical procedures.
 
 Meningitis may affect predominantly the dura mater (pachymeningitis) or the arachnoid or pia mater (leptomeningitis). The latter is the more common.
 
 Pachymeningitis This is usually a consequence of direct spread of infection following otitis media or mastoiditis and is a complication of skull fractures. Common pathogens include haemolytic streptococci from the paranasal sinuses, or Staph. aureus from skull fractures. Epidural abscess (pus between skull and dura mater) or subdural abscesses (pus in the subdural space) may result.
 
 Leptomeningitis This is usually a result of blood-borne spread of infection or may arise from direct spread from the skull bones. Different organisms cause infection at different ages:
 
 • •
 
 neonates – E. coli, Salmonella; children – H. inﬂuenzae type b, Neisseria meningitidis, Streptococcus pneumoniae;
 
 • •
 
 adults – Neisseria meningitidis, Streptococcus pneumoniae; and elderly – Listeria monocytogenes, Streptococcus pneumoniae.
 
 Meningococcal meningitis is the commonest variety. The organism is spread by droplets from asymptomatic nasal carriers. The organism reaches the CNS by haematogenous spread. Onset of the illness is rapid with a petechial rash related to disseminated intravascular coagulation, accompanied by adrenal haemorrhage (Waterhouse–Friderichsen syndrome) which is often fatal.
 
 Complications Complications of bacterial meningitis include:
 
 • • • • •
 
 cerebral infarction; cerebral abscess; subdural abscess; hydrocephalus; and epilepsy.
 
 CEREBRAL ABSCESS Cerebral abscesses usually develop following focal inﬂammation of the parenchyma of the brain. They usually occur as a result of:
 
 • • •
 
 •
 
 direct spread of infection from sepsis in the middle ear or paranasal sinuses; septic cerebral sinus thrombosis due to spread of infection from the mastoid or middle ear via the sigmoid sinus; blood-borne infection, e.g. from infective endocarditis or bronchiectasis. In immunocompromised patients, abscesses may be caused by fungal or protozoal organisms; and trauma – following open skull fractures.
 
 Abscesses may occur in preferential sites according to their aetiology:
 
 • • •
 
 temporal lobe or cerebellum from otitis media; frontal lobe from paranasal sinuses; and parietal lobe from haematogenous spread.
 
 Complications Complications of cerebral abscesses include:
 
 • • • •
 
 meningitis; intracranial herniation; focal neurological deﬁcit; and epilepsy.
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 Cerebral abscesses often cause a dramatic increase in intracranial pressure because of massive surrounding oedema. Lumbar puncture should not be performed in the presence of cerebral abscess, as this may precipitate fatal intracranial herniation.
 
 are radioresistant, and survival overall is usually less than ﬁve years. In children the tumour is often well differentiated and cystic and occurs in the cerebellum. This type is histological benign and may often be completely excised, with potential cure.
 
 CEREBRAL TUMOURS
 
 Glioblastoma multiforme
 
 The constituent cells of the nervous system can be divided into ﬁve main groups:
 
 • • • • •
 
 neurons; glia; microglial cells; connective tissue; and blood vessels.
 
 Glial cells are specialised supporting cells of the CNS and comprise four main cells: astrocytes, oligodendrocytes, ependymal cells and choroid plexus cells. Microglial cells belong to the macrophage/monocyte system of phagocytic cells. They are important in reactive states, for example in inﬂammation and demyelinating disorders. The connective tissue in the central nervous system is conﬁned to two main types, i.e. the meninges and perivascular ﬁbroblasts. Cerebral tumours may be broadly classiﬁed into two types; glial and non-glial, depending on their cell of origin (Box 8.1).
 
 Types of cerebral tumour Astrocytoma The peak incidence of astrocytoma is in early middle age. They vary in malignancy and some are slow growing and inﬁltrative. Most malignant astrocytomas
 
 Box 8.1
 
 Classiﬁcation of cerebral tumours
 
 Primary • Glial (gliomas) Astrocytomas Medullablastomas Ependymomas Oligodendrogliomas • Non-glial Meningiomas Acoustic neuromas Pituitary tumours Secondary Lung Breast Kidney Melanoma
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 This is the most malignant brain tumour. It is rapid growing and occurs between 40 and 60 years. It is rarely removable surgically and is radioresistant. Most patients are dead within a year of diagnosis.
 
 Medulloblastoma This is the commonest glioma of childhood. It occurs in the ﬁrst decade of life, arising in the roof of the fourth ventricle, and inﬁltrates into the cerebellum. It may cause obstructive hydrocephalus. Spread is by the CSF and it may seed on the spinal cord.
 
 Ependymomas Ependymomas arising from the choroid plexus of the ventricles may be totally removable. Those arising from the ventricular walls are difﬁcult to remove. Most of them are well differentiated. The malignant forms, however, may seed via the subarachnoid space.
 
 Oligodendrogliomas These occur in the cerebral hemispheres and are slow growing. Treatment is by tumour debulking and radiotherapy. Most patients are dead within ﬁve years of diagnosis.
 
 Meningiomas Meningiomas arise from arachnoid cells. They usually occur in females in the 40–60 age group. They compress the cerebral cortex early in their growth, and, therefore, ﬁts may be an early sign. They may rarely cause osteoblastic change in the overlying bone, giving rise to exostosis producing a palpable lump over the vault of the skull. The most frequent sites are the parasagittal region, sphenoidal wing, olfactory groove and foramen magnum. They are usually slow growing and do not invade brain tissue but compress it. Small tumours are usually curable by excision. Even with subtotal excision for large tumours the prognosis is good.
 
 Acoustic neuroma This arises from Schwann cells of the nerve sheath of the eighth cranial nerve at the internal auditory meatus. As the tumour grows, it expands the internal auditory canal, extends into the cerebellopontine angle, compressing the pons, the cerebellum and adjacent cranial nerves. It may be a feature of von Recklinghausen’s
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 disease. Acoustic neuroma should always be considered in a patient with unilateral sensorineural deafness with tinnitus. It usually occurs in the age range 30–60. Facial weakness with unilateral taste loss is a later manifestation. The corneal reﬂexes are lost relatively early when the trigeminal nerve is stretched by the tumour. Dysphagia, hoarseness and dysarthria may arise due to involvement of nerves IX, X and XI. Unilateral cerebellar signs and features of raised ICP may occur, but these are now a rare occurrence.
 
 Secondary tumours The CNS is a common site for metastases, which may occur by haematogenous or direct spread. The commonest neoplasms to metasasize to the CNS are carcinoma of the breast, bronchus, kidney, colon, and also malignant melanomas.
 
 Clinical features of CNS tumours CNS tumours may present clinically in two main ways:
 
 • •
 
 local effects – these may include cranial nerve palsies, epilepsy, or paraplegia with a spinal cord tumour; and mass effects – many tumours may present with non-speciﬁc signs of space-occupying lesions without any localising signs. These symptoms include confusion, drowsiness, headache and vomiting. Other features may relate to the development of hydrocephalus and intracranial herniation.
 
 Pituitary tumours These cause symptoms because of their endocrine capacity or their effects on the optic chiasma. Secretory tumours (e.g. prolactinoma) Many tumours contain a mixture of secretory cells. Presentation is inﬂuenced by the hormonal production and the size of the tumour. Secretory tumours are usually small. Non-secretory tumours These usually grow to a large size and present through local effects. The symptoms and signs depend upon whether they arise from the endocrine capacity or local pressure effects. Bitemporal hemianopia results from compression of the optic chiasma. Compression of secretory cells by non-secretory tumours may result in hypopituitarism. Symptoms include reduced libido, infertility, amenorrhoea, myxoedema, depression, loss of sex characteristics, and hypoadrenalism. In children, growth arrest
 
 may occur. Hormonally active tumours may result in the following:
 
 • • •
 
 overproduction of growth hormone: before fusion of the epiphyses, this will cause gigantism; in adult life acromegaly results; hyperprolactinaemia: this is characterised by amenorrhoea, infertility, galactorrhoea, and impotence; and Cushing’s disease (see Chapter 14).
 
 SPINAL CORD INJURIES AND COMPRESSION Cord injuries Over 80% of spinal injuries result from road trafﬁc accidents, the remainder resulting from falls and other trauma, e.g. penetrating wounds. Penetrating trauma may result in incomplete cord transection which may manifest clinically as Brown–Séquard syndrome (see below). Closed injuries are responsible for most spinal cord trauma and are usually associated with fractures or fracture/dislocations of the vertebral column. As with brain injuries there is primary and secondary damage:
 
 • •
 
 primary damage – contusions, transections, haemorrhage, necrosis; and secondary damage – extradural haematoma, infarction, infection, oedema.
 
 Contusion or laceration is the usual result of spinal cord injury. There is resulting oedema and increased tissue pressure, and this, together with cord haemorrhage, further limits the blood supply. The distribution of cord oedema, of haemorrhage and of infarction determines the neurological symptoms and the signs elicited at the time of evaluation. Spinal cord injuries may be complete or incomplete.
 
 Complete When the spinal cord is transected there are three major and immediate effects:
 
 • • •
 
 loss of voluntary movement in all parts innervated by the isolated spinal segment, i.e. distal to the level of transection; this loss is irreversible; a loss of all sensation from those areas which depend on ascending spinal pathways crossing the site of injury; and spinal shock.
 
 With complete cord transection there is no voluntary nervous function below the injury site. There is an initial phase of spinal shock with a loss of all reﬂexes below the injured cord. These include the bulbocavernosus and
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 anal reﬂexes, and deep tendon reﬂexes. Spinal shock may last for a few hours to several weeks. The cessation of the spinal shock phase is marked by return of reﬂex activity in the spinal cord when the lesion is above the sacral segment, i.e. when there is an upper motor neuron lesion. The anal and bulbocavernosus reﬂexes are usually the ﬁrst to return. The anal and bulbocavernosus reﬂexes both depend on intact sacral reﬂex arcs. The anal reﬂex is elicited by pricking the perianal skin with a pin when there is a visible contraction of the anal sphincter. The bulbocavernosus reﬂex is contraction of the anal sphincter in response to squeezing the glans penis.
 
 Incomplete In incomplete spinal cord injuries some function is present below the site of the injury. These injuries have a more favourable prognosis overall. There are recognised patterns of incomplete cord injury, although these are rarely ‘pure’ and variations may occur. The functional anatomy of the tract of the spinal cord has already been described. The dorsal columns contain ﬁbres serving ﬁne and discriminative tactile sensation as well as proprioception. The lateral corticospinal tract (crossed pyramidal tract) controls skilled voluntary movement, and the ﬁbres in these tracts are somatopically arranged, ﬁbres for the lower part of the cord being lateral and those for the upper levels medial. The spinothalamic tracts conduct pain and temperature sensation. Pain and temperature ﬁbres enter the posterior roots, ascend a few segments, relay in the substantia gelatinosa, then cross to the opposite site to ascend in these tracts to the thalamus, where they are then relayed to the sensory cortex. The ﬁbres in these tracts are somatotopically arranged, those for the lower limb being superﬁcial and those for the upper limb deepest in the cord. The arrangement of the ﬁbres in the various tracts is shown in Fig. 8.32. The following are recognised patterns of incomplete cord injury (Fig. 8.33). Anterior cord syndrome Damage to the anterior cord is particularly associated with ﬂexion/rotation injuries to the spine, producing an anterior dislocation or by compression fracture of a vertebral body with bone encroaching on the vertebral canal. In addition to direct damage there is often compression of the anterior spinal artery so that the corticospinal and spinothalamic tracts are damaged by a combination of direct trauma and ischaemia. The result of this lesion is a loss of power as well as reduction of pain and temperature sensation below the lesion. Because
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 Fig. 8.32 Cross-section of the spinal cord showing the representation of the cervical (C), thoracic (T), lumbar (L) and sacral (S) areas in the various spinal tracts.
 
 Fig. 8.33 Incomplete spinal cord injury. A anterior cord syndrome; B central cord syndrome; C posterior cord syndrome; D Brown–Séquard syndrome. The dark shaded areas show the region of the cord involved.
 
 the dorsal columns remain intact, touch and proprioception are unaffected. Central cord syndrome This is typically seen in the older patient with cervical spondylosis who sustains a hyperextension injury. This may be from relatively minor trauma. The spinal cord is compressed between the osteophytes of the vertebrae and intravertebral disc in front and the thickened ligamentum ﬂavum posteriorly. The more centrally situated cervical tracts supplying the arm tend to be more involved
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 than the more peripherally placed tracts affecting the legs. Classically there is a ﬂaccid (lower motor neuron) weakness of the arms but, because the distal leg and sacral motor and sensory ﬁbres are located most peripherally in the cervical cord, perianal sensation and some lower extremity movement and sensation may be preserved. Posterior cord syndrome This syndrome is most commonly seen in hyperextension injuries with fractures of the posterior elements of the vertebrae. The posterior columns are involved and, therefore, proprioception is affected. The patient usually has good power and sensation for pain and temperature below the lesion, but there may be profound ataxia due to the loss of proprioception which produces an unsteady and faltering gait. Brown–Séquard syndrome This is hemisection of the cord. It may result from either stab injuries or fractures of the lateral mass of the vertebrae. The classical picture is paralysis on the affected side below the lesion (pyramidal tract), and also loss of proprioception and ﬁne discrimination (dorsal columns). Pain and temperature are normal on the side of the lesion but are lost on the opposite side below the lesion because the affected spinothalamic tract carries ﬁbres which have decussated below the level of cord hemisection. The uninjured side, therefore, has good power but reduced or absent sensation to pin prick and temperature. Cauda equina syndrome This syndrome may arise from bony compression or disc protrusions in the lumbar or sacral region, with compression of the lumbosacral nerve roots below the conus medullaris. This is a lower motor neuron lesion, and bowel and bladder dysfunction, as well as leg numbness and weakness, occur commonly with this syndrome.
 
 Autonomic defects in spinal cord injuries Vasomotor control Problems with hypotension arise in cervical or high thoracic lesions, i.e. those above the sympathetic outﬂow (T5). Because of interruption of sympathetic splanchnic control, the upright position results in hypotension secondary to impaired venous return, with consequent syncope. Adaptive mechanisms possibly related to spinal reﬂexes occur with time. Control of the vasomotor system is labile during the ﬁrst few days after a cervical spinal cord injury. There is a risk of sudden cardiac arrest following turning of the patient. Temperature control The patient does not have the usual thermoregulatory mechanisms working below
 
 the level of the lesion. This is particularly so in quadriplegics. The mechanisms allowing for vasoconstriction to conserve heat are lost. The patient is unable to shiver and consequently is unable to increase the body temperature. Also, the patient cannot sweat below the level of the lesion in response to hyperthermia. The quadriplegic patient, therefore, tends to assume the temperature of the environment. Bladder control After a spinal injury the effect on the bladder depends on the level of injury, degree of damage, and the time interval after the injury.
 
 •
 
 •
 
 •
 
 Spinal shock. There is ﬂaccid paralysis below the level of the lesion with absent reﬂexes. The patient develops acute retention of urine and requires catheterisation. Upper motor neuron lesion. If this is above the sacral segments, reﬂex activity returns after the phase of spinal shock passes and an automatic type of bladder results, i.e. the bladder empties involuntarily as it ﬁlls with urine. There is no sensation of bladder fullness. Lower motor neuron lesion. The reﬂex arc is interrupted and an autonomous bladder results. Bladder function is governed by a myogenic stretch reﬂex inherent in the detrusor muscle. There is a linear increase in intravesical pressure with ﬁlling until capacity is reached. Overﬂow incontinence then occurs.
 
 Mixed types of lesions may occur with damage to the conus medullaris and cauda equina. Bowel In a spinal cord lesion above the sacral segments the defaecation reﬂex is intact but automatic emptying of the lower bowel will occur because the normal control exercised by voluntary contraction of the external sphincter is lost and sensation is impaired. The external sphincter will be hypertonic in an upper motor neuron lesion. In a lower motor neuron lesion the reﬂex is interrupted but the autonomous bowel has intrinsic contractile mechanisms. The external anal sphincter is weak, and the anus is patulous with absent tone. Autonomic dysreﬂexia This is seen in patients with cervical cord injuries above the sympathetic outﬂow but may also occur with high thoracic lesions above T5. It occurs after the period of spinal shock has worn off and results from distension of the bladder, which causes reﬂex sympathetic overactivity below the level of the spinal cord lesion, causing vasoconstriction and systemic hypertension. The carotid and aortic baroreceptors are stimulated and respond via
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 the vasomotor centre with increased vagal tone, with resultant bradycardia. The peripheral vasodilatation which would have normally relieved the hypertension does not occur because the stimuli cannot pass distally through the severed cord. The patient develops a severe headache with profuse sweating and ﬂushing of the skin above the level of the lesion. Intracranial haemorrhage may occur.
 
 Spinal cord and nerve root compression The following are the main causes of spinal cord and nerve root compression:
 
 • • • • • •
 
 prolapsed intravertebral disc; trauma; tumour, e.g. metastases, myeloma; infection, e.g. tuberculosis, abscess; skeletal disorders, e.g. osteoarthritis, Paget’s disease; and vascular, e.g. haemorrhage, vascular malformation.
 
 Prolapsed intravertebral disc This usually occurs in the middle-aged or elderly due to degenerative disc disease but may occur in young adults following strenuous exercise. The posterior part of the annulus ﬁbrosus is relatively thin. A tear occurs in the annulus ﬁbrosus, and the gelatinous nucleus pulposus herniates out either posteriorly and posterolaterally. In the latter case it impinges on the nerve roots causing sciatica if it occurs in the lumbosacral region. Central herniation is less common but may cause direct cord damage and may occasionally compress the anterior spinal artery, leading to infarction. The commonest sites for disc prolapse are L4/5, L5/ S1 or in the neck, C5/6 or C6/7. A prolapsed L4/5 disc produces pressure on the root of L5 nerve and that of L5/S1 on S1 nerve. Pain is referred to the back of the leg and foot along the distribution of the sciatic nerve (sciatica). With an L5 lesion there may be weakness of ankle dorsiﬂexion and numbness over the lower and lateral part of the leg and medial side of the foot. With an S1 lesion there will be numbness over the lateral side of the foot and the ankle jerk may be diminished or absent. Direct posterior prolapse of the disc may compress the cauda equina. In the cervical region, prolapse occurs immediately above or below the 6th certvical vertebra so that the nerve roots affected are C6 or C7. Sensation may be diminished, especially in the thumb and index ﬁnger (C6) or middle ﬁnger (C7). Motor weakness may occur in triceps and the wrist dorsiﬂexors. The triceps jerk is
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 sometimes reduced but usually the tendon reﬂexes are normal.
 
 Osteoarthritis Spondylosis occurs due to osteoarthritis. It becomes progressively more common over the age of 40 and is often accompanied by degenerative disc disease. Osteophytes occur at the upper and lower margins of the vertebral bodies, adjacent to the attachment of the annulus ﬁbrosus. The osteophytes encroach on the spinal canal or intravertebral foramina and irritate the nerve roots.
 
 PERIPHERAL NERVE LESIONS Peripheral nerves contain sensory and motor axons (or both), most of which are myelinated. Each axon is surrounded by the endoneurium, a sheath of collagen ﬁbres. Groups of axons, called fasciculi, are further surrounded by a connective tissue sheath called the perineurium. The fasciculi themselves are further surrounded by the epineurium, which is a thicker layer of connective tissue. Nerve injury may be caused by one of the following:
 
 • • • •
 
 laceration; contusion; stretch; and compression.
 
 Nerve injuries may be further classiﬁed according to the degree of damage:
 
 • • •
 
 neuropraxia; axonotmesis; and neurotmesis.
 
 Neuropraxia This results in temporary failure of conduction without loss of axonal continuity. Recovery is rapid and complete and takes a few days to a few weeks.
 
 Axonotmesis This is complete division of an axon. If the axon is transected, that part of the axon no longer in continuity with the cell body dies (Wallerian degeneration). The axon distal to the site of injury degenerates. In myelinated ﬁbres this is accompanied by breakdown of myelin around the degenerating axons. Degeneration commences at 3–4 days following injury. In axonotmesis the endoneurial tube remains intact and axonal regeneration can occur unless it is impeded by scar tissue at the site of injury (neuroma in continuity).
 
 NERVOUS SYSTEM CHAPTER TITLE RUNNING HEAD
 
 Neurotmesis This would occur in a nerve laceration. There is complete break in the nerve ﬁbres, i.e. axon, myelin sheath, and endoneurial tube. When a peripheral nerve is severed the distal nerve degenerates. The axon then regenerates from the nerve cell through the rejoined sheaths. The rate of the repair is approximately 1 mm/ day. Unfortunately, individual nerves do not regenerate down their original nerve sheath, and motor axons may regenerate into a sensory distal sheath and vice versa. The functional results are, therefore, variable. The best results occur if the nerve is purely motor or purely sensory or in nerves rejoined by microscopical surgical techniques.
 
 UPPER AND LOWER MOTOR NEURONS Upper motor neurons commence in the motor cortex. Groups of cells control movements rather than individual muscles. The upper motor neurons synapse with the anterior horn cells in the spinal cord. The lower motor neurons are from the anterior horn cells and end involuntary muscle. Lesions of anterior horn cells and ventral nerve roots will be entirely motor. Lesions of peripheral nerves will be mixed motor and sensory. Lower motor neurons are inﬂuenced by upper motor neurons and by the extrapyramidal system and
 
 Box 8.2 Distinction between upper and lower motor neuron lesion Upper Paralysis affects movements rather than muscle Wasting slight Muscles hypertonic (claspknife rigidity) Tendon reﬂexes increased No trophic skin changes Superﬁcial reﬂexes diminished: – absent abdominal reﬂexes – Babinski sign present (both are corticospinal reﬂexes in which the afferent arc is via a small number of ascending ﬁbres in the corticospinal tracts)
 
 Lower Individual or groups of muscles affected Wasting pronounced Muscles hypotonic (ﬂaccidity) Tendon reﬂexes absent or diminished Skin often cold, blue and shiny Superﬁcial reﬂexes unaltered unless sensation also lost
 
 modiﬁcations of muscle tone and reﬂexes result, when correct balance between the two neuron groups is lost. A clinical distinction between upper and lower motor neuron lesions is shown in Box 8.2.
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 ANATOMY HEART Development of the heart The heart begins to develop towards the end of the third week of gestation as a pair of endothelial tubes which fuse to become the primitive heart tube. This develops within the pericardial cavity from which it is suspended from the dorsal wall by a dorsal mesocardium. The primitive heart tube develops grooves which divide it into ﬁve regions: the sinus venosus, atrium, ventricle, bulbus cordis and truncus arteriosus (Fig. 9.1). The arterial and venous ends of the tube are surrounded by a layer of visceral pericardium. The primitive heart tube then elongates within the pericardial cavity, with the bulbus cordis and ventricle growing more rapidly than the attachments at either end, so that the heart ﬁrst takes a U-shape and later an S-shape. At the same time it rotates slightly anticlockwise and twists so that
 
 Truncus arteriosus
 
 the right ventricle lies anteriorly and the left atrium and ventricle posteriorly (Fig. 9.1). Despite this, and an increase in the number of vessels entering and leaving, they still continue to be enclosed together in this single tube of pericardium. As the tube develops, the sinus venosus becomes incorporated into the atrium and the bulbus cordis into the ventricle. Endocardial cushions develop between the primitive atrium and ventricle. An interventricular septum develops from the apex up towards the endocardial cushions. The division of the atrium is slightly more complicated. A structure called the septum primum grows down to fuse with the endocardial cushions, but leaves a hole in the upper part which is termed the foramen ovale. A second incomplete membrane develops known as the septum secundum. This is just to the right of the septum primum and foramen ovale. Thus a valve-like structure develops which allows blood to go from the right to the left side of the heart in the fetus (Fig. 9.2).
 
 SVC Aortic arch
 
 Bulbus cordis Pulmonary veins Ventricle
 
 Pulmonary trunk
 
 Right atrium
 
 Atrium
 
 Primative heart tube
 
 Fig. 9.1
 
 224
 
 Left ventricle
 
 IVC
 
 Sinus venosus
 
 The development of the heart.
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 At birth, when there is an increased blood ﬂow through the lungs and a rise in the left atrial pressure, the septum primum is pushed across to close the foramen ovale. Usually the septa fuse, obliterating the foramen ovale and leaving a small residual dimple (the fossa ovalis). The sinus venosus joins the atria, becoming the two venae cavae on the right and the four pulmonary veins on the left (Fig. 9.1).
 
 Development of the aortic arches A common arterial trunk, the truncus arteriosus, continues from the bulbus cordis and gives off six pairs of aortic arches (Fig. 9.3). These curve around the pharynx to join to dorsal aortae which join together lower down as the descending aorta. These aortic arches are equivalent to those supplying the gill clefts of a ﬁsh. The ﬁrst and second aortic arches disappear early,
 
 the third remains as the carotid artery, and the fourth becomes the subclavian on the right, and the arch of the aorta on the left, giving off the left subclavian. The ﬁfth artery disappears early and the ventral part of the sixth becomes the right and left pulmonary artery, with the connection to the dorsal aortae disappearing on the right but continuing as the ductus arteriosus on the left connecting with the aortic arch. In the early fetus the larynx is at the level of the sixth aortic arch, and when the vagus gives off its nerve to it this is below the sixth arch. However, as the neck elongates and the heart migrates caudally, the recurrent nerves become dragged down by the aortic arches. On the right the ﬁfth and sixth absorb leaving the nerve to hook round the fourth (subclavian) in the adult, while on the left it remains hooked around the sixth arch (the ligamentum arteriosum) of the adult.
 
 Aortic arch Ductus arteriosus SVC Septum secundum Foramen ovale
 
 Pulmonary trunk
 
 Septum primum IVC
 
 Liver Abdominal aorta
 
 Ductus venosus
 
 Umbilical vein Umbilical cord
 
 Comon iliac artery Placenta
 
 Umbilical arteries arising from the internal iliac arteries
 
 Fig. 9.2 The fetal circulation.
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 umbilical arteries, which are branches of the internal iliac artery. At birth when the baby starts to breathe, there is a rise in the left atrial pressure, causing the septum primum to be pushed against the septum secundum and thus to close the foramen ovale. The blood ﬂow through the pulmonary arteries increases and becomes poorly oxygenated, as it is now receiving the systemic venous blood. The pulmonary vascular resistance is also abruptly lowered as the lungs inﬂate, and the ductus arteriosus becomes obliterated over the next few hours or days. This occurs by a prostaglandin-dependent mechanism which causes the muscular component of the ductal wall to contract when exposed to higher levels of oxygen at the time of birth. Closure of the ductus arteriosus is less likely to occur in very premature babies or those with perinatal asphyxia. Ligation of the umbilical cord causes thrombosis and obliteration of the umbilical arteries, vein and ductus venosus. The thrombosed umbilical vein becomes the ligamentum teres in the free edge of the falciform ligament.
 
 Congenital abnormalities of the heart and great vessels
 
 Fig. 9.3
 
 Development of the aortic arches.
 
 Given the complex nature of the development of the heart, it is hardly surprising that there are a number of congenital abnormalities, which may be classiﬁed as follows.
 
 Malposition
 
 Fetal circulation Before birth the circulation (Fig. 9.2) obviously differs from that in the adult because oxygen and food must be obtained from maternal blood instead of from the lungs and the digestive organs. Oxygenated blood from the placenta travels along the umbilical vein, where virtually all of it bypasses the liver in the ductus venosus joining the inferior vena cava (IVC) and then travelling on to the right atrium. Most of the blood then passes straight through the foramen ovale into the left atrium so that oxygenated blood can go into the aorta. The remainder goes through the right ventricle with the returning systemic venous blood into the pulmonary trunk. In the fetus the unexpanded lungs present a high resistance to pulmonary ﬂow, so that blood in the main pulmonary trunk would tend to pass down the low resistance ductus arteriosus into the aorta. Thus the best-oxygenated blood travels up to the brain, leaving the less well-oxygenated blood to supply the rest of the body. The blood is returned to the placenta via the
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 This includes dextrocardia, which is a mirror image of the normal anatomy, or situs inversus, where there is inversion of all the viscera. (Appendicitis may present as left iliac fossa pain in this condition.) These are very rare in normal life, but slightly more common in exams! In pure dextrocardia there is no intracardiac shunting and cardiac function is normal.
 
 Left to right shunts (late cyanosis) Atrial septal defect (ASD) This may be from the ostium primum, secundum or sinus venosus and represents failure in the primary or secondary septa. Clinically important septal defects with intracardiac shunting should be differentiated from a persistent patent foramen ovale, where a probe may be passed obliquely through the septum, but ﬂow of blood does not occur after birth, because of the higher pressure in the left atrium. This condition is said to occur in 10% of subjects, but it is not normally of any signiﬁcance. Atrial septal defects requiring closure have previously
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 been treated with a pericardial patch but more recently catheter-introduced atrial bafﬂes made of Dacron have been used. Ventricular septal defect Ventricular septal defect (VSD) is the most common abnormality. Small defects in the muscular part of the septum may close. Larger ones in the membranous part just below the aortic valves do not close spontaneously and may require repair. Patent ductus arteriosus (PDA) Occasionally this normal channel in the fetus fails to close after birth and should be corrected surgically because it causes increased load to the left ventricle and pulmonary hypertension, and along with septal defects may later cause reverse ﬂow and, therefore, late cyanosis. Eisenmenger’s syndrome Pulmonary hypertension may cause reversed ﬂow (right to left shunting). This is due to an increased pulmonary ﬂow resulting from either an ASD, or VSD or PDA. When cyanosis occurs from this mechanism it is known as Eisenmenger’s syndrome.
 
 Right to left shunts (cyanotic) Fallot’s tetralogy The four features of this abnormality are VSD, a stenosed pulmonary outﬂow tract, a wide aorta which overrides both the right and left ventricles, and right ventricular hypertrophy. Because there is a right to left shunt across the VSD there is usually cyanosis at an early stage, depending mainly on the severity of the pulmonary outﬂow obstruction.
 
 Obstructive non-cyanotic abnormalities Coarctation of the aorta This is a narrowing of the aorta which is normally just distal to the ductus arteriosus and is thought to be an abnormality related to the obliterative process of the ductus. There is hypertension in the upper part of the body, with weak delayed femoral pulses. Extensive collaterals develop to try and bring the blood down to the lower part of the body, resulting in large vessels around the scapula, anastomosing with the intercostal arteries and the internal mammary and inferior epigastric arteries. These enlarged intercostals usually cause notching of the inferior border of the ribs, which is a diagnostic feature seen on chest x-ray. This is another condition which used to require a major thoracic operation but now can frequently be treated by balloon angioplasty. Abnormalities of the valves Any of these may be imperfectly formed and tend to cause either stenosis or complete occlusion (atresia). The pulmonary and the aortic valves are more frequently affected than the other two.
 
 Anatomy of the heart Surfaces and borders The heart (Fig. 9.4) is a muscular organ which pumps the blood around the arterial system. It consists of four chambers: right and left atria and right and left ventricles. When viewed from the front it has three surfaces and three borders. The anterior surface consists almost entirely of the right atrium and right ventricle with a narrow strip of left ventricle on the left border and the auricle of the left atrium just appearing over the top of this. It lies just behind the sternum and costal cartilages. The posterior surface consists of the left ventricle and left atrium with the four pulmonary veins entering it, and the right edge is visible. The inferior or diaphragmatic surface consists of the right atrium with the IVC entering it and the lower part of the ventricles. The three borders are the right, the inferior and the left. The right is made up entirely of the right atrium with the SVC and IVC. This extends from the third to the sixth right costal cartilage approximately 3 cm from the midline. The inferior border consists of the right ventricle and the apex of the left ventricle. It extends from approximately 3 cm to the right of the midline at the level of the sixth costal cartilage to the apex which is in the ﬁfth left interspace in the mid-clavicular line (approximately 6 cm from the midline). The left border extends from the apex up to the second left interspace approximately 3 cm from the midline (Fig. 9.5). The outline of the heart can be seen clearly on a chest x-ray (Fig. 9.6). The apex of the heart is the lowest and most lateral point on the chest wall at which the cardiac impulse can be felt. As the heart is in contact with the diaphragm, it moves with each respiration. However, the anterior ﬁbres of the diaphragm are short, so that the central tendon on which the heart rests moves relatively less.
 
 Chambers of the heart The heart (Fig. 9.7) consists of a right side which pumps blood through the lungs and the left side which pumps it through the systemic circulation. The atria collect blood from the veins and pump it into the ventricles during ventricular relaxation (diastole). When the ventricles are full they contract (systole), the valves between the atria and ventricles close, and the ventricles discharge their contained blood into the appropriate great vessel. Right atrium This receives blood from the SVC and IVC and from the coronary sinus. Running down between the venae cavae is a muscular ridge, the crista terminalis, which separates the smooth walled posterior
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 Arch of aorta Pulmonary trunk
 
 Superior vena cava
 
 Pulmonary trunk
 
 Left pulmonary artery Right pulmonary veins
 
 Left auricle Right coronary artery Right atrium
 
 Left ventricle
 
 Left atrium Coronary sinus
 
 Small cardiac vein
 
 Right ventricle Anterior descending (interventricular) branch of left coronary artery and great cardiac vein
 
 Posterior Middle cardiac vein interventricular artery
 
 Fig. 9.4 The heart and great vessels. A anterior view. B posterior view. Source: Rogers, A W Textbook of anatomy; Churchill Livingstone, Edinburgh (1992).
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 Fig. 9.5 The surface projections of the heart. A, P, T and M indicate auscultation areas for the aortic, pulmonary, tricuspid and mitral valves. Source: Rogers op. cit.
 
 part of the atrium, which is derived from the sinus venosus, from the rougher area due to the pectinate muscles derived from the true atrium. The interatrial septum has an oval depression (the fossa ovalis) which marks the site of the fetal foramen ovale (Fig. 9.7).
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 Right ventricle The walls (Fig. 9.7) are much thicker than those of the atrium and there are a series of muscular thickenings, the trabeculae carnae. The tricuspid valve lies between the right atrium and right ventricle, and the three valve cusps are referred to as septal, anterior and posterior. The atrial surfaces are smooth, but the ventricular surfaces have a number of ﬁbrous cords, the chordae tendineae, which attach them to the papillary muscles on the wall of the ventricle. These prevent the valve cusps from being everted into the atrium when the ventricle contracts. The pulmonary valve lies just above the right ventricle at the beginning of the pulmonary trunk and consists of three semilunar cusps each with a thickening in the centre of its free edge. The pulmonary trunk has a dilatation or sinus alongside each of the cusps. Left atrium The left atrium (Fig. 9.8) also develops both from a combination of the fetal atrium and the sinus venosus. There are four pulmonary veins, two from each side. On the interatrial surface there is again an impression representing the site of the fetal interatrial foramen. Left ventricle The walls of the left ventricle (Fig. 9.8) are three times thicker than those of the right
 
 CARDIOVASCULAR SYSTEM CHAPTER TITLE RUNNING HEAD
 
 Blood vessels in the lung Trachea
 
 Clavicle Ribs
 
 Heart shadow Heart shadow
 
 Diaphragm
 
 Fig. 9.6 PA radiographs of the chest. A inspiration. B expiration. Source: Rogers op. cit.
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 ventricle because the vascular resistance of the systemic circulation is so much greater than that of the pulmonary vasculature. The mitral valve lies between the atrium and ventricle and has two large cusps which were thought by early anatomists to look like a bishop’s mitre. Chordae tendineae run from the ventricular
 
 Fig. 9.7 The interior of the right side of the heart. Source: Rogers op. cit.
 
 surfaces and margins of these cusps to papillary muscles in the ventricular wall, as with the right ventricle. The aortic valve is similar to the pulmonary valve but stronger to cope with the higher pressure. There are three cusps – right, left and posterior – and each also has a central nodule in the free edge and a sinus or
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 Serous pericardium Inferior vena cava Atrioventricular bundle
 
 Mitral valve
 
 Right bundle branch
 
 Fig. 9.9 The conducting system of the heart. Source: Rogers op. cit.
 
 Chordae tendineae
 
 Fig. 9.8 The interior of the left side of the heart. Source: Rogers op. cit.
 
 dilatation in the aortic wall alongside each cusp. The left and right coronary arteries open from the left and right valves, respectively. In about 1% of the population the aortic valve is bicuspid, and these individuals are more likely to develop calciﬁcation and stenosis in later life.
 
 Fibrous skeleton The two atrioventricular oriﬁces are bound together by a conjoined ﬁbrous ring in the form of a ﬁgure of eight which acts as a ﬁbrous skeleton to which the valves are attached and which also serves for attachment of the muscles of both the atria and the ventricles. This provides a tough yet ﬂexible ﬁbrous skeleton which helps to maintain the shape and position of the heart, but allows some change of shape during contraction.
 
 Conducting system Although cardiac muscle is similar to skeletal muscle in many ways, it does have certain differences. Cardiac muscle cells tend to be shorter and are frequently Yshaped and are linked at each end to other muscle cells. At the sites of attachment there is an intercalated disc which, as well as anchoring the membranes of the cells, permits the spread of electrical activity. Cardiac muscle cells are able to contract both spontaneously and rhythmically, and indeed isolated cells in culture contract regularly. As all the cells are in contact with each other and can all contract spontaneously, those
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 with the fastest rate of contraction will drive the others. These are situated in the wall of the right atrium at the upper end of the crista terminalis (Fig. 9.9) and are termed the sinoatrial node (SA node or ‘pacemaker of the heart’). From there the cardiac impulse spreads through the atrial muscles to reach the atrioventricular node, which lines the atrial septum close to the opening of the coronary sinus. From there the atrioventricular bundle (of His) passes through a channel in the ﬁbrous skeleton of the heart to the membranous part of the interventricular septum, where it divides into a right and left bundle branch. The left bundle is larger than the right and divides into an anterior and posterior fascicle. These run underneath the endocardium to activate all parts of the ventricular musculature in such a way that the papillary muscles contract ﬁrst and then the wall and septum in rapid sequence from the apex towards the outﬂow track, with both ventricles contracting together. The atrioventricular bundle is normally the only pathway through which impulses can reach the ventricles.
 
 Blood supply to the heart The arterial supply (Fig. 9.4) is of great clinical importance, as coronary occlusion is the chief cause of mortality in the western world. The right and left coronary arteries arise from the anterior and the left aortic sinuses, respectively, just above the aortic valve, and the main branches lie in the interventricular and the atrioventricular grooves. Right coronary artery This passes between the pulmonary trunk and the right atrium and runs along the
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 atrioventricular groove around the inferior border to the diaphragmatic surface. It ends by anastomosing with the terminal branch of the left coronary artery. The main branches are an artery to the SA node and adjacent atrium, the right marginal artery and the posterior interventricular which really runs inferiorly and is often called by clinicians the posterior descending artery. This branch also supplies the AV node and bundle, and parts of the right and left bundle branches. Left coronary artery Arising from the left aortic sinus the left coronary artery (the left main stem) varies from 4–10 mm in length and is the most important artery in the human body, in that occlusion will invariably lead to rapid demise! If stenosis of this artery is diagnosed, urgent operation is required to bypass it. It continues passing to the left behind the pulmonary trunk, reaching the atrioventricular groove. It is initially under cover of the left auricle, where it divides into two branches of equal size: the anterior interventricular (left anterior descending) and the circumﬂex artery. The circumﬂex artery continues around the left surface of the heart in the atrioventricular groove to anastomose with the terminal branches of the right coronary artery. The left anterior descending (also known as ‘the widow maker’!) runs down to the apex of the heart in the anterior interventricular groove, supplying the walls of the ventricles down the interventricular septum. It gives off the diagonal branch and goes on to anastomose with the posterior interventricular artery. However the natural anastomosis is poor and unless there has been a gradual stenosis giving time for collaterals to develop, sudden occlusion of a mild stenosis from plaque rupture (see p. 271), is almost invariably fatal, hence it’s nickname. There are some reasonably common variations. Firstly, the left coronary and circumﬂex artery may be larger and longer than usual and give off the posterior interventricular artery before anastomosing with the right coronary, which is smaller than usual. This occurs in approximately 10% of the population and is known as ‘left dominance’. Another 10% have ‘codominant’ coronary circulation with equal contribution to the posterior interventricular branch. In approximately one-third of individuals the left main stem may divide into three rather than two branches. The third branch, the intermediate, lies between the left anterior descending and the circumﬂex and may be of large calibre and supply the lateral wall of the left ventricle. The blood supply to the conducting system is of clinical importance. In just under 60% of the population the SA node is supplied by the right coronary artery,
 
 while in just under 40% it is supplied by the circumﬂex (dual supply in 3%). The AV node is supplied by the right coronary artery in 90% and circumﬂex in 10%.
 
 Venous drainage There are three groups of veins of the heart (Fig. 9.4): 1. Some tiny veins that drain directly into the chambers of the heart (venae cordis minimae). 2. The anterior cardiac veins, which are small and open directly into the right atrium. 3. The coronary sinus, which is the main venous drainage; it lies in the posterior atrioventricular groove and opens into the right atrium just to the left of the mouth of the IVC. It has three main tributaries: • the great cardiac vein, which ascends in the anterior interventricular groove next to the left anterior descending artery; the • middle cardiac vein, which drains the posterior and inferior surface and lies next to the posterior interventricular artery; and • the small cardiac vein, which accompanies the right marginal artery and drains into the termination of the coronary sinus.
 
 Nerve supply to the heart The sympathetic supply (cardio-accelerator) is from the upper thoracic segment of the spinal cord through the sympathetic trunk, and the parasympathetic supply is from the vagus (cardio-inhibitor), and the ﬁbres of each go via the superﬁcial and deep cardiac plexuses. Pain ﬁbres pass through sympathetic ganglia to spinal nerves via the white rami communicantes. The close proximity with the cervical and thoracic spinal nerves may explain the site of referred cardiac pain to the chest, neck and arm.
 
 Pericardium Fibrous pericardium The heart and the roots of the great vessels are contained within the ﬁbrous pericardium. It is fused with the adventitia of the great vessels. You will remember from the development of the heart that the pericardium surrounded the original primitive heart tube, which subsequently had two arteries and two veins at each end and then, as the heart enlarged, folded upon itself so that the arteries and the veins were close to each other. This still applies, and the two arteries become the aorta and the pulmonary trunk while the veins to the right atrium become the SVC and IVC and to the left the four pulmonary veins, and these latter two structures become incorporated into
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 their respective atria. Thus, the SVC and IVC and the four pulmonary veins are all invested with the same layer of ﬁbrous pericardium, while there is another layer investing the aorta and the pulmonary trunk, and the gap between the two becomes the transverse sinus while the blind end coming up between the four pulmonary veins and the IVC becomes the oblique sinus. The ﬁbrous pericardium can stretch very gradually if there is a gradual enlargement of the heart, but if there was a sudden increase in the volume of its contents, such as from bleeding, then it cannot stretch and will embarrass the function of the heart (cardiac tamponade). Serous pericardium This covers the heart and the origin of the great vessels and fuses with the ﬁbrous pericardium at the sites around the great vessels just described. This is a very small space between the two layers, which normally has a small amount of ﬂuid allowing lubrication for movement of the heart within the pericardium.
 
 Clinical features Cardiac arrest Because the bulk of the heart and especially the ventricles is just behind the sternum, regular compression there can be used for external cardiac massage in cardiac arrest until more deﬁnitive treatment can be given.
 
 Cardiac tamponade A chronic pericardial effusion may be drained by inserting a needle just to the left of the xiphisternum, pointing upwards at an angle of about 45º and slightly laterally towards the tip of the left scapula. This is done under both electrocardiogram (ECG) and image intensiﬁer control when a guidewire is passed through a needle and then a catheter over the guidewire, with minimal aspiration till the catheter is in place. This reduces the risk of the right ventricle expanding on to the needle, with the risk of potentially fatal myocardial laceration, if aspiration is done earlier before the needle has been removed. In an acute cardiac tamponade if there is not time to get imaging it is safer to make an incision just to the left of the xiphisternum and deepen the wound in the same direction as previously described, but using a combination of forcep and ﬁnger dissection. If the diagnosis is correct, a bulging pericardium will be felt; if it is not, no harm has been done.
 
 Cardiac surgery Thoracotomy The most common approach to the heart for cardiac surgery is the median sternotomy
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 in which the sternum is split in the midline, the diaphragm detached and tissues behind dissected away carefully avoiding damaging the pleura, particularly on the right, as it may cross the midline a little. Other methods are lateral thoracotomy in which the approach is through the upper border of the chosen rib, trimming the periosteum off and thus avoiding damage to the intercostal nerve and vessels which run in a groove just below the rib. Cardiopulmonary bypass The superior and inferior venae cavae are cannulated through the wall of the right atrium to take blood to the bypass machine which will oxygenate the blood, and this will then be brought back through a cannula in the aortic arch, usually proximal to the brachiocephalic trunk. Coronary artery bypass grafts Traditionally the great saphenous vein has been used to anastomose from the ascending aorta to the relevant coronary vessel distal to the block. The ten-year results are that approximately one-third are normally patent, onethird are stenosed and one-third blocked. The internal thoracic (internal mammary) artery may be anastomosed directly to the relevant coronary artery with better results, so much so that if an extra graft is needed or the internal mammary is unavailable, then the non-dominant radial artery may be used, in which case it is obviously very important to check the ulnar blood supply to the hand ﬁrst. Some cardiac surgeons are prepared to use both internal thoracic arteries which may compromise the blood supply to the sternum and impair healing and/or resistance to infection, should it occur. However the majority of patients with coronary artery disease who need intervention are treated with balloon angioplasty with or without stent. This leaves the cardiac surgeons to operate on the complex multi-vessel patients with arterial occlusion, frequently in high risk patients, where angioplasty has often been done as an emergency procedure. Septal defects The atrium is approached through its right border, thus avoiding the SA node, whereas the right ventricle can be incised vertically or transversely, avoiding any obvious arteries or veins. The left atrium can be incised behind the interatrial groove and in front of the two pulmonary veins in order to approach the mitral valve. Transplantation The patient’s heart is removed, incising through the right atrium, leaving the two venae cavae, the posterior wall of the atrium and the region of the SA node intact. The posterior part of the left atrium with the four pulmonary veins is also left in situ. The incision continues through the aorta and pulmonary
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 trunk, and the donor heart is trimmed in a similar way and anastomosed along this line described.
 
 • •
 
 AORTA AND GREAT VESSELS
 
 The arch of the aorta This is a continuation of the ascending aorta and travels ﬁrst superiorly and to the left, and slightly posteriorly, crossing the anterior surface of the trachea and posteriorly over the root of the left lung, and ﬁnishing just to the left of the fourth thoracic vertebra where it becomes the descending aorta (Fig. 9.10). Its apex reaches the midpoint of the manubrium sterni.
 
 Introduction The aorta can be divided into four parts:
 
 • • • •
 
 the ascending aorta; the arch of the aorta; the descending aorta; and the abdominal aorta.
 
 Just above the aortic valve the diameter measures approximately 3 cm, but it gradually tapers as it gives off its branches, so that at the bifurcation of the aorta into common iliacs the diameter is less than 2 cm.
 
 Ascending aorta This measures approximately 5 cm, and the whole of it is within the ﬁbrous pericardium along with the pulmonary trunk. It starts at the aortic valve and goes up and slightly to the right, ending to the right of the sternum at the level of the second right costal cartilage.
 
 The left and right coronary arteries are the only branches; these have already been described on pages 230 and 231.
 
 Relations See Fig. 9.4.
 
 •
 
 Branches There are three major branches:
 
 • • •
 
 anteriorly lies the infundibulum of the right ventricle and the pulmonary trunk; posteriorly lies the left atrium and the left main bronchus;
 
 the brachiocephalic artery (which becomes the right common carotid and subclavian artery); the left common carotid artery; and the left subclavian artery.
 
 Relations On the left anterior surface the aortic arch is crossed by:
 
 •
 
 Branches
 
 •
 
 to the right is the right atrium; and to the left is the left atrium and pulmonary trunk.
 
 •
 
 the left phrenic nerve, which descends on the left surface of the pericardium just anterior to the root of the lung down to the diaphragm; and the left vagus nerve, which crosses the arch at the origin of the left subclavian, descending posteriorly to the root of the lung and giving off the left recurrent laryngeal nerve just lateral to the ligamentum arteriosum.
 
 Descending thoracic aorta This is the continuation of the arch and starts opposite the lower border of the 4th thoracic vertebra and
 
 Trachea
 
 Left common carotid artery Left subclavian artery
 
 Brachiocephalic trunk
 
 Left brachiocephalic vein Right brachiocephalic vein
 
 1st rib
 
 Superior vena cava
 
 Left brounchus Arch of aorta
 
 Fig. 9.10 The relations of the arch of the aorta. Source: Rogers op. cit.
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 slightly to the left of it. It ends in the midline at the lower border of the 12th thoracic vertebra, where it passes behind the median arcuate ligament of the diaphragm.
 
 Branches These can be classiﬁed into three groups. Lateral segmental branches These are the posterior intercostal arteries that supply the lower nine of the eleven intercostal spaces. Each artery gives off a dorsal and a lateral cutaneous branch. The dorsal branch gives off a spinal branch to supply the spinal cord. The blood supply to the cord consists of the anterior and posterior spinal arteries, which descend in the pia from the intracranial part of the vertebral artery. They are reinforced by segmental arteries, and in the thoracic region these are the dorsal branches of the 2nd to 11th posterior intercostal arteries. These supply the radicular arteries to the spine, which are a very important contribution to reinforce the longitudinal vessels. As a consequence they are known as ‘booster’ or ‘feeder’ vessels. These are very variable in size and position. The largest one is known as the arteria radicularis magna (or artery of Adamkiewicz), which most commonly arises at the 10th or 11th thoracic level but may arise anywhere up
 
 to the 4th thoracic level. Operations on the thoracic spine or thoracic aneurysms may interfere with the parent stems of these radicular vessels, which may result in damage to the spinal cord, causing paraplegia. Lateral visceral (bronchial) These supply the bronchial walls and substance of the lung excluding the alveoli. Midline branches There are four or ﬁve oesophageal branches. Relations Anteriorly are the root of the lung, the pericardium of the left atrium, and below that the posterior ﬁbres of the diaphragm. Anteriorly and to the right lie the oesophagus and trachea; lower down the oesophagus becomes anterior and then moves to its left as it descends. Posteriorly are the vertebral column and hemiazygos veins, to the right are the azygos veins and thoracic duct and pleura and lung, and on the left the pleura and lung.
 
 Abdominal aorta The abdominal aorta (Fig. 9.11) commences at the aortic opening of the diaphragm at the level of the 12th thoracic vertebra, descending to the 4th lumbar
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 Fig. 9.11 The abdominal aorta and the IVC. Source: Rogers op. cit.
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 vertebra where it divides into the two common iliacs. It tapers as it gives off a number of large branches.
 
 Branches Posterior lateral branches to the body wall There are ﬁve-paired branches: the inferior phrenic artery and four lumbar arteries. Paired to viscera There are three-paired visceral arteries: the suprarenal, the renal arteries and the testicular or ovarian arteries. Midline unpaired branches to the viscera There are three such branches, as follows:
 
 •
 
 •
 
 •
 
 The coeliac trunk supplies the foregut and its derivatives which are the stomach, duodenum, liver, gallbladder and part of the pancreas. The coeliac trunk arises from the aorta, immediately below the aortic opening in the diaphragm. Superior mesenteric artery supplies the midgut, i.e. from the middle of the second part of the duodenum to the commencement of the left third of the transverse colon, and it arises a centimetre below the coeliac trunk. Inferior mesenteric artery supplies the hindgut from the left third of the transverse colon down to the rectum, where it terminates as the superior haemorrhoidal arteries. It arises from the lower third of the abdominal aorta, and is a much smaller artery than the coeliac and the superior mesenteric. It anastomoses with the superior mesenteric via the marginal artery (see Chapter 17).
 
 Terminal branches These are two common iliacs and the median sacral.
 
 Relations To the right from above downwards are the right crus of the diaphragm, the cisterna chyli and the commencement of the azygos vein. From the level of the superior mesenteric artery downwards, the IVC is closely applied to the right side of the aorta, although it gradually becomes more posterior at the lower end so that the iliac veins lie behind the iliac arteries. To the left is the left crus of the diaphragm, the fourth part of the duodenum, the duodenojejunal ﬂexure and the left sympathetic trunk. Posteriorly are the upper four lumbar vertebrae. Anteriorly at the level of the coeliac trunk, the lesser sac of peritoneum separates the aorta from the lesser omentum and liver. Below that, the left renal vein crosses the abdominal aorta immediately below the origin of the superior mesenteric artery. This is at the
 
 level of the neck of the vast majority of abdominal aortic aneurysms. It is usually possible to get a clamp on just below the renal vein, but occasionally the aneurysm extends high up, stretching the renal vein like a ribbon across it. Because the left renal vein has tributaries from the left adrenal and from the left ovarian or testicular, the left renal vein can be divided providing it is sufﬁciently far to the right not to impair the entrance of these vessels, which can then act as venous collaterals. The inferior mesenteric vein also runs quite close to the aorta at this level. In an elective aneurysm this is not a problem, but when there is a large haematoma following a leak, it is possible to damage it if one is not aware of its presence. Also the third part of the duodenum may be adherent to an aneurysm, which may be a particular problem if it is an inﬂammatory aneurysm. When the anastomosis between a graft and aorta has been done, it is important to have some tissue between it and the duodenum (usually the wall of the aneurysm sac is used). If this is not done there is a small risk of a ﬁstula developing between the anastomosis and the duodenum (aortoduodenal ﬁstula) which is an uncommon but serious cause of haematemesis and melaena. The pancreas lies anterior to the aorta with the third part of the duodenum below. Below this lie the parietal peritoneum and peritoneal cavity with the line of attachment of the mesentery to the small bowel. It should be noted that in a slim person the aorta and IVC are remarkably close to the anterior abdominal wall. The lumbar vertebrae have a large body, spinal canal and spinous process. These vessels are thus at risk, for example, when inserting a needle to obtain a pneumoperitoneum. It is also worth noting that the bifurcation of the aorta is approximately at the level of the umbilicus, so that aneurysms of the abdominal aorta are normally above this level (although they may, of course, involve the common iliacs).
 
 Other great vessels of the thorax These are systemic arteries, namely the brachiocephalic, left common carotid and left subclavian artery, and veins: right and left brachiocephalic vein and the SVC. In addition there are the pulmonary trunk, right and left pulmonary arteries and the four pulmonary veins which are the great vessels of the pulmonary circulation (see Chapter 11).
 
 The brachiocephalic artery This is the ﬁrst and largest of the three great arteries arising from the aortic arch. It originates from the apex of the arch in the midline, travelling superiorly
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 Scalenus anterior Subclavian artery Anterior and posterior circumflex humeral arteries
 
 Thyrocervical trunk
 
 Clavicle Vertebral artery Thoracoacromial artery
 
 Axillary artery Subscapular artery
 
 Pectoralis minor
 
 Fig. 9.12 The subclavian and axillary arteries. Source: Rogers op. cit.
 
 Lateral pectoral artery
 
 and posteriorly to the right, and it terminates behind the right sternoclavicular joint by dividing into the right subclavian and right common carotid artery. There are normally no branches, though occasionally the thyroidea ima artery may arise from it, supplying the lower part of the thyroid. It lies behind the left brachiocephalic vein and in front of the trachea.
 
 Right subclavian artery This arises from the bifurcation of the brachiocephalic artery and courses to the outer border of the ﬁrst rib where it becomes the axillary artery (Fig. 9.12). It arches laterally over the apex of the lung to reach the superior surface of the ﬁrst rib, where it lies in a groove just behind the insertion of the scalenus anterior. It is divided into three parts by the scalenus anterior muscle. The ﬁrst part is medial to it and gives off three branches.
 
 •
 
 •
 
 The vertebral artery is the most important branch of the subclavian. It crosses the dome of the cervical pleura and passes through the transverse foramina of the upper six cervical vertebrae. It then turns posteromedially over the posterior arch of the atlas through the foramen magnum, where it joins its fellow from the other side in front of the pons to form the basilar artery. The vertebral artery gives off the anterior and posterior spinal arteries and the posterior inferior cerebellar arteries. The thyrocervical trunk gives off the inferior thyroid artery, the transverse cervical and suprascapular arteries.
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 The internal thoracic artery (formerly known as internal mammary, Fig. 9.13) runs anteriorly and downwards over the pleura to reach the anterior ends of the intercostal spaces, giving off anterior intercostal branches, a musculophrenic artery, and ﬁnishing as the superior epigastric artery. Thus it supplies the whole of the anterior body wall down to the umbilicus. This artery is clinically important, because it can be used for coronary artery bypass grafts by mobilising it and anastomosing it directly to the coronary arteries beyond a stenosis or block. It may also be damaged in stab wounds of the chest.
 
 The second part of the subclavian artery lies deep to the scalenus anterior muscle. This gives off the costocervical trunk which supplies the deep structures of the neck, and also the superior intercostal artery which gives off the ﬁrst and second posterior intercostal arteries. The third part is lateral to the scalenus anterior and normally has no branches. Relations It is closely related to the pleura at the apex of the lung, being separated from the lung by the suprapleural membrane. The right vagus crosses the anterior surface of the artery at its medial end and gives off the recurrent laryngeal nerve which loops under the artery, travelling posteromedially, and then back up to the larynx between the oesophagus and trachea initially, and closely behind the thyroid higher up. The cervical sympathetic chain also divides into two branches which loop around the anterior and posterior surface of the artery, reuniting on the other side.
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 Subclavian artery Internal thoracic artery
 
 Anterior intercostal vein
 
 Anterior intercostal artery
 
 Internal thoracic vein
 
 Musculophrenic artery
 
 Superior epigastric artery
 
 Inferior epigastric artery External iliac artery
 
 Superior epigastric vein
 
 Inferior epigastric vein External iliac vein
 
 Fig. 9.13 The internal thoracic artery and vein and the anastomoses in the rectus sheath. Source: Rogers op. cit.
 
 Behind the scalenus anterior muscle, the artery is closely related to the lower trunk of the brachial plexus posteriorly, and the upper and middle trunks are superior to it. The phrenic nerve runs down in front of the scalenus anterior, crossing it from lateral to medial. In surgical exploration of the subclavian artery, the scalenus anterior is divided to expose the artery, the phrenic nerve initially being retracted medially. Cervical rib A cervical rib is a common abnormality occurring in approximately 1 in 200 of the population, and in half of these it is bilateral. However, they only rarely cause symptoms. These may be neurological, arising from pressure on the lowest trunk of the brachial plexus, resulting in paraesthesia along the ulnar border of the forearm and wasting of the small muscles of the hand (T1). This tends to occur with smaller cervical ribs and ﬁbrous bands. When there is a large cervical rib with a bulbous end, this
 
 may cause pressure on the subclavian artery. This may result in poststenotic dilatation. The dilated part may develop thrombi in the wall and these may break off and occlude the distal vessels of the arm and hand, sometimes with very serious consequences.
 
 Left common carotid artery The left common carotid artery is the second branch of the aortic arch arising slightly to the left of the midline. The trachea lies posteriorly, and the artery ascends to the thoracic inlet, passing behind and slightly to the left of the sternoclavicular joint, from where it continues up into the neck. There are no branches in its thoracic course.
 
 Left subclavian artery This is the third and most posterior branch of the arch of the aorta. It ascends posterior and to the left of the common carotid artery to the thoracic inlet, where it
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 arches over with similar course and relations to those of the right subclavian artery, which have previously been described. There are no branches in the thoracic part of the left subclavian.
 
 Superior vena cava
 
 Left superior intercostal vein
 
 The great systemic veins of the thorax The SVC which carries blood into the right atrium is formed from the union of the right and left brachiocephalic veins (Fig. 9.10). These receive blood from the head and neck and upper limbs as well as from the upper half of the body wall of the trunk.
 
 Azygos vein
 
 Posterior intercostal veins Accessory hemiazygos vein
 
 Posterior intercostal veins
 
 Posterior intercostal veins Hemiazygos vein
 
 Right brachiocephalic vein This is a short wide vein formed by the union of the right subclavian and the right internal jugular veins. This junction is just behind the medial end of the right clavicle. The vein runs down and joins the left brachiocephalic to become the SVC behind the medial end of the right ﬁrst costal cartilage. Tributaries It receives three tributaries:
 
 • • •
 
 Left renal vein Ascending lumbar vein Ascending lumbar vein
 
 Lumbar veins
 
 the right vertebral vein; the right internal thoracic vein; and the inferior thyroid veins.
 
 Relations The vein lies anterior and to the right of the equivalent artery and to the right of the vagus nerve.
 
 Left brachiocephalic vein
 
 Fig. 9.14 The veins of the posterior chest and abdominal wall. Source: Rogers op. cit.
 
 The vein starts behind the medial end of the left clavicle by the union of the left subclavian and internal jugular veins. It runs obliquely downwards and to the right to join the right brachiocephalic behind the ﬁrst right costal cartilage. Thus the left brachiocephalic vein is considerably longer than the right. Tributaries These are the same as for those on the right but in addition the superior intercostal veins drain into it. Relations At its origin it lies anterior to the cervical pleura. As it passes to the right it lies anterior to the left internal thoracic artery, the left phrenic nerve, the left subclavian artery, the left vagus nerve and the left common carotid artery and then the trachea and the brachiocephalic artery. The manubrium sterni and the remnant of the thymus gland lie anteriorly, with the aortic arch inferiorly.
 
 these landmarks when inserting a central venous pressure line since the end should lie in the SVC, and this should be checked on x-ray. The lower part of the SVC is within the ﬁbrous pericardium. It receives one other major tributary, which is the azygos vein, into which most of the venous drainage from the thoracic and abdominal walls drains (Fig. 9.14). Relations Anteriorly are the right lung and pleura, the right internal thoracic artery and the medial ends of the upper two intercostal spaces. Posteriorly are the trachea, the right vagus and lung and pleura lateral in the upper part. Laterally are the right phrenic nerve and right pleura and lung, and medially is the ascending aorta.
 
 Superior vena cava
 
 Arterial supply to the body wall
 
 This starts behind the ﬁrst right costal cartilage by the union of the two brachiocephalic veins. It passes inferiorly to enter the right atrium behind the third right costal cartilage. It is important to be aware of
 
 This comes from three sources: ﬁrstly the intersegmental branches from the aorta, secondly the branches from the subclavian and axillary arteries, and thirdly the branches from the external iliac artery.
 
 238
 
 BLOOD SUPPLY TO THE TRUNK
 
 CARDIOVASCULAR SYSTEM CHAPTER TITLE RUNNING HEAD
 
 Segmental branches from the aorta
 
 Azygos veins
 
 The segmental branches from the aorta which supply the body wall are:
 
 These are three longitudinal veins lying on the bodies of the thoracic vertebrae (Fig. 9.14). There is a single azygos vein on the right, while on the left there are the hemiazygos and the accessory hemiazygos.
 
 • • •
 
 •
 
 the posterior intercostal arteries, which have been described earlier; the subcostal artery, the next vessel below the intercostal, and supplies the abdominal wall in the same manner; lumbar arteries which continue in series with the posterior intercostal and subcostal arteries, and in the same way have a dorsal and ventral branch with the former giving a branch to the spinal cord; and the median sacral artery which is given off in the midline just above the bifurcation of the aorta and descends down in front of the sacrum.
 
 Branches from the subclavian and axillary arteries The internal thoracic artery has already been described and is shown in Fig. 9.13.
 
 Branches of the external iliac artery These are:
 
 •
 
 •
 
 the inferior epigastric artery, which arises from the external iliac just above the inguinal ligament, and medial to the deep inguinal ring enters the rectus sheath to supply the rectus abdominis muscle and to anastomose with the superior epigastric artery; and the deep circumﬂex iliac artery.
 
 The superior and inferior epigastric vessels have a good anastomosis. They can each be used as the basis for plastic procedures. The so-called transverse rectus abdominus myocutaneous ﬂap (TRAM ﬂap) is sometimes used for breast reconstruction following mastectomy. A ﬂap of upper rectus abdominis muscle and a transverse elliptical piece of skin attached to it are swung up to ﬁll the defect in the breast region, being kept alive by blood from the internal thoracic artery and vein. Similarly the inferior epigastric artery and vein are such good vessels that a ‘free ﬂap’ of the lower part of the rectus abdominus muscle and the overlying skin can be excised and moved to another part of the body, providing there is a suitable artery and vein to which they can be anastomosed using microvascular techniques.
 
 Venous drainage of the body wall This consists of the following.
 
 Intersegmental veins These are equivalent to the arteries described.
 
 Vertebral venous plexus This lies in the external surface of the vertebrae and is also known as Batson’s plexus.
 
 Veins in the anterior chest abdominal wall These are equivalent to the arterial supply.
 
 Iliac arteries See Fig. 9.11.
 
 Common iliac artery The aorta divides into the common iliac arteries to the left of the midline, at the level of the body of the 4th lumbar vertebra. They pass downwards and laterally to bifurcate into internal and external iliac in front of the sacroiliac joint at the level of the sacral promontory. The ureter passes just in front of the common iliac artery at its bifurcation. This is an easy site at which to identify the ureter at operation. There are normally no branches of the common iliac artery.
 
 External iliac artery This is a continuation of the common iliac artery which has travelled downward and laterally to reach the midinguinal point, where it passes deep to the inguinal ligament to enter the thigh as the femoral artery. The branches are the inferior epigastric and the deep circumﬂex iliac artery. Remember it is the inferior epigastric which runs medial to the deep inguinal ring, so that a hernia lateral to it is an indirect hernia, whereas one medial to it is a direct hernia.
 
 Internal iliac artery This runs inferiorly to end opposite the upper margin of the greater sciatic notch by dividing into an anterior and posterior trunk. These supply the pelvic organs, perineum, buttock and anal canal. The internal iliac vein lies posteriorly and the ureter anteriorly. In the fetus the internal iliac arteries are large, and each anterior trunk gives off an umbilical artery. These ﬁbrose shortly after birth and subsequently become the medial umbilical ligaments, which are ﬁbrous cords running up to the umbilicus.
 
 Iliac veins The external iliac veins (Fig. 9.11) run at ﬁrst medially and, as they ascend and become common iliac veins,
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 they run posterior to the iliac arteries. They join at the level of the ﬁfth lumbar vertebra behind the right common iliac artery. Thus the left iliac vein is longer than the right. The tributaries of the internal and external iliac veins are equivalent to those of the arteries. The common iliac veins lie behind and slightly to the right of the common iliac arteries, to which they are very closely related. In aortoiliac operations, when the iliac arteries need to be clamped, great care is needed in dissecting to avoid damage to the iliac veins.
 
 Inferior vena cava From its origin at the level of the 5th lumbar vertebra to the right of the midline and behind the right common iliac artery, the IVC ascends vertically through the abdomen, piercing the central tendon of the diaphragm to the right of the midline to empty into the right atrium (Fig. 9.11). It is larger than the aorta, and as it ascends, is related anteriorly to the small intestine, the third part of the duodenum, the head of the pancreas with the common bile duct and then the ﬁrst part of the duodenum. It lies in a deep groove in the liver before piercing the diaphragm. It receives the right and left hepatic veins from the liver. Sometimes these fuse to give one trunk going into the vena cava, but occasionally the central hepatic vein opens separately. In partial liver resections or in operations for transplantation, it is obviously important to know the precise anatomy prior to surgery. See Chapter 17.
 
 Lymphatics The lymphatics (Fig. 9.15) from the abdomen and lower limbs drain into the cisterna chyli, which lies between the abdominal aorta and the right crus of the diaphragm. It passes through the aortic opening to become the thoracic duct, ascending behind the oesophagus. At the level of T5 it inclines to the left of the oesophagus and runs upwards behind the left carotid sheath. It then passes around and over the left subclavian artery and drains into the commencement of the brachiocephalic vein. The left jugular, subclavian and mediastinal lymph trunks, draining the head and neck, the left upper limb and the thorax, respectively, usually join the thoracic duct shortly before it enters the brachiocephalic vein, although they may open directly into it. The equivalent lymph vessels on the right join to become the right lymphatic duct which enters the origin of the right brachiocephalic vein. It is important to be aware of the thoracic duct in operations on the neck in this area, particularly block dissection of the neck. If the thoracic duct is damaged
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 Oesophagus Right lymph duct
 
 Left internal carotid artery Left internal jugular vein Subclavian lymph trunk Jugular lymph trunk Left subclavian vein Left brachiocephalic vein
 
 Bronchomediastinal trunks
 
 Thoracic duct
 
 Cisterna chyli
 
 Aorta
 
 Fig. 9.15 The cisterna chyli, thoracic ducts and right lymph duct. Source: Rogers op. cit.
 
 and not ligated, then a troublesome chylous lymphatic leak will result. Damage to the thoracic duct in the thorax may occasionally occur from fractures of the thoracic spine, or at surgery, and may result in a chylothorax.
 
 Blood supply of the head and neck The brachiocephalic artery and the left common carotid artery in the chest have already been described (pp. 235–237). Each common carotid artery enters the neck (Fig. 9.16), from behind the sternoclavicular joint, and thereafter on both sides they have a similar course and relationships. They ascend in the carotid fascial sheath with the internal jugular vein lying laterally and the vagus nerve between and somewhat behind them. The cervical sympathetic chain ascends immediately posterior to the carotid sheath, while the sternocleidomastoid muscle is superﬁcial to it. The carotid sheath is crossed superﬁcially by the omohyoid muscle. At the level of the upper border of the thyroid cartilage the common carotid artery bifurcates into
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 Anterior belly of digastric muscle
 
 Mylohyoid muscle Submandibular gland
 
 Parotid gland Posterior belly of digastric muscle Lingual artery External carotid artery Superior thyroid artery Ansa cervicalis Sternohyoid muscle Common carotid artery Sternothyroid muscle Omohyoid muscle
 
 Internal jugular vein
 
 Vagus nerve
 
 Sternomastoid muscle (cut) Subclavian artery Subclavian vein
 
 the internal and external carotid artery. There are no other branches of the common carotid.
 
 Internal carotid artery This commences at the bifurcation of the common carotid artery, and at its origin is dilated into the carotid sinus which acts as a baroreceptor. In the bifurcation is the carotid body, a chemoreceptor. Both are supplied by the ninth cranial nerve. At ﬁrst the internal carotid lies lateral and slightly more superﬁcial to the external, but it rapidly passes medial and posterior to it, as it ascends to the base of the skull between the side wall of the pharynx and the internal jugular vein. The upper part of the internal carotid artery and the internal jugular vein are closely related to the last four cranial nerves (Fig. 9.17). The internal carotid is separated from the external in the upper part by the styloid process, the stylopharyngeus muscle, and the glossopharyngeal nerve and pharyngeal branch of the vagus. At the base of the skull the internal carotid enters the petrous temporal bone in the carotid canal, and
 
 Fig. 9.16 The carotid arteries and the internal jugular vein after removal of the sternomastoid muscle. Source: Rogers op. cit.
 
 subsequently gives off the ophthalmic artery, the anterior and middle cerebral arteries and the posterior communicating artery. There are no branches of the internal carotid in the neck. It should be noted that atheromatous emboli may arise from stenoses at the origin of the internal carotid. When they do so, they may cause transient attacks of blindness (amaurosis fugax) on the same side if emboli travel to the ophthalmic artery. However, if they go to the cerebral cortex, they will cause transient ischaemic attacks (sensory or motor) on the opposite side of the body due to the decussation of the nerve pathways.
 
 External carotid artery The external carotid (Fig. 9.18) extends from the upper border of the thyroid cartilage to a point midway between the angle of the mandible and the mastoid process. At its origin it is anteromedial to the internal carotid but, as it ascends, it becomes more superﬁcial. Almost immediately it gives off two branches: the
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 Internal carotid artery Pharyngeal branch of vagus nerve
 
 External carotid artery Stylopharyngeus muscle Glossopharyngeal nerve
 
 Posterior belly of digastric muscle
 
 Occipital artery Superior laryngeal nerve Accessory nerve
 
 Hypoglossal nerve
 
 Superior thyroid artery
 
 Ansa cervicalis
 
 Sternohyoid muscle Sternothyroid muscle Internal jugular vein Vagus nerve Common carotid artery
 
 ascending pharyngeal and the superior thyroid. Shortly above, it gives off the lingual artery, and then the facial and occipital artery, with the hypoglossal nerve crossing the external carotid just beneath the occipital branch. It then gives off the posterior auricular artery and terminates by dividing into the maxillary and superﬁcial temporal artery. The common carotid artery is sometimes ligated for an intracranial aneurysm arising from the internal carotid. The external carotid artery is occasionally ligated for severe bleeding from the nose or the tonsillar bed. The level of the bifurcation of the carotid does vary, and at its lowest end the internal carotid is more accessible than the external, although within a centimetre or so the external becomes more superﬁcial. The external carotid is the only one of the three that has any branches in the neck. To be sure of ligating the correct vessel the external carotid should be identiﬁed by ﬁnding the lowest one or two branches.
 
 Venous drainage External jugular vein Superﬁcial drainage of the head and neck is via the external jugular vein, which is formed from the junction
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 Fig. 9.17 The cranial nerves related to the carotid arteries. Source: Rogers op. cit.
 
 of the superﬁcial temporal and maxillary vein and posterior auricular vein. It runs obliquely downwards and backwards superﬁcially over the sternomastoid muscle, piercing the deep cervical fascia 2.5 cm above the clavicle to enter the subclavian vein.
 
 Internal jugular vein This is formed at the jugular foramen and is a continuation of the sigmoid sinus. It lies behind the internal carotid artery but, as it descends, it become lateral to the lower part of the internal and to the common carotid artery, with the vagus nerve lying between the vein and the artery. It receives some pharyngeal veins, the common facial vein, the superior and middle thyroid veins, and the lingual vein. It then joins the subclavian vein to become the brachiocephalic vein; the left and right brachiocephalic veins then merge to form the SVC. The deep cervical chain of lymph nodes is closely applied to the internal jugular vein. In the operation of carotid endarterectomy, the sternomastoid muscle is dissected and retracted backwards, and the common facial vein is then doubly ligated and divided. When this has been done and the internal jugular is also dissected backwards, the common and internal carotid arteries are exposed.
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 Styloid process Superficial temporal artery Maxillary artery Mastoid process
 
 IX XI Pharyngeal X X Superior laryngeal X Posterior auricular artery External carotid artery Facial artery
 
 Occipital artery Internal carotid artery
 
 XII Lingual artery Ascending pharyngeal artery Superior thyroid artery
 
 Descendens hypoglossi nerve
 
 Common carotid artery Ansa hypoglossi
 
 The lymphatics of the head and neck are described in Chapter 13.
 
 BLOOD SUPPLY OF THE UPPER LIMB (FIG. 9.19) Axillary artery The axillary artery is the continuation of the subclavian artery, extending from the outer border of the ﬁrst rib to the lower border of teres major. It is divided into three parts by the pectoralis minor muscle. Surgical division of this muscle displays the axillary artery, which may be helpful in operations such as axillo-femoral bypass. The muscle should be divided as close as possible to its insertion into the coracoid process as the blood supply comes from below, thus reducing bleeding from the cut muscle and avoiding
 
 Fig. 9.18 The branches of the external carotid artery and related nerves.
 
 leaving necrotic muscle made necrotic by ischaemia. It is enclosed in the axillary sheath along with the axillary vein and the components of the brachial plexus. The vein lies medial to the artery, and the cords of the brachial plexus are arranged around the artery. The pectoralis major covers it apart from its distal end. It conveniently has one branch on the ﬁrst part, two from the second and three from the third. These are:
 
 • • •
 
 ﬁrst part – superior thoracic artery; second part – acromiothoracic and lateral thoracic artery; and third part – subscapular artery, anterior circumﬂex humeral and posterior circumﬂex humeral.
 
 There is a rich arterial anastomosis around the scapula, which may be an important collateral channel in cases of obstruction of the distal subclavian artery.
 
 243
 
 9
 
 9
 
 SPECIFIC SYSTEMS
 
 Brachial artery This is a continuation of the axillary artery commencing at the lower border of teres major and running along the medial borders of coracobrachialis and biceps accompanied by venae comitantes. At its lower end it runs under the bicipital aponeurosis dividing into the radial artery and ulnar artery at the level of the neck of the radius. It is crossed at the level of the
 
 middle of the humerus by the median nerve, which passes superﬁcially from its lateral to medial side. Its branches are the profunda brachii, a nutrient artery to the humerus, and the superior and inferior ulnar collateral arteries. The lower part of the brachial artery is susceptible to damage in supracondylar fractures of the humerus, particularly in children. Despite the anastomosis around the elbow, intense spasm of the arteries lower down may occur and if uncorrected may result in ischaemic damage of the forearm muscles (Volkmann’s ischaemic contracture).
 
 Subclavian artery Axillary artery Thoraco-acromial artery Anterior and posterior circumflex humeral arteries
 
 Subscapular artery
 
 Brachial artery Profunda brachii artery
 
 Lateral thoracic artery
 
 Radial artery This commences at the level of the neck of the radius lying on the tendon of biceps. It travels down the forearm, and distally it may be found lying superﬁcially between brachioradialis and ﬂexor carpi radialis, and it is between these two tendons that it may be palpated at the wrist. It then passes distally, giving off a branch to assist in the formation of the superﬁcial palmar arch before winding round the lateral border of the wrist to reach the ‘anatomical snuffbox’. It then pierces the ﬁrst dorsal interosseous muscle and enters the palm to form the deep palmar arch with a deep branch of the ulnar artery.
 
 The ulnar artery
 
 Radial artery
 
 Common interosseus artery Ulnar artery
 
 Deep palmar arch Superficial palmar arch
 
 Fig. 9.19 The arteries of the upper limb. Source: Rogers op. cit.
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 The ulnar artery extends from the bifurcation of the brachial artery to the superﬁcial palmar arch in the hand. It accompanies the ulnar nerve, and together they descend along the lateral border of the ﬂexor carpi ulnaris. It becomes palpable at the wrist and crosses superﬁcial to the ﬂexor retinaculum with the ulnar nerve on its medial side. It divides into a superﬁcial and deep branch with the larger superﬁcial branch forming the superﬁcial palmar arch. The radial artery is normally selected for insertion of a cannula for measuring intra-arterial pressure. There is a small risk of thrombosis of the artery, and it is, therefore, important to check for the integrity of the palmar arches, and in particular the ulnar inﬂow, before inserting the arterial line. This is done by Allen’s test in which both arteries are occluded by the examiner’s ﬁrm ﬁnger pressure whilst the patient clenches their ﬁst a few times to exsanguinate it. The pressure on the radial artery is maintained, while that on the ulnar is removed; if the palmar arch is satisfactory, it will rapidly ﬂush again. Integrity of the radial artery input can be checked in the same way.
 
 CARDIOVASCULAR SYSTEM CHAPTER TITLE RUNNING HEAD
 
 VENOUS DRAINAGE OF THE UPPER LIMBS (Fig. 9.20)
 
 thrombophlebitis occurring in the cephalic vein, which would make creation of a ﬁstula difﬁcult.
 
 Superﬁcial veins
 
 Basilic vein
 
 The veins in the digit drain into a dorsal venous arch on the back of the hand. Two veins are formed from the dorsal and venous arch: the cephalic and the basilic.
 
 This runs upwards on the posteromedial aspect of the forearm, passing to the anterior aspect of the arm just below the elbow. Above the elbow it continues along the medial border of the biceps. It pierces the deep fascia in the middle of the arm, ascending along the medial aspect of the brachial artery. At the lower border of teres major the basilic vein joins the venae comitantes of the brachial artery to form the axillary vein. There are a number of veins in the cubital fossa, but it is best to avoid these for intravenous injection, as the brachial artery is close to them and separated only by the bicipital aponeurosis. An inadvertent injection of the artery can have disastrous consequences.
 
 Cephalic vein This starts in the anatomical snuffbox and courses upwards along the lateral aspect in front of the forearm. At the elbow it is lateral to the biceps tendon, and continues up the arm along the lateral border of the biceps and along the deltopectoral groove. It then pierces the clavipectoral fascia and drains into the axillary vein. The cephalic vein at the wrist is the most popular site for intravenous cannulation. It should be noted, however, that it is also the most useful vein for creating an arteriovenous ﬁstula for haemodialysis, because of its proximity to the radial artery. In patients with chronic renal failure who may require a ﬁstula, it is appropriate to try to cannulate other veins to avoid
 
 Cephalic vein
 
 Deep veins These run along the arteries as paired venae comitantes. At the lower border of teres major they are joined by the basilic vein to form the axillary vein, which continues up medial to the axillary artery. The axillary lymphatics are described in Chapter 15. Sufﬁce it to say that in block dissection of the axilla, one of the early steps is to divide the pectoralis minor muscle as high as possible. This exposes the axillary contents and in particular the axillary vein, which has to be dissected clean of lymph nodes.
 
 BLOOD SUPPLY OF THE LOWER LIMBS
 
 Axillary vein
 
 Femoral artery Basilic vein Median cephalic Median basilic
 
 Basilic vein Median vein of forearm
 
 Median cubital vein
 
 Fig. 9.20 Variations in the patterns of venous drainage of the upper limb. Source: Rogers op. cit.
 
 This is a continuation of the external iliac artery after it has passed deep to the inguinal ligament at its midpoint (Fig. 9.21). The upper part lies in the femoral triangle and the lower part in the adductor canal. Anatomists talk about the whole artery from the inguinal ligament to the popliteal fossa as being ‘the femoral artery’. However, vascular surgeons and radiologists describe the ﬁrst inch or so as being ‘the common femoral artery’, which gives off two branches: the deep femoral or profunda femoris artery, and the superﬁcial femoral artery which is the main artery entering the adductor canal. The main branches are shown in Fig. 9.21. The common femoral artery is close to the skin and is normally an extremely easy pulse to feel. A Seldinger catheter can be passed either proximally or distally for selective radiology and angioplasty. It can also be used for inserting catheters for emergency renal dialysis and is a convenient site for arterial samples for blood gases.
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 Inferior gluteal artery Profunda femoris artery Lateral circumflex artery
 
 Medial circumflex artery
 
 Cruciate anastomosis Profunda femoris artery Anastomosis between perforating arteries
 
 Femoral artery Perforating arteries
 
 Descending genicular artery
 
 Anterior tibial artery
 
 Anastomosis around the knee joint between branches of the femoral amd genicular arteries and the branches of the anterior and posterior tibial arteries
 
 Anterior tibial artery Interosseous membrane Posterior tibial artery Peroneal artery
 
 Arcuate artery
 
 Dorsalis pedis artery
 
 Lateral plantar artery Plantar arch
 
 Fig. 9.21 The arteries of the lower limb. A anterior view. B posterior view. Source: Rogers op. cit.
 
 The profunda femoris artery
 
 Femoral triangle
 
 This large branch supplies the muscles of the thigh, but also acts as an important anastomotic channel with the vessels around the knee joint. When the superﬁcial femoral artery becomes blocked the branches of the profunda femoris can enlarge considerably, and with the passage of time many patients become symptom-free as this vessel can be such a good collateral. A branch of the profunda femoris vein crosses the profunda artery about a centimetre below its origin. Ligation and division of this vein exposes the profunda femoris artery.
 
 This is bounded (Fig. 9.22):
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 • • •
 
 superiorly – by the inguinal ligament; medially – by the medial border of the adductor longus; and laterally – by the medial border of the sartorius.
 
 Its ﬂoor consists of the iliacus and psoas major, pectineus and adductor longus, and the roof is formed by the superﬁcial fascia containing superﬁcial inguinal lymph nodes and the great saphenous vein. The contents of the triangle are the femoral vein, artery and
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 Popliteal artery
 
 Popliteal vein Tibial nerve
 
 Femoral artery
 
 Common peroneal nerve
 
 Femoral vein
 
 Femoral nervey
 
 Sartorius
 
 Adductor longus
 
 Fig. 9.22 The femoral artery, the femoral vein and the femoral nerve in the femoral triangle. Source: Rogers op. cit.
 
 Fig. 9.23 The popliteal artery, popliteal vein and the nerves in the popliteal fossa. Source: Rogers op. cit.
 
 Popliteal fossa This is a rhomboid-shaped space (Fig. 9.23) whose boundaries are:
 
 nerve together with deep inguinal lymph nodes. The femoral artery leaves at the apex of the triangle to enter the adductor canal. The operation of block dissection of the groin is used to remove inguinal lymph nodes involved by malignant secondary deposits. The superﬁcial and deep fascia at the roof of the femoral triangle are removed along with the saphenous vein and all its tributaries and the fatty and lymphatic contents of the triangle, leaving only the femoral artery, vein and nerve. The inguinal ligament is normally divided in its midpoint so that an extraperitoneal removal of external iliac nodes can be performed.
 
 Adductor canal (subsartorial canal or Hunter’s canal) This passes from the apex of the femoral triangle to the hiatus in the adductor magnus muscle at the junction of lower and middle thirds of the thigh. The adductor magnus and adductor longus lie posteriorly, the vastus medialis anterolaterally, while the sartorius, which lies in a fascial sheath, forms the roof of the canal. The femoral artery runs through the canal with the femoral vein just behind it, and the saphenous nerve. It is known as Hunter’s canal because John Hunter ﬁrst described the exposure and ligation of the femoral artery for treatment of popliteal aneurysm.
 
 • • •
 
 superiorly and laterally – the biceps tendon; superiorly and medially – the semimembranosus and semitendinosus; and inferiorly and both medially and laterally – the medial and lateral heads of the gastrocnemius.
 
 The ﬂoor from above downwards is the popliteal surface of the femur, the posterior aspect of the knee joint, and the popliteus muscle covering the posterior surface of the tibia. The roof is formed by the deep fascia, which may be pierced by the small saphenous vein prior to its entry into the popliteal vein, although the level at which the small saphenous vein joins the popliteal vein is quite variable. The common peroneal nerve leaves the fossa at its lateral aspect, just medial to the biceps tendon. The popliteal artery lies deepest in the fossa with the popliteal vein immediately superﬁcial to the artery. The tibial nerve lies at ﬁrst lateral to the vessels and then passes superﬁcial to them to lie on their medial side. The popliteal fossa also contains fat and lymph nodes.
 
 Popliteal artery This is a continuation of the femoral artery from the adductor hiatus to the lower border of the popliteus muscle, where the anterior tibial artery is given off. It may be exposed above the knee by a medial incision along the anterior border of the sartorius muscle. This
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 is separated from the vastus medialis and retracted posteriorly, and after incising the fascial roof of Hunter’s Canal, the popliteal artery is found emerging from the hiatus in the adductor magnus. Exposure below the knee is by a medial incision is made along the course of the great saphenous vein which is preserved. The fascia over the medial head of the gastrocnemius is divided in the same line and deepened without difﬁculty, exposing the popliteal artery, vein and tibial nerve. It may also be exposed by a posterior approach through the popliteal fossa by deep dissection in the midline, taking care not to damage the more superﬁcial vein and nerve. The medial approach is better for bypass, whereas the direct posterior approach is better for procedures such as arterial cysts or popliteal entrapment. Anatomy books describe the popliteal artery as dividing into the anterior and posterior tibial
 
 artery. However, vascular surgeons normally describe the upper part of the latter as the tibioperoneal trunk. It is normally about 2 cm long and bifurcates into the posterior tibial and peroneal arteries. This part of the artery can be exposed by the same incision as for the popliteal below the knee and extending the exposure lower down by separating the medial head of the gastrocnemius from the tibia. At this level there is an extensive venous plexus around the artery which makes dissection considerably more difﬁcult.
 
 Anterior tibial artery This arises at the bifurcation of the popliteal artery (Fig. 9.24). It passes forward over the upper edge of the interosseus membrane between the tibia and ﬁbula, descending on this membrane in the anterior compartment of the leg. It runs between the tibialis anterior and extensor hallucis longus muscles down to the front
 
 Popliteal artery
 
 Interosseous membrane
 
 Deep peroneal nerve Anterior tibial artery
 
 Anterior tibial artery Posterior tibial artery Tibial nerve
 
 Dorsalis pedis artery
 
 Lateral plantar artery
 
 Arcuate artery
 
 Plantar arch
 
 Dorsal metatarsal arteries
 
 Medial plantar artery
 
 B
 
 Fig. 9.24 A the posterior tibial artery in the leg and foot. B the anterior tibial artery in the leg and foot. Source: Rogers op. cit.
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 of the ankle. It can be exposed throughout its course by an incision between the tibia and ﬁbula, separating these two muscles. It continues as the dorsalis pedis artery, which, of course, is normally easily palpable just lateral to the extensor hallucis longus tendon. It passes through the ﬁrst interosseous space to the sole of the foot to join the plantar arch.
 
 Posterior tibial artery This descends deep to the soleus muscle, where it is surgically rather inaccessible (Fig. 9.24). However, in the lower third of the leg it becomes more superﬁcial and can be dissected out by separating the ﬂexor hallucis longus from the ﬂexor digitorum longus muscles via a skin incision made along the course of the long saphenous vein. The posterior tibial artery is palpable behind the medial malleolus, midway between the latter and the tendon Achilles. The posterior tibial artery passes deep to the ﬂexor retinaculum and ends by dividing into the medial and lateral plantar arteries, which provide the main blood supply to the foot.
 
 (Fig. 9.25). The relation of the great saphenous vein to the medial malleolus is a constant ﬁnding that proves useful in an emergency for performing a cut-down for venous access. The vein then ascends on the medial side of the leg, passing a hands breadth behind the medial border of the patella to reach the saphenous opening, where it pierces the cribriform fascia to enter the femoral vein. The branches at the saphenofemoral junction are shown in Fig. 9.25. The anatomy of this area is important because of the high incidence of varicose veins affecting the great saphenous vein which is treated by
 
 Femoral vein
 
 Superficial external iliac vein Superficial epigastric vein
 
 Superficial external pudendal vein
 
 Peroneal artery This runs down the medial border of the ﬁbula towards the lateral malleolus. It gives off a perforating artery which pierces the interosseous membrane to reach the anterior compartment, and ends by supplying the heel as the lateral calcaneal artery. It can be exposed by deepening the same incision used to expose the posterior tibial and feeling for the medial border of the ﬁbula. The artery is found just medial to that. Alternatively, the peroneal artery can be exposed by removing a length of ﬁbula. Rather surprisingly, it is most unusual to cause damage to the peroneal artery using this approach. Although the peroneal artery is the smallest of the crural arteries, it assumes importance in vascular surgery because, of the three distal vessels, it is the one most frequently spared in atherosclerosis, particularly in diabetics. The arterial supply to the sole of the foot is mainly by the medial and lateral plantar arteries reinforced by branches of the anterior tibial. An intact plantar arch is looked on as a good prognostic sign in assessing whether a distal bypass will be successful.
 
 Great saphenous vein
 
 Medial malleolus
 
 VENOUS DRAINAGE OF THE LOWER LIMB Superﬁcial veins Great (long) saphenous vein This arises from the dorsal venous arch of the foot and ascends immediately anterior to the medial malleolus
 
 Fig. 9.25 The great saphenous vein. Source: Rogers op. cit.
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 ligation and stripping of this vein. It should be noted that in the lower calf the vein is closely applied to the saphenous nerve, and nowadays it is normally recommended to strip the vein to just below the knee, as going lower down is likely to damage the saphenous nerve.
 
 Small (short) saphenous vein This commences at the lateral aspect of the dorsal venous arch and ascends behind the lateral malleolus accompanied by the sural nerve. The small saphenous vein perforates the deep fascia about half way up the calf, and ascends lying deep to the deep fascia between the bellies of the gastrocnemius, to join the popliteal vein in the popliteal fossa. This feature of the small saphenous vein is described incorrectly in most anatomical textbooks, and failure to appreciate this point may result in an inadequate operation. The level at which the small saphenous joins the popliteal is quite variable. A duplex scan should be performed to show the level prior to operation, so that an incision can be made at an appropriate level for the operation of short saphenous ligation. Stripping of this vein is also likely to cause damage to the sural nerve, which is usually closely applied to the vein, giving numbness or paraesthesia in the outer side of the foot.
 
 Deep veins They are named after the arteries they accompany, and are present in the lower part as venae comitantes. However, as popliteal and femoral veins, they accompany the relevant arteries. The femoral vein continues in the pelvis as the external iliac vein.
 
 Perforating veins There are a number of perforating veins which pierce the deep fascia at different levels. There is usually a valve close to where these veins perforate the deep fascia. These valves only allow blood to pass deeply. Common sites are in the lower thigh as the perforating vein between the great saphenous and the femoral. There is similarly one in the upper calf. There is also a posterior arch vein which usually has three perforating veins in the medial part of the lower half of the calf. Venous ulcers are particularly likely to occur when these perforating veins become incompetent.
 
 PHYSIOLOGY The centre of the cardiovascular system is the heart. The function of this organ is to supply the body and its
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 organs with sufﬁcient oxygenated blood to meet everyday needs. In order to do this the heart pumps blood around the pulmonary and systemic circulations at a ﬂow rate that varies in adults from about 5–35 L/min and a frequency that varies in the range 50–200 beats/ min. The generation of cardiac output and its control is a complex mixture of intrinsic (Starling’s Law) and extrinsic factors (neurohumoral).
 
 GENERATION OF CARDIAC OUTPUT The key to the generation of cardiac output is the unique rhythmic muscular contraction of the heart. The word rhythmic is important. All cardiac muscle has the intrinsic capacity for rhythmic excitation: that is, independent of other inﬂuences, cardiac tissue will spontaneously depolarise until an action potential occurs and contraction is initiated. The ﬁbres have differing rates of depolarisation, but since they form a functional syncytium with specialised conducting tissue, depolarisation spreads from cell to cell, and leads to coordinated contraction. This rhythmic activity produces alternate contraction/relaxation (systole/diastole). Since atrial systole occurs fractionally before ventricular contraction, a ﬁnal boost (15%) is given to ventricular volume before contraction of the ventricles.
 
 Phases of the cardiac cycle At a rate of 70 beats/min, the heart completes each cycle in less than 1s (Fig. 9.26). Each cycle can be broken down into two phases each for diastole and systole:
 
 •
 
 •
 
 systole: – contraction (I) – mitral and tricuspid valve closure; and – ejection (IIa & b) – aortic and pulmonary valve opening. diastole: – relaxation (III) – aortic and pulmonary valve closed; and – ﬁlling (IVa, b & c) – mitral and tricuspid valve open.
 
 The phases and timing of events in the cardiac cycle are shown in Table 9.1. It is convenient to start when the ventricles are still in diastole at the beginning of atrial systole.
 
 Phase IVc, atrial systole The SA node depolarises and atrial musculature contracts (P wave on ECG). Atrial pressure rises and blood ﬂows down the pressure gradient through the
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 AS
 
 The pressure in the ventricles rises, closing the AV valves but not yet opening the semilunar (aortic and pulmonary valves). Thus all four valves are closed and the volume of blood in the heart remains constant as the pressure rapidly increases (isovolumetric contraction). When the pressure in the ventricle exceeds that in the aortic (or pulmonary) artery the semilunar valves open. The pressure in the aorta and ventricle (and pulmonary artery and ventricle) is now the same, and both continue to rise rapidly. The opening of the valves marks the start of the ejection phase or phase II. A maximum pressure of 120 mmHg is reached on the systemic side and 18 mmHg on the pulmonary.
 
 Diastole
 
 Systole
 
 Pressure (mmHG)
 
 Aorta
 
 80 60
 
 Ventricle
 
 40 20
 
 Atrium
 
 120
 
 Pressure (mmHG)
 
 RIGHT HEART
 
 100
 
 0 Volume (ml)
 
 LEFT HEART
 
 120
 
 80 40
 
 Phase III, diastolic relaxation
 
 20
 
 Having reached maximum pressure the ventricles now relax but maintain their volume for a short while (isovolumetric relaxation). The pressure inside drops below that of the aorta (and pulmonary artery) so the semilunar valves close. All four valves are closed again. The end of phase III is marked by the start of a fall in ventricular volume as the ventricles relax further. The ventricle ejects about 60% of its volume, the ejection fraction, which is deﬁned as follows:
 
 Pulmonary artery Right ventricle
 
 10 Right atrium 0
 
 Left coronary blood flow Zero flow
 
 0
 
 ejection fraction  SV/LVEDV where SV  stroke volume; LVEDV  left ventricular end diastolic volume.
 
 Right coronary blood flow Zero flow
 
 Phase IV, diastolic ﬁlling
 
 0
 
 1st
 
 R
 
 2nd
 
 3rd
 
 T
 
 P Q
 
 R
 
 P Q
 
 S
 
 ICP 0
 
 4th
 
 Heart sounds
 
 IRP 0.2
 
 0.4
 
 0.6
 
 0.8
 
 Time (s)
 
 Fig. 9.26 The cardiac cycle. ICP  isometric contraction period; IRP  isometric relaxation period; AS  atrial systole.
 
 AV valves to the ventricles, completing the last 15% of ventricular ﬁlling. This is the end of diastole.
 
 Phases I & II, ventricular systole The electrical impulse from the atria now reaches the ventricles, which contract (QRS on ECG) – phase I.
 
 The ﬁlling phase of diastole can now occur. It is important to realise that the downward displacement of the valves during ejection ensures a low atrial pressure (suction effect) and hence rapid initial ﬁlling (phase IVa). This rapid rate of ﬁlling declines as atrial volume increases (IVb). Finally active atrial contraction begins again (phase IVc). The ventricles are ‘topped up’ by about 15% at rest but much more at higher heart rates. Hence a failure of atrial contraction, especially at higher heart rates (e.g. fast atrial ﬁbrillation, exercise) becomes more important and possibly life threatening.
 
 Heart sounds The ﬁrst heart sound is caused by closure of the mitral (and much quieter tricuspid) valve. It is best heard at the apex. The second heart sound is produced when the aortic and pulmonary valves close and is best heard at the base of the heart.
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 Table 9.1
 
 Phases and timing of events in the cardiac cycle (see diagram of pressures in the heart, Fig. 9.26)
 
 Phase
 
 Name
 
 Description
 
 Timing (ms)
 
 IVc I IIa IIb III
 
 Atrial systole Isovolumetric contraction Ejection Ejection Isovolumetric relaxation
 
 60 50 90 130 120
 
 IVa IVb
 
 Passive ventricular ﬁlling Passive ventricular ﬁlling
 
 Atria contract to ﬁll last 15% of ventricles Ventricles contract with aortic and pulmonary valve closed Blood ejected into pulmonary artery and aorta Aortic/pulmonary pressures equalise with ventricles Ventricular pressure falls Aortic/pulmonary valves close Ventricles ﬁll rapidly largely due to ‘suction effect’ Rate of ventricular ﬁlling now declines
 
 a
 
 110 190
 
 v
 
 c LV Pressure
 
 4
 
 1
 
 2
 
 y
 
 3
 
 x
 
 LA Pressure
 
 Fig. 9.27 Heart sounds. The diagram shows the heart sounds and left atrial / left ventricular pressure waveforms. (Note the splitting of the second sound.)
 
 A third heart sound may occur in early diastole if there is an abrupt end to ventricular ﬁlling. This occurs in an hyperdynamic circulation, such as pregnancy or anaemia. A fourth heart sound may occur in late diastole and indicates a stiff (diseased) ventricle. It is only heard if the atria contract to augment ﬁlling and generally indicates heart failure or ventricular failure (Fig. 9.27).
 
 Venous pulse There are ﬁve waveforms that make up the jugular venous pulse and its relative the central venous pressure trace. They represent right atrial activity. Three are positive and and two negative. They can be clearly identiﬁed by physicians on inspection of the internal
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 a wave:
 
 Atrial systole. Not seen in AF. Increased in tricuspid or pulmonary stenosis. Heart block causes variable a-waves and even `cannon´ waves
 
 c wave:
 
 Leaflets of the tricuspid valve bulge into right atrium during isovolumetric contraction
 
 v wave:
 
 Right atrium is rapidly filled while tricuspid valve is closed
 
 x descent:
 
 Atrium relaxes and tricuspid valve moves down
 
 y descent:
 
 Tricuspid valve opens, blood flows from right atrium to right ventricle
 
 Fig. 9.28 Venous pulses.
 
 jugular vein in the semi-recumbent position. Ordinary mortals are advised to inspect the central venous catheter trace as seen after modulation through a pressure transducer, where it looks as shown in Fig. 9.28 and explained in Table 9.2. It is important to note that when quoting the jugular venous pressure, measurement should be taken from the same point, usually from the manubriosternal angle to the top of the venous wave (normally 3–4 cm at 45 ). The pressure will be low in hypovolaemia and elevated in any form of right heart failure, cardiac tamponade, or obstruction of the SVC.
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 Table 9.2 This describes the main features of the central venous pulse. Note that a bradycardia will accentuate the a, c and v waves, rendering them more distinct, while a tachycardia tends to fuse the a and c waves. Low circulating volumes will render smaller waveforms (and mean pressure) while circulatory overload or cardiac failure will increase waveforms (and mean pressure). Waveform
 
 Cause
 
 Notes
 
 a
 
 Active contraction of the atria
 
 c
 
 Transmission of the carotid pulse and Isovolumetric contraction causing the tricuspid valve to bulge Opening of the tricuspid valve Fall in right ventricular pressure as the as pulmonary valve opens Fall in atrial pressure as tricuspid valve opens
 
 Not seen in atrial ﬁbrillation. Increased in tricuspid or pulmonary stenosis. Heart block can result in variable size waves and even ‘cannon waves’ Decreased in tricuspid regurgitation
 
 v x y
 
 Increased in tricuspid regurgitation
 
 Generation and conduction of cardiac impulse
 
 • •
 
 cells that initiate and conduct impulses; and cells that conduct and contract.
 
 The latter form the muscles of the heart, which in turn form a functional syncytium.
 
 20 Intracellular potential (mV)
 
 Cardiac tissue has two types of cell:
 
 0 20 40 Threshold 60
 
 Generation of the cardiac impulse The SA node and conducting system do not have a resting membrane potential. The cells are constantly depolarising at a slow rate after each repolarisation. This slow depolarisation continues until the threshold potential is reached and an action potential is triggered (Fig. 9.29). The maximum transmembrane potential of the SA node is about 50 mV. The cell membrane is relatively permeable to sodium, so this ion gradually ‘leaks in’, lowering the transmembrane potential. When 50 mV is reached a sudden depolarisation occurs, and this is conducted to other cells, initiating a cardiac cycle. This is caused by a sudden dramatic and short-lived increase in permeability to sodium. The SA node has the fastest rate of depolarisation (i.e. the greatest permeability to sodium). This is increased by sympathetic activity and decreased by vagal (parasympathetic) activity. If the rate of spontaneous depolarisation of the SA node is slowed sufﬁciently, then the cardiac impulse will be generated from elsewhere in the conduction system (the second fastest pacemaker is the AV node).
 
 Prepotential 400 ms
 
 Fig. 9.29 Sinoatrial (SA) node pacemaker potential.
 
 The cardiac action potential, which is triggered by the pacemaker cells, has a unique shape that is vital to cardiac function. Once triggered, there is also a sudden short-lived increase in the permeability of the cell membrane to sodium. The ion diffuses into the cell and the transmembrane potential rapidly declines and overshoots to 50 mV. Potassium now diffuses out of the cell down the electronic gradient, rapidly reversing the situation and tending to restore the resting membrane potential (80 mV). Before this can occur, however, the inward movement of calcium ions slows this process down and produces a plateau phase of about 200 ms (Fig. 9.30). During this period cardiac muscle cannot be stimulated further (it is inexcitable) and thus tetanic contraction is impossible. This plateau phase is unique to cardiac muscle; without it, rhythmic contraction would be impossible.
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 Excitation/contraction coupling The force of myocardial contraction is proportional to the concentration of available calcium. The arrival of the action potential causes the release of calcium ions from the sarcoplasmic reticulum. These ions bind to troponin C and this in turn activates the actin-myosin interaction that results in contraction. The plateau phase of the action potential causes further calcium inﬂux and prolongs and enhances contraction. With so much ionic inﬂux and outﬂux it is not surprising that acute changes in the ionic milieu have a profound effect upon the myocardium (Table 9.3).
 
 CORONARY CIRCULATION Arteries Two arteries supply the myocardium: the right and left coronary arteries (see anatomy section). The right
 
 60 Action potential (mV)
 
 9
 
 Plateau
 
 40 20 0 20 40 60 80
 
 800 ms Cardiac muscle action potential
 
 Fig. 9.30
 
 Cardiac action potential.
 
 provides one-seventh of the circulation, the rest is provided by the left coronary artery. Each feeds the right and left ventricle, respectively, with a small degree of overlap. The arteries do not run within the muscle, rather over its surface. However, branches of the arteries do penetrate into the muscle to form a rich capillary network. This is of great importance since the wall tension of the myocardium can have a great bearing on coronary blood ﬂow, especially in hypertension.
 
 Veins The venous drainage of the left ventricle is via the coronary sinus into the right atrium. Veins of the right ventricle also drain into the right atrium. 5% of total ventricular blood ﬂow is into the Thebesian veins, which drain directly into the ventricles.
 
 Blood ﬂow At rest the adult heart requires about 80 mL/min/100 g tissue – about 250 mL/min. (This will rise to about 1 L/ min during exercise). From this blood ﬂow the heart must extract the required amount of oxygen, which at rest is about 11 mL/min/100 g tissue (about 30% more than skeletal muscle). Samples of venous blood from the coronary sinus show that extraction of oxygen is near maximal even at rest: in order to get more oxygen from the coronary circulation, the only option is increased ﬂow. One other feature of great importance distinguishes the coronary circulation: the cyclical nature of coronary blood ﬂow. During systole the intramyocardial vessels are compressed and so blood ﬂow is curtailed, especially in the subendocardial region where wall tension is highest. This effect is exacerbated by hypertension
 
 Table 9.3 The effects of various changes in the environment of the heart. Environment
 
 Effect
 
 Mechanism
 
 Hypocalcaemia
 
 Decreased contractility
 
 Hypercalcaemia
 
 Initially increased contractility
 
 Hypokalaemia
 
 Initially positive chronotropic and inotropic effects Decreased rate of conduction and slowing of the heart, dysrhythmias, reduced force of contraction (tall-peaked T waves on ECG). Eventual cardiac arrest Decreased contractility
 
 Decreased calcium available from the sarcoplasmic reticulum Increased calcium available from the sarcoplasmic reticulum Decreased repolarisation of the myocardium so more calcium may enter the cells Inactivation of the sodium channels. Accelerated repolarisation of the myocardium, so that less calcium can enter the cells
 
 Hyperkalaemia
 
 Low pH
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 (Fig. 9.31). Most coronary blood ﬂow occurs in diastole. Unfortunately, during the high heart rates associated with exercise, diastole is shortened in comparison to systole, and the time for perfusion of the ventricles is shortened. What then determines the coronary blood ﬂow? The answer is the blood pressure (in this case diastolic) and the diameter of the coronary vessels. The latter is determined by tone of the vessels and the wall pressure exerted by the myocardial muscle. The tone of the vessels is determined by the presence of local metabolites, adenosine, K and oxygen lack (probably mediated by nitric oxide). Sympathetic innervation is certainly demonstrable but probably of little importance. What does the heart use as an energy source? Less than 1% of energy can be derived anaerobically – less than required for contractions, but possibly enough to
 
 avoid immediate cell death, for example, in ventricular ﬁbrillation. Usually the heart uses the following substrates:
 
 • • •
 
 35% carbohydrates; 5% ketones; and 60% fats.
 
 These proportions change according to the nutritional state of the individual.
 
 CARDIAC OUTPUT Cardiac output is the volume of blood pumped out of the heart over a given time period and is usually expressed as follows: Q  SV  HR
 
 Epicardial coronary artery
 
 Endocardium Direction of blood flow Sub-endocardial collateral vessels
 
 Vessels blocked by increasing blood pressure
 
 Normal
 
 Increased intraventricular pressure (hypertension)
 
 Normal ECG
 
 ST-segment elevation/depression secondary to ischaemia
 
 Fig. 9.31 Coronary circulation and wall tension. The diagram shows the effect of increasing ventricular wall tension on myocardial circulation. The effects are exacerbated by atheroma.
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 where Q  cardiac output (L/min), SV  stroke volume (L), HR  heart rate (beats/min). For the average 70 kg example the ﬁgures would be: Q  5 L/min SV  70 mL HR  70 beats/min.
 
 Regulation of cardiac output The regulation of the vascular system ensures that each organ receives its required minimum blood ﬂow, that redistribution of blood occurs where appropriate, and that the heart is not overtaxed by providing maximal blood ﬂow to organs which do not need it. Each organ has its own mechanisms for achieving these ends, and the heart has the capacity to increase or decrease its output according to demand. There are a number of mechanisms by which the heart achieves increases in output. These revolve around three concepts which directly affect stroke volume: preload, afterload and contractility:
 
 • • •
 
 preload  ventricular end diastolic volume i.e. amount of stretch of the ventricle (the ‘wall stress’ of the myocardium); afterload  total peripheral resistance (TPR); and contractility  capacity of myocardium to ‘respond to’ preload and afterload.
 
 Increasing rate and force of contraction (contractility) Starling’s law of the heart says that the force of contraction is a function of the initial length of the muscle ﬁbre (Fig. 9.32). If the initial ﬁbre length is increased by greater venous return, then the heart can increase its output by as much as three-fold compared with resting levels. It is also this mechanism which ensures that the outputs of the left and right hearts are exactly matched. However, if the heart is over-distended, the force and rate of contraction quickly decline, leading to cardiac failure. The force of contraction of the ventricle is therefore directly related to the end diastolic volume and hence the end diastolic pressure (so-called ‘preload’). Besides the Starling law, there are other mechanisms by which the heart can be made to work harder (Table 9.4). Sympathetic stimulation increases myocardial contractility and heart rate both by direct neuronal stimulation and by circulating catecholamines. As work is increased, so is oxygen consumption. Heart rate is increased not only by increasing sympathetic stimulation but also by decreased vagal
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 Normal Contractility
 
 • • •
 
 Sympathetic stimulation
 
 Dysfunctional
 
 Initial fibre length
 
 Fig. 9.32 Starling’s law of the heart. Initial ﬁbre length cannot be measured in humans, and so ventricular ﬁlling pressure is often used instead. The use of inotropic or vasodilator drugs moves the dysfunctional line towards the normal.
 
 stimulation. Indeed the vagus nerve has an important role to play in controlling heart rate. This can be shown by denervation of the heart, where the resting rate increases to about 110 beats/min in the absence of both vagus and sympathetic nerves. As the heart increases or decreases its output, simultaneously it must increase or decrease blood pressure, unless afterload increases or decreases proportionately.
 
 BLOOD PRESSURE Pressure can be deﬁned as the force per unit area, usually measured in newtons per square metre (N/m2). The pressure exerted by a liquid is more simply deﬁned as the height of a column of liquid that this pressure will support. By convention this is usually a column of mercury or water. The latter is more useful for lower pressures, as it is less dense. P  hδg where P  pressure, δ  density, g  gravitational constant of acceleration, h  height of liquid. Blood pressure is somewhat more difﬁcult to deﬁne since it is a dynamic variable and, in humans at least, not readily measurable by a column of ﬂuid (which in the case of blood would be several metres high). Blood pressure varies according to the phase of the cardiac cycle and the site at which it is measured
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 Table 9.4 The effects of various agents on the rate and force of contraction of the heart Stimulus
 
 Effect
 
 Mechanism
 
 Catecholamines and sympathetic nerves Calcium ions Digoxin Sympathomimetic drugs Insulin Atropine Parasympathetic (vagus nerve)
 
 Increased contractility and rate Increased contractility Increased contractility and decreased rate Increased contractility and rate Increased contractility Increased rate Decreased rate
 
 Beta-blockers Antiarrhythmic drugs Potassium ions
 
 Decreased contractility and rate Decreased contractility Decreased contractility
 
 General anaesthetic agents
 
 Decreased contractility
 
 Stimulation and increased splitting of ATP Increased actin-myosin interaction Shortens initial ﬁbre length Stimulation and increased splitting of ATP Increased K and glucose ﬂux Blocks vagus (anticholinergic) Slows the SA node by increasing K conductance Block receptors Various Accelerated repolarisation of the sodium channels, so that less calcium can enter the cells Depression of actin-myosin interaction?
 
 (pulmonary, systemic, arterial, venous, etc.). It is also higher in the legs of a standing person than in the arms. In common parlance the term ‘blood pressure’ refers to the systemic arterial pressure (other pressures dealt with elsewhere) and there are several terms, as follows:
 
 • • • •
 
 systolic blood pressure is the maximum value during cardiac systole; diastolic blood pressure is the minimum value during diastole; pulse pressure is the difference between systolic and diastolic pressures; and mean pressure is the geometric mean, which can be calculated by adding one-third pulse pressure to diastolic pressure.
 
 Measurement of blood pressure This is best achieved with an arterial line when accuracy and continuous measurement are required, but for convenience an occlusion method using a Riva-Rocci cuff is used. The Korotkoff sounds are the noises heard over the brachial artery during deﬂation of the occluding, proximal cuff. There are ﬁve phases:
 
 • • • • •
 
 phase 1: Appearance of a tapping sound heard at systolic pressure; phase 2: Sounds become mufﬂed or disappear; phase 3: Sounds reappear; phase 4: Sounds become mufﬂed again. In the UK this is taken as diastolic pressure; and phase 5: Sounds disappear. In the USA (and in most automated blood pressure monitors) this is taken as the diastolic pressure.
 
 The sounds are thought to be caused by turbulent ﬂow causing vibration of the arterial wall. A stethoscope ampliﬁes the sound. How does this method compare with an arterial line? It should be noted that this is an occlusion technique and as such is fundamentally different from direct measurement with an arterial line, which rarely reveals exactly the same pressures. Both phase 4 and 5 slightly over-read when compared with the direct method. In addition, phase 5 is a gradual process and hence can be more subjective. In high output states such as pregnancy or sepsis, these sounds may not disappear until the cuff is fully deﬂated. There are several potential errors. 1. A narrow cuff will give too high a reading. The cuff width should be two-thirds of the length of the forearm. 2. The inﬂating part of the cuff must lie over the artery so that the pressure within the cuff is the same as that transmitted to the vessel wall. 3. Mercury gauges are generally much more reliable than aneroid gauges, which need regular zeroing and calibration. 4. Atherosclerosis and calciﬁcation of the vessel wall will reduce vibration, sometimes below the audible range. 5. Hypotension will cause the sounds to be much quieter and more difﬁcult to hear. As a general rule, patients whose blood pressure is expected to change rapidly over many hours and/or who may need multiple arterial blood gas analysis are best provided with an arterial line which provides a constant indication of pressure. Arterial line systems
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 rely most critically on ‘optimal damping’ to achieve accuracy. Automated non-invasive blood pressure monitors work on an oscillometric basis. They are prone to error and most importantly NIBP monitors are best at measuring mean arterial pressure and worst at deriving diastolic pressure (often by means of an algorithm).
 
 How is blood pressure generated? The circulatory system is best thought of as a long tube through which blood ﬂows. In order for this to occur, pressure must be higher at one end than the other. In any ﬂow system this pressure difference must be a function of resistance and ﬂow: ﬂow  Pπr4/8ηl where P  pressure, r  radius, η  viscosity, l  length. This is the Hagen-Poiseuille law. However, this model is simplistic in that it applies only in systems where ﬂow is laminar. If the ﬂow becomes turbulent then the following equation applies: P  kv* where v*  average velocity (not ﬂow rate!) and k is a constant for turbulent ﬂow. In this model, small increases in cardiac output cause great increases in pressure. In summary, blood pressure increases as ﬂow increases and, if ﬂow is turbulent, this increase is marked. Vessel calibre has the most marked effect on pressure, with very small calibre change reﬂected in a large change in pressure. The system described above is an oversimpliﬁcation in as much as there is no allowance for the pulsatile nature of blood ﬂow nor the fact that ﬂuids which obey these rules must be Newtonian (i.e. those whose viscosity is independent of ﬂow rate).
 
 Where does resistance occur in the circulation? The arterioles and capillaries each account for about 25% of TPR. Consequently these are often referred to as resistance vessels. Beyond this point in the circulation it follows that blood pressure must fall steeply. Small radius capillaries are large in number (5 times 109). Their huge number, great length and enormous surface area, coupled with the low velocity of ﬂow and high pressure drop, are vital factors in the capillary exchange mechanism. The arterioles are endowed with much smooth muscle and hence can exert considerable control over
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 resistance and ﬂow through the capillaries. Furthermore they control the number of capillaries which are open to ﬂow at any one time.
 
 HOW IS BLOOD FLOW CONTROLLED? The function of the circulatory system is to ensure that the entire body is provided with enough blood in all situations. This involves control at a local (organ) level and a general systemic level. The overall determinant of ﬂow is cardiac output, but each organ in the body has regulatory mechanisms superimposed.
 
 Local (organ) control Regulation of blood ﬂow in various organs is mainly achieved by alterations to the diameter of the vessels. This in turn is inﬂuenced by the smooth muscles of the vessel walls. The tone of these muscles is inﬂuenced by:
 
 • • •
 
 neural activity; hormones; and local control (autoregulation).
 
 Neural activity Most vessels have a resting muscle tone: when denervated some relaxation occurs. In general those vessels with least sympathetic innervation have greatest inherent tone (myocardium, skeletal muscle). The vessels of the skin have lowest tone and high innervation. The adrenergic ﬁbres of the sympathetic nervous system are the predominant pathways whereby the systemic circulation is controlled. Vasomotor areas in the medulla have descending pathways to the thoracolumbar areas of the spinal cord. From here postganglionic ﬁbres go from ganglia of the sympathetic chain to vascular smooth muscle. The major transmitter which acts on receptors to cause vasoconstriction is norepinephrine. The vasomotor centre discharges in response to afferent stimuli from baroreceptors, chemoreceptors and from the cortex itself, for example, in anticipation of exercise. Because some tissues are not well innervated by this system, the effect of discharge from the vasomotor centre and increased adrenergic activity is a redistribution of blood from skin, muscle and gut to heart, brain and kidney areas, where there are fewer adrenergic receptors or thinner smooth musculature. By contrast the cholinergic ﬁbres of the sympathetic nervous system cause vasodilatation in skeletal muscle. Stimulation of these ﬁbres results in a redistribution of blood from skin and viscera to skeletal muscle. It follows that transection of the spinal cord above the thoracolumbar region will result in a loss of not
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 only sensory and motor functions but also in loss of sympathetic vasomotor tone, contributing to the condition known as spinal shock. Very high transections of the cord not only allow profound falls in blood pressure but also result in the absence of sympathetic innervation of the myocardium, which can result in unopposed vagal stimulation and profound bradycardia (especially during endotracheal intubation, or the passage of a nasogastric tube to control an associated ileus).
 
 Hormones Epinephrine and norepinephrine from sympathetic nerve endings and the adrenal medulla pour into the circulation during stress (e.g. surgery). This appears to be their prime function: to give a boost during stress. They do not regulate day to day blood pressure and ﬂow. Angiotensin II is a powerful vasopressor produced by the action of renin on angiotensinogen. Renin is released when there is a decrease in the perfusion of the kidney. Whilst the vasoconstriction produced is great, it is more likely that this hormone acts mainly by increasing aldosterone concentrations, which in turn promote salt and water retention.
 
 Local control Many metabolites inﬂuence the calibre of blood vessels (but only in the presence of an intact endothelium). Amongst these are CO2, K, H, bradykinins, prostaglandin and adenosine. Some tissues are more sensitive than others to various chemical changes: e.g. intense vasoconstriction occurs in the brain in response to hypocapnia. Hypoxia causes vasodilatation in almost all tissues (though not pulmonary). The term autoregulation is used to refer to the mechanism by which blood ﬂow is maintained at a constant rate over a wide range of perfusion pressures. This is most pronounced in the renal and cerebral circulation. There are two basic mechanisms: 1. A fall in blood pressure results in a reduction in blood ﬂow. Local metabolites accumulate and these cause local vasodilatation, ultimately mediated by nitric oxide. 2. Myogenic response – this involves local neural reﬂex in response to stretch. It occurs at the level of the ﬁrst-order arteriole. The ﬁnal common pathway for the relaxation of smooth muscle is via nitric oxide.
 
 General systemic control of ﬂow (and pressure) Since a ﬂow of blood is required for the circulation, a pressure must be maintained. mean arterial pressure  CO  TPR where CO  cardiac output (L/min) and TPR  total peripheral resistance (usually expressed as Ns/m5). This is analogous to Ohm’s law. Thus we see that the determinants of blood pressure are cardiac output and resistance. If we ﬁll in typical values for an adult we ﬁnd that: TPR =
 
 80 mmHg 5 L/min
 
  160 000 Ns/m5 TPR units are also expressed as dynes/cm5 (100 Ns/ m5  1 dynes/cm5).
 
 Baroreceptors We have seen how cardiac output can vary. Regulation of cardiac output and vascular resistance in various vascular beds controls blood pressure. Superimposed on this is the baroreceptor system. Baroreceptors are found in the wall of the aorta and carotid sinus. They are stretch receptors which, when stimulated (by increased blood pressure), lead to a reﬂex reduction in vasoconstriction, venoconstrictor tone, and to a lower heart rate. All of which, mediated by the autonomic nervous system and higher centres of midbrain, lead to a fall in TPR, cardiac output and blood pressure. As blood pressure falls the baroreceptors become less stretched: vasoconstriction, venoconstriction and heart rate increase, and the fall in blood pressure is reversed. The site of the baroreceptors, at the point of circulatory input to the brain, has obvious importance. From a clinical point of view, it is possible that an autonomic neuropathy may render these reﬂexes ineffective for day to day regulation of, say, maintaining blood pressure in response to changes in posture. This can be investigated by use of the Valsalva manoeuvre, i.e. forced expiration against a closed glottis, causing a rise in intrathoracic pressure and a decreased venous return. The normal response is an initial reﬂex tachycardia and vasoconstriction in order to maintain blood pressure. On release of the elevated intrathoracic pressure, there is a transient increase in blood pressure and a fall in heart rate. This can all be measured at the bedside, but an accurate recording system should be used, e.g. an ECG.
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 In addition to the baroreceptors, there are other receptors to be found in the carotid and aortic bodies. These are chemoreceptors that respond to hypoxaemia and also to hypoperfusion. Stimulation results in an increase in sympathetic discharge and an increase in blood pressure.
 
 Veins The small veins have a large cross-sectional area, and they hold the bulk of the circulatory volume – much more blood than the great arteries and veins. In a resting, supine subject, return of blood to the heart is an entirely passive process, depending on the pressure in the capillaries (about 15 mmHg) being greater than that of the right atrium (near to zero). When a subject stands up, return of blood to the heart must be augmented because the driving pressure in the capillaries is insufﬁcient. Return of blood is helped by three mechanisms: 1. the pumping action of skeletal muscle on veins which contain valves; 2. a reﬂex sympathetic constriction of the splanchnic arterioles and venous reservoirs; and 3. intrinsic and reﬂexive shutting down of arteriolar sphincters in the dependent limbs which greatly reduces the ﬂow through those limbs. The blood pressure within the veins when standing will normally be that which is required to return it to the heart, i.e. equivalent to a column of blood whose height is the same as the heart.
 
 HAEMORRHAGE AND SHOCK Shock is a general term that describes an inability of the circulation to meet the metabolic needs of the body. It is better to use the more accurate term ‘acute circulatory failure’. This can occur, either because the body’s metabolic needs have increased (septic shock), or because the heart is failing (cardiogenic shock), or because of a lack of circulatory ﬂuid (hypovolaemic shock). Massive vasodilatation occurs as a component of septic shock or in high transection of the spinal cord, causing a relative lack of circulatory ﬂuid. Oxygen is not stored in any signiﬁcant quantity outside of the lungs, hence any decline in the circulation will manifest itself eventually as hypoxia. The delivery of oxygen to the tissues, DO2, is dependent upon the oxygen content of the blood multiplied by the cardiac output: DO2  CaO2  CO
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 where DO2  delivery of oxygen (mL/min), CaO2  oxygen content of arterial blood (mL/L arterial blood), CO  cardiac output (L/min). The content of oxygen in the blood depends on the haemoglobin content, the saturation of the haemoglobin, and the small amount of oxygen dissolved in the plasma: CaO2  (Hb  1.34  SaO2)  (PaO2  0.0031) where Hb  haemoglobin content (g/dL), SaO2  percentage saturation of haemoglobin with oxygen, PaO2  partial pressure of oxygen in the arterial blood (mmHg), 1.34 is the number of millilitres of oxygen which combine with each g/dL of haemoglobin for each percent saturation. If we supply ﬁgures to this equation: CaO2  (15  1.34  100)  (95  0.0031)  20.4 mL O2/dL blood If cardiac output is about 5 L/min then: DO2  20.4  5000/100  1020 mL/min At rest the body only requires about 200 mL/min but much more in times of stress. If a fall in cardiac output results in a decline in oxygen delivery then the tissues will switch to anaerobic metabolism. Whilst aerobic metabolism provides 36 moles of ATP for each mole of glucose, anaerobic metabolism produces just 2 moles, along with 2 moles of pyruvic acid which rapidly becomes lactic acid. Although vasoconstriction follows typical hypovolaemic shock, local acidosis will produce vasodilatation in affected tissues. Experimental evidence suggests that oxygen transport must be increased above pre-shock values for survival. Hypovolaemic shock occurs commonly and must be rapidly diagnosed and treated. As the circulatory ﬂuid volume falls, tissue perfusion becomes increasingly impaired, leading to a loss of capillary integrity. Venous return declines, cardiac output falls, and the baroreceptors are stimulated to produce an increase in heart rate and arterial and venous constriction. At the same time, cardiac output is redistributed away from the less vital areas (skin, muscle and gut) to the brain and heart. The human body is able to maintain blood pressure until about 20% of the circulation is lost (and cardiac output has declined by a third), but beyond this any further fall in circulatory volume is matched by falls in cardiac output and blood pressure. The appearance of such a patient is pale and cold (less
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 blood ﬂow to the skin), but sweaty with a marked tachycardia (sympathetic discharge). In addition to the baroreceptor reﬂexes, other mechanisms come into play. Increased aldosterone and ADH secretion result in salt and water retention. Capillary pressure falls, resulting in interstitial ﬂuid exuding into the capillaries. The fall in tissue perfusion leads to a switch over to anaerobic metabolism and lactic acidosis. This adverse environment can cause depression of the myocardium, worsening the situation. The delivery of oxygen from the blood to the lung declines as a result of increased dead space and increased ventilation/perfusion mismatch. Hyperventilation occurs as a response to acidosis and hypoxaemia. Gasping, deep (Kussmaul) respiration may be seen, because of the chemoreceptor response. If the situation continues, or is exacerbated, organ failure may develop. If, for example, the heart is faced with a sudden 50% reduction in circulating haemoglobin it must double its output to maintain the status quo, and in doing twice as much work will require twice as much oxygen. Since the blood now carries only half the oxygen it did, the coronary blood ﬂow must increase four-fold. An atheromatous heart may quickly become ischaemic and fail. In becoming ischaemic, the bowel wall may become permeable to endotoxin, resulting in a superimposed septic shock. Generalised cell death may result in the release of toxic metabolites, interleukins and tumour necrosis factor (TNF). The respiratory rate increases in the face of hypoxia and acidosis. The lungs may develop a state of increased capillary permeability with the development of oedema (adult respiratory distress syndrome, (ARDS)). Without a rapid reversal of fortune, the kidneys may fail. Poor cerebral perfusion results in confusion followed by unconsciousness. The coagulation system of the blood may become activated, with micro-clots forming in the capillaries and generalised bleeding as coagulation factors become consumed (disseminated intravascular coagulation (DIC)). The treatment of hypovolaemia is by early infusion of intravenous ﬂuid of the sort that stays in the circulatory space. Of these, colloids such as blood and plasma protein fraction will produce rapid results and will stay in the circulatory space for many hours. Crystalloid solutions such as Hartmann’s solution and normal saline can be used but will expand both the circulatory and interstitial spaces, so that larger volumes must be used. Five percent dextrose and dextrose/ saline are not suitable, since these ﬂuids freely cross
 
 into all body compartments with little being retained in the intravascular space. Severe ﬂuid loss requires close monitoring of the circulation to ensure speed and adequacy of diagnosis and treatment.
 
 Features of acute circulatory failure Features of acute circulatory failure (‘shock’) are:
 
 • • • • • • •
 
 heart rate 100 beats/min blood pressure 100 mmHg; elevated or reduced central venous pressure (see text); skin cold and clammy (sweaty); respiration rapid (often shallow); conscious level decreased (often drowsy and confused); and urine output ½ mL/kg/h.
 
 MONITORING THE CIRCULATION It is important to clarify that there is no easily performed single measure which deﬁnes a problem with the circulation, be it hypovolaemia, hypervolaemia or a failing ventricle. Rather a series of measurements of more than one parameter over a period of time is required. Each measurement forms a part of the assessment of the circulation. Where hypovolaemia is suspected, although it is possible to measure the blood volume with great accuracy in the laboratory using radioisotope indicator dilution techniques (e.g. chromium-labelled red blood cells), in the hospital setting this is impractical. In general the amount of monitoring required increases with the inﬁrmity and the complexity of the clinical problem. From simple non-invasive measurements of pulse and blood pressure we progress to more invasive measurements such as the central venous pressure and pulmonary artery pressure. It should be remembered that much information can be derived from simply taking the pulse and blood pressure and observing the patient’s skin for temperature, colour and sweat. However, intermittent measurements may not always sufﬁce, and continuous monitoring may be necessary.
 
 ECG The electrocardiogram can provide information on the following:
 
 • • • •
 
 the site of the pacemaker and the nature of cardiac rhythm; disorders of conduction or excitation; the size and muscle mass of the heart; and the viability and state of metabolism of the heart.
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 aVL (30 ?)
 
 aVR (210 ?)
 
 I (0 ?)
 
 III (120 ?)
 
 II (60 ?)
 
 aVF (90 ?)
 
 Fig. 9.33 The appearance of the ECG from various recording positions in the frontal plane.
 
 Crucially the ECG does not provide evidence of adequate (or inadequate) ﬁlling of the circulation: for example, a tachycardia sometimes combined with ST segment changes can imply hypovolaemia, but both these changes may occur in left ventricular failure. For continuous monitoring purposes, an ECG is generally conﬁgured in the CM5 conﬁguration (leads are placed on the manubrium, left shoulder and 5th space mid-clavicular line), roughly equivalent to V5 where 90% of ischaemic episodes can be detected by the observation of ST segment depression. (See Figs. 9.33, 9.34 and 9.35.) A fuller account of the ECG follows on p. 267.
 
 Blood pressure This should be measured at regular intervals. Where rapid changes in blood pressure are expected, or regular monitoring of blood gases is required, it is sensible to use an arterial line. Further information can be deduced from continuous observation of the pressure trace:
 
 • •
 
 the rate of pressure increase (up-slope) is proportional to myocardial contractility; and the area under the waveform is proportional to stroke volume.
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 The pulse oximeter This measures saturation of haemoglobin with oxygen. It has rapidly established itself as an invaluable aid to managing seriously ill patients. It relies on measurement of the different absorption of oxyhaemoglobin and deoxyhaemoglobin at different wavelengths. The device emits pulses of infrared light at 940 nm, and 660 nm, every 10 μs. It then ﬁnds the points of maximum absorption (systole) and minimum absorption (diastole). The pulsatile component of absorption is measured, and from this is subtracted the constant component which is not due to arterial blood. The ratio of absorption at the two wavelengths is then compared
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 show a consistent saturation of about 85%. Irregular pulse rhythms make prediction of maximum and minimum absorption difﬁcult. Other factors that detrimentally affect performance are nail varnish, ﬂickering lights, electrical interference (e.g. diathermy) and patient movement.
 
 R
 
 Urinary output
 
 QRS complex: ventricular activation
 
 This is directly related to renal perfusion and should be monitored in all critically ill patients. A minimum ﬂow of 0.5 mL/kg/h is essential.
 
 Central venous pressure
 
 T wave: ventricular recovery P wave: atrial activation
 
 P
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