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Preface
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Chapter 1 Macro and Micro Structure of the Lung*




Joanne L. Wright, Andrew M. Churg









Lung Development


The emergence of a normal, functioning respiratory system requires simultaneous development of the conducting airway system and the vascular system. Of interest, the mechanisms that drive this process also hold true for other branched-structure organ systems, such as the kidney and breast. Lung development, beginning with organogenesis, is divided into several stages, as indicated in Table 1-1. However, considerable overlap of the signaling cascades between the various stages is recognized.




Table 1-1 Stages of Lung Development
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The earliest stage of lung development is known as the embryonic stage—that of organogenesis—and continues to approximately week 7. The primary lung buds arise from the ventral wall of the anterior foregut at approximately day 28. The trachea develops independently as a foregut tube anterior to the lung buds. Although it initially also includes the esophagus, the tube subsequently separates into two parts, with the ventral aspect forming the trachea, which then connects to the lung buds. The lung bud–tracheal domain is characterized by expression of Nkx2-1 (also called Titf1 [thyroid transcription factor 1]). Signal proteins from the mesenchyme, including bone morphogenetic proteins (BMPs), Noggin, fibroblast growth factors (FGFs), and Wnts, influence patterning, and deficiencies in some of these proteins result in failure of foregut separation with or without abnormal differentiation of epithelium and mesenchyma. Retinoic acid also plays an important role in lung morphogenesis during primary bud formation. Canonical Wnt signaling appears to be important in the regulation of cell proliferation and differentiation and also plays a role in lung branching. Beta-catenin phosphorylation is an integral portion of this pathway, with subsequent translocation to the cell nucleus and activation of T cell factor/lymphoid enhancer factor (TCF/LEF) target genes. Epigenetic changes, including methylation of DNA or histones, may influence developmental processes.


Vasculogenesis is initiated at the same time as that for development of the foregut bud. The vascular endothelial growth factor (VEGF) signaling cascade is integral to lung development and is necessary for endothelial proliferation and continued maintenance of the maturing vessels. The VEGF signaling event may be downstream from the Fgf signaling pathway.


The pseudoglandular stage generally is considered to encompass weeks 5 to 17, during which the lung has the appearance of a tubular gland. Continuing development of the lung buds is dependent on expression of FGF10 in the mesoderm and FGF receptor 2 (FGF2) in the endoderm. Branching is controlled by expression of Br1 (Branchless), a ligand of FGF, in small clusters of endodermal and mesodermal cells. Patterning genes determine the position of the clusters. The signaling network involved in this stage is complex, with feedback loops that significantly influence the morphogenetic signals.


In the canalicular stage (weeks 16 to 26) and extending into the saccular stage (weeks 24 to 38), the endoderm differentiates to form type I and II epithelial cells, and the air-blood barrier forms as capillaries remodel and become applied to the type I cells. The saccular stage is characterized by formation of saccules, the precursors of the alveoli. Matrix proteins assemble into a scaffold configuration at this time and also act as a reservoir for growth proteins such as transforming growth factor-β (TGF-β). Multiple signaling pathways are involved, with the Fgf pathway appearing to have a critical role in alveolar development.


The postnatal stage is characterized by rapid alveolarization and microvascular maturation, with an approximate 20-fold multiplication of surface area and an increase from approximately 50 million to 300 million alveoli. New alveoli arise from septa containing a double capillary network, or new septa are formed from mature septa, with induced formation of capillary network. Myofibroblasts and collagen and elastic fibers appear to be necessary for continued septation, and platelet-derived growth factor (PDGF) is necessary in this process, whereas VEGF is necessary for capillary maturation and maintenance.









Normal Lung Anatomy


The lungs can move freely within the thorax, attached normally only at the hila. The lungs are covered by a serosal membrane known as the visceral pleura. This membrane is then reflected as the parietal pleura over the hilum to cover the mediastinum, chest wall, and diaphragm. The serosal space is a theoretic space between the two pleural layers; normally, only a thin layer of pleural fluid separates the two layers. The pleura itself is formed as a layer of mesothelial cells supported by an elastic fiber network, which in turn is supported by a loose fibroconnective tissue layer. Mesothelial cells are characterized by their long microvilli.


As shown in Table 1-2 and Figure 1-1, A to D, the lungs are asymmetrically paired. The right lung is divided by major and minor fissures into three lobes: the upper, lower, and middle lobes. By contrast, the left lung has a single fissure dividing it into upper (superior) and lower (inferior) lobes. In the left lung, the homologue of the right lung’s middle lobe is the lingula, made up of the anterior and inferior portions of the upper lobe. In some persons there may be an incomplete fissure separating the lingula from the upper lobe. Bronchopulmonary segments are subunits of the lobes that derive from the first generation of bronchi below the lobar bronchi. These also are asymmetric between lungs; Table 1-1 shows the nomenclature.


Table 1-2 Segments of Lung
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	Upper Lobe
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	10. Posterior basal

	10. Posterior basal
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Figure 1-1 Lobes for left (A and B) and right (C and D) lungs. The numbered segments are identified in Table 1-2.




The next-smallest unit of the lung below the gross level of definition is the pulmonary lobule, also known as the secondary lobule of Miller. On the pleural surface, the secondary lobule is outlined by connective septa and has a roughly polygonal shape, measuring between 1 and 2 cm in diameter. Examination of the cut surface of lung again shows the interlobular septa demarcating the edges of the lobule (Figures 1-2 and 1-e1); these are best seen in the periphery, because interlobular septa are less well developed in the center of the lungs. Lobules also can be identified on microscopic examination (Figures 1-e2 and 1-e3). Each lobule contains three to five acini, which are the basic units of gas exchange. An acinus is defined as the lung parenchyma that derives from a single terminal membranous bronchiole and includes three successive generations of respiratory bronchioles and their subtending alveolar ducts, alveolar saccules, and alveoli. The terminal bronchioles branch near the center of the lobules, and their acini abut the interlobular septa. This relationship allows assessment of alterations in the lung parenchyma in terms of its location within the lung lobule (centrilobular, panlobular, paraseptal).
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Figure 1-2 Gross specimen of a secondary lobule of Miller, identified as the lung parenchyma surrounded by venous septa, or pleura and venous septa.


(Photo obtained from Gough section.)
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Figure 1-e1 Gross photo of Gough section showing multiple normal lung lobules.
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Figure 1-e3 Whole-mount histologic section demonstrating the microscopic equivalent of a secondary lobule of Miller. The arrows point to the pleura and the venous septa. Note the several respiratory bronchioles within the lobule.








Airways


The bronchial system generally is divided into conducting and respiratory airways. The conducting airways extend from the trachea to the membranous bronchioles, and the architecture changes as the airways decrease in size. The trachea has a membranous posterior aspect composed of transverse smooth muscle bundles that together make up the trachealis muscle, with protective cartilaginous rings on the anterior aspect (Figure 1-e4). In the cartilaginous bronchi, the cartilage plates enclose but do not completely surround the airway, and the muscle fibers wind around the airway in a spiral. These airways are surrounded by loose connective tissue, which contains the bronchial arteries, venous trunks, lymphatics, and nerves (Figures 1-3 and 1-e5). In the upper airways, the epithelium is predominantly ciliated, with a modest number of goblet cells. The cells are supported by a thin basement membrane. The bronchial mucous glands lie deep to the epithelium, with the mucous gland pits emptying onto the surface of the airway (Figure 1-e6). The glands contain both serous and mucous cells, with myoepithelial cells, all enclosed within the basal lamina of the glands (Figure 1-e7).
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Figure 1-3 A cartilaginous intrapulmonary conducting airway with adjacent pulmonary artery. Of note, the diameters of airway and artery are similar. Bar indicates 2 mm.
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Figure 1-e4 Low-power view of trachea demonstrating epithelium, mucous gland and pit, hyaline cartilage, and perichondral fibrous tissue.
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Figure 1-e5 Segmental cartilaginous bronchus with adjacent bronchial lymphoid tissue.
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Figure 1-e6 Higher-power view of trachea from the same specimen as in Figure 1-e4 demonstrating the pseudostratified epithelium with goblet cells and the mixed seromucinous nature of the bronchial gland.
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Figure 1-e7 Smooth muscle actin immunohistochemical staining of bronchial gland reveals the myoepithelial cells surrounding the acini.




The noncartilaginous conducting airways extend from approximately generation 5 to generation 14 and are termed membranous bronchioles (Figure 1-4). The more proximal airways have a ciliated cell predominance (Figure 1-5), whereas the more distal airways acquire increasing numbers of nonciliated bronchiolar (Clara) cells until they account for approximately 11% of the total epithelial cell numbers in the terminal membranous bronchioles. Each bronchiole has a complete fibromuscular wall, with the muscle arranged in a tight spiral. An inconspicuous compartment located between the basement membrane and the muscle layer contains a few collagen fibers and longitudinally oriented elastic fibers. The bronchioles have an adventitial sheath into which adjacent alveoli insert.
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Figure 1-4 Membranous bronchiole with adjacent pulmonary artery. The diameters of the airway and the artery are roughly similar.
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Figure 1-5 Bronchiolar epithelium with predominantly ciliated cells.




The respiratory bronchioles have an incomplete fibromuscular wall, because they are partially alveolarized (Figure 1-6); the degree of alveolarization increases in each generation. The muscle bundles continue down the walls of the alveolar ducts, which are airways with completely alveolate walls, and end at the alveolar saccule entrance rings (Figure 1-e8).
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Figure 1-6 Terminal membranous bronchiole bifurcating into two respiratory bronchioles, which in turn have subtending alveolar ducts, saccules, and alveoli.
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Figure 1-e8 Smooth muscle actin immunohistochemical staining reveals muscle bundles in the mouths of the alveolar ducts and alveolar saccules.











Airway Epithelial Cells


Mucin-secreting cells are differentiated toward goblet cells and are characterized by a bulging apex distended by secretory vacuoles.


The ciliated cells arise from differentiation of the basal and nonciliated cells; they are columnar in type and attach to the basal lamina. The cilia are complex structures with dynein arms, nexin links, and radial spokes, all configured to utilize adenosine triphosphatase to control cilial beat.


Clara cells are nonciliated secretory cells that produce Clara cell secretory protein, some of the surfactant apoproteins, and antileukoproteinase and are a rich source of oxidases.


Neuroendocrine cells are known by several different names: Feyrter cells and Kulchitsky cells are more modern terms, but amine precursor uptake and decarboxylation (APUD) cells and “small granular” cells are found in earlier literature. The cells are roughly flask-shaped, with an apical protrusion found between the columnar cells extending to the airway surface. They express immunohistochemical neural markers such as chromogranin and synaptophysin, in addition to peptide hormones such as substance P, calcitonin, and gastrin-releasing peptide.









Alveolus


The alveolus is the main gas exchange area of the lung and is composed of a thin epithelial layer supported by its basement membrane, a capillary endothelium supported by its own basement membrane, and the interstitium between the two basement membranes (Figures 1-7 and 1-e9). Where the two basement membranes are fused, the alveolus is optimized for gas exchange; this region is known as the “thin” portion of the blood-air barrier. In the “thick” portion, by contrast, the basement membranes are separate, and there are fibroblasts, collagen and elastin fibers, and contractile interstitial cells (myofibroblasts, pericytes, and smooth muscle cells).
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Figure 1-7 Plastic section showing the components of an alveolus.
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Figure 1-e9 Transmission electron micrograph showing the relationships of type I and type II alveolar cells to the capillaries and interstitium of alveolar wall.




The alveolus is penetrated by openings known as the pores of Kohn (Figure 1-8). These appear early in postnatal life and increase in number with age. A majority of the pores are filled by alveolar lining fluid, but their geometry is affected by lung volumes. They may be important in collateral ventilation or may represent an acquired degenerative lesion.
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Figure 1-8 Scanning electron micrograph of pore of Kohn.


(Courtesy Dr. William Thurlbeck.)









Alveolar Epithelial Cells


Most of the alveolar surface is covered by simple squamous cells known as type I pneumocytes (Figure 1-9). These cells have a small nucleus with highly branched cytoplasmic processes covering 4000 to 5000 µm2. The cytoplasm contains sparse organelles. Type I cells form by mitotic division and transformation of type II cells. The normal ratio of type I to type II cells is 1:2.
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Figure 1-9 Transmission electron micrograph of a type I cell.




Type II epithelial cells have a granular appearance and, in humans, are noted to protrude into the alveolar space (Figure 1-10). They have abundant mitochondria, endoplasmic reticulum, and a large Golgi apparatus, in addition to conspicuous secretory granules, called lamellar bodies, which are composed of surfactant. Surfactant is approximately 90% lipid in nature, the major portion of which is phosphatidylcholine; surfactant apoproteins A, B, C, and D make up the remainder.
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Figure 1-10 Transmission electron micrograph of a type II cell. Lamellar granules are evident within the cytoplasm.














Vascular System


The main pulmonary artery splits into its two main branches within the mediastinum and beneath the aortic arch. The right pulmonary artery passes beneath the aortic arch and enters the lung anterior to the main bronchus. The left pulmonary artery travels above the main bronchus, passes over the superior lobar bronchus, and can then be identified posterior to the bronchus. The pulmonary arteries branch in company with the bronchi (see Figures 1-3 and 1-4) and can be identified down to the level of the tertiary respiratory bronchioles–alveolar ducts where they are small and poorly muscularized (see Figure 1-6). These precapillary vessels feed into the alveolar-capillary network, which consists of a gridlike mesh (Figure 1-11). The capillaries empty into the pulmonary veins, which travel a path independent of the bronchi, at the periphery of the acinus. When the interlobular septa are well formed, the veins lie within the septal fibrous tissue. At the hilus of each lung, the two pulmonary veins independently enter into the left atrium.
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Figure 1-11 Scanning electron micrograph of a vascular cast (from a guinea pig, but with the same structure as that of a human cast). A, Low-power magnification showing three-dimensional relationship of alveoli. B, High-power magnification showing ringlike structure of alveolar capillaries.




The bronchial blood supply is through the systemic circulation, arising from the aorta or the intercostal, internal mammary, or subclavian arteries. In gross specimens, the bronchial arteries can be identified in the connective tissue of the bronchial wall. Venous blood from the central bronchial circulation flows through bronchial veins and empties into the azygos and hemiazygos veins; that from the peripheral bronchi enters into the pulmonary venous system.









Lymphatic System


The lymphatic vessels run in the visceral pleura as a superficial network of channels and are present in the fibroconnective tissue of the interlobular septa and the bronchovascular bundles, where they form a deep plexus. These vessels have valves to direct the flow toward the lung hilus. Lymph travels to the tracheal bifurcation (node 7 in lymph node mapping systems in current use) and along the trachea to the right and left mediastinal nodes (t4R and 4L nodes, followed by 2R and 2L nodes); the lymph nodes function to filter the lymphatic fluid. The right lymphatic channel empties into the right subclavian vein, whereas lymph from the left flows into the thoracic duct and then into the left subclavian vein.
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* Additional content for this chapter can be found on Expert Consult.










Chapter 2 Basic Aspects of Cellular and Molecular Biology




Stefan J. Marciniak, David A. Lomas





The 20th century saw pulmonary medicine blossom with scientific advances. Although physiology remains at the core of this specialty, pulmonologist investigators are now at the leading edge of research in cell and molecular biology. These laboratory-based disciplines provide tools to study lung disease both in entire populations and at the level of individual proteins. Molecular biology encompasses both genetics and structural biology, which underpin cell biology, from which physiology emerges. Genetics helps to identify the alleles of genes that increase the risk of disease; structural and cell biology then aim to provide the mechanism. It is through an understanding of disease mechanisms that this century will see its major clinical breakthroughs. A working knowledge of these disciplines is therefore essential for today’s pulmonologist.






Molecular Biology






The Genetic Basis of Lung Disease


Genetic factors play an important role in diseases that affect the airways (asthma, chronic obstructive pulmonary disease [COPD], cystic fibrosis, primary ciliary dyskinesia), parenchyma (pulmonary fibrosis, Birt-Hogg-Dubé syndrome, tuberous sclerosis), and vasculature (hereditary hemorrhagic telangiectasia) of the lung (Table 2-1). Such conditions include simple monogenic disorders such as Kartagener syndrome and α1-antitrypsin deficiency, in which mutations of critical genes are sufficient to induce well-defined disease phenotypes. By contrast, many other disease processes affecting the lung are complex genetic traits in which inheritance subtly affects pathogenesis. This group of entities includes COPD, asthma, and idiopathic pulmonary fibrosis. Extending current understanding of the genetic basis of pulmonary conditions will be essential to provide new insights into their underlying pathophysiology, to make predictions about outcome, and to develop novel therapeutic strategies.




Table 2-1 Examples of Genetic Factors That Underlie Lung Disease
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Identification of single-gene defects in families that show the same phenotype is now relatively straightforward, owing to completion of the human genome project and improvements in DNA sequencing. Consequently, the past 20 years have seen rapid progress in elucidation of the genetic basis of disease. This rate of progress can be appreciated by a consideration of the many years required to identify the gene associated with cystic fibrosis. Dorothy Hansine Andersen first defined the condition in 1938 when she described cystic fibrosis of the pancreas in association with lung and intestinal disease. Only later was it recognized to be a recessive condition. The sweat test that is used to diagnose the condition was developed after the detection of abnormal sweat electrolytes by Paul di Sant’ Agnese in 1952. The search for the cystic fibrosis gene started in the early 1980s, and the gene was localized to chromosome 7 in 1985 through recognition of linkage with the highly polymorphic gene paraoxonase in many populations. This achievement was followed by the identification of additional markers more closely linked to the cystic fibrosis locus, MET and D7S8, allowing prenatal diagnosis of the disorder and eventually leading directly to the mapping of the causative gene in 1989 by teams headed by Lap-Chi Tsui, Francis Collins, and Jack Riordan. This gene was called the cystic fibrosis transmembrane conductance regulator (CFTR), and now more than 1000 different mutations have been identified that cause cystic fibrosis.


By contrast, today, what had once taken many groups a decade to complete can be undertaken in a single laboratory in days. For example, modern exome sequencing enables all 180,000 exons encoded by the human genome to be characterized in an individual patient or an entire kindred. Although the exome equates to only 1% of the genome, or about 30 megabases, it is thought to contain 85% of the mutations responsible for mendelian disorders. This technology, for example, was recently used to identify the causative gene of Miller syndrome, a rare disorder that manifests with cleft palate, absent digits, and ocular anomalies. The entire exomes of four persons so affected were sequenced, allowing mutations to be identified in the causative gene encoding dihydroorotate dehydrogenase (DHODH).


The major challenges now are therefore no longer the single-gene disorders but complex genetic diseases such as cancer, COPD, asthma, and interstitial lung disease. These diseases are the result of interactions between multiple genes and environmental factors. Consequently, the diseases cluster within families but do not show a clear pattern of inheritance.









Single-Gene Disorders and Respiratory Disease


Many single-gene disorders have been linked with respiratory disease (see Table 2-1). They are perhaps best typified by the autosomal recessive condition α1-antitrypsin deficiency. This condition shows a clear genotype-phenotype correlation with current understanding of the molecular basis providing new insights into the pathogenesis of disease. α1-Antitrypsin is the archetypal member of the serine proteinase inhibitor (“serpin”) superfamily. It is synthesized in the liver and secreted into the plasma, where it is the most abundant circulating proteinase inhibitor. Most people of North European descent carry the normal M allele, but 1 in 25 carries the Z variant (Glu342Lys), which results in plasma α1-antitrypsin levels in the homozygote that are 10% to 15% of the normal M allele. The Z mutation causes the accumulation of α1-antitrypsin in the rough endoplasmic reticulum of the liver, predisposing the homozygote to the development of juvenile hepatitis, cirrhosis, and hepatocellular carcinoma. The greatly reduced circulating levels of α1-antitrypsin are unable to protect the lungs against proteolytic damage by neutrophil elastase, predisposing the Z homozygote to the development of early-onset emphysema.


The structure of α1-antitrypsin is based on a dominant β-pleated sheet A and nine α-helices (Figure 2-1). This scaffold supports an exposed mobile reactive loop that presents a peptide sequence as a pseudosubstrate for the target proteinase. After docking, the proteinase is inactivated by a mousetrap-type action that swings it from the top to the bottom of the serpin in association with the insertion of an extra strand into β-sheet A (see Figure 2-1). This six-stranded protein bound to its target enzyme is then recognized by hepatic receptors and cleared from the circulation. The structure of α1-antitrypsin is central to its role as an effective antiproteinase but also renders it liable to undergo conformational change in association with disease. The Z mutation is at residue P17 (17 residues proximal to the key P1 amino acid that defines the inhibitory specificity of α1-antitrypsin) at the head of a strand of β-sheet A and the base of the mobile reactive loop (see Figure 2-1). The mutation opens β-sheet A, thereby favoring the insertion of the reactive loop of a second α1-antitrypsin molecule to form a dimer (see Figure 2-1). This dimer can then extend to form polymers that tangle in the endoplasmic reticulum of the liver to form the inclusion bodies resulting in liver disease. Support for this pathomechanism comes from the demonstration that Z α1-antitrypsin formed chains of polymers when incubated under physiologic conditions. The rate was accelerated by raising the temperature to 41° C and could be blocked by peptides that compete with the loop for annealing to β-sheet A. The role of polymerization in vivo was clarified by the finding of α1-antitrypsin polymers in inclusion bodies from the livers of Z α1-antitrypsin homozygotes (see Figure 2-1).
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Figure 2-1 The molecular basis of α1-antitrypsin deficiency. α1-Antitrypsin may be considered to act by a mousetrap mechanism. A, After docking (left), the target proteinase (gray) is inactivated by movement from the upper to the lower pole of the protein (right). This is associated with insertion of the reactive loop (red) as an extra strand into β-sheet A (green). The mousetrap mechanism may be triggered spontaneously by point mutations in association with disease. The Z mutation (Glu342Lys) of α1-antitrypsin is at the head of a strand of β-sheet A (green) and the base of the reactive loop. B, Mutations in this region can destabilize β-sheet A to allow the insertion of a reactive loop of a second molecule (middle). This dimer then extends to form long chains of polymers (right). Each molecule of α1-antitrypsin in the polymer is shown in a different color. It is these polymers that tangle in the endoplasmic reticulum to cause inclusions resulting in liver disease. C, An inclusion body (arrow) from the liver of a patient with α1-antitrypsin deficiency (left). The inclusions are composed of chains of molecules of α1-antitrypsin (right).


(Modified from Gooptu B, Lomas DA: Conformational pathology of the serpins—themes, variations and therapeutic strategies, Annu Rev Biochem 78:147–176, 2009.)





Although many α1-antitrypsin deficiency variants have been described, only three other mutants of α1-antitrypsin have similarly been associated with plasma deficiency and hepatic inclusions: α1-antitrypsin Siiyama (Ser53Phe), α1-antitrypsin Mmalton (Phe52 deleted), and α1-antitrypsin King’s (His334Asp). All of these mutants lie in the shutter domain that controls opening of β-sheet A. They destabilize the molecule to allow the formation of loop-sheet polymers in vivo. Further investigations have shown that polymerization also underlies the mild plasma deficiency of the S (Glu264Val) and I (Arg39Cys) variants of α1-antitrypsin. The point mutations that are responsible for these variants have less effect on β-sheet A than does the Z variant. Thus, the associated rate of polymer formation is much slower than that for Z α1-antitrypsin, which results in less retention of protein within hepatocytes, milder plasma deficiency, and the lack of a clinical phenotype. However, if a mild, slowly polymerizing I or S variant of α1-antitrypsin is inherited with a rapidly polymerizing Z variant, then the two can interact to form heteropolymers within hepatocytes. These polymers underlie the inclusions that cause cirrhosis.


Emphysema associated with α1-antitrypsin deficiency results from lack of protection against proteolytic attack in the lungs associated with reduced levels of circulating proteinase inhibitor. This is particularly the case with individuals who smoke tobacco. The Z α1-antitrypsin that does escape from the liver into the circulation is less efficient in protecting the tissues from enzyme damage and, like M α1-antitrypsin, may be inactivated by oxidation of the P1 methionine residue. The demonstration that Z α1-antitrypsin can undergo a spontaneous conformational transition in association with liver disease raised the possibility that this might also occur within the lung. Indeed, polymers have been detected in bronchoalveolar lavage fluid in patients with Z α1-antitrypsin deficiency. This observation may have important implications for the pathogenesis of disease, because polymerization obscures the reactive loop of α1-antitrypsin, rendering the protein inactive as an inhibitor of proteolytic enzymes. Thus, the spontaneous polymerization of α1-antitrypsin within the lung will exacerbate the already reduced antiproteinase screen, thereby increasing the susceptibility of the tissues to proteolytic attack and increasing the rate of progression of emphysema. Finally, the α1-antitrypsin polymers themselves are inflammatory for neutrophils, which will also increase the proteolytic load in the lung. Recent data suggest that cigarette smoke can induce the intrapulmonary polymerization of Z α1-antitrypsin, thereby exacerbating the lung damage associated with smoking.









Gene Hunting for Complex Genetic Diseases and Its Pitfalls: COPD and Asthma


One approach to looking for genes associated with complex genetic disorders is by means of an association study, which analyzes genetic variation between cases and controls (i.e., without disease) matched for various factors. The genetic variation commonly used in such studies is the single-nucleotide polymorphism (SNP) (DNA sequence variation) found approximately every 300 base pairs across the genome. These studies have been undertaken in patients with COPD matched with control subjects who do not have COPD but who are the same age and have the same smoking history and the same ethnic background. The early studies typically were small (100 to 150 cases plus controls) and often were confounded by failure to match carefully cases and controls. To increase the likelihood of finding a disease-associated gene, such studies frequently included SNPs in multiple genes in the same cohort. However, such multiple comparisons can result in false-positive results. With study of sufficient numbers of genes, purely by chance a variant will arise that erroneously appears to be associated with the disease being studied. Careful statistical analysis is necessary to avoid this problem.


The analysis was made more complex in COPD by the inherent complexity of the disease phenotype—a heterogeneous mix of airway disease and emphysema. Indeed, larger family-based studies have shown the independent clustering of the airway disease and emphysema components of COPD within families. This finding suggests that different genetic factors predispose to each of these components of the phenotype. The only way to overcome the inherent variation in COPD is to focus on groups of patients with well-characterized disease components or to undertake studies with large sample sizes and then to replicate any positive findings in other cohorts. This is now the case with candidate gene studies, and good evidence has emerged to show that heterozygosity for α1-antitrypsin deficiency (phenotype PiMZ) and polymorphisms in genes involved in oxidative stress—those encoding microsomal epoxide hydrolase (EPHX1), glutathione S-transferase (GST-P1 and GST-M1), heme oxygenase (HMOX1), and superoxide dismutase 3 (SOD3)—are associated with an increased risk of COPD (Figure 2-2). More recently, a minor allele of an SNP in the matrix metalloprotease-12 gene (MMP12) has been shown to protect against COPD in adult smokers.
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Figure 2-2 Genes implicated in chronic obstructive pulmonary disease (COPD). When smoke enters the alveolus, many of its constituent compounds are absorbed. Some of these are detoxified by an array of enzymes; those that escape detoxification cause local damage and inflammation. The influx and activation of inflammatory cells lead to the liberation of proteases that attack the extracellular matrix, primarily elastin. The effect of these proteases is attenuated by endogenous antiprotease activities, whereas growth factor signals are thought to modulate the repair and remodeling of the extracellular matrix.




The limitation of association studies using a candidate gene approach is that they are by definition restricted to pathways already recognized to be associated with the disease—in the case of COPD, the proteinase-antiproteinase balance, the oxidative stress pathway, and the integrity of the extracellular matrix (see later). Consequently, this approach lacks the capacity to identify unanticipated players and is thus restricted to hypothesis testing, rather than hypothesis generation.


In recent years, the collection of large cohorts of patients combined with technologic advances has allowed unbiased genome-wide association studies of many patients with lung disease. It is currently possible to use microarrays to assay up to a million different SNPs in the genome in the same patient. The variation in SNPs is then compared between cases and controls. The largest study was undertaken in a cohort from Bergen, Norway, and then replicated in the International COPD Genetics Network, the National Emphysema Treatment Trial with controls from the Normative Ageing study, and then finally in the Boston Early Onset COPD cohort. Top hits from this analysis were SNPs in the α-nicotinic acetylcholine receptor CHRNA-3/5 and the hedgehog-interacting protein HHIP. The first of these (rs8034919) in the α-nicotinic acetylcholine receptor also was identified in three genome-wide association studies of lung cancer and also is thought to be important in peripheral vascular disease and nicotine addiction. It is possible that this SNP functions as a marker for an addiction gene. People who carry this SNP may require more cigarettes to satisfy nicotine addiction, may inhale more deeply, and may find it more difficult to withdraw from cigarette smoking. If this hypothesis is correct, the disease-associated allele of this gene would account for 12% of the population risk for COPD.


In interpreting any association study, it is important to consider two important caveats. First, many genetic associations studies report false-positive findings owing to a failure to appreciate the prior probability of an association and the power of the study to detect a meaningful effect. When the prior probability of an association is low, that is to say when there is little functional or epidemiological data to support an association, the numbers of subjects required to guard against a false-positive result increases. Consequently, the identification of a genetic association in a single study must always be treated with caution. Clearly, in the case of the α-nicotinic acetylcholine receptor, it is possible to construct very plausible models for its potential role in COPD, so the prior probability is not low. Moreover, those studies in which it was identified were well powered. The second caveat, however, relates to the phenomenon of linkage disequilibrium. The combination of more than one genetic variant or allele is called a haplotype. Some haplotypes occur in the population more often than one would expect by random association of alleles. This can be caused by, but is not restricted to, the inheritance of blocks of adjacent genes on a chromosome. Clearly, nearby genes are less likely to be separated by recombination during gametogenesis than are more distantly spaced genes. Each population of humans has its own characteristic set of common haplotypes. In this light, a disease-associated SNP can more accurately be viewed as a marker of the haplotype that is associated with the disease under study and the causative gene must be identified within that group. Indeed, in the case of disease-associated SNPs in the α-nicotinic acetylcholine receptor, there does appear to be linkage disequilibrium with SNPs in the iron-responsive element binding protein 2 IREB2. This was identified from expression analysis in lung tissue from persons with COPD and then confirmed in three separate COPD cohorts. IREB2 is localized to the human epithelial cell surface and may play a role in protecting against epithelial damage from oxidative stress.


It is, of course, possible that a haplotype identified in large genome-wide association studies may contain multiple disease-associated genes, so each one needs individual validation. Indeed, many diseases appear to involve the interaction of multiple disease-associated alleles, each with relatively small contributions when studied individually. The chances of identifying an allele that imparts a small relative risk for developing a disease are improved both by increasing the numbers of cases studied (increased power) and by carefully selecting cases of the same phenotype. With diseases such as COPD that are likely to represent the final common pathway of many forms of lung damage, this consideration is particularly important.


The analysis of still larger numbers of patients with COPD has identified a disease-associated SNP in FAM13A. The role of this gene in disease is unclear, but expression has been associated with hypoxia. FAM13A also has been associated with lung function in a second independent study. A detailed analysis of these genes in well-characterized cohorts showed that SNPs in the α-nicotinic acetylcholine receptor are associated with smoking intensity, airflow obstruction, and emphysema, and SNPs in the hedgehog-interacting protein are associated with systemic features of COPD (low body mass index) and exacerbations, whereas SNPs in FAM13A are associated with airflow obstruction.


Familial clustering of asthma has also been recognized for many years, and comparisons between monozygotic and dizygotic twins suggest that 70% of asthma-related population variance is accounted for by genetic factors. Classical positional cloning using linkage analysis of large families has identified several candidates, including ADAM33, CHI3L1, DPP10, and HLA-G, and more recently, asthma-specific genome-wide association studies have identified further disease-associated loci (see Table 2-1). The first of these was in the long arm of chromosome 17 and found to contain two genes, ORMDL3 and GSDMB, whose expression levels are altered in asthmatic persons. The pathways implicated by such studies can now be tested to determine what role they play in disease pathogenesis.












Cell Biology






Intracellular Signals






Oxidative Stress


Cigarette smoke contains 1017 free radicals per puff, including superoxide ions, hydrogen peroxide, hydroxyl radicals, nitric oxides, peroxynitrite, and semiquinone. Migrating neutrophils also can release superoxide radicals in response to inflammatory stimuli, including pathogens and smoke. Alveolar macrophages from the lungs of smokers are more activated compared with controls and release more reactive oxygen species (ROS) in vitro. These toxic products can all modify proteins, lipids, and DNA during oxidative stress. Oxidized proteins can be found in lung tissue and their level increases with worsening lung disease. This damage leads directly to cell death and emphysema. When ROS react with phospholipids in the cell membrane (lipid peroxidation), they generate products such as F2 isoprostanes and malondialdehyde that can trigger intracellular signaling pathways. For example, isoprostanes cause muscle constriction and induce cell growth by way of prostaglandin receptors. Other diffusible peroxides act as chemoattractants, thereby contributing to inflammation.


Normally, homeostatic mechanisms maintain the reducing environment of the cytoplasm. Glutathione (GSH) is an abundant sulfhydryl chemical that exists in the cytosol predominantly in its reduced form (GSH), with only 1% in the oxidized disulfide-bonded form (GSSG). The cell maintains the ratio of GSH to GSSG strongly in favor of the reduced form by reducing GSSG to GSH, or by excreting GSSG. However, during the adaptive response to oxidative stress, de novo synthesis of GSH also is important. Alterations in GSH metabolism have been shown to affect the sensitivity of cells to oxidative damage. For example, ROS can induce signaling by a number of stress pathways including c-Jun N-terminal kinase (JNK), extracellular signaling kinase, and p38 kinase. These are linked to signaling cascades that ultimately regulate gene transcription.


Oxidative stress is an important activator of nuclear factor κB (NFκB). This proinflammatory transcription factor is held in the cytosol in unstressed cells through binding to its inhibitor, IκB. When cell surface receptors are activated, they can trigger an IκB kinase (IKK) that phosphorylates IκB, targeting it for degradation. NFκB is thus released to migrate to the nucleus, where it transactivates genes involved in many pathways, including the inflammatory response. The precise mechanism whereby NFκB is activated by oxidative stress is not fully understood but may involve the direct activation of IKK by ROS.


ROS also modulate gene transcription by modifying chromatin, so-called epigenetic regulation. Chromatin structure determines the access of transcription factors to target sequences within the promoters of genes and is subject to regulation. Posttranslational modification of histones can alter DNA coiling around them. For example, the relative activities of histone acetyltransferases (HATs) and histone deacetylases (HDACs) profoundly alter histone function and consequently gene transcription. Cigarette smoke and oxidative stress can enhance histone acetylation by impairing HDAC activity resulting in altered gene expression.


A number of genes have been studied that might plausibly modify the cells’ responses to cigarette smoke and ROS. These include genes involved in detoxification of toxins and genes involved in neutralization of ROS. Many toxins in cigarette smoke are subject to first-pass metabolism in the liver, and one of the enzymes involved in this is microsomal epoxide hydrolase (encoded by EPHX1) localized to 1q42.1, which has been studied intensely in the context of COPD (see Figure 2-2). Several EPHX1 SNPs have been described that affect its activity. One of these leads to a 40% loss of in vitro activity (Tyr113His, the “slow” allele), whereas another increases activity by 25% (His139Arg, the “fast” allele). A recent systematic metaanalysis found homozygosity for the “slow” (Tyr113His) allele to be protective against COPD (odds ratio, 0.5). Analysis of the National Emphysema Treatment Trial (NETT) dataset has suggested a role for EPHX1 polymorphism in both severity of COPD and the distribution of emphysematous changes. In addition to EPHX1, glutathione S-transferase (GST) comprises a large family of enzymes capable of catalyzing the conjugation of GSH to noxious compounds. The GSTs are highly polymorphic, and SNPs in GSTP1 have been associated with COPD, the distribution of emphysema, and more rapid decline in lung function. The null mutation of GSTM1 (localized to 1p13.1) also has been associated with COPD.


Several other proteins can loosely be considered as having antioxidant activity and thus protective against ROS. Heme oxygenase catalyzes the first step in heme degradation. Heme oxygenase 1 (encoded by HMOX1, localized to 22q13.1) is the inducible isoform that can be upregulated by a wide range of stresses. Bile pigments generated by heme cleavage are believed to have antioxidant properties; thus, HMOX-1 induction is protective during cellular oxidant injury, and overexpression of HMOX-1 in lung tissue protects against hyperoxia. The HMOX1 gene 5′-flanking region contains stretches of GC repeats that are highly polymorphic in length. A higher proportion of long repeats that are associated with impaired promoter activity has been observed in patients with COPD and increased severity of disease. By contrast, superoxide dismutase (SOD) directly catalyzes the conversion of superoxide to oxygen and hydrogen peroxide. The extracellular isoform (encoded by SOD3, localized to 4p15) is abundant in lung parenchyma, and in the cross-sectional Copenhagen Heart Study, the R213G allele that results in higher plasma levels was associated with significantly less severe COPD in smokers.


Oxidative stress also is important in the pathogenesis of emphysema associated with α1-antitrypsin deficiency. Free radicals released from neutrophils or cigarettes can oxidize the key P1 methionine at residue 358, which is central to the inhibitory activity of α1-antitrypsin. This change results in a 2000-fold reduction in the association rate constant with neutrophil elastase. A reduction in the intrapulmonary concentration of α1-antitrypsin in persons with α1-antitrypsin deficiency means that fewer free radicals are required to have a significant impact on the inactivation of α1-antitrypsin. In addition to Met358, methionines at positions 226, 242, and 351 and the cysteine residue at 232 in α1-antitrypsin are similarly available for oxidation. These molecules may be considered to function as a sump to “mop up” free radicals, thereby reducing their toxicity. However, persons with α1-antitrypsin deficiency have fewer molecules to bind free radicals. Moreover, polymer formation masks two of the four methionines, thereby further reducing the capacity of α1-antitrypsin to detoxify these toxic species. Thus, α1-antitrypsin from persons with Z α1-antitrypsin deficiency is more prone to oxidative damage and less able to protect the tissues from oxidative stress as a result of both local deficiency and polymer formation.









Endoplasmic Reticulum Stress


The early steps in the biogenesis of secreted and membrane proteins occur in the lumen of the endoplasmic reticulum, where resident proteins that make up the endoplasmic reticulum machinery assist in their folding, maturation, and complex assembly (Figure 2-3). Variation in the load of endoplasmic reticulum client proteins and in the function of its protein-folding machinery can lead to an imbalance between the two that is referred to as endoplasmic reticulum stress. This imbalance triggers a cellular response, mediated by signaling pathways that restore balance between the protein-folding environment in the organelle by increasing the expression of genes that enhance most aspects of endoplasmic reticulum function and by transiently repressing the biosynthesis of new client proteins. This response has been termed the unfolded protein response (UPR) and is mediated by three signaling molecules, PERK, IRE1, and ATF6, located in the endoplasmic reticulum membrane (see Figure 2-3). It is now clear that the UPR plays a role in many human diseases, including many that affect the lung.
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Figure 2-3 Unfolded protein response and endoplasmic reticulum (ER) overload response. Unfolded protein response (UPR): In the resting endoplasmic reticulum, the chaperone BiP holds the stress-signaling molecules PERK, IRE1, and ATF6 inactive. When proteins misfold in the endoplasmic reticulum, they sequester BiP (purple). This enables PERK, IRE1, and ATF6 to become active and signal to the cytosol. PERK phosphorylates a cytosolic translation initiation factor eIF2α, thereby halting most protein synthesis. In parallel, the translation of a subset of proteins increases. These include the transcription factor ATF4, which transactivates genes of the integrated stress response (ISR). When IRE1 is activated, it splices out an intron from the messenger RNA (mRNA) encoding the transcription factor XBP1. This causes a frameshift in the mRNA, accompanied by the translation of an activated form of XBP1, which can transactivate UPR genes. When ATF6 is released from BiP, it migrates initially to the Golgi apparatus, where it is cleaved by proteases to release a soluble fragment, ATF6c. This migrates to the nucleus, where it transactivates UPR genes. Endoplasmic reticulum overload response (EOR): When excess folded proteins accumulate in the endoplasmic reticulum, they cause calcium-dependent activation of nuclear factor κB (NFκB) through a poorly understood mechanism.




Cigarette smoke can directly induce endoplasmic reticulum stress in cells. When cultured airway epithelial cells are treated with cigarette smoke extracts, they activate the UPR. Similar responses have been observed in vivo in the lungs of cigarette smoke–exposed mice and even in the lungs of human smokers. Overexpression of the endoplasmic reticulum chaperones BiP in cultured bronchial epithelial cells protects them from smoke-induced apoptosis, supporting a role for endoplasmic reticulum stress in cigarette cytotoxicity. Precisely how smoke induces endoplasmic reticulum stress remains to be determined, but the protective effects of coadministered N-acetylcysteine or GSH suggest that oxidation of an unknown target is likely to be important.


The existence of IRE1β, a lung- and gut-specific IRE1 isoform, suggests that endoplasmic reticulum stress has important consequences for mucosal tissues. IRE1 signals through splicing the messenger RNA (mRNA) for the transcription factor XBP-1, which transactivates many UPR genes but it is not clear why airways and bowel require a tissue-specific IRE1 isoform. A clue may come from the XBP1-mutant mouse, which exhibits impaired mucosal defense against Listeria monocytogenes and has poorly bactericidal gut secretions. These observations suggest that the IRE1-XBP1 pathway may play an important role in host-pathogen interactions at epithelial surfaces. Endoplasmic reticulum stress can itself affect the acquired immune response. It is clear that the IRE1-XBP-1 pathway is crucial for differentiation programs that require expansion of the endoplasmic reticulum—for example, during the differentiation of B lymphocytes into plasma cells. This requirement can be explained by the regulation of many lipid synthetic genes by XBP-1. In addition, XBP-1–dependent processes appear to be responsible for heightened inflammatory signaling in inflamed airway epithelium. When forced to express active XBP-1, bronchial epithelial cells show elevated bradykinin-induced IL-8 release.


One of the disease-causing mutations of the surfactant protein C gene SFTPC is a deletion of exon 4. This change generates a protein that fails to exit the endoplasmic reticulum and induces endoplasmic reticulum stress. When expressed transiently in cultured cells, this mutant of SFTPC accumulates as large ubiquitinated inclusions and inhibits normal proteasome function, ultimately killing the cell. When cell lines that stably express this mutant are infected with respiratory syncytial virus, the cells accumulate high levels of mutant protein, activate the UPR, and show increased toxicity compared with wild type SFTPC–expressing cells. Of interest, evidence of UPR activation has been seen in a majority of cases of interstitial lung disease, both with and without SFTPC mutations. This finding may suggest an even greater role for endoplasmic reticulum stress in idiopathic pulmonary fibrosis. Very recently, it was shown that endoplasmic reticulum stress caused by a variety of insults, including mutant SFPC, can induce epithelial to mesenchyme transition (EMT). This is the process by which epithelia can transdifferentiate into cells of a more fibroblast-like phenotype. This mechanism has been suggested to contribute to pulmonary fibrosis and would explain why treatment strategies for idiopathic pulmonary fibrosis involving antiinflammatory drugs have been less than entirely successful. It may instead prove more beneficial to prevent EMT by ameliorating endoplasmic reticulum stress.


Cystic fibrosis is caused by CFTR mutations that impede protein folding. High levels of ΔF508 CFTR expression, but not of wild type protein, induce a UPR in cultured cells. However, rather than CFTR expression affecting endoplasmic reticulum stress, the clinically relevant relationship may be the converse. Recent data have suggested endoplasmic reticulum stress affects CFTR expression. In cells treated with agents that induce the UPR, levels of mature CFTR protein are markedly diminished. This involves a selective reduction of genomic CFTR expression; an effect that is not seen with recombinantly expressed CFTR or with endogenous control genes. Repression of the CFTR promoter is achieved both by selective recruitment of ATF6 and by epigenetic changes, including altered DNA methylation and histone deacetylation. This is especially unfortunate, because mucopurulent secretions from patients with cystic fibrosis are sufficient to induce endoplasmic reticulum stress in human bronchial epithelial cells, suggesting that chronic airway sepsis may actually contribute to further impairment of CFTR expression in those cases in which milder mutations allow some of the protein to reach the cell surface. This effect of endoplasmic reticulum stress on CFTR also may explain previous studies that have identified impaired CFTR expression and function in the upper airway of smokers who do not have the disease. This finding had been attributed to oxidant effects alone but now might be explained equally well as a response to smoke-induced endoplasmic reticulum stress. Whether this effect contributes to the pathologic lung changes associated with smoking is unclear, but if it does so, it would provide a novel therapeutic target.


Hypoxia is a far more common cause of protein misfolding than these single-gene disorders. The endoplasmic reticulum requires large amounts of energy to function, so it is one of the first organelles to malfunction when energy supplies are disrupted. This effect can follow nutrient deprivation or hypoxia and appears to play a role in tissue survival during ischemia. Cancers provide a good example of this mechanism. Tumors frequently outgrow their blood supply, so their cores become hypoxic. It has been found that tumors from animals with defective endoplasmic reticulum stress signaling fail to grow well, and most lung cancers show evidence of UPR activation. Consequently, modulation of endoplasmic reticulum stress may offer a target for treating thoracic malignancies. Attempts to identify antimesothelioma therapies found that proteasome inhibition with bortezomib could cause cell cycle arrest and death of cultured mesothelioma lines. The mechanism is not certain, but because bortezomib induces the UPR in several cancer models, endoplasmic reticulum stress may plausibly be involved. In some cancers, bortezomib appears to target hypoxic cells preferentially, perhaps because of their basal endoplasmic reticulum stress.









Endoplasmic Reticulum Overload


Remarkably, when Z α1-antitrypsin polymerizes within the endoplasmic reticulum of its cell of synthesis, it fails to induce a strong UPR. Instead, the predominant signaling response appears to be activation of NFκB through a poorly understood mechanism that has variously been termed the endoplasmic reticulum overload response or the ordered polymer response (Figure 2-3). In the liver, this ultimately can lead to cirrhosis. Z α1-antitrypsin appears also to be synthesized locally in the lung by some cell types, including bronchial and alveolar epithelial cells and macrophages. These too are likely to activate NFκB signaling cascades that would increase the production of inflammatory mediators and further amplify neutrophil recruitment and tissue damage. Chronic activation of NFκB would accelerate apoptosis within alveolar cells and thus contribute to the pathogenesis of emphysema. Because this effect would occur in all alveolar cells, it provides another explanation for the panlobular distribution of emphysema that characterizes α1-antitrypsin deficiency. Although Z α1-antitrypsin serves as an excellent model disease to study endoplasmic reticulum overload, it is likely that more common diseases such as some viral infections involve this form of signaling.












Maintenance of the Extracellular Matrix


As in all tissues, cells of the lung communicate with one another through direct contact and by way of released diffusible and matrix molecules. This communication network is important during the inflammatory response but also is required for the maintenance of normal lung architecture. The extracellular matrix comprises a complex network of scaffolding proteins, principally elastin and collagen. The elastin filaments form from tropoelastin monomers that self-assemble into aggregates and then fuse with microfilaments. Multiple covalent cross-links between the lysines in neighboring filaments provide stability. Cutis laxa is a family of autosomal dominant, X-linked, and recessive human diseases characterized by excessively slack connective tissues. Several families with the milder autosomal dominant form show early-onset pulmonary pathology including emphysema, particularly if inherited with the Z allele of α1-antitrypsin. Mutations have been identified within the ELN (elastin) gene that cause mild cutis laxa and early-onset COPD (see Table 2-1). The ELN gene maps to 7q11.23 in humans, but because chromosome 7 has not been identified in linkage analysis as a site associated with COPD, it is likely that ELN mutations are a rare cause of this disease.


Elastin fibers bind other proteins, including fibulins, which in turn bind multiple extracellular matrix components and the basement membrane (Figure 2-4). The fibulins are a family of six proteins, at least two of which (those encoded by FBLN4, mapped to 11q13, and FBLN5, on 14q32.1) are mutated in severe autosomal recessive forms of cutis laxa and whose phenotype often includes early-onset emphysema. Both pathogenic mutations are located within an epidermal growth factor–like domain of each protein, suggesting these are critical for fibulins to maintain the integrity of the extracellular matrix within the lung. Of interest, analogous mutations in fibrillin, which bares homology to the fibulins, cause Marfan syndrome. Moreover, mutations of fibrillin (encoded by FBN1, localized to 15q21.1) have been described in neonatal Marfan syndrome with very-early-onset emphysema.
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Figure 2-4 Extracellular matrix structure. The extracellular matrix of the lung is composed primarily of collagen and elastin fibers. Large fibrils of collagen assemble within the endoplasmic reticulum and traverse the Golgi apparatus, ultimately to be secreted. Elastin filaments form in association with microfilaments and integrin-anchored fibulin 5. AD, autosomal dominant; AR, autosomal recessive.




Menkes disease, characterized by abnormal hair and specific dysmorphic features, is caused by mutations in an intracellular copper transporter (encoded by ATP7A, localized to Xq13.3). The clinical features are due to defective connective tissue synthesis believed to be the result of dysfunction of lysyl oxidase. This copper-dependent enzyme is required for proper cross-linking of both collagen and elastin fibers. A recent case report described a child with Menkes disease and severe bilateral panlobular emphysema who died at only 14 months of age. Gene sequencing revealed a splice-site mutation in ATP7A, suggesting that proper extracellular matrix cross-linking is vital for stability of the lung parenchyma.


In contrast with animal models of COPD, mutations in collagen have not been identified in humans. This difference does not appear to be due to an incompatibility of mutated collagen with survival, because numerous collagen mutations have been described that cause other human diseases. Instead, it may reflect a more important role for elastin integrity in emphysema in humans than in mice.


Noxious stimuli such as cigarette smoke that cause lung inflammation help establish chemotactic gradients of interleukin-8 (IL-8) and leukotriene B4 (LTB4) that encourage macrophages and neutrophils to migrate from capillaries into the small airways and alveoli. Neutrophils initially are concentrated in the centrilobular regions of the lung parenchyma where they release serine and cathepsin proteinases. These enzymes damage and degrade elastin and other structural proteins, thereby causing disease. The degraded elastin fragments themselves act as chemoattractants that recruit additional inflammatory cells. A direct correlation has been noted between the numbers of neutrophils within the interstitium and the severity of emphysema.









Repair


The lung comprises more than 40 specialized cell types, each with its own individual functions and distribution. Of importance, only a subset of these possesses replication potential. Those that can divide must serve as a stem cell population for the other, terminally differentiated cell types. Regeneration of the lung is a source of much debate. It appears that in humans, the primary regenerative capacity of airway epithelia comes from resident precursor cells. Limited colonization of the airway by exogenous precursors has been described in humans. For example, male epithelial cells have been identified in the lungs of women who have just given birth to a male infant, and chimerism of the bronchial epithelium has been detected in bone marrow recipients. Conversely, limited numbers of recipient-derived cells have also been detected in engrafted transplant lungs. In the absence of lung damage, however, such engraftment of non–lung-derived cells appears to be a rare event.


Alveoli are composed of capillaries and lymphatics encased in a thin epithelial layer. More than 90% of the alveolar surface is composed of type I pneumocytes (Figure 2-5). These are terminally differentiated, large flat squamous epithelial cells that possess a relatively simple ultrastructure. Their function is to allow gaseous exchange between the alveolar gas and the bloodstream; consequently, they require little more than a nucleus and cell membrane with a few mitochondria and a limited secretory pathway. They are unable to replicate and are susceptible to noxious insults from inhaled toxins such as cigarette smoke and therefore must be replenished by the major stem cell found within the alveolus, which is the type II pneumocyte. These are small cuboidal cells located predominantly at the alveolar septal junctions. Although contributing little surface area to the lung, they are abundant, making up half of the alveolar cells by number. Tight gap junctions separate their polarized apical and basolateral domains, enabling selective secretion toward their apical surface, readily identified by its many microvilli.
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Figure 2-5 Pneumocytes. Alveoli are composed primarily of type I and type II pneumocytes. Type I pneumocytes are thin, terminally differentiated nonsecretory cells that make up 90% of the alveolar surface area. Type II pneumocytes contain lamellar bodies composed of surfactant proteins and lipids. After injury, these cells can divide and give rise to type I pneumocytes.




Type II pneumocytes have two primary functions: to secrete surfactant and to act as the sole stem cell of the alveolus. Surfactant is a complex mixture of phospholipids (mainly dipalmitoylphosphatidylcholine and phosphatidylglycerol) and surfactant proteins A to D (encoded by SFTPA, SFTPB, SFTPC, and SFTPD, respectively). Intracellular surfactant inclusions, or multilamellar bodies, give these cells their granular appearance. After exocytosis at the apical surface, these spheroid lamellar bodies form a membrane lattice called tubular myelin that plays an important role in reducing the surface tension of the alveolar lining fluid and in host defense. Surfactant proteins A and D are members of the hydrophilic collectin family that have a carboxyl-terminal (C-terminal) lectin domain able to bind and opsonize many inhaled pathogens. In addition, they also have direct toxicity against gram-negative organisms. By contrast, surfactant proteins B and C both are small hydrophobic proteins that interact with surfactant lipids.


Because type II cells first appear in significant numbers after 24 weeks of gestation, prematurely newborn are impaired in surfactant production, which can lead to the development of respiratory distress syndrome, the most common cause of respiratory death in infants in the Western world. Those children who survive are at increased risk for respiratory disability as a result of bronchopulmonary dysplasia. Fortunately, the deficit can now be corrected by instilling surfactant into the trachea. But despite a marked improvement in survival as a result of this therapy, a significant minority (5% to 25%) nevertheless develop long-term complications. Family studies have shown clustering of disease, which suggests a genetic susceptibility to respiratory distress in infancy. The most likely causes of this susceptibility are mutations in the surfactant protein genes and some extrapulmonary gene products (such as granulocyte-macrophage colony-stimulating factor and its receptor). Mutations in the hydrophobic SFTPB and SFTPC are clearly linked to neonatal respiratory disease. The substitution of GAA for C in codon 121 in SFTPB gene underlies 60% of hereditary deficiency of surfactant protein B. This substitution results in a truncated protein, a lack of protein on immunohistochemical staining of lung tissue, and a loss-of-function phenotype, in which the homozygote experiences onset of respiratory distress within the first 12 to 24 hours of life and death by 1 to 6 months of age. A total of 27 mutations have now been described in the SFTPB gene, some of which have a milder effect on the production of surfactant protein B, with a later onset of respiratory failure. One family also has been described with a splice site mutation in intron 4 of the SFTPC gene. Infants with this mutation do not suffer neonatal respiratory distress but instead develop interstitial lung disease in the first year of life with an autosomal dominant pattern of inheritance. Furthermore, mutations within the genes encoding granulocyte-macrophage colony-stimulating factor or its receptor cause pulmonary alveolar proteinosis in children, a condition characterized by the overproduction of surfactant.


Idiopathic pulmonary fibrosis is a progressive interstitial lung disease characterized by inflammation and fibrosis of the alveolar walls. Although most cases of pulmonary fibrosis are sporadic, some rare familial cases have been described. In a number of early-onset familial cases of idiopathic pulmonary fibrosis, causative mutations have been identified in the SFTPC gene. This encodes a large transmembrane pro-protein that is proteolytically processed to the mature small surfactant C protein. As discussed earlier, one of its disease-causing mutants, characterized by a deletion of exon 4, misfolds to induce endoplasmic reticulum stress.


When type I cells are injured, type II cells can proliferate and differentiate into the larger type I cells. In bronchi, intermediate and basal cells form the pool of progenitor cells, whereas in terminal bronchioles, the Clara cell plays this role. These latter cells are highly metabolically active and serve to detoxify many inhaled chemicals by way of their cytochrome P-450 monooxygenase system in their smooth endoplasmic reticulum. They are able to multiply and differentiate into both ciliated and nonciliated bronchial epithelial cells. This response involves first dedifferentiation and then loss of their secretory granules and smooth endoplasmic reticulum, followed by reentry into the cell cycle. However, not all Clara cells behave identically. A variant that shows resistance to naphthalene, a toxin that targets the cytochrome P-450 isoenzyme found in Clara cells, may represent the main progenitor subtype and has been called either the toxin-resistant variant Clara cell or the bronchiolar stem cell.


Cells have been identified at the junction between terminal bronchioles and the alveoli that express markers of both Clara cells and type II pneumocytes. These have been named bronchoalveolar stem cells (BASCs), because when isolated and grown in vitro, they have been shown to be capable of self-renewal. At least in culture, they can differentiate into cells that express markers of bronchial epithelium, alveolar type I or type II cells. The identity of the progenitor cells of the interstitium, smooth muscle, and endothelium remains unclear. In adults, transdifferentiation of one cell type to another may be important. In disease, many examples of epithelial to mesenchymal transition have been described.


There is growing interest in the potential of stem cell technology in the treatment of lung disease. In young mice, the administration of retinoic acid derivatives can induce lung regeneration, presumably from endogenous stem cells; whether such regeneration can be induced in adult humans, however, is not clear. Instead, it may be possible to deliver exogenous stem cells to the lung. Among the potential sources for such cells, the most controversial are embryonic stem cells. When grown in vitro, these cells can be made to develop toward a type II pneumocyte–like phenotype expressing surfactant proteins that contain lamellar bodies or to form pseudoglandular structures. However, there are currently no clinical data to support their use. By contrast, mesenchymal stem cells derived from bone marrow or cord blood have been more extensively studied. In mouse models of acute lung injury and lung fibrosis, mesenchymal stem cells have yielded promising results. Moreover, in a clinical trial administering human mesenchymal stem cells to patients after acute myocardial infarction, an increase in forced expiratory volume in 1 second (FEV1) was reported. Further trials designed specifically to test the effectiveness of such therapies in well-defined human lung disease are now required.


The major hurdle in administering exogenous cells is the potential for immune reaction and rejection. If the patient’s own cells can be used, this problem can be circumvented. In one recent case involving a 10-year-old boy with congenital tracheal stenosis, a segment of trachea was grown ex vivo on a collagen scaffold from stem cells derived from his bone marrow. This was subsequently implanted to correct the stenosis. Modern technologies now enable progenitor cells to be generated from adult peripheral tissues. Induced pluripotent stem cells (iPS cells) can be derived by expressing stem cell transcriptional regulators such as SOX-2 and Oct-3 in adult cells such as skin fibroblasts. The resulting dedifferentiated cells have the potential to differentiate into many other tissues—hence their pluripotency. This technology has been used to generate hepatocyte-like cells from the skin of patients with α1-antitrypsin deficiency. Ultimately, when such iPS cells are reprogrammed to correct the genetic defect, it is hoped that they will provide a source of autologous tissue to replace damaged or malfunctioning organs.












Pitfalls and Controversies






Nature of the α1-Antitrypsin Polymer


Although the “loop-sheet” model of polymerization described earlier has long been accepted as the mechanism of the retention of Z α1-antitrypsin within cells, the field was recently revitalized by a new model for polymerization. This model was based on the finding that another serpin molecule, antithrombin, could be re-folded in vitro to form dimers linked by the swapping of a large hairpin structure rather than by the single strand of the reactive center loop. This “domain swap” model initially garnered significant support and led to revival of the molecular mechanism of α1-antitrypsin deficiency. An important consequence of this renewed interest was the development of a novel monoclonal antibody called 2C1, which specifically recognizes α1-antitrypsin polymers generated by heating the purified protein. This development was significant because up to that point, heating rather than refolding after chemical denaturation had been the source of most serpin polymers studied in vitro. The crucial observation that 2C1 also recognizes polymers formed within the livers of affected patients, while showing no reactivity against polymers formed by refolding in vitro, strongly supports the original loop-sheet hypothesis. However, this renewed bout of interest in serpin polymerization, while having been prompted most likely by an in vitro antithrombin artifact, has left researchers with an excellent new monoclonal antibody that will be of great use in the study (and perhaps future diagnosis) of this disease. This field remains ripe for future discoveries, and it is unlikely that the last word on serpin polymerization has yet been written.









Alveolar Regeneration in Response to Retinoic Acid


In 1997 it was shown that retinoic acid could induce alveolar regeneration in rats. This observation suggested a possible future therapy for emphysema in humans. However, subsequent studies that have attempted to replicate these findings have met with mixed results, some positive and others not. This inconsistency may reflect strain-specific differences, because it has been noted that the successful studies were restricted to certain strains of mice and rats. Recent observations have demonstrated that it is not responsiveness or lack thereof to retinoic acid per se that is strain-specific, but instead that each strain differs in its sensitivity to the agent. What is not clear is if the effects can be recapitulated in animals other than rodents. A single study in humans has so far failed to show clinical improvement in indices of emphysema, although that study has been criticized for methodologic flaws including lack of power. Larger-scale, well-controlled studies are necessary to settle this important controversy.









Stem Cell Biology


As discussed earlier, the potential for regeneration of lung tissue from a stem cell pool is a research subject of considerable interest, with ongoing controversy surrounding the origins of these cells. Indeed, opinion remains split on whether to call these “stem cells,” “progenitor cells,” or even “reparative cells.” Clearly, endogenous pulmonary cells are responsible for recovery of the lung from many insults, but it has not been established how these could be used therapeutically unless mechanisms can be found to augment their function. The use of iPS, bone marrow–derived, or even embryonic stem cells remains a controversial area but holds the potential to revolutionize therapy for emphysema.









Autophagy Versus Endoplasmic Reticulum–Associated Degradation in α1-Antitrypsin Deficiency


In many diseases, the accumulation of aberrant proteins in the endoplasmic reticulum directly contributes to the pathogenesis of disease, be these misfolded surfactant proteins or polymers of α1-antitrypsin. It is a goal of several laboratories to devise ways of helping the cell dispose of these retained proteins, but a useful therapy remains elusive. For some time, it was thought that polymers within the endoplasmic reticulum were too large to be degraded by the classical endoplasmic reticulum–associated degradation (ERAD) pathway and so an alternative disposal mechanism must be involved. Indeed, a number of reports described the activation of autophagy by retained serpin polymers. Autophagy is the process by which intracellular components are engulfed by double-membraned structures called autophagosomes that ultimately “digest” their contents in what translates literally as “self-eating.” However, it appears that the disposal of polymerogenic serpins shows significant cell type differences, and most in fact are degraded primarily by ERAD, with autophagy playing a secondary role. This area requires further study. An exciting recent report has described how the use of a commonly prescribed drug, carbamazepine, can stimulate both the ERAD and autophagy of polymerized α1-antitrypsin and result in the resolution of liver disease in transgenic Z α1-antitrypsin mice. The doses required currently are far higher than those that can safely be employed in humans, so further clinical trials are needed.









The Candidate Gene Approach


When hunting for a disease-associated mutation or polymorphism, it is essential to maintain a high degree of skepticism and statistical rigor. The involvement of a biologic statistician at an early stage of the study design is therefore essential. The attempt to link tumor necrosis factor (TNF)-α variants with the pathogenesis of COPD illustrates this pitfall well. The involvement of TNF-α was biologically plausible, because the levels of this multifunctional cytokine are elevated in bronchoalveolar lavage fluid, induced sputum samples, and lung biopsy specimens from patients with COPD. Moreover, well-studied promoter polymorphisms had been shown to alter expression levels and were linked with other inflammatory conditions. It was the observation of an association (with a staggering odds ratio of over 10) between a specific allele of TNF-α and “bronchitis” in Taiwanese men that ignited interest in this gene in COPD. That study was difficult to interpret, however, because a third of the men involved were “never smokers” and thus were unlikely to suffer from COPD. More than 10 subsequent studies have found little evidence that TNF-α polymorphisms are associated with, or modify the progression of, COPD. Although tempting as it may be to restrict study to a “favorite gene,” it is far more fruitful to look first in an unbiased fashion for associations and only then to focus on individual genes or pathways.












Future Directions


The first human genome took a global effort of 13 years to complete. Today, genomes can be sequenced in a single laboratory in less than a week. Before very long, sequencing studies will be affordable for most research groups and may potentially even enter clinical practice, truly revolutionizing medicine. Such genomic elucidation will determine far more than whether a few disease-causing mutations are present; it will make possible individually tailored treatments like never before. Pharmacogenetics will identify the most effective therapies and avoid the worse complications. In clinical practice, experienced prognostication and risk stratification will inform the hard decisions that both patient and physician need to make. In parallel, structural and cell biologists will continue to tease apart the components that make pneumocytes work and, more important, allow them to fail. These advances can be expected to lead to a new understanding of pathology and to provide signposts to new treatments. This century promises to be one in which all physicians can look forward to an exciting role as clinician scientists.
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Chapter 3 Respiratory Mechanics




Bruce H. Culver









Introduction


This chapter describes the physical properties of the lungs and chest wall involved in the cyclic processes of ventilation supporting the metabolic needs of the body. The contribution of respiratory muscles to these processes is reviewed here; their function is described more fully in Chapter 6. Clinical measurements of some of these mechanical properties are an important part of pulmonary function testing, as discussed in Chapter 9.









Structure of the Thorax and Lungs






Thorax


The bony thorax protects the lungs, heart, and great vessels but also allows the lungs to change volume from a minimum of 1.5 to 2.0 L to a maximum of 6 to 8 L. This large expansion is made possible by the articulation of the ribs with the spine and the sternum, the arrangement of the muscles, and the motion of the diaphragm. The ribs articulate with the transverse processes of the thoracic vertebrae and have flexible cartilaginous connections with the sternum. The ribs angle down, both from back to front and from midline to side, so that as they elevate, both the anteroposterior and the transverse dimensions of the thorax increase (Figure 3-1). The external intercostal muscles that angle down from posterior to anterior (Figure 3-2) are well situated to elevate the ribs. With deep inspiratory efforts, the first and second ribs are elevated and stabilized by the accessory muscles of respiration in the neck. If the upper extremities are fixed, the pectoralis muscles also can act to raise the ribs (e.g., leaning onto a chair back or against a wall when out of breath). Expiration normally is passive, driven by the elastic recoil of the lung, but can be assisted by the internal intercostal muscles. Forced expiration or a cough requires the abdominal muscles to force the diaphragm upward.
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Figure 3-1 Frontal (left) and lateral (right) views of thorax movement. With rib elevation, both the transverse and anteroposterior dimensions increase.
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Figure 3-2 Action of the major respiratory muscle groups—intercostals, accessories, diaphragm, and abdominals.




The diaphragm is dome-shaped in its relaxed position and can be pulled flatter by muscle contraction. The diaphragm most often is described as fixed at the periphery so that its action pulls down the center of the dome, lengthening the lungs. However, if it is fixed centrally by the pressure of the abdominal contents, the peripheral attachments will lift the ribs, which swing outward when elevated, increasing the transverse diameter of the chest. In addition, the increase in abdominal pressure associated with descent of the diaphragm acts on the lower ribs in the so-called zone of apposition to impart an outward force. The actual action of the diaphragm is a combination of these mechanisms in a proportion that varies with position and abdominal wall tension.


The intercostal muscles are innervated from the thoracic spine at their own level, and the abdominal muscles are innervated from lower thoracic and lumbar level, but the diaphragm is served by the phrenic nerves, which originate at the cervical level (C3 to C5). Thus, the diaphragm remains functional in patients who have spinal injuries below the midcervical level. The long course of each phrenic nerve along the mediastinum, however, makes it vulnerable to both transient and permanent interruptions by disease, injury, or surgery. Occasionally, local irritation of a phrenic nerve leads to intractable singultus (i.e., hiccups). The respiratory muscles are more fully discussed in Chapter 6.









Pleural Space


The lungs are covered by a thin visceral pleura, which is invaginated into the lobar fissures. The inner aspect of each hemithorax, including the top of the diaphragm and the mediastinal surface, is lined with the parietal pleura, which joins the visceral pleura on each side at the lung hilum. The pleural space extends deeply into the posterior and lateral costophrenic recesses and is a potential space, normally containing only a few milliliters of fluid to serve a lubricating function.


The inspiratory force of the chest wall and diaphragm is transmitted to the lung by creation of a more negative pressure in this potential space. In pathologic states, pleural effusions may form and necessarily make the lung volume smaller by occupying part of the intrathoracic space. Penetration of the chest wall or rupture of the lung surface can allow air to enter the pleural space, creating a pneumothorax.









Airways


The upper respiratory passages (nasal cavities and pharynx) conduct, warm, and moisten air as it moves into the lungs. The respiratory system develops as an offshoot from the digestive system and, like the digestive system, has an absorptive function. The entire system is continuously exposed to particulate and infective agents and accordingly is protected by a well-developed lymphoid barrier and, more superficially, a mucous barrier. The upper respiratory passages contain the olfactory areas and also conduct and help shape the sounds that produce speech.


The larynx opens off the lowest part of the pharynx. During swallowing, the larynx is closed off from both the pharynx above and the esophagus posteriorly by the epiglottis. The trachea begins at the lower border of the cricoid cartilage of the larynx, at the level of the sixth cervical vertebra. The lumen of the trachea is held open by incomplete, C-shaped cartilaginous rings. The posterior membranous portion contains smooth muscle. When the intrathoracic pressure exceeds the intraluminal pressure, as during a cough, the membranous portion becomes invaginated, the ends of the rings may overlap, and the lumen is greatly narrowed. Smooth muscle contraction narrows the lumen but increases its rigidity. With deep inspiration, the trachea enlarges and lengthens. The trachea bifurcates into the main bronchi, which become in turn lobar, segmental, and then subsegmental bronchi, and end in bronchioles, which lack cartilage and are approximately 1 mm in diameter. Beyond these are the respiratory bronchioles, alveolar ducts, sacs, and alveoli, which make up the respiratory zone in which gas exchange and other functions take place.


The intraparenchymal bronchi are invested with overlapping helical bands of smooth muscle wound in clockwise and counterclockwise fashion. The amount of smooth muscle increases proportionately in the smaller bronchioles to occupy approximately 20% of the wall thickness. Elastic fibers are present at every level of the respiratory system and become a rich component of the connective tissue in the smaller bronchi and bronchioles. They stretch when the lungs are expanded in inspiration, and their recoil helps to return the lungs to their end-exhalation volume. Although the smooth muscle stops at the portals of the respiratory zone, elastin and collagen contribute to the alveolar wall and form an irregular, wide-meshed net of delicate, interlacing fibers.


The number of airway generations required to reach the respiratory zone varies with pathway length, so that areas near the hilum may be reached in 15 generations, whereas those in the periphery may require 25 generations. Although the size of individual airways becomes smaller, the number of airways approximately doubles with each new generation, so that the total cross-sectional area of the combined air path increases. This is especially so in the smaller bronchi and bronchioles, where the “daughters” of each division are only slightly smaller than the “parent.” The rapidly increasing total cross-sectional area of small airways, shown diagrammatically in Figure 3-3, means that their contribution to airflow resistance in the lungs is small. Thus, diseases that affect these peripheral airways may be functionally silent until they reach an advanced state.
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Figure 3-3 Total cross-sectional area of the airways. The aggregate luminal area increases greatly from approximately 2.5 cm2 in the trachea and major airways to more than 100 cm2 at the level of the terminal bronchioles.


(Modified from Culver BH, editor: The respiratory system, Seattle, University of Washington Publication Services, 2006; data from Weibel ER: Morphometry of the human lung, New York, Springer-Verlag, 1963.)





There is further dramatic expansion in the gas-exchanging respiratory zone as the airways terminate in an estimated 480 million alveoli with a surface area of 130 m2.









Interdependence in the Lung


Because the lung parenchyma is made up of interconnected alveolar walls, interstitial tissues, and fibers, any local distortion must be opposed by the surrounding tissue. That is, if a small zone of alveoli within a lobe begins to collapse, the surrounding tissue is stretched and thus tends to pull the alveoli back open. This property, termed structural interdependence, in concert with surfactant and the presence of collateral air pathways, helps to prevent alveolar collapse, even when small bronchioles become plugged. When collapsed areas of lung cannot expand despite distention of the surrounding alveoli, lung injury may develop as a result of extremely large stretching forces that are generated at the interface. These forces contribute to the ventilator-induced lung injury seen with mechanical ventilation at high tidal volumes and the more overt barotrauma that may result when high levels of end-expiratory pressure are applied. Because the bronchi and blood vessels travel through, and have attachments to, the lung parenchyma, they too are affected by the surrounding tissue. As the lung expands, the caliber of these channels also increases, and at low lung volumes, airway closure may occur.












Respiratory Mechanics


The properties of the lung and chest that affect and effect the movement of air into and out of the lungs are central to understanding both normal and abnormal lung function.






Lung Volumes


The total gas-containing capacity of the lungs can be divided into a series of “volumes,” as shown in Figure 3-4, which, in combination, give lung “capacities.” The largest amount of air that can be held in the lungs at full inspiration is the total lung capacity (TLC). After a complete forced exhalation, the lungs are not empty but contain a residual volume (RV). The difference between TLC and RV—that is, the greatest volume of air that can be inhaled or exhaled—is the vital capacity (VC). The vital capacity can be affected by factors that either limit expansion of the lung (restrictive processes) or limit lung emptying (airflow obstruction).
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Figure 3-4 The normal spirogram and subdivisions of lung volume. By convention, volume is used to describe the smallest subdivisions that do not overlap (residual volume, expiratory reserve volume, tidal volume, and inspiratory reserve volume), and capacity is used to describe combinations of these volumes (functional residual capacity, inspiratory capacity, vital capacity, and total lung capacity).


(From Pulmonary terms and symbols: a report of the ACCP-ATS Joint Committee on Pulmonary Nomenclature, Chest 67:583–593, 1975.)





A normal breath has a tidal volume (VT) that is only a small portion of the vital capacity (approximately 10%), and even during strenuous exercise, VT increases to only 50% to 60% of VC. Increases in VT occur by extending into the inspiratory reserve and expiratory reserve volumes as shown in Figure 3-4. At the end of a relaxed tidal exhalation, the lungs and chest wall return to a resting position, which normally is approximately 50% of TLC. The volume contained in the lungs at this end-tidal position is the functional residual capacity (FRC), and the volume that can be inhaled from this point is the inspiratory capacity (IC).









The Lung–Chest Wall System


To understand the process of normal breathing, special maneuvers such as coughing, and the effects of positive-pressure ventilators requires knowledge of the mechanical properties of the thorax. Three primary forces are involved:




• Elastic recoil properties of the lung


• Elastic recoil properties of the chest wall


• Muscular efforts of chest wall, diaphragm, and abdomen





In combination, these forces result in changes in lung (and thorax) volume, in alveolar pressure (PA), and in intrapleural pressure (Ppl).









Volumes of Elastic Structures


The recoil tendency of a spring can be expressed in terms of its unstressed or resting length and its length-tension relationship. Similarly, for expandable volumetric structures, the relevant properties are the unstressed volume and the relationship between volume and the transmural pressure required to achieve that volume (Figure 3-5). By convention, transmural pressures are expressed as the difference between the pressure inside and the pressure outside the structure (Pin – Pout). It is convenient to think of this as the distending pressure required to achieve a certain volume. In addition, this distending pressure also represents the recoil pressure, or the tendency of the structure to return to its unstressed volume (where transmural pressure is zero). A positive recoil pressure indicates a tendency to become smaller. A structure distorted to a volume below its unstressed volume has a negative recoil pressure, which indicates its tendency to become larger.
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Figure 3-5 Elastic recoil of an expandable structure. The transmural pressure (Pin – Pout) associated with each volume indicates the tendency to return to the unstressed volume. Positive pressure and negative pressure inflation are equivalent.











Elastic Properties of the Lung


The lungs are elastic structures with a tendency to recoil to a small “unstressed volume” (usually slightly less than RV). To maintain any lung volume larger than this unstressed volume requires a force that distends the lungs; this force is the difference between the alveolar pressure (PA) and the pressure surrounding the lungs, the intrapleural pressure (Ppl). The elastic properties of the lungs and their tendency to recoil are represented by a plot of the relationship between lung volume and transmural pressure (Figure 3-6). Such graphs apply to an excised lung being inflated by a pump, an in vivo lung inflated by a ventilator, or the more physiologic normal lung inflated by expanding the chest (to create a more negative pleural pressure). In each case, the curve of volume versus the transpulmonary pressure difference (PA − Ppl) is the same.





[image: image]

Figure 3-6 Normal pressure-volume curve of the lung. The elastic recoil pressure of the lung was obtained during a very slow expiration from total lung capacity (the curve on inspiration is somewhat different). PA, alveolar pressure; Ppl, intrapleural pressure.


(Modified from Culver BH, editor: The respiratory system, Seattle, University of Washington Publication Services, 2006.)





The slope of this pressure-volume curve represents the compliance of the lungs (CL), as represented by Equation 1.
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The CL varies with volume, decreasing as the lungs near the limit of their distensibility at TLC. Usually, CL is measured just above FRC in the tidal breathing range. Because it normally is expressed in absolute volume units (e.g., L/cm H2O), CL is strongly dependent on the lung size. A single lung, for example, undergoes only half the volume change that would result from the same pressure change in two lungs. A small child’s normal CL is considerably lower than that of an adult. For this reason, CL often is divided by lung volume to give the volume-independent specific compliance.









Elastic Properties of the Chest Wall


The chest wall has elastic properties that can be expressed in the same way as for those of the lung (Figure 3-7). The chest wall differs from many common elastic structures in that its unstressed volume (where recoil pressure = 0) normally is quite high. When expanded above its unstressed volume, it recoils inward, but if the chest wall is “distorted” to a smaller volume, its tendency is to recoil outward. Recoil pressure for the relaxed chest wall is Ppl − Patm, or simply Ppl, because Patm is taken to be zero (Figure 3-8; Table 3-1). The compliance of the chest wall is similar to that of the lungs in the midvolume range; of note, however, at TLC, the chest wall remains as distensible as it is at FRC. At low thoracic volumes, the chest wall compliance becomes very low, resisting further exhalation, and this is the mechanism determining residual volume in children and young adults. By middle age, losses in the elasticity of the tissue attachments supporting small airways cause airway closure to be the mechanism limiting further active exhalation.
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Figure 3-7 Pressure-volume curves of the combined thoracic system. The relaxed chest wall has a relatively high unstressed volume. The recoil of the combined respiratory system is the sum of the recoil of the chest wall plus that of the lung.


(Modified from Culver BH, editor: The respiratory system, Seattle, University of Washington Publication Services, 2006; data from Rahn H, Otis AB, Chadwich LE, Fenn WO: The pressure-volume diagram of the thorax and lung, Am J Physiol 146:161–178, 1946.)
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Figure 3-8 Balance of pressures and forces at functional residual capacity. The opposing recoils of lung and chest wall create a negative intrapleural pressure.


(Modified from Culver BH, editor: The respiratory system, Seattle, University of Washington Publication Services, 2006.)





Table 3-1 Recoil Pressures of the Lungs, Chest Wall, and Respiratory System, Measured as the Transmural Pressure Difference*






	Locus of Measurement

	Pressure Components






	Lungs

	Alveolar pressure (PA) – pleural pressure (Ppl)






	Chest wall

	Ppl – atmospheric pressure (Patm), or simply Ppl






	Respiratory system

	(PA – Ppl) + (Ppl – Patm) = PA – Patm







* For example, pressure inside minus pressure outside.









Lung and Chest Wall: The Respiratory System


In the intact thorax, the lungs and chest wall must move together. The muscular effort required to inspire a volume of air, or the pressure that must be developed by a ventilator to achieve the same volume change, is determined by the pressure-volume curve of the combined respiratory system, shown by the red line in Figure 3-7. The lungs and chest wall normally contain the same volume of air, so that only points at the same horizontal level in Figure 3-7 can coexist. Because both the lungs and the chest wall are expanded together, the distending pressure for the respiratory system is the sum of the distending pressures required by the lungs and chest wall. The transmural pressure for the respiratory system is PA – Patm (see Table 3-1). Figure 3-7 shows that a greater pressure change is required to add volume to the respiratory system than to either of its components alone, and thus the compliance of the respiratory system is lower than that of either lungs or chest wall at the same volume. This may at first seem paradoxical, because the tendency of the chest wall to expand might be thought to help lung expansion; however, as the system volume is increased, the outward recoil of the chest wall decreases, and this force must be replaced by additional work.


The third mechanical factor, muscle force, is not considered in Figure 3-7. Thus, the pressure difference across the lung, which has no muscle, can always be taken from its curve, but the pressure across the chest wall (and diaphragm) may reflect muscle tension and is described by this curve only during complete relaxation. Similarly, the curve for the respiratory system shows the pressure that would be measured by a manometer held tightly in the mouth after the subject has inhaled or exhaled to a particular volume and then relaxed all muscle effort.


At the resting end-tidal position of the respiratory system (FRC), no active muscular forces are applied, and PA = Patm (distending pressure = 0). The lung is distended above its low unstressed volume, and the chest wall is held below its relatively high unstressed volume. The relaxed FRC is the volume at which the opposing tendencies of the lungs to recoil inward and the chest wall to recoil outward are evenly balanced. Any change in the unstressed volume or the compliance of either lungs or chest wall results in a new FRC. For example, obesity reduces the unstressed volume of the chest wall and thus also reduces the FRC (and expiratory reserve volume) (see Chapter 62). Emphysema increases both compliance and unstressed volume of the lung, which results in a higher FRC and a “shift to the left” of the respiratory system pressure-volume curve.


The opposing forces of lung and chest wall create a subatmospheric (negative) pressure in the intrapleural space at the FRC (see Figure 3-8). Because the lungs and chest wall are not directly linked, it is actually the intrapleural pressure that opposes lung recoil and chest wall recoil. Thus, at a relaxed FRC, it must have the same magnitude as each of these recoil forces. The average pleural pressure normally is approximately −5 cm H2O at FRC.












Events of the Respiratory Cycle


Inspiration is an active process. Contraction of the inspiratory muscles (primarily the intercostals and the diaphragm) tends to expand the thorax, which creates a more negative intrapleural pressure. This change increases the distending pressure applied to the lung, and the subsequent expansion causes the alveolar pressure to become negative with respect to the atmosphere, drawing air into the lungs. This process continues until the lung volume increases to a point at which its recoil pressure is increased to balance the combined muscular and elastic forces of the chest wall. At this point, alveolar pressure becomes zero, and the inspiratory flow stops, because a pressure gradient no longer exists along the airways.


During normal breathing, expiration is a passive process. The inspiratory muscles relax, and the balance of forces shifts so that lung recoil predominates. The alveolar pressure becomes positive, and the air moves from alveoli through the airways to the outside atmosphere until FRC conditions are reached, with the forces again balanced and the alveolar pressure zero. Of note, with a typical small VT, the chest wall volume remains below its unstressed volume, with a small outward recoil force, and pleural pressure can be negative throughout the cycle. During active expiration, this process can be assisted by contraction of the expiratory muscles (intercostal and abdominal wall muscles), which makes pleural pressure positive.






Respiratory Muscle Effort


The maximum inspiratory and expiratory pressures measure the maximal efforts of the respiratory muscles (Figure 3-9). That is, with an inhalational effort against a closed pressure manometer, the maximum negative pressure that can be generated at the mouth is approximately 100 cm H2O at a low lung volume. At TLC, no negative pressure can be generated, so no more air can be drawn into the chest. Maximum expiratory pressures are somewhat greater, measuring 150 to 200 cm H2O at high lung volume, and fall to zero at RV.
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Figure 3-9 Maximum inspiratory and expiratory forces. The normal maximum force generated by inspiratory muscles is greatest at low lung volume, and the expiratory force is greatest at high lung volume.


(Modified from Culver BH, editor: The respiratory system, Seattle, University of Washington Publication Services, 2006.)












Surface Tension


At the surface of a liquid, the intermolecular forces are not balanced by the more widely spaced molecules of the gas phase, which creates a surface tension. The surface tension of the air-liquid interface that lines the alveoli contributes an important part of the elastic properties of the lung shown by the pressure-volume curve. If a lung is filled with liquid, surface forces are abolished, and the resultant pressure-volume curve (Figure 3-10) reflects only the tissue properties of the lung. This liquid-filled curve is shifted to the left, indicating that the lung can be distended with much less pressure. The air-filled lung, in addition to requiring greater pressures, demonstrates marked hysteresis; that is, the pressure-volume curve during inflation is different from that during deflation.
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Figure 3-10 Effect of surface tension on recoil force. Pressure-volume curves obtained on inflation and deflation of a normal air-filled lung and the same lung when filled with saline. The horizontal difference between the curves reflects the effect of surface tension, which is greater on inspiration than expiration and abolished when the lung is liquid filled.


(Modified from Culver BH, editor: The respiratory system, Seattle, University of Washington Publication Services, 2006; data from Bachofen H, Hildebrandt J, Bachofen M: Pressure-volume curves of air- and liquid-filled excised lungs—surface tension in situ, J Appl Physiol 29:422–431, 1970.)





The air-filled deflation curve approaches the liquid-filled curve at low lung volume, indicating that the pressure from surface tension becomes small at this volume. Given no other parameters, however, the prediction would be that pressure from surface forces should increase as alveoli become smaller. Laplace’s law relates the pressure within a sphere to wall tension (T) and radius (r), P = 2T/r, whereas for a cylinder, P = T/r. If the surface tension remains constant as “r” decreases (smaller alveoli or airway), the pressure from the surface tension should rise. This situation is avoided in the lung by the presence of a unique surface-lining material, surfactant, which not only reduces surface tension but does so in a volume-dependent manner. As lung volume and surface area decrease, the lining layer compresses, and surface tension decreases until it is nearly abolished at RV. This property has important beneficial consequences in the lung, including the following:




• The work needed to expand the lungs is greatly reduced.


• Stability of alveoli and terminal airways is maintained. (If pressure increased within an alveolus as it became smaller, the alveolus would tend to empty into interconnected, larger alveoli with lower pressure.)


• Inwardly directed forces of surface tension in the “corners” of alveoli act to draw fluid from the capillaries and interstitium into the alveoli, so lowering surface tension helps prevent alveolar edema (discussed in Chapter 4).





Pulmonary surfactant is produced in alveolar type II cells in the form of lamellar bodies, appears in the alveolar lining liquid as tubular myelin, and then spreads as a monolayer at the air-liquid interface. The major component, and the component that is primarily responsible for the surface tension–lowering effects, is dipalmitoyl phosphatidylcholine (DPPC). DPPC has a nonpolar end, made up of two saturated fatty acid chains, and a polar end that tends to have a positive charge. At the air-liquid interface, the molecules orient with the hydrophilic polar end in the liquid and the fatty acid chains projecting into the air (Figure 3-11). Both ends have similar cross-sectional area allowing them to pack closely together. The molecules may also adsorb directly to the epithelial surface, which tends to have a negative charge, in areas where a liquid subphase is absent.





[image: image]

Figure 3-11 Pulmonary surfactant at the air-liquid interface in an alveolus. The nonpolar fatty acid chains project into the alveolar gas phase, whereas the hydrophilic polar end lies within the surface of the liquid phase or may be able to bond directly to the epithelium. The close arrangement of the molecules facilitates their surface tension–lowering properties. The fluid hypophase tends to fill alveolar corners and surface irregularities.











Flow Resistance


Airflow between the atmosphere and alveolar gas depends on the driving pressure (i.e., alveolar – atmospheric) and the airway resistance, as shown in Equation 2.
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Airflow resistance (Raw) is affected by the following factors:




• Viscosity of air


• Length of airways (Raw is directly proportional to length)


• Caliber of airways (Raw is proportional to l/r4)





Thus, a doubling of length doubles resistance, but a halving of caliber causes a 16-fold increase in resistance. Factors affecting airway caliber include the following:




• Position of the airway in the bronchial tree


• Lung volume


• Bronchial muscle tone


• Mucous secretions


• Pressure across the airway wall





All of these factors are similar during both inspiration and expiration, except the last. During inspiration, the intrathoracic pressure that surrounds the airways is more negative than the intraluminal pressure, so airways tend to be distended (Figure 3-12). During passive exhalation, the magnitude of the airway distending force is lower, so airflow resistance is somewhat higher. With active expiratory efforts, the pleural pressure becomes positive, and with the addition of lung recoil, the pressure in the alveoli is even higher. However, the intraluminal pressure decreases progressively in airways mouthward of the alveoli, reflecting both frictional losses and a decrease in lateral pressure through the Bernoulli effect, because the decreasing cross-sectional area of the composite airway requires a marked increase in velocity of air movement (convective acceleration). Because their cartilaginous structure is incomplete, airways are compressed under such forces, and calculated resistance is much higher.
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Figure 3-12 Dynamic compression. Comparison of intrathoracic and intraluminal pressures during inspiration, passive expiration, and forced expiration. In each case, the lung volume is the same, with a recoil pressure of 10 cm H2O. During inspiration, the intrathoracic airways tend to be distended, which lowers airway resistance. In passive expiration, although intrapleural pressure may remain slightly negative, a positive alveolar pressure is generated by lung elastic recoil. Central airways are less distended than during inspiration. In forced expiration, high intrapleural pressure, plus lung recoil, creates a large, positive alveolar pressure to drive flow but also compresses central airways. Flow is limited once dynamic compression begins downstream from the point where intraluminal pressure falls below pleural pressure (the so-called equal pressure point). Further effort increases alveolar driving pressure but also increases compression. Airway resistance becomes high and varies with the degree of effort.




Maximum airflow rates are evaluated by having the subject take a full inspiration to TLC and blow the air out as forcefully and completely (to RV) as possible. With use of a spirometer, this forced vital capacity (FVC) is recorded as an expiratory spirogram (volume versus time), or if the flow rate is directly measured, the same information can be recorded as a maximum expiratory flow versus volume curve (Figure 3-13). A remarkable feature of this maneuver is that the maximum flow rate for any volume, except the higher lung volumes near the beginning of the exhalation, is achieved with submaximal effort and cannot be exceeded with further effort. This flow limitation, or “effort independence,” is demonstrated in Figure 3-14 and is a consequence of the dynamic compression noted previously. The mechanism of this flow limitation is related to the rate of propagation of a pressure wave through a compliant tube, but the result can be understood with a simpler conceptual model of dynamic compression. Because this compression begins just beyond the point at which intraairway pressure falls to equal pleural pressure, the effective pressure driving flow from the alveoli to this point becomes PA − Ppl (i.e., in Figure 3-12, for forced expiration, 30 − 20 = 10 cm H2O). This is the same as the elastic recoil pressure of the lung and is a function of lung volume, not effort. If, in the example of Figure 3-12, a greater expiratory effort is made and the pleural pressure is raised to 40 cm H2O at the same lung volume, the alveolar pressure becomes 50 cm H2O and the effective driving pressure = (50 − 40) = 10 cm H2O, so the resultant flow rate remains unchanged.
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Figure 3-13 Forced vital capacity maneuver. This common breathing test can be displayed as an expiratory spirogram or as a flow-volume curve. Volume axes show percentage of vital capacity expired.


(Modified from Culver BH, editor: The respiratory system, Seattle, University of Washington Publication Services, 2006.)
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Figure 3-14 Effort-independent flow. The top curve represents a maximum expiratory effort, and the lower curves show the flow that results from progressively less effort. At lower lung volumes, the maximum flow rate is relatively independent of effort.


(Modified from Bates DV, Macklem PT, Christie RV: Respiratory function in disease, ed 2, Philadelphia, WB Saunders, 1971, pp 10–95.)





This mechanism may have its major physiologic significance in normal persons during a cough. Although overall airflow rate (L/second) out of the lungs is not increased by the high pleural pressure generated, the airflow velocity (m/second) through the narrowed major airways is greatly increased, which aids in the removal of secretions and foreign material.









Work of Breathing


The muscle effort required to raise lung volume above the FRC during inspiration is a form of work. Part of this is the elastic work used to stretch the tissues and the surface lining of the lung, whereas another part is the frictional work required to overcome airflow resistance in the airways. The elastic work stored in stretched fibers on inspiration then provides the energy needed to push air out on the subsequent passive exhalation. With active expiratory efforts, additional muscle work is done on expiration as well.


The elastic and frictional components of respiratory work are affected differently by lung volume. At low lung volume, airways are narrower, and resistance (and thus frictional work) increases rapidly (R is proportional to 1/r4). At higher lung volumes, the airways are larger, but muscles must do more elastic work to keep the lungs stretched. The relaxed FRC is the volume at which the static recoil forces of the lung and chest wall are balanced, but Figure 3-15 shows that FRC also is the volume at which work of breathing is least. If either the elastic or frictional contributions to work of breathing change, FRC may change rapidly or chronically.
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Figure 3-15 Work of breathing. The combined work of lung and chest wall expansion (elastic) and airflow resistance (frictional) is normally lowest near functional residual capacity.


(Modified from Culver BH, editor: The respiratory system, Seattle, University of Washington Publication Services, 2006.)





The narrowed airways in obstructive disease increase frictional work and the volume at which work is the least increases. The accompanying shift of the tidal breathing range to a higher volume may occur quite suddenly in an asthma attack or may develop slowly with chronic obstructive disease. When airflow rates increase, frictional work becomes relatively more important, so that patients who have obstructive disease may shift to a higher end-expiratory volume during exercise or voluntary hyperventilation.


Restrictive disease processes reduce lung compliance (CL). Accordingly, the force the muscles must generate to stretch the lung increases. The elastic work required to breathe at any lung volume is higher, and this shifts the volume for least work lower. Increased CL, as with emphysema, has the opposite effect. Figure 3-7 shows that the static forces predict the same changes in FRC (greater lung recoil results in lower FRC volume and vice versa).


Normally, the energy consumed by breathing is very small. In metabolic terms, less than 1 mL/minute of oxygen consumption is required for each liter per minute of ventilation, or only a few percent of total body oxygen consumption at rest. Derangements of respiratory mechanics may increase the work of breathing significantly, contributing to the common symptom of dyspnea. With severe airflow obstruction, the energy cost of breathing becomes much higher. Increases in respiratory frequency associated with activity may cause COPD patients to shift their tidal ventilation to a higher end-expiratory lung volume whereby the increased airway caliber allows the tidal breath to be exhaled within the shorter expiratory time available. This dynamic hyperinflation places the inspiratory muscles at further mechanical disadvantage and is a major contributor to exertional dyspnea and exercise limitation. If the expiratory time does not allow the alveolar pressure to fully equilibrate to atmospheric pressure, then the residual positive end-expiratory alveolar pressure (termed auto-PEEP) must be overcome by additional inspiratory effort before inspiratory airflow can begin. The same phenomenon also is seen during mechanical ventilation of patients with airflow obstruction and may have hemodynamic consequences, as well as impairing their ability to initiate breaths.









Distribution of Ventilation


The incoming air of each tidal breath is not distributed evenly to all alveoli in the lung. Pleural pressure is not the same throughout the chest but has a vertical gradient of several centimeters of water because of the effects of gravity, the configuration of the chest and diaphragm, the presence of the heart and mediastinal structures, and the need for the lung to fit within the thorax irrespective of the shape of either the lung or the thorax. At FRC measured with the patient in the upright position, −5 cm H2O is an average value at chest midlevel; near the apices, however, the pressure outside the lung might be −8 cm H2O, whereas near the bases it might be only −2 cm H2O. Because alveoli throughout the lung seem to have similar maximum volume and pressure–volume relationships, and because alveolar pressure is everywhere the same, those alveoli near the top of the lung are held at larger volume (distending pressure of 8 cm H2O) than those near the bottom (distending pressure of 2 cm H2O). This places the lower alveoli on a steeper (more compliant) portion of their pressure-volume curve. In addition, the proximity of the basal alveoli to the motion of the diaphragm exposes them to a greater increase in distending pressure with inspiration. These two factors combine to give the lower portion of the normal lung a relatively greater proportion of the tidal ventilation than that distributed to the apices.


A second consequence of the higher (i.e., less negative) pleural pressure in the basal portions of the lung is that the distending pressure of the small airways also is less. At low lung volume, airways may close, and the dependent portions of the lung reach this “closing volume” first, whereas higher portions of the lung are still partially distended. Thus, in a patient who breathes at very low lung volumes, near residual volume (e.g., with obesity), basal airway closure may occur, with consequent poor ventilation of the lung bases.


In summary, respiratory units in the basal portion of the lung contain less gas but receive more ventilation so long as they remain open. However, they are more susceptible to airway closure and loss of ventilation at low lung volume.












Summary


The mechanical properties of the lungs and chest wall are described by the interactions of volume and pressure within the thorax, and by flows and resistance during dynamic changes in lung volume. Alterations in these properties underlie many respiratory diseases and contribute to their associated symptoms. Measurement of these properties is important in elucidation of the pathophysiology of lung diseases and in diagnosis and monitoring of disease in the pulmonary function laboratory (see Chapter 9), and the increasing sophistication of modern ventilators makes an understanding of thoracic mechanics essential in the intensive care unit (see Chapter 32).









Controversies and Pitfalls


The principles of lung mechanics discussed in this chapter have been well established for the past 40 to 60 years, but their application in some clinical situations is less clear-cut. Inadequate understanding of lung–chest wall pressure relationships underlies the occasionally heard bedside comment that increasing positive end-expiratory pressure (PEEP) to improve hypoxemia in a mechanically ventilated patient with acute lung injury (ALI) will not affect hemodynamics “because the lungs are stiff and no added pressure will be transmitted to the pleural space.” It is true that low lung compliance will result in a lesser expansion of lung volume for any increase in alveolar pressure, with less increase in average intrapleural pressure than in a normal chest. If there is an improvement in oxygenation, however, the likely mechanism is recruitment of alveoli with an increase in end-expiratory lung volume, and this necessitates that the chest wall also must be expanded along its passive pressure-volume curve (see Figure 3-7). Because this relationship has a positive slope throughout, any increase in thoracic volume must be accompanied by at least some increase in intrapleural pressure, with its potential for a hemodynamic effect.


Since the recognition that mechanical ventilation may cause or contribute to lung injury, an ongoing issue has been the optimal tidal volume and pressures to avoid this complication. It was demonstrated in animal work many years ago that ventilation with a high tidal volume, generated by an inspiratory pressure of 40 cm H2O, was injurious, but that this injury was greatly mitigated by a modest level of PEEP. Accordingly, in addition to concerns for the limits of lung expansion, subsequent work has focused on the stresses associated with cyclic closing and reopening of small peripheral airspaces.


It has been demonstrated that the use of a tidal volume of 6 mL/kg is associated with lower mortality in acute lung injury–acute respiratory distress syndrome (ALI-ARDS) than that with a volume of 12 mL/kg, but the relative contributions of tidal volume, end-inspiratory pressure, and PEEP remain controversial. Although it is likely to be the change in, or maximal extent of, tissue stretch due to lung volume expansion, that is the injurious force, the best bedside indicator of that force may be the airway pressure, because even a small tidal volume may overexpand the more compliant regions of an injured lung. Some clinicians feel that tidal volume reduction may be unnecessary if end-inspiratory pressure is maintained below 30 cm H2O, but the 6 mL/kg tidal volume strategy was similarly beneficial at all levels of initial end-inspiratory pressure.


With the wide acceptance of “lung-protective ventilation,” some consideration has emerged for extending this approach to patients at risk for ALI, or even to all ventilated patients. There does appear to be a trend in this direction, with initial tidal volumes of 8 to 10 mL/kg increasingly common, and those of 10 to 12 mL/kg less so. It is difficult to know how best to prevent ventilator-induced lung injury without better understanding of its cause. Potential mechanisms include tissue failure from high stresses during lung expansion, which are magnified at the junction of atelectatic lung and adjacent expandable tissue, as well as cytokine release associated with the deformations of repetitive cycling.
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Chapter 4 Pulmonary Circulation




Bruce H. Culver, Robb W. Glenny





The lungs are served by two circulations—the pulmonary circulation, which accommodates the entire cardiac output from the right side of the heart through a low-pressure circulation, and the bronchial circulation, which arises from branches of the aorta with systemic pressure and usually carries less than 1% of the cardiac output.






Circulatory Structure






Pulmonary Circulation


The pulmonary arteries lie near and branch in unison with the airways in the bronchovascular bundle. They are much thinner than systemic arteries and have proportionately more elastic tissue in their walls. The walls of the arterioles, with a diameter less than 100 µm, are so thin relative to those of their systemic counterparts that fluid and gas can move across them. Within the gas-exchanging zone, the arterioles give rise to a network of pulmonary capillaries in the alveolar walls that is continuous throughout the lungs. They are so numerous that, when distended, blood flows almost as an unbroken sheet between the air spaces (Figure 4-1). “Sheet flow” reduces vascular resistance and optimizes gas exchange by creating a very large surface area, estimated at over 100 m2. When the transmural pressure difference between the inside and outside of the vessels is low, many of the capillary segments are closed, but flow switches among segments frequently as some open and others close. Nonflowing segments are rapidly recruited into the pulmonary vascular bed as needed to accommodate increased flow and may be further distended by an increase in transmural pressure. Both recruitment and distention of the pulmonary capillary bed reduce resistance to blood flow and help to maintain a low pressure in the face of increased blood flow. This low pressure allows the capillary-alveolar membrane to be very thin (approximately 1 µm), facilitating diffusion of respiratory gases between blood and alveoli. A red cell that follows a capillary path from the pulmonary artery to a vein may cross several alveoli, with the average transit time through the vessels engaged in gas exchange calculated to be approximately 0.75 second. The capillaries unite to form larger alveolar microvessels, which become venules and then veins that run between the lobules toward the hila, where upper and lower pulmonary veins from each lung empty into the left atrium.
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Figure 4-1 Alveolar capillaries. The normal cardiac output requires only a portion of the sheet of capillaries; any remaining vessels can be recruited when cardiac output rises during exercise.


(Modified with permission from Butler J: The circulation of the lung. In Culver BH, editor: The respiratory system, Seattle, 2006, University of Washington Publication Services, p 8.2.)












Bronchial Circulation


The bronchial arteries arise directly from the aorta or from intercostal arteries to supply the walls of the trachea and bronchi and also to nourish the major pulmonary vessels, nerves, interstitium, and pleura. Extensive small-vessel anastomoses occur between these (systemic) vessels and both the precapillary and postcapillary pulmonary vasculature. The bronchial veins from the larger airways and hilar region drain through the systemic veins (particularly the azygos system) into the right atrium. However, bronchial flow to the intrapulmonary structures connects to the pulmonary circulation and drains through the pulmonary veins into the left atrium. This small aliquot of desaturated blood contributes to the normal (2% to 5%) right-to-left shunt, which may increase when the bronchial circulation hypertrophies to supply inflammatory or neoplastic lesions. The bronchial circulation has a role in the regulation of temperature and humidity in the airways and supplies the fluid for secretion through the airway mucosa.









Lymphatic Circulation


Pulmonary lymphatics are not found in alveolar walls but originate in interstitial spaces at the level of the respiratory bronchioles and at the pleural surface, then follow the bronchovascular bundles to the hila. The lymph flows through the right lymphatic duct and the thoracic duct into the right and left brachiocephalic veins. The total flow from the lungs is quite low under normal conditions (less than 0.5 mL/minute in experimental animals) but can increase many-fold with pulmonary edema. The lymphatics have valves to prevent backflow and can generate sufficient pressures to maintain flow when systemic venous pressure is as high as 20 cm H2O.












Circulatory Physiology


The pulmonary circulation conducts the entire cardiac output with a remarkably low driving pressure from the pulmonary artery (mean Ppa of 15 to 20 mm Hg) to the left atrium (Pla of 7 to 12 mm Hg). As in the airways, the branching pattern of vessels leads to an increase in total cross-sectional area as the alveolar vessels are approached, but unlike in the airways, this increase is not associated with a decrease in resistance. Total cross-sectional area increases at a branching point if the number of daughter branches (n) is greater than the ratio of the parent to daughter radii squared, (a/b)2, but resistance decreases only if n is greater than (a/b)4. The latter case occurs in the peripheral airways but not in the vessels, so although small peripheral airways contribute little to normal airflow resistance, pulmonary microvessels make up a substantial portion of vascular resistance. Efforts to partition the pressure drop longitudinally suggest that approximately 20% to 30% is in the arterial portion (including arterioles), 40% to 60% in the microvascular portion, and the remainder in the veins. With increases in flow, recruitment occurs mainly at the level of microvascular vessels, so their relative contribution to resistance becomes less.


The pulmonary circulation is a network of segmental resistors that share common upstream (i.e., Ppa) and downstream (i.e., Pla) pressures. Flow is distributed to the various segments in proportion to the reciprocal of the total serial resistance through any segment. The benefit of having the highest resistance at the microvascular level is that the control of blood flow distribution can occur at a finer level, allowing active mechanisms of flow regulation (see further on) to adjust blood flow to relatively small lung regions.


The pulmonary vascular resistance, PVR, is calculated as transvascular driving pressure, ΔP (mean upstream Ppa minus mean downstream Pla), divided by the flow: PVR = ΔP/Q. The calculated resistance must be interpreted in the context of flow, because the relationship of driving pressure to flow usually is not linear and its plotted curve does not pass through zero. As shown in Figure 4-2, pulmonary vascular resistance decreases as flow and pressure increase with the attendant recruitment and distention of vessels.
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Figure 4-2 Driving pressure across the pulmonary circulation. Mean pulmonary artery pressure (Ppa) minus mean left atrial pressure (Pla) increases nonlinearly with cardiac output. Resistance, represented by the slope from the origin to any point on the line, decreases with increased pulmonary blood flow, which reflects recruitment and distention of vessels.




The resistance to flow through a vessel increases with its length, with the viscosity of the fluid, and, most important, with the inverse of the radius to the fourth power. In addition to muscle activity in the wall, the caliber of a distensible vessel depends passively on the transmural pressure difference between intravascular and extravascular pressures. This mechanism is particularly important in the lungs, where the vessels are embedded in expandable parenchyma. It is convenient to consider separately the effect of lung expansion on the extraalveolar arterial and venous vessels, which differs from the effect on the microvessels of the alveolar zone. With lung volume increase, extraalveolar vessels are distended as the pressure is lowered in the expanding perivascular space around them (Figure 4-3), and they are elongated as the lung expands.
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Figure 4-3 Lung volume affects alveolar and extraalveolar vessels differently. At high lung volumes, alveolar microvessels are stretched and compressed as vascular pressures fall relative to alveolar pressure. Extraalveolar vessels, however, tend to be expanded as the pressure surrounding them decreases.


(Modified with permission from Butler J: The circulation of the lung. In Culver BH, editor: The respiratory system, Seattle, 2006, University of Washington Publication Services, p 8.4.)





By contrast, the alveolar microvessels in the alveolar walls are elongated but partially collapsed by lung inflation, because the alveolar pressure that surrounds them tends to increase relative to the intravascular pressure. This effect is easy to recognize with positive-pressure ventilation, but it also occurs with spontaneous inspiration, because intravascular pressures fall relative to atmospheric and alveolar pressure. The sheets of capillaries in the alveolar walls are protected from the full compressive force of the alveolar pressure by the surface tension of the fluid that lines curved portions of the alveolar surface. Microvessels in the “corners” where alveolar walls meet are more fully protected from compression by the sharper curvature of the surface film and perhaps by local distending forces, analogous to the situation with extraalveolar vessels (Figure 4-4). The pulmonary vascular resistance is the sum of that through alveolar and extraalveolar vessels and thus has a complex relationship with lung volume. It is lowest at approximately the normal resting lung volume (functional residual capacity) but increases at higher and lower volumes.
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Figure 4-4 Alveolar “corner” at the junction of three alveolar walls. Surface tension (depicted by “springs”) holds vessels open, particularly in corners, and promotes fluid transudation by lowering the pressure around vessels.


(Modified with permission from Butler J: The circulation of the lung. In Culver BH, editor: The respiratory system, Seattle, 2006, University of Washington Publication Services, p 8.5.)












Blood Flow Distribution


Both vascular geometry and gravity influence the distribution of blood flow within the lung. If the upright lung is viewed as a stacked series of slices, a vertical gradient occurs in which the average flow per slice rises progressively down the lung, consistent with the influence of gravity. Within each slice, however, a marked variability of blood flow is found among regions, with high-flow areas distributed dorsally. The tendency of blood flow to be higher in dorsal and basal regions is largely preserved even when the gravitational direction is reversed, which indicates that anatomic branching patterns are a major determinant of flow distribution.


The gravitational effect has been conceptualized by dividing the lung into four zones, one above another, on the basis of the relationship of vascular and alveolar pressures (Figure 4-5). Intravascular pressures are higher at the bottom of the lung than at the top by an amount equal to a vertical hydrostatic column as high as the lung. Near the lung apex, zone I, the pressure in the alveoli (PA) exceeds that in both the pulmonary arteries (Ppa) and pulmonary vein (Ppv) and collapses the alveolar vessels, except those in the alveolar corners, which remain patent and allow some flow to continue. Below this, in zone II, Ppa exceeds PA, but PA is greater than Ppv, so flow depends on the pressure difference between Ppa and PA. The vessels remain open but are critically narrowed at the downstream end, where venous pressure is lower than alveolar pressure. This condition creates independence of flow from the downstream venous pressure, analogous to a waterfall in which a stream that flows over a precipice is unaffected by a rising level in the pool below until it rises above the level of the lip. In the middle to lower portion of the lung, zone III, both Ppa and Ppv exceed PA, the vessels are distended, and blood flow is the highest. Zone IV is restricted to a small area in the most dependent region, where flow diminishes. It has been postulated that this reduction is the result of increased vascular resistance secondary to low lung volume or perivascular edema in this area.
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Figure 4-5 Perfusion in the lungs is influenced by the relationship of pulmonary arterial and venous pressures (Ppa and Ppv) to alveolar pressure (PA). In this example, the alveolar pressure is 10 cm H2O, as might be found in a patient who receives positive-pressure ventilation.


(Modified with permission from Culver BH: Hemodynamic monitoring: physiologic problems in interpretation. In Fallat RJ, Luce JM, editors: Cardiopulmonary critical care, Edinburgh, 1988, Churchill Livingstone.)





Although the gravitational effect expressed in the vertical zone concept contributes to the average increase in flow down the lung, it does not explain the observed large variability in flow within an isogravitational slice, which implies that other anatomic or vasoregulatory factors are important at this level. More recent studies have determined that the heterogeneous distribution of blood flow within horizontal (isogravitational) planes is due to asymmetric branching geometries (and hence resistances) of the vascular tree. Because the vascular tree is largely a dichotomous branching structure, differences in resistances between daughter branches cause flow to be distributed unevenly between the branches. With differences in resistances occurring at every bifurcation in the vascular tree, blood flow becomes progressively more heterogeneous, resulting in a broad distribution of flows at the terminal branches. Owing to the shared heritage up the vascular tree, neighboring lung regions have similar magnitudes of flow, with high-flow regions near other high-flow regions and low-flow regions neighboring other low-flow regions. Hence, the spatial distribution of pulmonary blood flow is not random but rather exhibits a clear pattern of high and low flows (Figure 4-6). Studies have demonstrated that the pattern of perfusion distribution is very stable over time and with growth, and that the pattern is genetically determined. These insights provide a new perspective on blood flow distribution in the lung. The traditional model of vertically stacked zones needs to be replaced by one in which the multiple zones can exist within horizontal planes. In addition, the large degree of heterogeneity within isogravitational planes suggests that mechanisms other than gravity must be responsible for the tight matching between regional ventilation and blood flow.





[image: image]

Figure 4-6 Blood flow distribution. The left half of the figure shows an isogravitational coronal plane of a canine lung divided into cubes of tissue 1.2 cm on a side. The color scale shows the relative blood flow, indicated by the number of flow-directed microspheres trapped in each cube. Note that low flow (blue) cubes tend to cluster together, as do high flow (yellow-red) cubes. The right half shows how the geometry of shared, more proximal vessel segments can account for this spatial correlation further downstream.











Regulation of Pulmonary Blood Flow


Besides their responses to passive mechanisms (anatomy, gravity, lung volume, alveolar pressure), the pulmonary vessels exhibit vasomotor activity regulated by both neural and non-neural factors. Motor efferents from three autonomic networks are in anatomic proximity to the vasculature: sympathetic, parasympathetic, and nonadrenergic noncholinergic fibers. The sympathetic efferents have a vasoconstrictor effect, whereas parasympathetic stimulation dilates constricted vessels. Although acetylcholine is a potent pulmonary vasodilator, there is little cholinergic innervation of the pulmonary resistance vessels. The nonadrenergic noncholinergic system is inhibitory, constantly releasing small vasodilatory peptides at the ganglia and postganglionic ends of its unique network. This vasodilator function is augmented with exercise.


Pulmonary arteries demonstrate an intrinsically low tone as they remain relaxed when isolated from the lung. This state reflects a balance between effects of endothelium-derived vasoconstrictor and vasodilator substances. Although their relative roles are yet to be clarified, many vasoactive peptides are found in the lung. Those exerting vasoconstrictor activity on the pulmonary circulation include angiotensin II, arginine vasopressin, endothelin 1, peptide tyrosine Y, and substance P. Vasodilatory peptides include adrenomedullin, atrial natriuretic peptide, calcitonin gene–related peptide, endothelin 3, somatostatin, and vasoactive intestinal peptide.


Nitric oxide is produced in endothelial cells in the pulmonary circulation and elsewhere and is now recognized as an important mediator of vasodilatation. The oxidation of a nitrogen from L-arginine is catalyzed by nitric oxide synthase, present in both a constitutive form and a form that is inducible by products of inflammation. Nitric oxide activates guanylate cyclase, which increases cyclic guanosine monophosphate (cGMP) within vascular smooth muscle cells. This in turn reduces intracellular Ca++ by several mechanisms, leading to vascular relaxation. Nitric oxide also is abundantly produced in the nasal sinuses, providing an intriguing mechanism whereby inhaled nitric oxide may enhance blood flow to the best-ventilated areas of lung.


Although the role of nasal nitric oxide in ventilation-perfusion matching is still speculative, the role of alveolar hypoxia in vasoregulation has been recognized for more than 50 years, but the mechanisms involved are still uncertain. Pulmonary arterioles constrict when the PO2 in the alveoli they serve falls, and additional vasoconstriction results if alveolar PCO2 rises (Figure 4-7). Thus, when ventilation is decreased by an obstructed airway or other injury, local hypoxic pulmonary vasoregulation decreases blood flow to the affected region, which tends to restore the local ventilation-perfusion ratio ([image: image]) toward normal and thereby improve the PO2 of the blood flowing through that area. The diverted blood flow can be directed to better-ventilated regions, which further contributes to an improvement in overall matching. This hypoxic vasoconstriction seems to be a response to a low PO2 in the air spaces, rather than in the intraluminal blood, which normally is desaturated in these prealveolar vessels. The effector cell is thought to be pulmonary artery smooth muscle located at the entrance to the acinus, and the sensor may be the oxygen-consuming mitochondria within these cells. Several candidate signaling pathways to generate the increase in intracellular calcium necessary for muscle contraction are under investigation.
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Figure 4-7 Hypoxic vasoconstriction reduces blood flow to poorly ventilated areas. This adaptation improves ventilation-perfusion matching and oxygenation but, if generalized, contributes to pulmonary hypertension.


(Modified with permission from Butler J: The circulation of the lung. In Culver BH, editor: The respiratory system, Seattle, 2006, University of Washington Publication Services, p 8.7.)





Considerable individual variability is found in the hypoxic vasoconstrictor response, and it may be diminished by vasodilating drugs. Diversion of blood flow is most effective in atelectatic areas of lung, in which hypoxic vasoconstriction is unopposed by the radial traction of surrounding expanded lung tissue. A reciprocal reflex in the airways also contributes to better matching: Small airways constrict when intraluminal PCO2 falls and dilate when it rises. Hypoxic vasoconstriction is a helpful, adaptive response to local or regional lung abnormalities, but when alveolar hypoxia is generalized (e.g., hypoventilation or altitude), the increased resistance can lead to pulmonary hypertension.









Nonrespiratory Functions of the Pulmonary Circulation






Filtering


Aggregates of blood elements and emboli of various types (e.g., fat, air, particulate matter) carried in the systemic venous return are continually filtered out, dissolved, or engulfed by the cells of the pulmonary capillary bed. This process provides vital protection for the cerebral, coronary, and other systemic vascular beds and is a benefit of the entire cardiac output from the right side of the heart passing through the lungs. Emboli that bypass the pulmonary circulation through anatomic shunts are called “paradoxical emboli” and are the most common cause of strokes in young persons. Larger emboli have the potential to cause ischemia in affected regions of the pulmonary vascular bed, but this may be countered in part by limited perfusion from the bronchial circulation through bronchopulmonary anastomoses and by exposure to oxygenated pulmonary venous blood that backflows into the occluded region during tidal lung volume changes. Thus, ischemic damage to the alveoli is prevented while a thrombus is lysed and the pulmonary flow restored.


Large numbers of white cells, mainly polymorphonuclear leukocytes, are sequestered in the small vessels of the pulmonary bed. The numbers of leukocytes sequestered in the lung increases markedly if the pulmonary endothelium expresses ligands that cause these cells to adhere and then traverse the vascular wall into the interstitial and alveolar spaces. Many reticuloendothelial cells are found in the lung, and some evidence suggests that the vascular endothelial cell itself can be phagocytic when stimulated.









Modification of Mediators


Some mediators in the blood that have regulatory functions throughout the body are secreted, taken up, or inactivated through specific receptors and enzyme systems in the pulmonary endothelial cells. Best-known is angiotensin-converting enzyme, which converts inactive angiotensin 1 into the systemic vasoconstrictor angiotensin 2. Histamine, bradykinin, serotonin, and acetylcholine are largely inactivated by the pulmonary endothelium in one pass through the lungs.









Coagulation


When local injury is present, pulmonary endothelial cells can be a source of thromboplastin and tissue plasminogen activator. Despite vascular stasis and closure of vessels when flow decreases, clots do not form in pulmonary vessels because of the structure of the endothelial surface and because the secretion of anticlotting substances bathes the surface and prevents the adherence of platelets and cells. Nitric oxide, produced by the pulmonary endothelium, is a potent inhibitor of platelet aggregation. Embolic thrombi are dissolved remarkably quickly by local thrombolytic secretions.












Fluid Exchange in the Pulmonary Circulation


The fluid flux across the pulmonary vascular endothelium is influenced by the same pressure relationship as in the systemic capillaries, summarized in the modified Starling equation presented in Table 4-1. The hydrostatic pressure in the pulmonary microvessels (Pmv) exceeds the interstitial hydrostatic pressure outside the microvessels, i.e., the perimicrovascular pressure (Ppmv). This effect favors filtration. The interstitial tissue fluid protein osmotic pressure is approximately two thirds that in the vessel; thus, the net osmotic force is absorptive and inward. The components of this equation make it convenient to categorize abnormal fluid flux into the lung into two broad types: hydrostatic edema, when the primary abnormality is an increase in Pmv minus Ppmv, and permeability edema, when endothelial injury increases fluid conductivity across the membrane (incorporated into the permeability factor) and decreases the osmotic reflection coefficient and osmotic gradient. The terms cardiogenic and noncardiogenic also are commonly used for these two mechanisms of edema formation.


Table 4-1 Modified Starling Equation






	F = Kf [(Pmv − Ppmv) − σ(pv − pt)]






	Symbol

	Description






	F

	Net fluid flux out of vessels






	
Kf


	Permeability factor (constant)






	σ

	Reflection coefficient for oncotic agents






	Pmv

	Pressure in microvessels






	Ppmv

	Perimicrovascular pressure






	pv

	Osmotic pressure in vessels






	pt

	Osmotic pressure of tissues







Fluid flux is sensitive to small intravascular or perivascular pressure changes. Intravascular pressure rises may originate downstream (as with a failing left ventricle) or may follow overall vascular volume increments (as in overhydration) or displacement of blood from the systemic to the pulmonary vessels. The pulmonary capillary endothelium is much less permeable than that of systemic capillaries, and the interstitial space around alveolar microvessels is tightly restricted by the collagen network between the alveolar walls, forming an inexpansible space, so leakage at this site is limited. The extraalveolar arterioles and venules, which are not so confined and are more permeable, appear to constitute an additional important site of fluid leakage and reabsorption in the lungs.


Surface tension in the fluid film that lines the alveoli opposes alveolar pressure and tends to lower the interstitial pressure around pulmonary microvessels, particularly in corner areas (see Figure 4-4). An increase in surface tension may contribute to edema when surfactant is lost in an injured lung. Interstitial pressure around the extraalveolar vessels is close to intrathoracic (pleural) pressure and falls as the lungs are distended, which favors relatively more leakage from them at high rather than low lung volumes (see Figure 4-3).






Interstitial Edema


Several factors tend to keep the lung from becoming edematous. Normally, a net outflow of fluid from the upstream arterioles and capillaries is reabsorbed into the downstream capillaries and venules, where the intravascular pressure is lower. Fluid leakage causes local perivascular pressures to rise, particularly in the restricted space between the alveolar walls, which reduces the outward fluid flux. It also may compress the vessels, thereby reducing the total surface available for leakage. Because the fluid that leaks through intact endothelium is largely protein-free, it dilutes and washes out the interstitial protein. This alteration reduces the perivascular osmotic pressure of tissues and thus increases the inward osmotic pressure difference and reduces the local fluid leak. If excess leakage does occur, the fluid moves from the alveolar walls, where it could interfere with gas exchange, into the low-pressure interstitial zones around the bronchovascular bundles, where it forms relatively innocuous venous, arterial, and peribronchial cuffs. This fluid may be absorbed in part by the rich bronchial vascular network and by the many lymphatics in the adventitia of the airways and vessels. Edema fluid also may reach the pleural space, where it is absorbed by the pleural lymphatic and blood vessels. Finally, experimental data suggest that all the blood perfusing the capillaries in alveolar walls must first pass through capillaries located in alveolar corners and that the negative interstitial pressure surrounding these corner capillaries is critically dependent on alveolar surface tension. When surface tension is eliminated by alveolar flooding, interstitial pressure around these vessels increases, thus serving to compress the corner vessels and diminish flow through the capillaries in the alveolar wall of these flooded alveoli. This mechanism provides for much more precise control of perfusion, virtually on an alveolus-to-alveolus basis, compared with the effects of alveolar hypoxia, which are directed to much more proximal vessels.


When the capillary endothelium is injured, locally or through the effect of circulating mediators, the vascular permeability to fluids and solutes is increased; consequently, even a modest outward pressure gradient causes a large fluid leak. The ability to retain large molecules is lost, protein-rich plasma leaks out, and the osmotic pressure in tissues approaches that in vessels, so that the osmotic force opposing intravascular hydrostatic pressure is lost. This high-permeability or “leaky capillary” edema can be a fulminant process that leads to severe abnormalities in gas exchange.









Alveolar Edema


The epithelial cells that line the air spaces have tight junctions along their apical surface, so this membrane normally is even less permeable than the endothelial membrane, protecting alveolar spaces as interstitial edema increases. After total lung water has increased by approximately 50%, the edema fluid appears in the alveoli. A structural failure, at the epithelial cell junctions or elsewhere, is suspected, because there is no protein gradient between interstitial and alveolar edema fluid. Fluid initially is seen only in the corners of the alveoli, where surface tension causes the pressure below the curved fluid film to be lowest. As more fluid accumulates, the alveoli rapidly become completely filled, again because of surface tension effects. As alveoli fill, the radius of the curvature of the meniscus of the fluid becomes shorter, and the effect of surface tension becomes greater (Laplace’s law), which pulls fluid in more strongly (Figure 4-8). Thus, the sequence of edema development progresses from the perimicrovascular interstitium to peribronchovascular “sump” to patchy alveolar flooding.





[image: image]

Figure 4-8 Alveoli tend to fill with fluid in an “all-or-none” fashion. In the normal alveolus, a small amount of fluid rounds off the corners. Alveolar edema decreases the radius, which increases the inward force of surface tension and pulls in more fluid. When the alveolus is filled, the radius of the surface increases, so stability is regained.


(Modified with permission from Butler J: The circulation of the lung. In Culver BH, editor: The respiratory system, Seattle, 2006, University of Washington Publication Services, p 8.11.)





Fluid and ions normally exchange across the bronchial and alveolar epithelial surfaces to regulate the character of the mucous blanket and maintain the subphase film beneath the surfactant that lines the alveoli. Alveolar edema can be cleared by an active process of sodium reabsorption with water following osmotic transport. The type II epithelial cells take in sodium through channels on their apical surface and move it by active Na+,K+-ATPase pumping on the basolateral surfaces into the interstitium. The type I cells seem to have similar, though less prominent, apparatus and, because they cover about 90% of the alveolar surface, might have a significant role. Fluid removal also may occur in distal airways, where epithelial and Clara cells actively transport sodium. These active mechanisms also are crucial in the initial clearance of fetal lung fluid at birth. In experimental models, fluid clearance from air spaces is enhanced by β2-agonists and blocked by antagonists such as propranolol.









High-Altitude Pulmonary Edema


Some persons traveling or climbing to high altitudes develop pulmonary edema that may be severe and life-threatening. The mechanisms are becoming better understood and seem to involve both hydrostatic and permeability factors. The underlying abnormality in people who are susceptible to high-altitude pulmonary edema (HAPE) and who are subject to repeated episodes with repeated exposures is an exaggerated elevation of pulmonary artery pressure in response to hypoxia. Susceptible persons may experience only slight elevations in Ppa at rest or during routine activities when breathing air at sea level but demonstrate a greater increase in response to exercise than that observed in control subjects. In response to a hypoxic challenge, HAPE-susceptible subjects experience a rise in Ppa that is three- to four-fold higher than that in control subjects. At altitude, typically greater than 3000 m above sea level, Ppa in susceptible persons would be expected to rise rapidly in response to alveolar hypoxia and to increase further with the exertion that is common to mountaineering activities. Symptomatic edema develops after 24 hours up to a few days later but rarely arises after 5 days at altitude. The few hemodynamic measurements made under these circumstances have shown marked elevation of pulmonary artery systolic pressure, as high as 80 to 100 mm Hg, but usually normal or only modestly elevated pulmonary artery occlusion pressure. Thus, although high hydrostatic forces are involved, this is not a typical cardiogenic mechanism, with elevation of left atrial pressure reflected into the pulmonary microvasculature. The site of hypoxic vasoconstriction is in small pulmonary arteries and arterioles, although some venoconstriction also occurs, which could contribute to a pressure increase at the capillary level. It has been hypothesized that a heterogeneous distribution of the increased pulmonary vascular resistance might divert relatively high blood flow to low-resistance arterioles, thereby increasing local microvascular pressure sufficiently to cause the patchy edema pattern typically seen on lung radiographs of patients with HAPE. Because some persons with a similarly exaggerated hypoxic vasoconstrictor response do not develop edema, it is suggested that a defect in alveolar epithelial fluid clearance also may contribute to HAPE.


Of interest, bronchoalveolar lavage fluid obtained from climbers on Mt. McKinley and elsewhere with symptomatic HAPE has shown high levels of protein, which is consistent with increased vascular permeability, and red cells, suggesting further loss of barrier function. Because granulocytes and inflammatory markers are seen in only modest quantities and tend to appear later in the course, the underlying mechanism is believed to be a noninflammatory permeability change. This may be explained by the stretching of pores under hydrostatic forces or, in more severe cases, by overt capillary stress failure with endothelial, epithelial, and basement membrane disruption, as described in experiments in rabbit lungs subjected to high intravascular pressure. Although the cellular mechanisms responsible for the exaggerated pulmonary vascular response are yet to be explained, a plausible sequence of events leading to pulmonary edema in HAPE-susceptible persons has now emerged, and pulmonary vasodilators have been shown to be protective.












Respiratory-Circulatory Interactions






Spontaneous Breathing


The phasic changes of intrathoracic pressure and lung volume of the respiratory cycle alter the preload and afterload of the right and left sides of the heart, which interact to vary cardiac output and blood pressure with the respiratory cycle. The changes are modest during normal tidal breathing, when intrathoracic pressure swings are small, but can be more notable in pathologic states. During inhalation, the decrease in intrathoracic pressure enhances systemic venous return to the chest. The right atrium and ventricle fill, and right heart output to the pulmonary vessels increases as the alveoli fill with air. Lung expansion dilates the extraalveolar pulmonary arterial vessels, which reduces their resistance and helps to accommodate the increased flow. Ppa stays almost constant relative to alveolar pressure. The increase in right ventricular volume tends to stiffen or compress the left ventricle within the common pericardium, but the surge of pulmonary flow reaches the left heart after two or three beats, so that systemic output and blood pressure begin to rise in late inspiration or early expiration. This preload effect normally is dominant, but the inspiratory drop in intrathoracic pressure also can add effective afterload to the left ventricle. When the pressure surrounding the heart is lower, the myocardium would have to generate a greater transmural pressure difference to maintain the same stroke volume and systemic arterial pressure. Accordingly, systemic blood pressure falls a few millimeters of mercury coincident with inspiration and rises a few millimeters of mercury during exhalation. Depending on the respiratory rate, this direct pressure effect may be enhanced or countered by the arrival at the left ventricle of the inspiratory surge of venous return.


When intrathoracic pressure swings are exaggerated, as occurs during an asthma attack or an exacerbation of chronic obstructive pulmonary disease, the inspiratory drop in blood pressure can be 20 to 30 mm Hg, creating the clinical observation of pulsus paradoxus. Of interest, such markedly negative inspiratory pressures do not generate a proportionate increase in systemic venous return because of a flow-limiting, or waterfall, mechanism in the central veins. When the intraluminal pressure falls in these intrathoracic veins, the vessels collapse at the point where they are first exposed to atmospheric pressure, in the neck, axilla, and abdomen, and their flow becomes independent of the increasingly negative downstream right atrial pressure.


When the pericardial space is limited (e.g., pericardial effusion, constrictive pericarditis, enlarged heart), the interaction between the two ventricles is more prominent. Inspiratory filling of the right side of the heart limits the diastolic expansion of the left side of the heart. This ventricular interaction contributes to an inspiratory decrease in systemic outflow and blood pressure and allows both to increase when the right side of the heart is less full during expiration.









Positive-Pressure Ventilation


When patients are mechanically ventilated with positive inspiratory pressure, the same mechanisms seen in spontaneous breathing are involved, but the pressure effects shift phase in the tidal cycle. For example, the pressure outside the left ventricle rises during inspiration, so the same contraction yields a higher blood pressure early in the inspiratory phase. This increase may be augmented by blood pushed out of the capillaries by the positive alveolar pressure (see Figure 4-3). During late inspiration or early expiration, the blood pressure decreases as the effect of an inspiratory decrease in venous return to the right heart reaches the left side. If the expiratory phase is long enough, the blood pressure will begin to rise, reflecting enhanced venous return to the right heart earlier in expiration.


In addition to the cyclic changes, overall effects on cardiac output are seen when spontaneous breathing is replaced by positive-pressure ventilation, particularly when positive end-expiratory pressure (PEEP) is added. The mean airway pressure and the mean intrathoracic pressure both are high, and the latter is reflected in the pressure outside the right heart. This in turn causes the right atrial pressure to be higher, which may decrease the pressure difference driving venous flow from the systemic capacitance vessels. In addition, the increase in lung volume may partially compress the inferior vena cava as it runs through the lung just above the diaphragm, thereby increasing resistance to venous return. A resultant decrease in cardiac output typically is seen, accompanied by a decrease in right atrial transmural pressure and a decrease in right ventricular end-diastolic volume, particularly if intravascular volume is low. This effect may be opposed by a rise in abdominal pressure as thoracic volume increases and by increased venous tone to help restore the driving pressure for venous return.


When an increase in end-expiratory lung volume is recruited by PEEP, the chest wall also must be passively expanded, and its pressure-volume relationship (see Chapter 3, Figure 3-7) would predict at least a modest increase in pleural pressure. As shown by direct measurement with suitable flat devices, however, when the lungs are distended with PEEP, the pressure in the cardiac fossa may rise more than that measured by an esophageal balloon, and the pressure in the pericardium may be still higher. Bedside measurements of a decreased cardiac output accompanied by a higher pulmonary arterial occlusion pressure may suggest a decrease in cardiac function or contractility, but when accurate measurements of juxtacardiac pressure or left ventricular end-diastolic volume are made, the ventricle is seen to be operating at a lower preload on the same function curve. The same phenomenon may be seen when patients with severe airflow obstruction develop dynamic hyperinflation with an associated increase in cardiac fossa pressure.


High levels of PEEP and of end-inspiratory alveolar pressure compress alveolar septal capillaries, outweighing any distention of extraalveolar vessels with the lung volume increase, and thus increase pulmonary vascular resistance and right ventricular afterload. If this effect becomes dominant, a decrease in cardiac output may be associated with an increase in right ventricular end-diastolic volume.


The increase in juxtacardiac pressure with PEEP decreases the stroke work the left ventricle must do to maintain any given systemic blood pressure, thus effectively decreasing left ventricular afterload. In most circumstances, the preload effect previously described dominates, but a failing ventricle is quite sensitive to afterload, and this effect becomes more important in patients with severe heart disease. In such patients, the benefit of continuous positive airway pressure (CPAP) may be more hemodynamic than ventilatory.












Controversies and Pitfalls


The “classic” three- (or four-) zone model of lung blood flow distribution with its emphasis on gravitational effects has evolved to a more complete understanding of this distribution, as discussed earlier in this chapter. No real controversy clouds the accuracy of either the earlier data or more recent work, but the role of gravity has been so extensively taught that some misconceptions persist. Studies measuring blood flow with radioactive tags and relatively large counters placed over the upper, middle, and lower thorax clearly demonstrated a vertical gradient of flow increasing toward the base. The effect of alveolar and intravascular pressures on blood flow, with the latter decreasing with vertical height due to gravitational hydrostatic force, provided a plausible explanation for this finding. More recent data measuring regional flow by various techniques confirm this vertical gradient in upright lungs, but studies of inverted lungs do not show the reversal expected of a gravitational effect, and studies in zero or increased gravity show less-than-expected redistribution of regional flow. With the development of techniques to measure regional flow on increasingly smaller anatomic scales, wide variation in local blood flow is observed within an isogravitational plane, whereas flow in a specific region remains consistent despite different gravitational states. These data indicate that the distribution of blood flow is dominated by the arrangement of serial vascular resistances, due to anatomic development and largely under genetic control, with a relatively small superimposed effect of gravity. The influences of alveolar and intravascular pressures described in the zone model remain important but should not be tied to a stacked vertical alignment, because the physiology of different zones may coexist at the same height in the lung. The measurement techniques used to measure flow on a small anatomic scale require subsequent lung excision and destructive sampling, so they have been applied only to animals, including primates; whatever controversy remains, therefore, is related to the less-substantiated proof in human lungs and continuing debate over the relative importance of vascular structure and hydrostatic gradients in determining regional blood flow.


Failure to appreciate this newer description of blood flow distribution in the lung can lead to misunderstanding of clinical events. For example, considerable interest has emerged in the improved oxygenation that commonly occurs with prone positioning in acute lung injury. The gravitational model would suggest that the improved ventilation-perfusion distribution could be attributed to a shift in perfusion, but available data show that it is predominantly the ventilation that shifts to better match the maintained higher perfusion of the dorsal-caudal regions of lung.
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Chapter 5 Gas Exchange




Peter D. Wagner





The primary function of the lungs is to exchange gases between the blood and the external air. Mostly, of course, it is only O2 and CO2 that undergo exchange, but during gaseous anesthesia, the anesthetic gas is taken up by the lungs during induction or eliminated by the lungs during recovery. In addition, when a person is exposed to foreign gases in the air, these gases can be inhaled and may undergo exchange as well. Furthermore, gases with selected physical and chemical properties are sometimes used in cardiorespiratory research or even clinical care. For example, acetylene as a moderately soluble gas can be used to measure pulmonary blood flow; carbon monoxide (in very low concentrations) is routinely used to measure the lung diffusing capacity or transfer factor.


Fortunately, all such gases behave in accordance with the same basic physical principles underlying gas transport and exchange—mass conservation—explained in some detail further on. Although different gases appear to behave differently, this reflects their different physicochemical properties related to how they are transported in blood, and not differences in conforming to the mass conservation principles of exchange. Moreover, gas uptake from air into blood obeys the same rules as for gas elimination from the blood to the air. Thus, the topic of gas exchange can be treated as a general process applicable to all gases, whether taken up or eliminated. Subsequent applications can be made for individual gases in accord with their blood transport properties. In this chapter, the focus is primarily on the respiratory gases O2 and, to a lesser extent, CO2.






The Basis of Gas Exchange: Ventilation, Diffusion, and Perfusion


The lungs conduct gas exchange through three interacting processes: ventilation, diffusion, and perfusion (or blood flow). Ventilation brings O2 from the air to the alveoli (and simultaneously eliminates CO2, transferred from the blood, to the air). Diffusion is the process by which O2 in the alveoli passes across the alveolar wall into the pulmonary capillary. Perfusion moves the blood through the pulmonary circulation and allows continuously flowing red cells to take on O2. Ventilation and perfusion are mostly convective processes that require energy expenditure by the organism. Ventilation is an alternating, bidirectional process of inspiration and expiration, while perfusion is unidirectional from right ventricle to left atrium. Inspiration is accomplished by the respiratory muscles (diaphragm and external intercostal muscles mostly), which on contraction expand the thoracic cage, thus reducing the intrapleural pressure around the lungs, resulting in passive lung expansion. Expiration generally is passive and occurs as the respiratory muscles relax and allow the elastic recoil of the lung to expel air. Diffusion is passive and does not require the organism to expend energy. It simply reflects random molecular motion that over time tends to equalize molecular concentrations in space.






Relationships Between Lung Structure and Function


The evolutionary “decision” to conduct gas exchange by passive diffusion (rather than by energy-requiring active transport) was a profound one that dictated the basic structure of the lungs. The laws of diffusion show that diffusive mass transfer rates are directly proportional to the surface area available for diffusion and are inversely proportional to the distance the molecule must diffuse. The fundamental unit of structure in the lung is the alveolus, small and roughly spherical in shape, with an average radius of 150 micrometers (µm). There are about 300 million alveoli in the human lung. Each is supplied with air that must pass through the branching bronchial tree (conducting airways). The wall of each alveolus, shared by adjacent alveoli, is packed with capillaries. The tissue separating alveolar gas from the blood in the capillaries consists of the capillary endothelium, interstitial matrix, alveolar epithelium, and a thin layer of fluid. The entire wall is less than 0.5 µm in thickness.


These dimensions imply a total alveolar surface area of about 80 m2, yet a gas volume of only 4 L (small enough to fit within the chest cavity). Thus, the actual lung can conduct diffusive exchange efficiently because of the large surface area and small diffusion distance. By contrast, if the lungs consisted of just a single large sphere of the same 4-L volume, its surface area would be only [image: image] m2 (640-fold less). Moreover, if the same mass of 0.5-µm-thick alveolar wall tissue covering all 300 million alveoli were spread around this one sphere, its thickness would be over 300 µm, also about 600 times greater than in the actual lung. Because diffusion rates depend on the ratio of area to thickness, the real lung is about 640 × 600, or 400,000 times better at diffusive transport than would be a single sphere of the same volume and mass. The message is that by dividing up the lung into a very large number of very small structures, diffusion becomes a feasible and energy-efficient method of gas exchange, circumventing the need for active transport.


This picture of the lungs is similar in some ways to a bunch of grapes in which each grape is an alveolus, the skin is the alveolar wall (containing the capillaries) and the pulp inside is the alveolar air space. The stalks connecting each grape to its cluster depict the conducting airways and blood vessels. A major shortcoming to the grape analogy, however, is that each grape in a bunch is physically detached from all others in the bunch. However, all alveoli are connected, sharing common alveolar walls, much like the cells of a honeycomb. This connectivity means that the alveoli are mechanically interdependent—they pull on each other, forming a self-stabilizing three-dimensional network.









Challenges to Lung Function Caused by its Structure


Lung structure may be optimized for diffusion, but it results in several potentially life-threatening challenges:




Inequality of ventilation and blood flow: Because the lungs are ventilated through a single main airway (trachea), yet air must reach all 300 million alveoli, there must be a substantial branching airway system. Indeed, some 23 orders of largely dichotomous branching are recognized, resulting in a very large number of very small airways arranged in parallel with each other—much like tree branches emanating and serially dividing from a single trunk. It is impossible to imagine that inhaled air can be distributed homogeneously to all 300 million alveoli, and nonuniform ventilation distribution is well known to occur. Similarly, blood flow reaches the lungs from the main pulmonary artery by a corresponding branching system, and it also is known that perfusion is nonuniform. Nonuniform distribution of ventilation and blood flow are important for gas exchange efficiency as will be shown later.


Wasted ventilation (dead space): The first 17 or so generations of the airways are conducting airways—plumbing whose walls are unable to perform any gas exchange. Their total volume is about 150 mL. This means that with every single breath, 150 mL of inhaled air never reaches the alveoli yet must be moved by muscle contraction. Normally, each breath is about 500 mL in total volume, so about 30% of each breath represents wasted effort. This is not important in health, but in some lung diseases, the effort of breathing is so high that this wasted ventilation, called dead space, leads to insufficient ventilation of fresh gas to the alveoli.


Alveolar collapse: A very large number of very small collapsible structures is potentially physically unstable, due to surface tension forces. The laws of physics show that the pressure inside a soap bubble caused by surface tension is inversely proportional to the bubble radius. To the extent that the soap bubble analogy applies to the alveoli, which simply are not all exactly equal in size, surface tension forces will therefore tend to empty small alveoli into larger alveoli. Unchecked, this progression would lead to massive alveolar collapse with loss of gas exchange surface area and could prove fatal. In fact, the neonatal respiratory distress syndrome is considered to represent an example of just this phenomenon. The body has solved this problem by generating, in normal full-term newborns, a surfactant that lines each alveolus. It reduces surface tension by about an order of magnitude, greatly mitigating the risk of alveolar collapse. What also helps prevent collapse is the aforementioned interdependence whereby adjacent alveoli share common alveolar walls, creating a mesh or network that is inherently self-stabilizing.


Particle deposition: An array of about 20 orders of dichotomous branching leads to a very large (220 in this case) number of small peripheral airways. Although individually each is very small, there are so many of them that their total cross-sectional area becomes very large. With this arrangement, the forward velocity of the air in each small airway is reduced as air is inhaled, which in turn increases the chance that an inhaled dust (or other) particle will settle out and deposit on the small airway wall (compared with larger, more proximal airways, in which the velocity of air flow is much greater). If such a particle is physically, chemically, or biologically dangerous, disease may result, often starting in those small peripheral airways—as is the case for emphysema caused by inhalation of tobacco smoke.


Airway obstruction by mucus: Although the airways have developed a sophisticated particle clearance mechanism using mucociliary transport, the mucus that traps the particles may itself occlude small airways, impairing distal ventilation of the alveoli.


Capillary stress failure: The pulmonary microcirculation is at risk from the inherent structure of the lungs. With capillaries poorly supported in very thin alveolar walls (good for diffusion), they risk rupture into the alveolar space when intravascular pressures rise even modestly. Such alveolar hemorrhage occurs in several conditions, and especially in racehorses, whose lungs are relatively small, leading to high vascular pressures, which in this setting can be fatal.


Pulmonary hypertension: Because all of the cardiac output has to pass through the lungs (compare the systemic circulation, for which flow is divided among all of the body’s other tissues and organs), the potential for high vascular pressures is considerable. The twin processes of capillary distention and recruitment mitigate increases in pressure when perfusion is increased, as in exercise.





In sum, many life-threatening challenges may be associated with a lung built for diffusion, affecting the airways, alveoli, and blood vessels. In the normal lung, defenses against them are satisfactory, but in lung disease, they often are inadequate, with sometimes fatal outcomes.









Gas Exchange in the Homogeneous Lung: Ventilation, Diffusion, and Perfusion


Because gas exchange obeys mass conservation rules and occurs by passive diffusion, the exchange of gases can be understood and predicted quite accurately in a quantitative sense. In fact, quantitative discussion is essential to understanding of not just the principles but also the clinically very important differences in behavior of O2, CO2, and other gases. It is best to start with a perfectly homogeneous lung—one in which every alveolus is assumed to be identical and to receive an equal share of both ventilation and blood flow. Although an obvious oversimplification, this assumption allows the establishment of the basic principles, which can then be readily applied to lungs in which differences in ventilation and blood flow exist among alveoli.






Ventilation


For ventilation, mass conservation means that the amount of O2 diffusing into the pulmonary capillary blood from the alveolar gas in a given period (say, 1 minute—i.e., [image: image]) can be expressed as the difference between how much O2 was inhaled and how much was exhaled (over that minute). This relation holds because inhaled O2 has only two fates—diffusing into the blood or being exhaled. The amount inhaled is the product of minute ventilation and the concentration of O2 in inhaled air; the amount exhaled is the product of minute ventilation and the concentration of O2 in the exhaled gas. Because O2 concentration is constantly changing during the course of an exhalation, it is appropriate to use the mean concentration over exhalation. Minute ventilation is the product of the volume of each breath (L/breath) and the frequency of breathing (breaths/minute). Although the volumes inhaled and exhaled might be expected to be the same (or the lungs would either blow up or collapse), exhaled volume usually is 1% less than that inhaled because the amount of O2 absorbed into the blood is a little more than the amount of CO2 eliminated from the blood. This small difference can be neglected in most circumstances, as is the case in the following discussion. The mass conservation equation that then describes O2 uptake as a function of ventilation is





[image: image]




where [image: image] is the volume of O2 taken up into the blood per minute, and [image: image] is the minute ventilation, both expressed in L/minute. FIO2 and FEO2 are, respectively, the inhaled and exhaled mean O2 fractional concentrations. [image: image] commonly is about 7 L/minute. Because about 21 of every 100 molecules in air are O2 molecules (the rest being mostly nitrogen), FIO2 is 0.21. FEO2 at rest is about 0.17; this difference shows that [image: image] is about 0.3 L/minute. Because the conducting airways that feed the alveoli do not exchange O2 or CO2, it has become conventional to subtract the volume of gas left in the conducting airways each breath—the so-called anatomic dead space—from the total breath volume before multiplying by respiratory frequency to calculate ventilation, resulting in a variable known as alveolar ventilation ([image: image]). Equation 1 then becomes
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where FAO2 is now the mean alveolar O2 concentration. FAO2 is higher than FEO2 because the latter combines the inhaled air from the dead space with the alveolar gas, which is lower because of O2 transfer into the blood.


The tendency is to use partial pressure (PIO2, inhaled; PAO2, alveolar) rather than fractional concentration (FIO2, FAO2) in describing these relationships: From Dalton’s law of partial pressure, PO2 = FO2 × (barometric pressure − water vapor pressure). Allowing for proper units, Equation 2 can then be rewritten as
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[image: image] is now expressed in mL/minute, [image: image] in L/minute, and P in mm Hg.


[image: image] is the whole-body metabolic rate and as such is dictated by the body tissues, not the lungs. Because PIO2 is a constant, Equation 2 can be used to demonstrate the dependence of alveolar PO2 on alveolar ventilation for a given value of [image: image] (Figure 5-1). The same concepts apply to CO2, for which it is simpler, because CO2 is essentially absent from inhaled air. The corresponding equation is





[image: image]

Figure 5-1 Relationship between alveolar PO2/PCO2 and alveolar ventilation when metabolic rate is held constant. Dashed lines indicate normal ventilation, PO2 and PCO2. Note that as ventilation is reduced, even moderately, PO2 falls sharply and PCO2 rises similarly.
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How ventilation affects PACO2 also is shown in Figure 5-1. It is evident that a relatively small reduction in ventilation will reduce PAO2 and increase PACO2—both substantially.


Dividing Equation 4 by Equation 3 gives
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which can be rearranged into what is called the alveolar gas equation:
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This equation, which relates alveolar PO2 to alveolar PCO2 for a given respiratory exchange ratio R, is very useful at the bedside, as discussed later on.









Diffusion


The laws of diffusion dictate that the rate at which a gas diffuses between two points is the product of the diffusion coefficient for the gas and the partial pressure difference between the two points. In the lungs, the diffusion coefficient, measured as the diffusing capacity, is determined by surface area and distance of the diffusion pathway (see earlier). When a red cell leaves the pulmonary arteries and enters the pulmonary capillary, it arrives with a reduced level of O2, because the tissues visited by that red cell took O2 from the red cell for the tissue’s metabolic needs. The PO2 in the red cell in this blood commonly is about 40 mm Hg. Alveolar PO2, on the other hand, usually is about 100 mm Hg. The large PO2 difference (“driving gradient”) of 60 mm Hg leads to rapid diffusion of O2 from the alveolar gas into the capillary blood. Consequently, however, the blood PO2 increases, reducing the driving gradient, and O2 diffusion slows down as the red cell progresses along the lung capillary network. With modeling of this process, again using mass conservation principles, PO2 is seen to rise approximately exponentially as the red cell moves along the lung capillary until PO2 in the red cell has reached the alveolar value, indicating that diffusion equilibration has occurred. This process is shown in Figure 5-2. Note that for O2, equilibration occurred in about 0.25 second. On average, each red cell takes about 0.75 second to move through the alveolar capillary system, so that diffusion equilibration is complete already a third of the way along the capillary, and thus well before its end. As might be expected, during exercise, time available for a red cell to pick up O2 in the lung is reduced, because blood flow rate is increased, and at very high exercise intensity, there may not be sufficient time for PO2 in the red cell to reach the alveolar value. Accordingly, PO2 in the systemic arterial blood will be lower than that in the alveolus—a situation referred to as hypoxemia caused by diffusion limitation. This effect is seen commonly in exceptional athletes exercising heavily at sea level, and in all subjects exercising at altitude.





[image: image]

Figure 5-2 A, Rate of rise in gas partial pressure along the capillary. Inert gases equilibrate very rapidly, and O2 more slowly, but CO fails to equilibrate. B, Rate of fall in CO2 partial pressure along the capillary. CO2 equilibrates about twice as rapidly as does O2.




While CO2 moves from blood to gas, the principle is the same as for O2. Here, the red cell enters the alveolar capillary with a high PCO2 (because of addition of waste CO2 from tissues visited by the red cell), whereas alveolar PCO2 is lower. Thus, diffusion will move CO2 from red cell to alveolar gas, and red cell PCO2 will fall toward the alveolar value in mirror image to the rise in PO2 described earlier (see Figure 5-2). The speed of equilibration for CO2 is about twice that for O2, so it takes about half the time to reach equilibration. In practice, CO2 is never diffusion-limited. Gases carried in blood only in physical solution (i.e., inert and anesthetic gases) equilibrate even faster—about 10 times as quickly as for O2 (see Figure 5-2). This rule holds true for gases of any solubility.


In the remainder of this chapter, diffusion equilibration is assumed to be complete for all gases discussed. What this means is that the alveolar (A) and end-of-the-capillary (ec) PO2 values are the same for any one gas. Thus, for O2, PAO2 = PecO2.









Perfusion


From the preceding, it is clear that O2 brought to the alveoli by ventilation then diffuses into the flowing blood in lung capillaries. O2 uptake into the blood can be described using mass conservation principles, just as for ventilation. Thus, the amount of O2 taken up into the flowing blood per minute ([image: image]) is the amount of O2 in the blood leaving the lungs each minute heading for the left atrium, minus the amount that had entered the lungs in the pulmonary arterial blood. These amounts are the product of the concentration of O2 in each site and the blood flow rate. If CecO2 is the concentration of O2 in the end-capillary blood, CvO2 is the concentration of O2 in the capillary blood as it enters the lung capillaries, and [image: image] is the blood flow rate through the lungs, mass conservation gives
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Because O2 concentration in end-capillary blood is virtually unchanged between the end of the capillary and the systemic arterial circulation, end-capillary O2 concentration can be replaced with arterial CaO2, giving
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This relationship is known as the Fick principle. For CO2, the corresponding equation is
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Gas Exchange


Focusing on O2, Equations 3 and 8 should now be considered together. They both embody mass conservation but express it differently, with Equation 3 reflecting alveolar loss of O2 into blood and Equation 8, red cell gain of O2 into blood. Figure 5-3 shows how, for given constant values of [image: image] and [image: image], and for designated values of inspired PO2 (PIO2) and inflowing pulmonary arterial O2 concentration (CvO2), [image: image] would have to vary with alveolar PO2 (to satisfy both these equations) when determined by each of the two equations independently. Because each molecule of O2 that leaves the alveolus by crossing the blood gas barrier appears in the capillary blood, the [image: image] calculated from the two equations must be the same—again, conservation of mass. Thus, only a single value of PAO2 can exist—that at the point of intersection of the two relationships in Figure 5-3. If the calculations in Figure 5-3 were repeated for different values of [image: image], and thus [image: image] (in this example, keeping [image: image] the same), the lines and their point of intersection would change as in Figure 5-4. This figure shows that alveolar PO2 (x axis) and the amount of O2 that can be taken up ([image: image], y axis) both depend on [image: image] and [image: image]. Commonly, Equations 3 and 8 are combined, because [image: image] must be the same when calculated from either equation. This yields the ventilation-perfusion equation:





[image: image]

Figure 5-3 The two mass conservation equations for calculating O2 transfer rate ([image: image]): one as a function of ventilation ([image: image], straight line) and the other based on blood flow ([image: image], curved line), as alveolar PO2 (PAO2) varies. Inspired and mixed venous O2 levels are held constant, as are [image: image] and [image: image]. The point of intersection (open circle) is the only combination of [image: image] and PAO2 for which mass of O2 is conserved and indicates the PAO2 that must exist for the given values of [image: image] and [image: image].
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Figure 5-4 Same analysis as in Figure 5-3, with the four straight lines reflecting four values of ventilation, [image: image], but only one value of blood flow, [image: image] (and thus yielding four values of their ratio, [image: image]). PAO2 increases with [image: image], as shown by the four filled circles.
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or
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and the equivalent for CO2:
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These equations say that it is the ratio of [image: image] to [image: image] that determines the alveolar PO2 and PCO2 in any region of the lungs.


Figure 5-5 shows how alveolar PO2 and PCO2 vary with [image: image] when inspired PO2 is that of room air and the pulmonary arterial (mixed venous) PO2 is normal (i.e., 40 mm Hg). Important conclusions to be drawn from this figure are that as [image: image] falls, PO2 falls, approaching the mixed venous value at low [image: image] values, and conversely, PCO2 rises. Also, as [image: image] rises, PO2 approaches the inspired value, while PCO2 falls. The dashed lines show that at the normal value for the [image: image] ratio of about 1, PO2 is about 100 mm Hg, and PCO2 is about 40 mm Hg.





[image: image]

Figure 5-5 How alveolar PO2 (and PCO2) vary with ventilation-perfusion ratio ([image: image]), based on the analysis of Figures 5-3 and 5-4. Dashed lines show normal values for a [image: image] of 1. Normal conditions are assumed: inspired PO2 = 150 mm Hg, PCO2 = 0 mm Hg, mixed venous PO2 = 40 mm Hg, PCO2 = 45 mm Hg. PAO2 and PACO2 approach mixed venous values as [image: image] approaches zero and inspired values as [image: image] approaches infinity.




Although the behavior of the two gases is qualitatively similar (even if opposite in direction), their quantitative behaviors are different. Most of the variance in PO2 occurs over the [image: image] range 0.3 to 3, whereas for CO2, most of its change is seen in the [image: image] range 2 to 20, almost a decade higher. The gases obey the very same conservation of mass rules in their exchange, so their quantitative differences are due to differences in their transport properties in blood.









Ventilation-Perfusion Inequality and Gas Exchange


The preceding analysis accounts for gas exchange in the intact, homogeneous lung, in which a single value is taken for [image: image] (equal to the ratio of total alveolar ventilation to total pulmonary blood flow). In real life, not all alveoli enjoy the same [image: image] to [image: image] ratio. In fact, even in healthy young humans there is about a 10-fold difference between the lowest and highest values, from a low of about 0.3 to a high of about 3. This difference is due to both gravitational influences (higher [image: image] in nondependent than in dependent regions) and nongravitational factors such as variation in length and diameter of airways and blood vessels. Alveoli with different [image: image] ratios are connected in parallel: Mixed venous blood reaches them all, and then the end-capillary blood from each flows into the pulmonary veins, much like tributaries joining a river. In lung diseases, variation in [image: image] (also called [image: image] inequality) can be extreme and even fatal. Thus, it is essential to consider how such inequality affects the ability of the lungs to take up O2 and eliminate CO2.


This analysis can be done by comparing a homogeneous lung to one with the simplest degree of inequality—a lung imagined to have two “alveoli” of different [image: image] ratios. This schema is illustrated in Figure 5-6. In the left panel, the homogeneous case, with a total ventilation of 6 L/minute and a total blood flow also of 6 L/minute, both equally divided between two identical “alveoli,” PO2 and PCO2 values can be read off Figure 5-5 for the resulting [image: image] ratio of 1.0. In the case of inequality, the example in the right panel shows the effect of severe but incomplete airway obstruction, causing 90% reduction in ventilation of the left “alveolus,” with corresponding redistribution of ventilation to the right “alveolus” (that is, total ventilation and blood flow are assumed to be unaltered by the airway obstruction). The PO2 values are again read from Figure 5-5 and are now 45 and 120 mm Hg, respectively. As the two “alveoli” exhale, their gas streams mix in proportion to the relative gas flow rates, resulting in a mixed exhaled PO2 of 116 mm Hg. Similarly, the blood leaving each “alveolus” has the same PO2 as in the respective alveolar gas, as shown, and these two blood streams mix again in proportion to their blood flows. Here the computation is performed using the concentrations, not partial pressures, and when this is done, the mixed arterial PO2 is reduced to only 60 mm Hg.





[image: image]

Figure 5-6 A two-compartment representation of ventilation-perfusion distribution showing how maldistribution interferes with gas exchange. Left, The homogeneous example in which each compartment having the same [image: image] also must have the same PAO2. When exhaled air and end-capillary blood from the two compartments mix, the mixed exhaled gas and mixed arterial blood have the same PO2. Right, Effects of altered distribution of ventilation due to airway obstruction on the left side, reducing ventilation and thus [image: image] each 10-fold. Mixed exhaled PO2 is higher and mixed arterial PO2 is lower than in the homogeneous case, and total O2 uptake is reduced—all as total ventilation and total blood flow are held constant.




Thus, what this simple calculation shows is that when the [image: image] ratio is not everywhere the same, gas exchange suffers: Arterial PO2 falls, and the amount of O2 taken up by the whole lung also falls (which can be deduced from the increase in mixed exhaled PO2, which means that because more O2 was exhaled, less O2 was transferred into the blood).


The same occurs for PCO2, but in the opposite direction: [image: image] inequality increases arterial PCO2, reduces mixed exhaled PCO2, and thus also reduces the amount of CO2 eliminated. Figure 5-7 shows the values for CO2 for the same case as in Figure 5-6. What is seen, however, is a quantitatively larger negative effect on O2 than on CO2, in terms of both the arterial partial pressures and total amounts of gas transferred.





[image: image]

Figure 5-7 Corresponding calculations for CO2 in the same model as in Figure 5-6, right. CO2 output is impaired, whereas arterial PCO2 is increased and exhaled PCO2 is decreased, although the changes are less than for O2.




That O2 is more affected than CO2 in this instance reflects the nature of the example: The obstructed “alveolus” has a very low [image: image] ratio. With modeling of exactly the same problem but this time reducing blood flow in one “alveolus” by 90%, rather than reducing ventilation as in Figures 5-6 and 5-7, [image: image] inequality would still be present and both gases would be affected, but because the abnormal “alveolus” has a high and not low [image: image] ratio, the quantitative effects are different: CO2 is affected more than is O2.


This result points out that the effects of [image: image] inequality are always to impair gas exchange for all gases, but the degree to which any one gas is affected depends on the exact pattern of distribution of ventilation and blood flow. The basic reason why O2 and CO2 are differently affected in any given pattern is found in the differences in their dissociation curves in blood. That for O2 is quite nonlinear; that for CO2 is almost linear and also is much steeper. In sum, O2 is affected more when low [image: image] regions dominate; CO2 is more affected when high [image: image] regions dominate.









Shunt


Shunt refers to blood that crosses from the right to the left side of the heart without encountering any alveolar gas. This pathophysiologic entity can be due to ventricular or atrial septal defects and other intracardiac anomalies, or to lung lesions such as complete airway obstruction, atelectasis, pneumothorax, pulmonary edema, pneumonic consolidation, and large arteriovenous intrapulmonary vascular malformations. Referring back to Figure 5-6, which illustrates partial airway obstruction, a shunt could be modeled by assigning zero ventilation to the left “alveolus” and all the ventilation to the right side. The effects would be slightly more severe than those illustrated for partial obstruction, but the point is that a shunt can be thought of as an extreme of [image: image] inequality: a region with [image: image] = 0, because ventilation is absent.


There is, however, a special feature of shunt that merits discussion: response to inhalation of 100% O2. When [image: image] inequality is present, and 100% O2 is inhaled, all alveolar nitrogen that had been present in the lungs of a subject breathing room air will eventually wash out, and the only gases in the alveoli will be O2 and CO2. PO2 in all alveoli will be above about 600 mm Hg, no matter what the [image: image] ratio is for each alveolus. Accordingly, on 100% O2, a lung with [image: image] inequality will exchange O2 normally. In the presence of shunt, however, the shunted blood is never exposed to 100% O2, and its PO2 remains low (at PO2 in the inflowing pulmonary arterial blood). This, using the same principles as in Figure 5-6, causes the mixed arterial PO2 to be abnormally low even as 100% O2 is inhaled.









The Four Causes of Hypoxemia


As characterized in the preceding discussion, arterial hypoxemia (defined as a subnormal value of arterial PO2) has four different causes:




1. Hypoventilation (see Figure 5-1)


2. Diffusion limitation (not illustrated but discussed earlier)


3. [image: image] inequality (see Figure 5-6)


4. Shunt, as discussed previously





The alveolar gas equation derived earlier (Equation 6) is useful in separating hypoxemia from these various insults: For hypoventilation alone, the equation predicts exactly how much arterial PO2 will fall for any given increase in arterial PCO2, because the alveolar PO2 and the arterial PO2 remain equal. However, as shown in Figure 5-6, for [image: image] inequality, the exhaled alveolar PO2 increases while the arterial PO2 falls. Equation 6 is used to compute alveolar PO2 by inserting arterial PCO2 into the equation, and when this is done and the arterial PO2 is subtracted from it, one has what is called the alveolar-arterial PO2 difference PO2(A−a). The typical patterns of arterial PO2, PCO2, and PO2(A−a) are illustrated in Table 5-1 for each cause of hypoxemia, together with the response to 100% O2 breathing mentioned earlier. In Table 5-1, it is specifically assumed that the body has not reacted to the hypoxemia by any of the compensatory mechanisms normally available to it, as discussed next. In life, such compensatory reactions are the rule, unless special circumstances such as trauma, heart disease, or narcotic overdose also are present.




Table 5-1 Effects of Different Causes of Hypoxemia on Gas Exchange
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Compensatory Mechanisms


When hypoxemia develops for any reason, three principal compensatory mechanisms are invoked:




1. Greater O2 extraction from blood by the tissues. When arterial PO2 falls, the initial response of the body is to extract more O2 from the flowing blood. In this way, [image: image] can be restored passively, both rapidly and effectively. It does result in a lower PO2 in the venous blood returning to the lungs, which may further impair arterial oxygenation, thereby worsening the hypoxemia, but metabolism is protected. The same occurs in reverse for CO2: More CO2 is added to the tissue venous blood, raising the CO2 level in the blood reaching the lungs. If ventilation remains unchanged, arterial PCO2 must rise as a result.


2. Hyperventilation. Within seconds of the emergence of hypoxemia, chemoreceptors are stimulated, and reflex increase in ventilation occurs. This response usually is very effective in reducing an elevated arterial PCO2 to normal but often is less effective in restoring arterial PO2. Indeed, in an attempt to normalize PO2, ventilation commonly is increased to the point of causing arterial hypocapnia despite gas exchange abnormalities that in themselves impair CO2 exchange. Hyperventilation is not especially effective in restoring arterial PO2 in conditions associated with very low [image: image] ratios, such as asthma, pneumonia, and acute lung injury. It is much more effective in diseases in which high [image: image] ratios are the principal pulmonary abnormality—especially pulmonary thromboembolic disease.


3. Increased cardiac output. The sympathetic stimulation resulting from hypoxemia and other factors in many lung diseases may result in tachycardia and an elevated cardiac output. The increased output allows less fractional extraction of O2 in the tissues, which has the effect of increasing the PO2 of the venous blood returning to the heart, which in turn elevates and partly restores arterial PO2. This clinical situation commonly is seen in asthmatic patients during acute episodes, especially when β-sympathetic agonists have been taken in large doses, but is unusual in chronic, stable disease states.





These mechanisms act to restore the mass flow of O2 and CO2 across the lungs, returning [image: image] and [image: image] to levels necessary to sustain tissue metabolism. Failure to invoke these mechanisms leads to tissue death and can be fatal.









Clinical Assessment of Gas Exchange Based on Physiologic Principles


The entire preceding discussion has provided a physiologic basis for clinical tools to assess pulmonary gas exchange. All of these tools are based on measurement of PO2 and PCO2 in an arterial blood sample. Because measuring the entire distribution of ventilation and of blood flow is complex and time-consuming, several simplified methods of gas exchange analysis have been proposed.






Alveolar-Arterial PO2 Difference: PO2(A−a)


As noted earlier, Equation 6, derived previously, is called the alveolar gas equation.
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If an arterial blood gas sample is taken, arterial PO2 (PaO2) and arterial PCO2 (PaCO2) are available. PaO2 as measured can then be subtracted from PAO2 as calculated from Equation 6, to get PO2(A−a):
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In a perfect lung, PO2(A−a) would be zero. In a normal lung in a young, healthy subject, PO2(A−a) is about 4 to 10 mm Hg. It can increase to as much as 60 mm Hg in severe lung disease.









Shunt: [image: image]s/[image: image]t


Even if the lung is complex in disease, it can always be modeled as consisting of two “compartments”: one normal and one completely unventilated (i.e., in which all the blood flow is shunted). As described previously, shunted blood takes on no O2, so that the blood leaving has the same low O2 level as that entering in the mixed venous blood. The objective is to calculate that fraction of the cardiac output ([image: image]/[image: image]t) necessary to flow through the “shunt” compartment to explain the measured arterial PO2. This calculation is done using the shunt equation, as follows:
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This is a conservation of mass or mixing equation that states that the arterial O2 concentration (CaO2) is the blood flow–weighted average of the concentrations of O2 coming from the shunt ([image: image], shunt flow; CvO2, mixed venous O2 concentration) and the normal compartment ([image: image]t − [image: image], nonshunt blood flow; CecO2, end-capillary O2 concentration). [image: image]t is total blood flow, or cardiac output. Equation 13 can be rearranged as follows:
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This is called the shunt equation. To use it, CecO2 is calculated using the oxygen-hemoglobin dissociation curve, and the PAO2 as calculated from Equation 6; CaO2 is determined from an arterial blood gas sample, and CvO2 is either assumed or measured from a mixed venous blood sample. If CvO2 is assumed to have a specific value, the calculated value of shunt fraction ([image: image]s/[image: image]t) is only as accurate as the assumed value of CvO2.


If data for this equation were collected with the patient breathing 100% O2, a true value of shunt would be found. Recall that, as explained previously, when the subject is breathing 100% O2, even low [image: image] alveoli have very high PAO2 values, exceeding 600 mm Hg, and thus would not contribute to a discernible reduction in CaO2, because the alveolar blood is fully O2-saturated. If, however, the data came from a patient breathing less than 100% O2, the value for [image: image]/[image: image]t would in general be larger, because when less than pure O2 is breathed, areas of low ventilation-perfusion ratio contribute numerically to what appears as [image: image]/[image: image]t, because they show less than full O2 saturation of hemoglobin.









Physiologic Dead Space: Vd/Vt


In a conceptual mirror-image formulation, total dead space can be calculated as another parameter of abnormal gas exchange. Conventionally, CO2 has been used as the marker gas for this, not O2. The basis is again conservation of mass, and the concept makes use of another two-compartment model. This time, while one compartment remains normal, the other is given an infinitely high ratio of [image: image]—that is, it is ventilated ([image: image] > 0) but unperfused ([image: image] = 0). No gas exchange occurs because there is no blood flow. This compartment therefore wastes any ventilation it gets. Its alveolar PCO2 is thus that of inspired gas, namely, zero. The objective is to explain the PCO2 in mixed exhaled gas (PECO2) as a ventilation-weighted average of the PCO2 coming from each compartment—alveolar PCO2 (PACO2) from the normal compartment and zero from the dead space compartment. The mass conservation equation parallels that for shunt, as follows:
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Here f is respiratory frequency, Vd is the volume of air inhaled per breath by the unperfused compartment, and Vt is total inhaled volume of air per breath. Rearranging this equation gives
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Usually, alveolar PCO2 (PACO2) is replaced by arterial PCO2 (PaCO2) from an arterial blood sample, to arrive at
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This dead space equation needs as input arterial PCO2 as well as PCO2 measured in mixed exhaled gas.


The foregoing discussion makes it clear that taking an arterial blood sample is critical for estimating all three parameters of gas exchange. For accurate results, an arterial blood sample is not sufficient. Mixed exhaled gas is required to determine R ([image: image]) in Equation 12 and for measuring mixed exhaled PCO2 (PECO2) as used in Equation 17. Moreover, Equation 14 requires an estimate of mixed venous O2 concentration.















Acid-Base Relationships


For the body to function, hydrogen ion concentration must be kept within narrow limits. Expressed as pH (negative log of [H+] in moles per liter), normal acidity in circulating blood is 7.40 (40 nanomoles of free H+ per liter). About the lowest pH that can be survived is 6.8; what is the highest survivable value is unclear (probably about 7.9). A pH of 6.8 corresponds to about 160 nmol/L, whereas a pH of 7.9 corresponds to 13 nmol/L.


It is not surprising that the body has several mechanisms available to maintain pH within this very narrow range. There are in essence three homeostatic mechanisms that together work toward keeping pH normal. The first is chemical buffering by weak acids or bases. The second is renal excretion or retention of H+, and the third is the process of ventilation.






Buffering


When blood is examined, several weak acids and bases are present in solution in plasma, red cells, or both. The major concept here is that they are all in chemical equilibrium with the existing [H+]. Should the concentration of H+ ions (i.e., protons) increase for any reason (that is, should acidosis develop), positively charged protons can react with the negatively charged ionic form of the weak acid to form the combined, nonionic species. In this way, protons are removed from solution, thus raising the pH back toward normal. This sequence is evident when the chemical equation for this process is displayed:





[image: image] (18)





The ionic form of the weak acid A (i.e., A−) combines with a proton (H+) to form the associated nonionic form HA, thus reducing free [H+] and thereby raising pH.


Should the opposite condition exist—a reduction in free [H+] (known as alkalosis), the reaction shown in Equation 18 can run from right to left, thereby increasing H+ ion levels and lowering pH back toward normal.


Important buffers in blood include plasma proteins, especially albumin, phosphate ions, and, inside the red cell, hemoglobin. These buffers form the body’s first line of defense against an alteration in pH. They are immediately available and work instantly. Once deployed, however, they can be of little further use until new molecules are synthesized. Thus, they are of limited long-term value for modulating acid-base disturbances and have limited quantitative effect.









The Kidneys


The kidneys can retain or excrete H+ and bicarbonate ions (HCO3−) to preserve their levels in the blood and thus play a major role in controlling pH changes arising from acid-base disturbances. The details of renal function are beyond the scope of this discussion, and further information is available in any of several texts on the subject.


Two important aspects of the renal contribution to acid-base disturbances are as follows: First, the kidneys are slow to react noticeably to an alteration in pH. Somewhat akin to a freight train starting from a dead stop, renal action may begin as soon as pH is changed, but it takes hours to “get up to speed” and affect pH. Second, just as normal kidneys can play a major homeostatic role in restoring pH toward normal, when renal disease develops, the ability to excrete a normally acid urine may be compromised, resulting in accumulation of H+ ions, with consequent development of acidosis. The kidneys can therefore be a cause of acidosis when they themselves are abnormal, owing to failure of H+-excreting mechanisms that are invoked to deal with excess H+ in normal kidneys.









The Lungs


Just as the kidneys can counteract either an acidosis or an alkalosis, the lungs have the ability to do likewise. The lungs contribute to regulation of blood pH through changes in PCO2 brought about by changes in ventilation. In sum, an increase in [H+] in the blood stimulates both central (ventral medullary) and peripheral (carotid body) chemoreceptors, which send neural signals to the respiratory control areas of the brain, which in turn direct the respiratory muscles to produce an increase in ventilation, thereby decreasing PCO2 (refer to Equation 4). A decrease in [H+] does the opposite. This effect is achieved through the buffering principle, as described, with carbonic acid (H2CO3) as the weak acid, as follows. The reaction is greatly accelerated by carbonic anhydrase:





[image: image] (19)





Thus, if acidosis develops, the entire reaction proceeds rightward, removing H+ ions, raising pH, and producing more CO2 that can (usually) be easily eliminated by a (usually) modest increase in ventilation. Conversely, should alkalosis develop, the reaction proceeds leftward, liberating H+ ions to restore pH. The source of the CO2 necessary to “feed” this backward reaction is a reduction in ventilation. In sum, changes in ventilation affect changes in PCO2, which then cause the chemical reaction in Equation 19 to proceed rightward when there is acidosis (increased ventilation and lowering PCO2) or leftward when there is alkalosis (lowering ventilation and raising PCO2).


By writing the equilibrium version of Equation 19, the concentrations of H+, HCO3−, and CO2 can be related as follows:
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or
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where 0.03 is the solubility of CO2 in plasma (water) in mmoles per liter per mm Hg unit. Taking logarithms of equation 21 and rearranging K and [H+] gives:
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or
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where pK is the negative logarithm of the equilibrium constant for the reaction in Equation 19 and equals 6.1. This equation is known as the Henderson-Hasselbalch equation and is widely used in describing acid-base disturbances. As can be seen, it relates pH to [HCO3−] and PCO2.


Because this equation contains three variables, their relationship should be expressed in three dimensions, which is difficult. Several ways of working with the equation to surmount this problem have been devised, and they are in essence graphical. Perhaps the most intuitive and widely used is the Davenport diagram, which plots [HCO3−] on the ordinate and pH on the abscissa and uses isopleths of PCO2 to allow consideration of variation in that variable. For example, if PCO2 is held constant at its normal value of 40 mm Hg, the equation simplifies to





[image: image] (24)





In this way, the value of [HCO3−] for any given pH can be calculated, forming a single line on which each point satisfies Equation 24 for the same value of PCO2—in this example, 40 mm Hg. Figure 5-8 shows this line on a Davenport diagram for a PCO2 of 40 mm Hg and also for several other fixed PCO2 values, as indicated. This set of PCO2 isopleths then forms the framework for considering acid-base relationships, both normal and abnormal. The value in normal arterial blood is shown in this figure by the solid circle located at PCO2 of 40 mm Hg, pH of 7.40, and [HCO3−] of 24 mmol/L.





[image: image]

Figure 5-8 The Davenport diagram: Representation of the Henderson-Hasselbalch equation relating pH, [HCO3−], and PCO2. Each curved line shows the unique relationship between [HCO3−] and pH for each single value of PCO2 shown on the graph. The filled circle is the point corresponding to normal arterial blood.




Figure 5-9 plots as a series of solid circles the relationship between pH and [HCO3−] when the same normal blood sample is exposed to and equilibrated with gases of different PCO2 values (one at a time), after which pH and [HCO3−] are measured. From Equation 23, the Henderson-Hasselbalch equation, it is evident that as the applied PCO2 is raised above normal, pH must fall to below normal, and as PCO2 falls below normal, pH rises above normal, as shown. The pH/[HCO3−] relationship turns out to be almost straight, as the figure indicates. The steeper the line, the less is the change in pH for a given PCO2. That is, the steeper the line, the more effectively [H+] is kept from changing. Because these results pertain to a single blood sample in vitro, no renal intervention is possible, and the line can be said to represent the buffering ability of the blood sample. Indeed, it is called the blood buffer line. The higher the plasma and red cell buffer levels, the steeper will be the buffer line.





[image: image]

Figure 5-9 The blood buffer line on the Davenport diagram. It is the line relating pH to [HCO3−] as PCO2 is varied in a given blood sample. See text for details.




Use of the Davenport diagram to describe acid-base disturbances is illustrated in Figures 5-10 through 5-13. Each figure depicts the consequences of one of the four possible types of acid-base disturbance—respiratory acidosis, respiratory alkalosis, metabolic acidosis, and metabolic alkalosis. In each, the CO2 isopleths and normal blood buffer line are shown, along with the normal point, N. These diagrams often are very useful at the bedside because they allow the caregiver to visually assess, diagnose, understand, and quantify the sometimes complex acid-base states encountered in clinical practice.





[image: image]

Figure 5-10 The Davenport diagram for respiratory acidosis. An acute increase in PCO2 moves blood pH from the normal position (N) to point A—that is, movement up the normal blood buffer line. Over several hours to days, renal compensation slowly restores pH through HCO3− retention, moving blood to point C.







[image: image]

Figure 5-11 The Davenport diagram for respiratory alkalosis. An acute decrease in PCO2 moves blood pH from the normal position (N) to point A—that is, down the normal blood buffer line. Over several hours to days, renal compensation slowly restores pH through HCO3− excretion, moving blood to point C.







[image: image]

Figure 5-12 The Davenport diagram for metabolic acidosis. An acute increase in [H+] moves blood pH from the normal position (N) to point A—that is, down the line for normal PCO2. Over seconds to minutes, ventilatory compensation quickly restores pH through hyperventilation, thereby reducing PCO2, and moving blood to point C.







[image: image]

Figure 5-13 The Davenport diagram for metabolic alkalosis. An acute decrease in [H+] moves blood pH from the normal position (N) to point A—that is, up the line for normal PCO2. Over seconds to minutes, ventilatory compensation quickly restores pH through hypoventilation, thereby increasing PCO2, and moving blood to point C.




Figure 5-10 presents a Davenport diagram for respiratory acidosis. As the name implies, it is the result of insufficient ventilation to keep PCO2 normal at 40 mm Hg for the given rate of metabolic production of CO2. It is the necessary consequence of mass conservation as expressed in Equation 4. From the Henderson-Hasselbalch equation, a rise in PCO2 due to insufficient ventilation causes a fall in pH. When changes in ventilation or metabolic rate occur rapidly (minutes), the movement of PCO2 is along the blood buffer line (from N to A in the particular example in Figure 5-10), because the kidneys have not had time to affect pH. This early situation is called acute respiratory acidosis. How far up the buffer line the value moves will depend on the degree to which ventilation is insufficient to maintain PCO2. In the example of Figure 5-10, the point has moved from the PCO2 = 40 mm Hg isopleth to the PCO2 = 80 mm Hg isopleth. Using Equation 4, it becomes evident that doubling PCO2 from 40 to 80 mm Hg must have happened because either ventilation was, for some reason, cut in half while maintaining metabolic rate or metabolic rate doubled while ventilation did not change (or a combination of these two). If the acute respiratory acidosis is not treated but persists, the kidneys will start to retain HCO3−, excreting acid until after a day or so, the pH, from Equation 23, is (almost) restored to normal (point C in Figure 5-10). The situation is now termed compensated respiratory acidosis. As can be seen from Figure 5-10 and the Henderson-Hasselbalch equation, doubling [HCO3−] will return the ratio of [HCO3−] to PCO2 to normal, and therefore also restore pH to 7.40. In real life, renal compensation (as this process is called) is rarely complete, and so as long as PCO2 remains elevated (in this example, at 80 mm Hg), the point labeled C will be at a lower pH and lower [HCO3−] than depicted but must still lie on the isopleth for PCO2 = 80 mm Hg.


Common clinical causes of respiratory acidosis are central nervous respiratory depression from drugs, brain injury, phrenic nerve damage, neuromuscular diseases, chest wall trauma, and lung diseases causing ventilation-perfusion inequality such as chronic obstructive pulmonary disease (COPD).


Figure 5-11 depicts the mechanism of respiratory alkalosis, which is the exact mirror image of respiratory acidosis as just described. It occurs when ventilation is increased in relation to metabolic rate, lowering both PCO2 and lowering [HCO3−], and increasing pH. Acute (point A, no renal compensation due to short duration) and fully renally compensated (C) points are indicated along with the normal (N) values. Again, complete compensation usually is not seen, so that point C is a little above and to the right of where it is shown in Figure 5-11 (but still on the same isopleth for CO2).


A common cause of respiratory alkalosis is hyperventilation, either in intact awake persons, usually due to anxiety, or in ventilated patients, as in the ICU or during anesthesia. Additional causes are high-altitude exposure, leading to hypoxic stimulation of respiration, and lung diseases such as asthma, COPD, and interstitial pulmonary fibrosis, as evidenced by a PCO2 lower than normal.


Figure 5-12 depicts the third type of acid-base disturbance, called metabolic acidosis. In contrast with respiratory acidosis (in which the high PCO2 was the primary disturbance, which then led to a lower pH), metabolic acidosis achieves a low pH through generation of protons from some metabolic or external source. Referring to the Henderson-Hasselbalch equation, addition of protons must reduce [HCO3−] as they combine with HCO3− to produce H2CO3. Although the chemoreceptors will react to the low pH rapidly (seconds), thus raising ventilation, it is useful to depict what would happen before that compensatory action takes place. In Figure 5-12, point A represents acute respiratory acidosis without change in ventilation (or, therefore, in PCO2). The more severe the disturbance, the further down and to the left will be point A, but before ventilatory compensation, it must lie on the normal PCO2 = 40 isopleth. Point C shows normalization of pH, achieved by hyperventilation, which lowers PCO2 and allows pH to be restored. This is called respiratory compensation and usually is also incomplete.


In contrast with respiratory acidosis, the data point (A) lies well off (i.e., below) the normal blood buffer line, even before compensation, as Figure 5-12 shows. The vertical drop between the two essentially parallel buffer lines (in this instance, about 11 units) is termed the base deficit. It signifies how much base must be added to the blood to fully compensate for the acidosis and restore pH—in this case, 11 mmol of base/L of blood.


Common causes of metabolic acidosis include lactic acidosis (as with exercise or in multiple organ failure) and diabetic ketoacidosis.


Finally, Figure 5-13 depicts the mirror image of metabolic acidosis: metabolic alkalosis. The acute response is an increase in pH and [HCO3−], from point N to A. Depression of ventilation may ensue, causing PCO2 to rise and pH to normalize. This is a much weaker response than the converse (i.e., hyperventilation in acidosis), but if it occurs, normalization to point C results if compensation is complete.


Common causes of metabolic alkalosis are overdosing on (alkaline) antacid medications, persistent vomiting (of acid gastric fluid) secondary to a duodenal obstruction such as a scar from a previous ulcerative lesion or from cancer, and continuing use of some diuretics.


An important observation with this depiction of acid-base disturbances is that the Davenport diagrams for respiratory acidosis and metabolic alkalosis look similar after compensation—normal pH, high [HCO3−], and high PCO2. In principle, then, it is impossible to tell by which pathway the patient arrived at the compensated state, and therefore which abnormality was primary and which was the secondary, compensating process. The patient profiles usually are very different, however, and in practice, confusion is uncommon. Exactly the same issue arises for respiratory alkalosis and metabolic acidosis, and again, the clinical situations usually are very different.












Controversies and Pitfalls


The subject of pulmonary gas exchange is well established and is grounded in the fundamental and irrefutable principle of mass conservation. Accordingly, few real controversies remain among researchers who study the topic. Where pitfalls arise is in clinical application of the methods used to assess gas exchange.


Some pitfalls are methodologic, especially the well-known difficulty in accurately measuring arterial PO2 in patients breathing 100% O2. Here, essentially all errors cause the value provided by the laboratory to be erroneously low. To minimize this effect, samples should be completely free of air bubbles, immediately placed on ice, and measured within a few minutes. Although this admonition should be respected for all blood samples, it is especially key when FIO2 is high.


Other pitfalls are conceptual. Clinicians understandably desire to simplify gas exchange tests by assuming values for key variables that are hard to measure. Important here is the respiratory exchange ratio (R), which is necessary in calculation of the alveolar-arterial PO2 difference (PO2(A−a); see Equation 12). Uncertainty in R can cause substantial errors in PO2(A−a). Furthermore, with its basis in mass conservation principles, appropriate use of this equation is limited to the steady state. If the patient’s gas exchange condition is not in a steady state but rather actively in flux, PO2(A−a) is likely to be uninterpretable.


Similarly, the shunt equation (Equation 14) requires knowledge of mixed venous (i.e., pulmonary arterial) O2 concentration, CvO2. Without a direct measurement of this entity using a pulmonary arterial catheter, the value of CvO2 must be assumed, and especially in critically ill patients, this is problematic, causing potentially large errors in calculated shunt. However, using the Fick principle (see Equation 8), CvO2 can be calculated if [image: image] (oxygen uptake), [image: image] (cardiac output), and CaO2 (arterial oxygen concentration) all are measured, considerably improving the reliability of the calculated shunt value.
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Chapter 6 Control of Ventilation and Respiratory Muscles




Theodoros Vassilakopoulos





The respiratory muscles are the only muscles, along with the heart, that must work continuously, although intermittently, to sustain life. They have to repetitively move a rather complex elastic structure, the thorax, to achieve the entry of air into the lungs and thence effect gas exchange. The presence of multiple muscle groups in this system mandates that these muscles interact properly to perform their task despite their differences in anatomic location, geometric orientation, and motor innervation. They also should be able to adapt to a variety of working conditions and respond to many different chemical and neural stimuli.


This chapter describes some aspects of respiratory muscle function that are relevant to current understanding of the way these muscles accomplish the action of breathing and how their function is controlled by the respiratory centers located in the central nervous system.






The Respiratory Centers


Early studies of the neural control of breathing involved the section and ablation of various brain stem structures. From these studies emerged the classical description of the neural control of breathing that required centers in the medulla for the rhythmic generation of ventilatory drive plus additional areas in the pons (traditionally known as the pneumotaxic and apneustic centers) that modulated and regulated the basic rhythm. Nowadays, the very complex and inadequately explored and understood respiratory center structure and function can be summarized as follows (Figure 6-1):




• Primary centers responsible for the generation of respiratory rhythm are located in the medulla. Within the medulla, there are two bilateral aggregations of neurons having respiratory related activity.



• The dorsal respiratory group (DRG) neurons are primarily inspiratory (firing on inspiration) and are located in the nucleus tractus solitarius (NTS). These neurons project contralaterally to the phrenic and intercostal motor neurons in the spinal cord and provide the primary stimulus for respiration. In addition, this region is the recipient of important afferent stimuli, most notably from peripheral and central chemoreceptors and from receptors in the lung. Many connections are present between the dorsal and ventral groups of neurons.



• The ventral respiratory group (VRG) consists of a long column of respiratory neurons, some of which are inspiratory (firing on inspiration) and some of which are expiratory (firng on expiration). It contains the nucleus ambiguus, which contains primarily inspiratory neurons that project to the larynx, pharynx, and tongue. Stimulation of these neurons causes dilation of the upper airways, which minimizes airway resistance during inspiration. The VRG connects polysynaptically, with inspiratory motor neurons in the thorax at T1 to T12 that transmit the drive to external intercostal muscles, and polysynaptically, with expiratory motor neurons in the thorax and abdomen that supply expiratory muscles such as the internal intercostal and abdominal muscles.


• An area of the ventrolateral medulla next to the nucleus ambiguus, the pre-Bötzinger complex, is hypothesized to be a critical site for respiratory rhythmogenesis. Current theory proposes that a group of pacemaker neurons depolarize, fire, and repolarize in a rhythmic fashion. This endogenous oscillatory activity can be modulated by afferent inputs, generating an efferent output that is translated into the respiratory drive. Apart from the pre-Bötzinger complex principally involved in controlling inspiratory motor activity, the retrotrapezoid-parafacial respiratory group (RTN/pFRG) appears to play at least a modulatory role and may be a conditional oscillator that controls active expiration.


• An additional mechanism is voluntary control of the respiratory muscles, signals for which originate in the motor cortex and pass directly to the spinal motor neurons by way of the corticospinal tracts. The medullary respiratory control center is bypassed. The voluntary control competes with automatic control at the level of the spinal motor neuron.








[image: image]

Figure 6-1 The respiratory centers. nVII, nucleus of cranial nerve VII; pFRG, retrotrapezoid-parafacial respiratory group; RVLM, rostral ventrolateral medulla.











Afferent Inputs to the Respiratory Centers


The respiratory controller receives information from a variety of sources. Some of these involve the relatively straightforward chemoreceptor signals that provide closed-loop information on the gas exchange functions of the lung. These signals arise mainly from the central and peripheral chemoreceptors that mediate the response to hypoxia, hypercapnia, and acidemia. In addition, at any given time, many other inputs from the upper airways, the lung, the respiratory muscles, and the thoracic cage may be important in determining ventilatory drive (Figure 6-2). The states of cortical arousal, sleep, and emotion play important roles in the level of ventilation and the response to other stimuli.
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Figure 6-2 Input to the respiratory centers. The respiratory centers receive afferent information from the central and peripheral chemoreceptors, and from various receptors located in the respiratory system and other parts of the body, and input from higher brain centers.








Central Chemoreceptors


Central chemoreception involves neurons (and glial cells) at many sites within the hindbrain, including, but not limited to, the retrotrapezoid nucleus (glutaminergic neurons), the medullary raphe (serotoninergic neurons), the locus ceruleus (noradrenergic neurons), the nucleus tractus solitarius, the lateral hypothalamus (orexin neurons), and the caudal ventrolateral medulla. Central chemoreception also has an important nonadditive interaction with afferent information arising at the peripheral chemoreceptors (carotid body). The exact role of each area and its relative importance may vary depending on the condition (e.g., sleep versus wakefulness) and is currently not definitely established. The central chemoreceptors respond to either local increases in CO2 or decreases in pH. However, because the chemoreceptors are located on the brain side of the blood-brain barrier and H+ ions do not readily cross this barrier, the central chemoreceptors are much more sensitive to increases in PaCO2 than to decreases in blood pH. The central chemoreceptors are not sensitive to blood PO2.









Peripheral Chemoreceptors


The peripheral chemoreceptors include the carotid bodies and the aortic bodies. The carotid bodies are much more important than the aortic bodies in humans. The peripheral chemoreceptors are sensitive to both hypoxia and hypercapnia or acidosis. The site of chemoreception in the carotid body is the type I glomus cells; the type II cells play more of a supporting role, similar to that of glial cells. The hypoxic response causes a sharp increase in firing rate of the carotid sinus nerve when the PaO2 is lowered below 60 mm Hg. Signal transduction involves the depolarization of the type I cells (by closing a potassium channel that normally is open at resting membrane potential). After the transduction in the type I cells, the signal is transmitted to the carotid sinus nerve endings. Rather than there being a single neurotransmitter, multiple inhibitory and excitatory neurochemicals function both as classical neurotransmitters and also as neuromodulators. Dopamine is abundant in type I cells but seems to be an inhibitory neurotransmitter. Adenosine triphosphate (ATP), by contrast, functions as the primary excitatory neurotransmitter, perhaps coreleased with acetylcholine.






The Hypercapnic Ventilatory Response


CO2 is the most important factor in the control of ventilation under normal circumstances. The PaCO2 is held very close to 40 mm Hg, during the course of daily activity with periods of rest and exercise. During sleep, it may vary a little more. Increasing PaCO2 acts through a negative feedback loop to increase alveolar ventilation.


Both the central and peripheral chemoreceptors respond to hypercapnia. The carotid body provides about 20% to 30% of the total hypercapnic response. This response is fast, with a time constant of 10 to 30 seconds. The central chemoreceptor response accounts for about 70% to 80% of the total hypercapnic response but is slower, with a time constant in the range of 60 to 150 seconds. This slow central response requires 5 to 6 minutes of hypercapnia to reach steady-state ventilation. Steady-state ventilation has an apparently linear relationship to increasing PaCO2 (normal values for the hypercapnic ventilatory response slope range between 1 and 2 L/minute/mm Hg of PCO2). Hypoxia augments the hypercapnic response by shifting the CO2 response curve to the left and increasing its slope. A number of factors can influence the response to CO2 (e.g., drugs, sleep-wakefulness).









The Hypoxic Ventilatory Response


The hypoxic ventilatory response is due almost solely to the carotid bodies. Very little ventilatory response occurs until the arterial oxygen is lowered below 60 mm Hg, and then there is a sharp increase, just as in the firing rate of the carotid sinus nerve. Hypercapnia greatly augments the hypoxic response. Hypoxia and hypercapnia interact at the level of the carotid body, and their combination is an extremely powerful stimulus to ventilation.












Upper and Lower Respiratory Tract Receptors


Important receptors in the lung and the upper respiratory tract provide afferent information to the respiratory centers. This information is used in normal ventilation as well as to initiate maneuvers such as sneezing and coughing that need to override the gas exchanging role of the ventilatory system.


Reflexes from all along the respiratory tract provide information to the respiratory centers that will modify or sometimes even block the respiratory drive. Many of the reflexes of the airway are involved in protection, either through trying to clear the airway of foreign material through sneezing or coughing, or in preventing aspiration by closing the larynx during the swallowing of emesis. Irritant receptors are found in the nose and upper airways. They are triggered by nonspecific irritants, and their stimulation leads to reflex apnea. Pharyngeal reflexes are important in maintaining a patent airway. During inspiration, the pressure in the airway is negative, and because no intrinsic structures are present to hold the pharyngeal airway open (as with the tracheal cartilages), muscle tone must provide the counterforces to maintain an open airway. Receptors in the pharynx sense this negative pressure and signal the need for increased drive to the upper airway muscles during inspiration. In obstructive sleep apnea, this reflex may not be sufficient to overcome the forces that collapse the airway during inspiration.


Reflexes in the lower airway (tracheobronchial tree) also are involved in both shaping the ventilatory pattern and protecting the airway. Rapidly adapting pulmonary stretch receptors are so named because during constant stimulation they initially fire very rapidly but then soon decrease their firing rate. These receptors are located between airway epithelial cells and are found in abundance throughout the carina and at subsequent bronchial bifurcations. These locales are where contaminants in the inspired air (particles) are most likely to impact because of their mass. They are stimulated by irritant gases, histamine, and rapid or extreme lung inflation. They mediate reflex cough, bronchoconstriction, and hyperpnea. The slowly adapting pulmonary stretch receptors are located in airway smooth muscle and carry impulses in the vagus nerve by way of large myelinated fibers. They are activated by high lung volume or bronchoconstriction and mediate the Hering-Breuer reflex (early termination of inspiration, which in humans becomes active at an inspired volume of about 1 to 1.5 L). The J receptors, whose impulses are carried in small unmyelinated C fibers of the vagus nerve, have been so called because the nerve endings are found near (“juxta”) the alveolus in the walls of pulmonary capillaries or interstitium. They respond to mechanical deformation (e.g., pulmonary edema). Activation of these receptors causes rapid, shallow breathing and dyspnea.









Respiratory Muscle–thoracic Cage Receptors


Receptors in the respiratory muscles themselves also are very important: tendon organs that sense changes in tension, muscle spindles that sense changes in muscle length, and unmyelinated small afferent fibers that sense metabolic-inflammatory products. These somatic receptors provide information on the length-tension relationship of the respiratory muscles and make essential contributions to control the work of breathing and respiratory loads. In addition to somatic receptors located in the intercostal muscles, rib joints, accessory muscles, and tendons, the output of receptors in other parts of the body, including skeletal muscles, can influence the respiratory pattern. At the onset of exercise, an increase in ventilation occurs that precedes the increase in PCO2 that would be required for chemoreceptor signals. It is believed that the observed increase in ventilation is mediated by other mechanisms. For example, passively moving the limbs causes an increase in ventilation. The aforementioned somatic receptors presumably account for these observations. The control of ventilation during exercise and with changes in metabolic rate also involves afferent information from temperature and nociceptive receptors.












The Efferent Limb: the Respiratory Muscles






Functional Anatomy






The Intercostal Muscles


The intercostal muscles are two thin layers of muscle fibers occupying each of the intercostal spaces. They are termed external and internal because of their surface relations, the external being superficial to the internal. The muscle fibers of the two layers run at approximately right angles to each other.The external intercostals extend from the tubercles of the ribs dorsally to the costochondral junctions ventrally, and their fibers are oriented obliquely, downward, and forward, from the rib above to the rib below. The internal intercostals begin posteriorly as the posterior intercostal membrane on the inner aspect of the external intercostal muscles. From approximately the angle of the rib, the internal intercostal muscles run obliquely, upward, and forward from the superior border of the rib and costal cartilage below to the floor of the subcostal groove of the rib and the edge of the costal cartilage above, ending at the sternocostal junctions. All of the intercostal muscles are innervated by the intercostal nerves.


The external intercostal muscles have an inspiratory action on the rib cage, whereas the internal intercostal muscles are expiratory. An illustrative clinical example of the “isolated” inspiratory action of the intercostal muscles is offered by bilateral diaphragmatic paralysis. In patients with this deficit, inspiration is accomplished solely by the rib cage muscles. As a result, the rib cage expands during inspiration, and the pleural pressure falls. Because the diaphragm is flaccid and no transdiaphragmatic pressure can be developed, the fall in pleural pressure is transmitted to the abdomen, causing an equal fall in the abdominal pressure. Hence, the abdomen moves paradoxically inward during inspiration, opposing the inflation of the lung (Figure 6-3). This paradoxical motion is the cardinal sign of diaphragmatic paralysis on clinical examination and is invariably present in the supine posture, during which the abdominal muscles usually remain relaxed during the entire respiratory cycle. However, this sign may be absent in the erect posture.
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Figure 6-3 Schematic demonstration of normal abdominal and rib cage movement (left panel) and the paradoxical abdominal motion of isolated diaphragmatic paralysis (right panel). The diaphragm at resting end expiration is shown as a solid line and after inspiration as a dashed line. In the normal subject, the diaphragm moves caudally, and in the patient with diaphragmatic paralysis, the diaphragm moves in a cephalic direction. The anterior abdominal wall moves inward instead of outward.











The Diaphragm


The floor of the thoracic cavity is closed by a thin musculotendinous sheet, the diaphragm—the most important inspiratory muscle, accounting for approximately 70% of minute ventilation in normal subjects. The diaphragm is anatomically unique among the skeletal muscles in that its fibers radiate from a central tendinous structure (the central tendon) to insert peripherally into skeletal structures. The muscle of the diaphragm has two main components as defined at its point of origin: the crural (vertebral) part and the costal (sternocostal) part. The crural part arises from the crura (strong, tapering tendons attached vertically to the anterolateral aspects of the bodies and intervertebral disks of the first three lumbar vertebrae on the right and two on the left) and the three aponeurotic arcuate ligaments. The costal part of the diaphragm arises from the xiphoid process and the lower end of the sternum and the costal cartilages of the lower six ribs. These costal fibers run cranially so that they are directly apposed to the inner aspect of lower rib cage, creating a zone of apposition.


The shape of the relaxed diaphragm at the end of a normal expiration (at functional residual capacity [FRC]) is that of two domes joined by a “saddle” that runs from the sternum to the anterior surface of the spinal column (Figure 6-4). The motor innervation of the diaphragm is from the phrenic nerves, which also provide a proprioceptive supply to the muscle. When tension develops within the diaphragmatic muscle fibers, a caudally oriented force is applied on the central tendon, and the dome of the diaphragm descends; this descent has two effects. First, it expands the thoracic cavity along its craniocaudal axis, and consequently the pleural pressure falls. Second, it produces a caudal displacement of the abdominal visceral contents and an increase in the abdominal pressure, which in turn results in an outward motion of the ventral abdominal wall and the lower rib cage (appositional force). Thus, when the diaphragm contracts, a cranially oriented force is being applied by the costal diaphragmatic fibers to the upper margins of the lower six ribs that has the effect of lifting and rotating them outward (insertional force) (see Figure 6-4). The actions mediated by the changes in pleural and abdominal pressures are more complex. Viewed as the only muscle acting on the rib cage, the diaphragm has two opposing effects when it contracts: On the upper rib cage, it causes a decrease in the anteroposterior diameter, and this expiratory action results primarily from the fall in pleural pressure (see Figure 6-4). On the lower rib cage, it causes an expansion. In fact, this is the pattern of chest wall motion observed in tetraplegic patients with transection injury at the fifth cervical segment of the spinal cord or below, who have complete paralysis of the inspiratory muscles except for the diaphragm. This inspiratory action on the lower rib cage is caused by the concomitant action of two different forces, the “insertional” force already described and the “appositional” force.
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Figure 6-4 Actions of the diaphragm. A, Zone of apposition and summary of diaphragmatic actions. When the diaphragm contracts, a caudally oriented force is being applied on the central tendon, and the dome of the diaphragm descends (DI). Furthermore, the costal diaphragmatic fibers apply a cranially oriented force to the upper margins of the lower six ribs that has the effect of lifting and rotating them outward (insertional force, arrow 1). The zone of apposition makes the lower rib cage part of the abdomen, and the changes in pressure in the pleural recess between the apposed diaphragm and the rib cage are almost equal to the changes in abdominal pressure (Pab). Pressure in this pleural recess rises rather than falls during inspiration because of diaphragmatic descent, and the rise in abdominal pressure is transmitted through the apposed diaphragm to expand the lower rib cage (arrow 2). All of these effects result in expansion of the lower rib cage. Within the upper rib cage, isolated contraction of the diaphragm causes a decrease in the anteroposterior diameter, and this expiratory action is caused primarily by the fall in pleural pressure (arrow 3). B, Insertional force; C, appositional force; D, shape of the diaphragm and the bony thorax at maximum inspiration and expiration.











The Sternocleidomastoids


The sternocleidomastoids arise from the mastoid process and descend to the ventral surface of the manubrium sterni and the medial third of the clavicle. Their neural supply is from the accessory nerve. The action of the sternocleidomastoids is to displace the sternum cranially during inspiration, to expand the upper rib cage more in its anteroposterior diameter than in its transverse one, and to decrease the transverse diameter of the lower rib cage. In normal subjects breathing at rest, however, the sternocleidomastoids are inactive, being recruited only when the inspiratory muscle pump is abnormally loaded or when ventilation increases substantially. Therefore, they should be considered to be accessory muscles of inspiration.









The Scalenes


The scalenes are composed of three muscle bundles that run from the transverse processes of the lower five cervical vertebrae to the upper surface of the first two ribs. They receive their neural supply mainly from the lower five cervical segments. Their action is to increase (slightly) the anteroposterior diameter of the upper rib cage. Although initially regarded as accessory muscles of inspiration, they are invariably active during inspiration. In fact, seated normal subjects cannot breathe without contracting the scalenes even when they reduce the required inspiratory effort by reducing tidal volume. Therefore, scalenes in humans are primary muscles of inspiration, and their contraction is an important determinant of the expansion of the upper rib cage during breathing.









The Abdominal Muscles


The abdominal muscles with respiratory activity are those constituting the ventrolateral wall of the abdomen (i.e., the rectus abdominis ventrally and the external oblique, internal oblique, and transversus abdominis laterally). They are innervated by the lower six thoracic nerves and the first lumbar nerve. As they contract, they pull the abdominal wall inward, thus increasing the intraabdominal pressure. This in turn causes the diaphragm to move cranially into the thoracic cavity, increasing the pleural pressure and decreasing lung volume. Thus, their action is expiratory. Expiration usually is a passive process but can become active when minute ventilation has to be increased (e.g., during exercise) or during respiratory distress. Expiratory muscle action also is essential during cough.












Physiology: the Ability to Breathe: the Load-Capacity Balance


For a person to take a spontaneous breath, the inspiratory muscles must generate sufficient force to overcome the elastance of the lungs and chest wall (lung and chest wall elastic loads), as well as the airway and tissue resistance (resistive load). This effort requires an adequate output of the centers controlling the muscles, anatomic and functional nerve integrity, unimpaired neuromuscular transmission, an intact chest wall, and adequate muscle strength. The mechanisms involved can be schematically represented by considering the ability to take a breath as a balance between inspiratory load and neuromuscular competence (Figure 6-5). Under normal conditions, this system is polarized in favor of neuromuscular competence (i.e., there are reserves that permit considerable increases in load). For spontaneous breathing, however, the inspiratory muscles should be able to sustain the aforementioned load over time as well as adjusting the minute ventilation to afford adequate gas exchange. The ability of the respiratory muscles to sustain this load without the onset of fatigue is called endurance and is determined by the balance between energy supply and energy demand (Figure 6-6).
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Figure 6-5 Balance between inspiratory load and neuromuscular competence. The ability to take a spontaneous breath is determined by the balance between the load imposed on the respiratory system (pressure developed by the inspiratory muscles, PI) and the neuromuscular competence of the ventilatory pump (maximum inspiratory pressure; PImax). Normally, this balance weighs in favor of competence, permitting significant increases in load. However, if the competence is, for whatever reason, reduced below a critical point (e.g., drug overdose, myasthenia gravis), the balance may then weigh in favor of load, rendering the ventilatory pump insufficient to inflate the lungs and chest wall.


(Modified from Vassilakopoulos T, Roussos C: Neuromuscular respiratory failure. In Slutsky A, Takala R, Torres R, editors: Clinical critical care medicine, St. Louis, 2006, Mosby.)
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Figure 6-6 Factors determining the balance between energy supply and energy demand in maintaining neurorespiratory capacity. Respiratory muscle endurance is determined by the adequacy of energy for ventilatory needs. Normally, the supply is adequate to meet the demand, and a large reserve exists. Whenever this balance weighs in favor of demand, the respiratory muscles ultimately become fatigued, leading to inability to sustain spontaneous breathing. PI/PImax, inspiratory pressure–maximum inspiratory pressure ratio; TI/TTOT, duty cycle (ratio of fraction of inspiration to total breathing cycle duration); [image: image], minute ventilation; VT/TI, mean inspiratory flow (tidal volume–inspiratory time ratio).


(Modified from Vassilakopoulos T, Roussos C: Neuromuscular respiratory failure. In Slutsky A, Takala R, Torres R, editors: Clinical critical care medicine, St. Louis, 2006, Mosby.)





Energy supply depends on the inspiratory muscle blood flow, the blood substrate (fuel) concentration and arterial oxygen content, the muscle’s ability to extract and use energy sources, and the muscle’s energy stores. Under normal circumstances, energy supply is adequate to meet the demand, and a large recruitable reserve exists (see Figure 6-6). Energy demand increases proportionally with the mean pressure developed by the inspiratory muscles per breath (PI), expressed as a fraction of maximum pressure that the respiratory muscles can voluntarily develop (PI/PImax), the minute ventilation ([image: image]), the inspiratory duty cycle (TI/TTOT), and the mean inspiratory flow rate (VT/TI) and is inversely related to the efficiency of the muscles. Fatigue develops when the mean rate of energy demands exceeds the mean rate of energy supply (i.e., when the balance is polarized in favor of demands).


The product of TI/TTOT and the mean transdiaphragmatic pressure expressed as a fraction of maximal transdiaphragmatic pressure (Pdi/Pdimax) defines a useful “tension-time index” (TTIdi) that is related to the endurance time (i.e., the time that the diaphragm can sustain the load imposed on it). Whenever TTIdi is smaller than the critical value of 0.15, the load can be sustained indefinitely, but when TTIdi exceeds the critical zone of 0.15 to 0.18, the load can be sustained for only a limited period—in other words, the endurance time. This variable was found to be inversely related to TTIdi. The TTI concept is assumed to be applicable not only to the diaphragm but also to the respiratory muscles as a whole:
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Because endurance is determined by the balance between energy supply and demand, TTI of the inspiratory muscles has to be in accordance with the energy balance view. In fact, as Figure 6-6 demonstrates, PI/PImax and TI/TTOT, which constitute the TTI, are among the determinants of energy demand; an increase in either that will increase the TTI value also will increase the demand. But what determines the ratio PI/PImax? The numerator, the mean inspiratory pressure developed per breath, is determined by the elastic and resistive loads imposed on the inspiratory muscles. The denominator, the maximum inspiratory pressure, is determined by the neuromuscular competence (i.e., the maximum inspiratory muscle activation that can be voluntarily achieved). It follows, then, that the value of PI/PImax is determined by the balance between load and competence (see Figure 6-5). But PI/PImax also is one of the determinants of energy demand (see Figure 6-6); therefore, the two balances (i.e., between load and competence and between energy supply and demand) are in essence linked, creating a single system (Figure 6-7). Schematically, when the central hinge of the system moves upward or is at least at the horizontal level, spontaneous ventilation can be sustained indefinitely (see Figure 6-7). The ability of a subject to breathe spontaneously depends on the fine interplay of many different factors. Normally, this interplay moves the central hinge far upward and creates a great ventilatory reserve for the healthy person. When the central hinge of the system, for whatever reason, moves downward, spontaneous ventilation cannot be sustained, and ventilatory failure ensues.
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Figure 6-7 Factors determining the two aspects of balance in the system maintaining neurorespiratory capacity: (1) load and competence and (2) energy supply and demand. The relationship between these system components is depicted schematically. The PI/PImax, one of the determinants of energy demand (see Figure 6-6), is replaced by its equivalent: the balance between load and neuromuscular competence (see Figure 6-5). In fact, this correlation is the reason the two balances are linked. When the central hinge of the system moves upward or is at least at the horizontal level, a balance exists between ventilatory needs and neurorespiratory capacity, and spontaneous ventilation can be sustained. In healthy persons, the hinge moves far upward, creating a large reserve. For abbreviations, see legends to Figures 6-5 and 6-6.


(Modified from Vassilakopoulos T, Roussos C: Neuromuscular respiratory failure. In Slutsky A, Takala R, Torres R, editors: Clinical critical care medicine, St. Louis, 2006, Mosby.)












Hyperinflation


Hyperinflation (frequently observed in obstructive airway diseases) compromises the force-generating capacity of the diaphragm for a variety of reasons: First, the respiratory muscles, like other skeletal muscles, obey the length-tension relationship. At any given level of activation, changes in muscle fiber length alter tension development. This is because the force-tension developed by a muscle depends on the interaction between actin and myosin fibrils (i.e., the number of myosin heads attaching and thus pulling the actin fibrils closer within each sarcomere). The optimal fiber length (Lo) for which tension is maximal is the length at which all myosin heads attach and pull the actin fibrils. Below this length (as with hyperinflation, which shortens the diaphragm), actin-myosin interaction becomes suboptimal, and tension development declines. Second, as lung volume increases, the zone of apposition of the diaphragm decreases in size, and a larger fraction of the rib cage becomes exposed to pleural pressure. Hence, the diaphragm’s inspiratory action on the rib cage diminishes. When lung volume approaches total lung capacity, the zone of apposition all but disappears (Figure 6-8), and the diaphragmatic muscle fibers become oriented horizontally internally (see Figure 6-8). The insertional force of the diaphragm is then expiratory, rather than inspiratory, in direction. This observation explains the inspiratory decrease in the transverse diameter of the lower rib cage in subjects with emphysema and severe hyperinflation (Hoover’s sign). Third, the resultant flattening of the diaphragm increases its radius of curvature (Rdi) and, according to Laplace’s law, Pdi = 2Tdi/Rdi, diminishes its pressure-generating capacity (Pdi) for the same tension development (Tdi).
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Figure 6-8 Consequences of hyperinflation on the diaphragm. A, Normal actions of the diaphragm, as in Figure 6-2. B, Deleterious effects of hyperinflation on the diaphragm. DI, diaphragmatic force; Pab, abdominal pressure; Ppl, pleural pressure.














Respiratory Muscle Responses to Changes in Load






Acute Responses to Increased Load






Respiratory Muscle Fatigue


Fatigue is defined as the loss of capacity to develop force and/or velocity in response to a load that is reversible by rest. Fatigue should be distinguished from weakness, in which reduced force generation is fixed and not reversed by rest, although the presence of weakness may itself predispose a muscle to fatigue. The site and mechanisms of fatigue remain controversial. Theoretically, the site of fatigue may be located at any link in the long chain of events involved in voluntary muscle contraction leading from the brain to the contractile machinery. A widely used convention is to classify fatigue as central fatigue, peripheral high-frequency fatigue, or peripheral low-frequency fatigue.


Central fatigue is present when a maximal voluntary contraction generates less force than does maximal electrical stimulation. If maximal electrical stimulation superimposed on a maximal voluntary contraction can potentiate the force generated by a muscle, a component of central fatigue exists. This procedure applied to the diaphragm consists of the twitch occlusion test, which may separate central from peripheral fatigue. This test examines the transdiaphragmatic pressure (Pdi) response to bilateral phrenic nerve stimulation superimposed on graded voluntary contractions of the diaphragm. Normally, the amplitude of the Pdi twitches in response to phrenic nerve stimulation decreases as the voluntary Pdi increases. During Pdimax, no superimposed twitches can be detected. When central diaphragmatic fatigue is present, superimposed twitches can be demonstrated. A number of experiments have suggested that a form of central diaphragmatic “fatigue” may develop during respiratory loading such that, at the limits of diaphragmatic endurance, a significant portion of the reduction in force production is due to failure of the central nervous system to completely activate the diaphragm. Central fatigue may be caused by a reduction in the number of motor units that can be recruited by the motor drive or by a decrease in motor unit discharge rates, or both. The observed decreased central firing rate during fatigue may in fact be a beneficial adaptive response preventing the muscle’s self-destruction by excessive activation.


Peripheral fatigue refers to failure at the neuromuscular junction or distal to this structure and is present when muscle force output falls in response to direct electrical stimulation. This type of fatigue may occur as a consequence of failure of impulse propagation across the neuromuscular junction, the sarcolemma or the T tubules (transmission fatigue), impaired excitation-contraction coupling, or failure of the contractile apparatus of the muscle fibers. Peripheral fatigue can be further classified into high- and low-frequency types on the basis of the shape of the muscle force-frequency curve (Figure 6-9). High-frequency fatigue results in depression of the forces generated by a muscle in response to high-frequency electrical stimulation (50 to 100 Hz), whereas low-frequency fatigue results in depression of force generation in response to low-frequency stimuli (1 to 20 Hz). High-frequency fatigue (see Figure 6-9) is attributed to transmission fatigue. Teleologically, transmission block could be beneficial in some instances by protecting the muscle against excessive depletion of its ATP stores. Normal subjects breathing against high-intensity inspiratory resistive loads develop high-frequency fatigue, which resolves very quickly after cessation of the strenuous diaphragmatic contractions.





[image: image]

Figure 6-9 Force-frequency relationship of in vivo human respiratory muscles. The force-frequency curve for fresh muscle is shown in red, and that for muscle after a fatiguing task is shown in blue; a disproportionate force loss at low stimulation frequencies is evident.


(Modified from Moxham J, Wiles CM, Newham D, Edwards RH: Contractile function and fatigue of the respiratory muscles in man, Ciba Found Symp 82:197–212, 1981.)





When the loss of force is not accompanied by a parallel decline in the electrical activity, impaired excitation-contraction coupling is thought to be responsible. This type of fatigue is characterized by a selective loss of force at low frequencies of stimulation (see Figure 6-9) despite maintenance of the force generated at high frequencies of stimulation, indicating that the contractile proteins continue to generate force so long as sufficient calcium is released by the sarcoplasmic reticulum. This low-frequency fatigue is characteristically long-lasting, with recovery occurring over several hours. Low-frequency fatigue occurs during high-force contractions and is less likely to develop when the forces generated are smaller, even if these are maintained for longer time periods, thereby achieving the same total work. As previously stated, fatigue develops when the mean rate of energy demands exceeds the mean rate of energy supply to the muscle (see Figure 6-6), resulting in depletion of muscle energy stores, acidosis from lactate accumulation, and excessive production of oxygen-derived free radicals. The exact interplay of all of these factors is not yet identified. Low-frequency fatigue occurs in the diaphragm of experimental animals during cardiogenic or septic shock, and in the diaphragm and sternocleidomastoid of normal subjects after breathing against very high inspiratory resistance or after sustaining maximum voluntary ventilation (for 2 minutes) (Figure 6-10). The clinical relevance of respiratory muscle fatigue is difficult to ascertain, because performing the measurements that are required for fatigue detection is problematic in situations in which fatigue is likely to be present (such as during acute hypercapnic respiratory failure).
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Figure 6-10 Low-frequency fatigue of the diaphragm in normal subjects. The mean twitch tension (i.e., twitch transdiaphragmatic pressure [Pdi]) is shown before and at intervals up to 90 minutes after intense diaphragmatic contraction (in this case, a 2-minute period of maximal normocapnic hyperventilation) in nine healthy adults (blue symbols). Data after a sham (“normal breathing”) run in the same subjects are shown in red. A significant decline in twitch Pdi is observed that has only partially recovered at 90 minutes, which confirms the presence of low-frequency diaphragmatic fatigue.


(Data from Hamnegård CH, Wragg SD, Kyroussis D, et al: Diaphragm fatigue following maximal ventilation in man, Eur Respir J 9:241–247, 1996.)















Inflammation and Injury


Strenuous diaphragmatic contractions (induced by resistive breathing, which accompanies many disease states such as chronic obstructive pulmonary disease [COPD] and asthma) initiate an inflammatory response consisting of elevation of plasma cytokines and recruitment and activation of white blood cell subpopulations. These cytokines are produced within the diaphragm secondary to the increased muscle activation. Strenuous resistive breathing results in diaphragmatic ultrastructural injury (such as sarcomere disruption, necrotic fibers, flocculent degeneration, and influx of inflammatory cells) in both animals and humans. The mechanisms involved are not definitively established but may involve intradiaphragmatic cytokine induction, adhesion molecule upregulation, calpain activation, and reactive oxygen species formation. Cytokines also are essential in orchestrating muscle recovery after injury by enhancing proteolytic removal of damaged proteins and cells (through recruitment and activation of phagocytes) and by activating satellite cells. Satellite cells are quiescent cells of embryonic origin that reside in the muscle and are transformed into myocytes when the muscle becomes injured, to replace damaged myocytes.









Chronic Responses to Increased Load






Plasticity and Adaptation


The respiratory muscles are plastic organs that respond with structural and functional changes or adaptations to chronic changes in the load they are facing and thus in their activity.


COPD is the paradigm of a disease characterized by chronically increased respiratory muscle load. A major adaptation of the respiratory muscles is fiber type transformation. The myosin heavy chain component of the myosin molecule constitutes the basis for the classification of muscle fibers as either type I or type II (Figure 6-11). Myosin heavy chain exists in various isoforms, which in increasing order of maximum shortening velocity are myosin heavy chain (MHC) I, IIa, and IIb, the last type being the fastest (see Figure 6-11). The diaphragm in healthy humans is composed of approximately 50% type I fatigue-resistant fibers, 25% type IIa, and 25% type IIb. Muscles can modify their overall MHC phenotype in two ways: (1) preferential atrophy or hypertrophy of fibers containing a specific MHC isoform and (2) actual transformation from one fiber type to another. In COPD, a transformation of type II to type I fibers occurs, resulting in a great predominance of type I fatigue-resistant fibers. This altered makeup increases the resistance of the diaphragm to fatigue development but at the same time compromises the force-generating capacity, because type I fibers can generate less force than type II fibers can.
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Figure 6-11 Properties of skeletal muscle fiber types. Different fiber types in the diaphragm muscle are distinguished by size, myosin heavy chain content, contractile characteristics (force and speed of contraction), and fatigue resistance (type S, slow; type FR, fast-twitch, fatigue-resistant; and type FF motor units, fast-twitch, fatigable—types I, IIa, and IIb, respectively), as well as myosin heavy chain (MHC) isoform expression (MHCSlow, MHC2A, and MHC2B). A, Size; B, force; C, size–speed of contraction–fatigue resistance.


(Modified from Mantilla CB, Sieck GS: Mechanisms underlying motor unit plasticity in the respiratory system, J Appl Physiol 94:1230–1241, 2003; and Jones DA: Skeletal muscle physiology. In Roussos C, editor: The thorax, ed 2, New York, 1995, Marcel Dekker, pp 3–32.)





Adaptation is not restricted to only fiber type transformation. In an animal model of COPD (in emphysematous hamsters), the number and the length of sarcomeres decrease, resulting in a leftward shift of the length-tension curve, so that the muscle adapts to the shorter operating length induced by hyperinflation. These alterations may help restore the mechanical advantage of the diaphragm in chronically hyperinflated states. In humans, this adaptation seems to occur by sarcomere length shortening.









Respiratory Muscle Response to Inactivity: Unloading


Respiratory muscles adapt not only when they function against increased load but also when they become inactive, as happens during denervation or when a mechanical ventilator takes over their role as force generator to create the driving pressure permitting airflow into the lungs. Inactivity and unloading of the diaphragm associated with mechanical ventilation are harmful, resulting in decreased diaphragmatic force-generating capacity, diaphragmatic atrophy, and diaphragmatic injury. This combination of effects has been designated ventilator-induced diaphragmatic dysfunction (VIDD). The mechanisms are not fully explained, but muscle atrophy, oxidative stress, structural injury, and muscle fiber remodeling contribute to a variable extent in the development of VIDD.















Testing Respiratory Muscle Function


Muscles have two functions: to develop force and to shorten. In the respiratory system, force usually is estimated as pressure and shortening as lung volume change.






Vital Capacity


Vital capacity (VC) is easily measured with spirometry; decreases in VC point to respiratory muscle weakness. The VC averages approximately 50 mL/kg in normal adults. VC changes are not specific, however, and decreases may result from both inspiratory and expiratory muscle weakness and may be associated with restrictive lung and chest wall diseases. A marked fall (of greater than 30%) in VC in the supine compared with that in the erect posture (which in the normal person is 5% to 10%) is associated with severe bilateral diaphragmatic weakness.









Maximal Static Mouth Pressures


Measurement of the maximum static inspiratory (PImax) or expiratory (PEmax) pressure that a subject can generate at the mouth is a simple way to estimate inspiratory and expiratory muscle strength. These pressures are measured at the side port of a mouthpiece that is occluded at the distal end. A small leak is incorporated to prevent glottic closure and buccal muscle use during inspiratory or expiratory maneuvers. The pressure must be maintained for at least 1.5 seconds, so that the maximum pressure sustained for 1 second can be recorded (Figure 6-12). The pressure measured during these maneuvers (Pmo) reflects the pressure developed by the respiratory muscles (Pmus), plus the passive elastic recoil pressure of the respiratory system including the lung and chest wall (Prs) (Figure 6-13). At FRC, Prs is 0, so Pmo represents Pmus. However, at residual volume (RV), where PImax usually is measured, Prs may be as much as 30 cm H2O and thus makes a significant contribution to PImax of up to 30% (or more if Pmus is decreased). Similarly, PEmax is measured at total lung capacity (TLC), where Prs can be up to 40 cm H2O. Clinical measures and normal values of PImax and PEmax do not conventionally subtract the elastic recoil of the respiratory system. Normal values are available for adults, children, and elderly persons. The tests are easy to perform and well tolerated, yet they are associated with significant between- and within-subject variability, as well as learning effect. Nevertheless, a PImax of −80 cm H2O usually excludes clinically important inspiratory muscle weakness.
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Figure 6-12 Maximum inspiratory-expiratory pressures. A, Pressure tracing from a subject performing a maximal inspiratory maneuver (PImax). A peak pressure is seen, and the 1-second average is determined by calculating the shaded area. B, Typical pressure tracing from a subject performing a maximal expiratory maneuver (PEmax).


(Modified from American Thoracic Society/European Respiratory Society: ATS/ERS statement on respiratory muscle testing, Am J Respir Crit Care Med 166:518–624, 2002.)
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Figure 6-13 Relationship of muscle and respiratory pressures at different lung volumes. Vertical axis represents lung volume as a percentage of vital capacity (% VC). Horizontal axis represents alveolar pressure in cm H2O. The broken lines indicate the pressure contributed by the muscles. Pmus, pressure developed by the respiratory muscles; Prs, pressure of the respiratory system.


(Modified from Agostoni E, Mead J: Statics of the respiratory system. In Fenn WO, Rahn H, editors: Handbook of physiology: respiration, vol 1, section 3, Washington, DC, 1964, American Physiological Society, pp 387–409.)












Transdiaphragmatic Pressure


When inspiratory muscle weakness is confirmed, the next diagnostic step is to unravel whether the underlying problem is diaphragmatic weakness, because the diaphragm is the most important inspiratory muscle. This determination is accomplished by the measurement of maximum transdiaphragmatic pressure (Pdimax). Pdimax is the difference between gastric pressure (reflecting abdominal pressure) and esophageal pressure (reflecting intrapleural pressure) on a maximal inspiratory effort after the insertion of appropriate balloon catheters in the stomach and the esophagus, respectively.









Sniff Pressures


A sniff is a short, sharp voluntary inspiratory maneuver performed through one or both unoccluded nostrils. It achieves rapid, fully coordinated recruitment of the diaphragm and other inspiratory muscles. The nose acts as a Starling resistor, so nasal flow is low and largely independent of the driving pressure that is the esophageal pressure. Pdi measured during a sniff (sniff Pdi) reflects diaphragm strength, and Pes reflects the integrated pressure of the inspiratory muscles on the lungs (sniff Pes) (Figure 6-14). Pressures measured in the mouth, nasopharynx, or one nostril give a clinically useful approximation of esophageal pressure during sniffs without the need to insert esophageal balloons, especially in the absence of significant obstructive airway disease.
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Figure 6-14 Examples of the sniff maneuver. Left panel shows a recording from a healthy subject. Note that the esophageal (pleural) pressure change is subatmospheric, whereas the intraabdominal pressure becomes more positive. Measurement conventions for the sniff esophageal (sniff Pes) and sniff transdiaphragmatic (sniff Pdi) pressures are illustrated. The right panel shows a recording from a patient with bilateral diaphragmatic paralysis. Note that there is now a negative pressure change in the abdominal compartment, because the diaphragm fails to prevent pressure transmission from the thorax.




The nasal sniff pressure is the easiest measurement for the subject. Pressure is measured by wedging a catheter in one nostril by use of foam, rubber bungs, or dental impression molding (Figure 6-15). The subject sniffs through the contralateral unobstructed nostril. A wide range of normal values has been documented, reflecting the variability in normal muscle strength from person to person. In clinical practice, Pdi,snmax values greater than 100 cm H2O in males and 80 cm H2O in females are unlikely to be associated with clinically significant diaphragm weakness. Values of maximal sniff esophageal or nasal pressure greater than 70 cm H2O (in males) or 60 cm H2O (in females) also are unlikely to be associated with significant inspiratory muscle weakness.





[image: image]

Figure 6-15 The sniff maneuver. A nasal bung and an adapted pressure meter are used for this test. A, Measurement setup. The meter returns a numerical value that represents the amplitude of the pressure swing between atmospheric (0) pressure and the nadir. B, The tracing produced. The meter returns a numerical value that is the amplitude of the pressure swing between atmospheric (0) pressure and the nadir.











Electrophysiologic Testing


Electrophysiologic testing helps in determining whether weakness is due to muscle, nerve, or neuromuscular transmission impairment. This determination requires the measurement of Pdi in response to bilateral supramaximal phrenic nerve electrical or magnetic stimulation, with concurrent recording of the elicited electromyogram (EMG) at the diaphragm—the compound muscle action potential (CMAP)—with either surface or esophageal electrodes (Figure 6-16).
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Figure 6-16 Electrophysiologic testing: The “twitch Pdi.” A, The twitch transdiaphragmatic pressure (Pdi) after magnetic or electrical stimulation. B, A detailed (enlarged) view of a compound muscle action potential (M wave), in which the latency (time from stimulus to muscle depolarization), the duration, and the amplitude of the electromyogram are evident. a.u., arbitrary units; L-CMAP, left compound motor action potential; Pes, esophageal pressure; Pga, gastric pressure; R-CMAP, right compound motor action potential.


(Modified from Vassilakopoulos T, Roussos C: Neuromuscular respiratory failure. In Slutsky A, Takala R, Torres R, editors: Clinical critical care medicine, St. Louis, 2006, Mosby.)





If the phrenic nerve is stimulated, the diaphragm contracts. Each contraction is called a twitch. If the stimulus is intense enough, all phrenic fibers are activated synchronously, giving reproducible results. The intensity of the twitch increases with the frequency of stimulation. If multiple impulses stimulate the phrenic nerve, the contractions summate to cause a tetanic contraction. Thus, if both phrenic nerves are stimulated with various frequencies (1, 10, 20, 50, and 100 Hz) at the same lung volume with closed airway (to prevent entry of air with consequent changes in lung volume and initial length of the diaphragm), the isometric force-frequency curve of the diaphragm is obtained (see Figure 6-9). Stimulation of the phrenic nerve with high frequencies is technically difficult to achieve (because of displacement of the stimulating electrode by local contraction of the scalene muscles and movement of the arm and shoulder due to activation of the brachial plexus). Therefore, the transdiaphragmatic pressure developed in response to single supramaximal phrenic nerve stimulation at 1 Hz, called the twitch Pdi, is commonly measured. Although technically demanding, this approach has the great advantage of being independent of patient effort or motivation. The twitch Pdi also allows for the measurement of phrenic nerve conduction time, or phrenic latency (i.e., the time between the onset of the stimulus and the onset of CMAP [M wave] on the diaphragmatic EMG tracing) (see Figure 6-16, B). A prolonged conduction time suggests nerve involvement.












Controversies and Pitfalls







• The actual mechanisms of respiratory rhythmogenesis have not been definitively established. When the pre-Bötzinger complex was discovered, it was hypothesized to be the sole generator of respiratory rhythm. Subsequent work suggested the presence of a second respiratory rhythm generator, located rostral to the pre-Bötzinger complex in the region of the retrotrapezoid nucleus–parafacial respiratory group (RTN/pFRG) and functioning primarily as a conditional oscillator for generating expiratory motor output; this model is the core of the “two-oscillator” hypothesis. The existence of a second respiratory oscillator is still controversial, and whether it persists into adulthood also is still debated (although with waning intensity).


• Still to be determined within the framework of respiratory rhythm generation is whether single pacemaker neurons in the pre-Bötzinger complex generate the respiratory rhythm or whether the pre-Bötzinger complex network functions as a self-organized group pacemaker, wherein individual pacemaker neurons can be embedded but are not essential for emergent network rhythms that depend on connectivity and synaptically activated burst-generating currents. So-called emergent systems are widespread in biology. They consist of autonomous agents that interact according to simple rules and produce meaningful population-level behaviors. When these behaviors are rhythmic, the underlying network always incorporates two essential features: positive feedback, which serves to coordinate individual elements and promote the formation of a collective temporal pattern, and negative feedback, which can temporarily halt or reverse the assembly process fueled by positive feedback. These processes, by their nature, alternate. The rhythms are called emergent because individual agents interact in accordance with simple rules, but none possesses a blueprint for the collective behavior that results.


• The clinical relevance of respiratory muscle fatigue is controversial. Physicians usually institute noninvasive or invasive mechanical ventilation in patients presenting with conditions in which the load the respiratory muscles are facing is fatiguing, because clinical signs of severe respiratory distress (such as tachypnea, accessory muscle use, and diaphoresis) develop before respiratory muscle fatigue is established. Furthermore, the objective diagnosis of respiratory muscle fatigue is impractical in the clinical arena (such as the emergency department), because the required electrophysiologic testing is time-consuming and technically demanding, which makes it hard to implement in acutely dyspneic patients with respiratory distress.


• With most volitional tests of respiratory muscle function, a significant learning effect is characteristic. Thus, repeat testing is required before the diagnosis of respiratory muscle weakness is established, especially in elderly persons or in patients for whom cooperation may be difficult.
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Chapter 7 Imaging Techniques
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Today, clinicians have two main imaging techniques at their disposal for the investigation of patients with chest disease—plain radiography, which produces a projectional image, and computed tomography (CT), which provides a cross-sectional view. Other techniques, such as magnetic resonance imaging (MRI), radionuclide scanning, and ultrasonography, can provide valuable additional information but are rarely performed without previous chest radiography or CT. Because imaging is an integral part of the practice of respiratory medicine, an understanding of the strengths and weaknesses of these various techniques is vital. The advent of high-resolution and spiral (helical) CT techniques has lent further precision to the clinical investigation of suspected chest disease, but the use of such sophisticated tests should not be indiscriminate; accurate interpretation of the chest radiograph remains the mainstay of thoracic imaging.






Plain Chest Radiography






Technical Considerations


The views of the chest most frequently performed are the erect posteroanterior and lateral projections, taken with the patient’s breath held at total lung capacity. On a frontal (posteroanterior) chest radiograph, just under half of the lung is free from overlying structures, such as the ribs or diaphragm. Many technical factors determine how well the lungs are demonstrated. The characteristics of current digital imaging systems make it possible to adjust the final image and optimize exposure of the least and most dense parts of the chest in a single are image.


Because the coefficients of x-ray absorption for bone and for soft tissue approach one another at high kilovoltage, the skeletal structures do not obscure the lungs on a higher-kilovoltage radiograph to the same degree as on low-kilovoltage radiographs. The high-kilovoltage radiograph thus demonstrates much more of the lung. Improved penetration of the mediastinum also allows some of the central airways to be seen. Although high-kilovoltage radiographs are preferable for routine examinations of the lungs and mediastinum, low-kilovoltage radiographs provide good detail of unobscured lung because of the improved contrast between lung vessels and surrounding lung. Furthermore, dense lesions—for example, calcified pleural plaques—are particularly well demonstrated on low-kilovoltage films.


The past decade has seen a major change in plain film radiography with the development of digital imaging systems, which are now ubiquitous in modern radiology departments. Digital chest radiography, yielding images either stored on a phosphor plate and then digitally scanned or captured directly onto a detector plate, has been combined with computer-based picture archiving and communications systems (PACSs) for distribution of images around the hospital or over wider networks. The much wider latitude of digital systems also allows the image to be “postprocessed” to provide optimum visualization of the relevant structures


The frontal (posteroanterior) (Figure 7-1) and lateral (Figure 7-2) projections are sufficient for most purposes in chest radiography. Other radiographic views are less frequently required, but they should not be overlooked because they may solve a particular problem quickly and cheaply. The lateral decubitus view is not, as its name implies, a lateral view. It is a frontal view taken with use of a horizontal beam and the patient in a side-lying position. Its main purpose is to demonstrate the movement of fluid in the pleural space (Figure 7-3). An adaptation of this view is the “lateral shoot-through” sometimes used in bed-bound patients: A lateral radiograph of the supine patient is taken to show an anterior pneumothorax behind the sternum (not always visible on a frontal chest radiograph) (Figure 7-4). If a pleural effusion is not loculated, it gravitates, to some extent, to the dependent part of the pleural cavity. Thus, in a decubitus patient, the fluid will layer between the chest wall and the lung edge. This view also may be useful for demonstrating a small pneumothorax, because the visceral pleural edge of the lung falls away from the chest walls in the nondependent hemithorax.
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Figure 7-1 A standard digital posteroanterior radiograph demonstrating the wide latitude that can be routinely achieved. This image provides good detail of both lung and mediastinal anatomy.
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Figure 7-2 Standard lateral chest radiograph. The dorsal spine vertebral bodies are of progressively lower density toward the diaphragm. The metallic density over the cardiac silhouette is an atrial septal defect closure device.
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Figure 7-3 Demonstration of small effusions. A, Posteroanterior chest radiograph obtained in a patient with a ventriculoperitoneal shunt. More soft tissue than usual is present between the gastric air bubble and the base of the lung because of a subpulmonic effusion. B, Decubitus view shows redistribution of fluid to the dependent part of the chest (arrows).
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Figure 7-4 Lateral shoot-through digital radiograph of the chest obtained in a patient in the intensive care unit. The anterior pneumothorax (arrowheads indicate the visceral pleural edge) was not obvious on the anteroposterior portable radiograph.




For the lordotic view, now rarely performed, the x-ray beam is angled 15 degrees cranially, either by positioning the patient upright and directing the beam up or by leaving the beam horizontal and leaning the patient backward. On this view, the lung apices are demonstrated free from the superimposed clavicle and first rib. It may be useful to differentiate pulmonary shadows from incidental calcification of the costochondral junctions (Figure 7-5).
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Figure 7-5 The value of lordotic views. A, Method of obtaining a lordotic view of the lung apices: The x-ray beam is angled upward. B, Selected area from a standard posteroanterior view of the upper lung zones in a patient who presented with hemoptysis, with a suggestion of a small opacity projected over the anterior end of the left first rib. C, A lordotic view confirms that the small opacity is intrapulmonary (rather than calcified costochondral cartilage).











Portable Chest Radiography


Portable or mobile chest radiography has the obvious advantage that the examination can be carried out without moving the patient from the ward. However, the portable radiograph has disadvantages. Use of the shorter-focus film distance results in undesirable magnification, and most portable machines are unable to deliver the power required for high-kilovoltage techniques. Furthermore, the maximum current is limited so that longer exposure times are needed, which potentially increases blurring of the image. Portable lateral radiographs are even less likely to be successful because of the extremely long exposure times required to obtain adequate penetration.


Patient positioning for portable radiography is difficult, and the resultant radiographs often are suboptimal. Even with use of the so-called erect position, in which the patient sits up, the chest is rarely as vertical as it is in a standing patient. Because many patients are unable to move to the radiography department for a formal radiograph, any method of improving the quality of a portable chest radiograph, such as digital radiography, represents a significant advance.









Digital Chest Radiography


The most widely employed systems use conventional radiographic equipment but use a reusable photostimulatable plate instead of conventional film. The reusable phosphor plate is housed in a cassette and stores some of the energy of the incident x ray as a latent image. On scanning the plate with a laser beam, the stored energy is emitted as light that is detected by a photomultiplier and converted into a digital signal. The digital information is then manipulated, displayed, and stored in whatever format is desired. The phosphor plate can be reused once the latent image has been erased by exposure to light. Most currently available computed radiography systems produce a digital radiograph with a resolution of more than 10 line pairs per millimeter. The fundamental requirement to segment the image into a finite number of pixels has resulted in much work to determine the relationship between pixel size, which affects spatial resolution, and the detectability of focal abnormalities. Although it might seem desirable to aim for an image composed of pixels of the smallest possible size, an inverse relationship occurs between pixel size and the cost and speed of data handling. Thus, pixel size is ultimately a compromise between image quality and ease of data processing and storage.


An unequivocal advantage of digital computed radiography over conventional film radiography is the linear photoluminescence-dose response, which is much greater than that of conventional film. This extremely wide latitude coupled with the facility for image processing produces diagnostic images over a wide range of exposures.


Observer performance studies have shown that computed radiography is just as useful as conventional film radiography for virtually any relevant application. However, postprocessing of the digital image has to be used to match the digital radiograph to the specific task. Enhancement of the image for one purpose often degrades it for another but is easily achieved in most PACS reporting systems.












Computed Tomography


The same basic principles that allow film radiography apply with CT—namely, the absorption of x rays by tissues that contain constituents of different atomic number. By use of multiple projections and computed calculations of radiographic density, slight differences in x-ray absorption are displayed as a cross-sectional image. The components of a CT scanner include an x-ray tube that rotates around the patient and an array of x-ray detectors opposite the tube, together contained within the gantry. The patient lies on the examination couch, which moves the patient through the aperture of the CT gantry. The data acquired are then processed by the CT computer, resulting in the final images as displayed on the CT monitor.


An impressive and rapid improvement in CT hardware capability has occurred over the past decade. Most particularly, the advent of multiple-channel CT scanners has resulted in the ability to acquire simultaneous helical datasets. An accompanying increase in gantry rotation speed coupled with the reduction in the size of the individual detectors has resulted in the ability to acquire extremely detailed images in very short scan times. On the current “top specification” scanners from the major manufacturers, up to 320 channels are available, each with a detector size of as small as 0.5 mm. The entire thorax can now be scanned at submillimeter resolution in 1 to 2 seconds. Thus, spiral (also known as volume or helical) scanning entails continuous scanning and table movement into the CT gantry (Figure 7-6). The information is reconstructed into axial sections, perpendicular to the long axis of the patient, identical to conventional CT sections.
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Figure 7-6 The principle of spiral (helical) computed tomography. The patient moves into the scanner with the x-ray tube continuously rotating and the detectors acquiring information. The rapidity of data acquisition allows a complete examination of the thorax to be performed in a single breath-hold.




Temporal resolution has been further improved, because data reconstruction algorithms now allow CT images to be generated after a partial rotation of the gantry. Thus, temporal resolution of as little as 65 msec is now possible, enabling modern multichannel CT scanners to acquire cardiac gated images that effectively freeze cardiac motion. This capability in turn can be applied to allow detailed analysis of coronary artery and cardiac anatomy.


The analysis of what is frequently hundreds of individual images that are produced as the result of a single CT examination is undertaken on dedicated CT or PACS workstations. Postprocessing of these thin sections also allows the production of multiplanar reformats (MPRs), maximum and minimum intensity projections (MIPs and MinIPs), and angiographic images. Skeletal structures can be automatically removed, or surface-rendered images that mimic appearances familiar to the bronchoscopist can be produced with a few mouse clicks. These images are visually pleasing and allow an exquisite appreciation of anatomy. They also have a role in the planning of interventional procedures, including transbronchial needle biopsy and endoluminal stent insertion (Figure 7-7).
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Figure 7-7 Dataset from a multidetector computed tomography study. A, This axial image demonstrates a bronchogenic carcinoma in a right paratracheal position. B, A reformatted image derived from the same data demonstrates the same abnormality in the coronal plane without loss of resolution. C, A coronal volume-rendered image obtained in a different patient demonstrates a left superior sulcus tumor encasing the left subclavian artery (arrow). D, Virtual bronchoscopy image from a normal subject.








Technical Considerations


The CT image is composed of a matrix of picture elements (pixels). A fixed number of pixels make up the matrix, so the size of each pixel varies according to the diameter of the circle to be scanned. A typical matrix in a modern CT system would be 512 by 512 pixels. The smaller the image field of view, the smaller the area represented by a pixel and the higher the spatial resolution of the image. In practical terms, the field of view size is adjusted to the size of the area of interest, usually the chest diameter.


Often, marked differences can be seen in the “look” of the images obtained on the various models of CT scanners. Such differences are largely the result of specific features of the software reconstruction algorithms used to smooth the image, to a greater or lesser extent, by averaging the density of neighboring pixels. The lung is a high-contrast environment, so less smoothing is needed than in other parts of the body. Higher-spatial-resolution algorithms (which make image “noise”—a granular appearance—more conspicuous) generally are more desirable for lung work.









Section Thickness


Although a CT section is viewed as a two-dimensional image, it has a third dimension of depth. The depth, or section thickness, is determined by a combination of factors, depending on the exact parameters utilized, including focal spot size, thickness of the individual detector elements, and width of the x-ray beam collimation. Because a section has a predetermined thickness, each pixel has a volume and this three-dimensional element is referred to as a voxel. The computer calculates the average radiographic density of tissue within each voxel, and the final CT image consists of a representation of the numerous voxels (not individually visible without magnification) in the section. The single attenuation value of a voxel represents the average of the attenuation values of all of the various structures within the voxel. The thicker the section, the greater the chance that different structures will be included within the voxel and the greater the signal averaging that occurs. This is known as the partial volume effect; the easiest way to reduce this effect is to use thinner sections (Figure 7-8).
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Figure 7-8 The partial volume effect on computed tomography (CT) scan appearance. A, This 10-mm CT section shows a poorly defined opacity, adjacent to the left superior mediastinum, apparently within the lung. B, The 1.5-mm section through the same region reveals that the appearance in A results from a partial volume effect—that is, the aortic arch is partially included in the 10-mm-thick sections.




When the entire chest is examined, contiguous thin sections are reconstructed for analysis. If the study is undertaken on a multichannel system, the dataset may be reconstructed at thinner intervals predetermined by the thickness of the detector rows, and these thinner sections may be used for reporting or multiplanar reconstructions. Thinner sections also are used to study fine detail and complex areas of anatomy, such as the aortopulmonary window and subcarinal regions. Another specific example for which narrow sections may be useful is to display differential densities (which would otherwise be lost because of the partial volume effect) of the small foci of fat or calcium that are sometimes seen within a hamartoma.


If exposure factors are otherwise kept the same, the total patient radiation dose varies very little between different multichannel systems. Of note, however, a striking difference in the radiation dose to the patient is associated with use of contiguous sections versus interspaced fine sections. Thus, the effective dose to the patient with interspaced fine sections (e.g., 1 or 2 mm) every 10 mm, such as used for high-resolution CT of the lung parenchyma, is 5 to 10 times less than that imposed by single-channel or multichannel spiral CT of the entire chest volume. The disadvantage of interspaced sections is the inability to view the data in any plane, but for the purposes of assessment of the lung interstitium, this added refinement usually is not of sufficient added diagnostic value to warrant the increased radiation burden. This consideration is especially important in the relatively younger patient.









Window Settings


The average density of each voxel is measured in Hounsfield units (H); these units have been arbitrarily chosen so that zero is water density and −1000 is air density. The span of Hounsfield units reflecting density in the thorax is wider than in any other part of the body, ranging from that for aerated lung (approximately −800 H) to that for ribs (+700 H). Two variables are used that allow the operator to select the range of densities to be viewed—window width and window center (or level).


The window width determines the number of Hounsfield units to be displayed. Any densities greater than the upper limit of the window width are displayed as white, and any below the limit of the window are displayed as black. Between these two limits, the densities are displayed in shades of gray. The median density of the window chosen is the window center or level; this center can be moved higher or lower as desired, thus moving the window up or down through the range. The narrower the window width, the greater the contrast discrimination within the window. No single window setting can depict the wide range of densities encountered in the chest on a single image. For this reason, at least two sets of images are required to demonstrate the lung parenchyma and soft tissues of the mediastinum, respectively (Figure 7-9). Standard window widths and centers for thoracic CT vary between departments, but generally for the soft tissues of the mediastinum, a window width of 400 to 600 H and a center of +30 H is appropriate. For the lungs, a wide window of 1500 H and a center of approximately −500 H are usually satisfactory. For bones, the widest possible window setting at a center of +30 H is best.
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Figure 7-9 The effect of window settings on computed tomography scan appearance. A 5-mm-thick computed tomography section is displayed on different window settings. A, On lung windows (center, 500 H; width, 1500 H), nodules in the lungs and pulmonary vessels are clearly visible. B, On soft tissue windows (center, 35 H; width, 400 H), the contrast-enhanced vessels in the mediastinum and the soft tissue structures are delineated, but the lung detail is lost.




Window settings have a profound influence on the size and conspicuity of normal and abnormal structures. Nonetheless, it is impossible to prescribe precise window settings because of the element of observer preference and also differences between machines. The most accurate representation of an object seems to be achieved if the value of the window level is halfway between the density of the structure to be measured and the density of the surrounding tissue. For example, the diameter of a pulmonary nodule, measured on soft tissue settings appropriate for the mediastinum, will be grossly underestimated. When inappropriate window settings are used, imaging of smaller structures (e.g., peripheral pulmonary vessels) will be affected proportionately much more than that of larger structures.









Intravenous Contrast Enhancement


Intravenous contrast enhancement is needed only in specific instances, because of the high contrast on CT between vessels and surrounding air in the lung and between vessels and surrounding fat within the mediastinum. One such instance is to aid the distinction between hilar vessels and a soft tissue mass. The exact timing of the injection of contrast material depends most on the time the CT scanner takes to scan the thorax. With multichannel CT scanners, the circulation time specific for the patient becomes an important factor.


Contrast medium rapidly diffuses out of the vascular space into the extravascular space, so that opacification of the vasculature after a bolus injection with a “power injector” quickly declines, and structures such as lymph nodes steadily increase in density over time. Such dynamics result in a point at which a solid structure may have exactly the same density as an adjacent vessel. The timing and duration of the contrast medium infusion must therefore be taken into account in interpreting images obtained in a contrast-enhanced CT study. Rapid scanning protocols with automated injectors tend to improve contrast enhancement of vascular structures at the expense of enhancement of solid lesions because of the rapidity of scanning. With spiral CT, it is possible to achieve good opacification of all of the thoracic vascular structures by using small volumes of contrast material. Optimal contrast enhancement is a prerequisite for the diagnosis of pulmonary embolism or aortic and great vessel abnormalities. To achieve optimal contrast enhancement, many CT systems now use an automated triggering system. Thus, in examining the pulmonary arteries, a low-dose repeating scan will monitor the density in the pulmonary outflow tract once every second. When a predetermined density threshold is reached as a result of the arrival of intravenous contrast, the preplanned examination is triggered. The couch rapidly moves the patient from the monitoring position to the start position, a prerecorded breath-hold instruction is given to the patient over a loudspeaker, and the data acquisition commences. The acquisition is timed to correspond with appropriate enhancement of anatomic structures if contrast has been administered.


For examining inflammatory lesions, such as the reaction around an empyema, it may be necessary to delay scanning by 30 seconds, to allow contrast to diffuse into the extravascular space. For examining the liver and adrenals in evaluation of a patient with suspected lung cancer, the optimal phase of contrast enhancement to maximize the conspicuity of hepatic metastases is during the portal venous phase of contrast enhancement, and this occurs 60 to 80 seconds after contrast injection.












High-Resolution Computed Tomography






Technical Considerations


Over the past two decades, the development of high-resolution computed tomography (HRCT) has had great impact on the approach to the imaging of diffuse interstitial lung disease and bronchiectasis. Images of the lung produced by HRCT correlate closely with the macroscopic appearance of pathologic specimens, so in the context of diffuse lung disease, HRCT represents a substantial improvement over chest radiography. Three factors associated with significantly improved spatial resolution of CT—hence the designation “high-resolution”—are narrow beam collimation, use of a high-spatial-frequency reconstruction algorithm, and a small field of view.


Narrow collimation of the x-ray beam reduces volume averaging within the section and so increases spatial resolution compared with standard 10-mm collimation. For routine HRCT scanning, 1.50-mm beam collimation generally is regarded as optimal. Narrow collimation has a marked effect on the appearance of the lungs, notably the vessels and bronchi—the branching vascular pattern seen particularly in the midzones on standard 10-mm sections has a more nodular appearance with narrow sections, because shorter segments of the obliquely running vessels are included in the section. In addition, parenchymal details become more clearly visualized (Figure 7-10).
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Figure 7-10 The effect of computed tomography (CT) section thickness and edge enhancement on image appearance. A, A 10-mm-thick section reconstructed with edge enhancement from a multidetector CT (MDCT) dataset. B, A 1.5-mm-thick section with high edge enhancement from the same dataset, typical of a high-resolution CT (HRCT) lung image from a volume acquisition.




In HRCT lung imaging, a high-spatial-frequency algorithm is used to take advantage of the inherently high-contrast environment of the lung. The high-spatial-frequency algorithm (also known as the edge-enhancing, sharp, or formerly “bone” algorithm) reduces image smoothing and makes structures visibly sharper but at the same time makes image noise more obvious (see Figure 7-10).


Several artifacts are consistently identified on HRCT images, but they do not usually degrade the diagnostic content of the images. Nevertheless, it is useful to be able to recognize the more common ones. Probably the most frequently encountered is a streaking appearance, which arises from patient motion. Cardiac motion sometimes causes movement of the adjacent lung with consequent degradation of image quality. Some CT scanners are able to eliminate this artifact by triggering the acquisition of the slice from the electrocardiogram (ECG) tracing so that the data are collected during diastole, when cardiac motion is minimized. To optimize this technique, the scanner must have a short rotation time and also be capable of formatting a CT image from data from a partial rotation. This reduces the data acquisition time window to as little as 360 msec.


The size of the patient has a direct effect on the quality of the lung image—the larger the patient, the more conspicuous the noise, which is seen as granular streaks because of increased x-ray absorption by the patient. This artifact is particularly evident in the posterior lung adjacent to the vertebral column. The phenomenon of aliasing results in a fine, streaklike pattern radiating from sharp, high-contrast interfaces. The severity of the aliasing artifact is related to the geometry of the CT scanner, and, unlike quantum mottle, aliasing is independent of the radiation dose. These artifacts are exaggerated by the nonsmoothing, high spatial-resolution reconstruction algorithm but do not mimic normal anatomic structures and are rarely severe enough to obscure important detail in the lung parenchyma (Figure 7-11).
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Figure 7-11 High-resolution computed tomography image demonstrating artifact caused by aliasing and quantum mottleing. Detail is obscured in the posterior parts of the lungs. The patchy parenchymal opacification results from desquamative interstitial pneumonitis.




The degree to which HRCT samples the lung depends primarily on the spacing between the thin sections. An HRCT examination also may vary in terms of the number of sections, the position of the patient, the phase in which respiration is suspended, the window settings at which the images are displayed, and the manipulation of the image by postprocessing. No single protocol can be recommended to cover every eventuality. However, the simplest protocol entails 1.5-mm collimation sections at 20-mm intervals from apex to lung bases. Any given scanning protocol may need to be modified—a patient referred with unexplained hemoptysis ideally is scanned with contiguous standard sections through the major airways (to show a small endobronchial abnormality) and interspaced narrow sections through the remainder of the lungs (to identify bronchiectasis).


When early interstitial disease is suspected, for example, in asbestos-exposed persons in whom the chest radiograph is normal in appearance, HRCT scans often are performed with the patient in the prone position, to prevent any confusion with the increased opacification seen in the dependent posterior basal segments in many normal subjects scanned in the usual supine position. The increased density seen in the posterior dependent lung with supine positioning disappears in normal persons when the scan is repeated at the same level with prone positioning. No advantage is gained by scanning a patient in the prone position if no obvious diffuse lung disease is found on a contemporary chest radiograph.


A limited number of scans taken at end expiration can reveal evidence of air trapping caused by small airway disease, which may not be detectable on routine inspiratory scans. Areas of air trapping range from a single secondary pulmonary lobule to a cluster of lobules that give a patchwork appearance of low attenuation areas adjacent to higher attenuation, normal lung parenchyma (Figure 7-12).
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Figure 7-12 A, High-resolution computed tomography (CT) scan through the lower lung lobes of a patient with severe asthma. The inspiratory image through the upper zones is normal. B, A high-resolution CT image at end expiration emphasizes the regional air trapping due to small airways obstruction.




Alterations of the window settings of HRCT images sometimes make detection of parenchymal abnormalities impossible when there is a subtle increase or decrease in attenuation of the lung parenchyma. Uniformity of window settings from patient to patient aids consistent interpretation of the lung images. In general, a window level of −500 to −800 HU and a width of between 900 and 1500 HU are usually satisfactory. Modification of the window settings for particular tasks is often desirable; for example, in looking for pleuroparenchymal abnormalities in asbestos-exposed patients, a wider window of up to 2000 HU may be useful. Conversely, a narrower window of approximately 600 HU may emphasize the subtle density differences that characterize emphysema and small airway disease.


The relatively high radiation dose to the patient inherent in all CT scanning needs to be appreciated. The radiation burden to the patient is considerably less with HRCT than with conventional CT scanning. It has been estimated that the mean radiation dose delivered to the skin with HRCT by use of 1.5-mm sections at 20-mm intervals is 6% that of conventional 10-mm contiguous scanning protocols. A further method of reducing the radiation burden to the patient is to decrease the milliamperage; it is possible to reduce the milliamperage by up to 10-fold and still obtain comparably diagnostic images. Although continuous refinement in CT technology is reducing the radiation burden to patients, CT still delivers a relatively high radiation dose to patients, so this imaging modality must not be used indiscriminately.









Clinical Applications of High-Resolution Computed Tomography


Increasingly, HRCT is used to confirm or refute the impression of an abnormality seen on a chest radiograph. It may also be used to achieve a histospecific diagnosis in some patients who have obvious, but nonspecific, radiographic abnormalities.


It probably is impossible to determine the frequency with which HRCT will show significant parenchymal abnormalities when the chest radiograph appears normal. Studies of individual diseases show that HRCT demonstrates abnormalities despite normal chest radiographs in 29% of patients with systemic sclerosis and in up to 30% of those with asbestosis. For hypersensitivity pneumonitis, the proportion may be even higher. As indicated by the average sensitivity results of several studies, HRCT seems to have a sensitivity of approximately 94%, compared with 80% for chest radiography; this increased sensitivity does not seem to be achieved at the expense of decreased specificity.


In patients with clinical and lung function evidence of diffuse lung disease, HRCT is now central in the diagnostic workup, with clinical performance greatly exceeding that of plain chest radiography and may obviate the need for lung biopsy. In the original study that compared the diagnostic accuracy of chest radiography and CT in the prediction of specific histologic diagnosis in patients with diffuse lung disease, Mathieson and associates showed that three observers could make a confident diagnosis in 23% of cases on the basis of chest radiographs and in 49% of cases with use of CT; the correct diagnosis was made in 77% and 93% of these readings, respectively (Figure 7-13).
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Figure 7-13 High-resolution computed tomography patterns in diffuse interstitial lung disease. A, Subpleural reticular pattern typical of established fibrosing alveolitis. B, Multiple irregularly shaped cystic spaces within the lungs in a young patient with preserved lung volumes. Images through the lung bases were more normal. This high-resolution computed tomography pattern and distribution combination is virtually pathognomonic for Langerhans cell histiocytosis.




A number of subsequent early HRCT studies acted as the forerunners of a large body of work that has established HRCT as a cornerstone in the assessment of patients suspected of having diffuse lung disease but for whom the clinical features and appearance on the chest radiograph do not allow a confident diagnosis to be made. A number of diffuse lung diseases can have a “diagnostic” appearance on HRCT when findings are interpreted by experienced chest radiologists; such diseases include fibrosing alveolitis, sarcoidosis, Langerhans cell histiocytosis, lymphangioleiomyomatosis, pneumoconiosis, and hypersensitivity pneumonitis (Figure 7-14). An intriguing observation is that the ability of HRCT to allow observers to provide correct histospecific diagnoses seems to be maintained in advanced end-stage disease.
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Figure 7-14 High-resolution computed tomography scans of the chest in a patient with subacute hypersensitivity pneumonitis. A, Widespread nodular and ground glass patterns. B, The areas of decreased attenuation evident posteriorly are made more obvious on this scan obtained at end expiration.




However, HRCT is sometimes used indiscriminately for patients in whom the high certainty of diagnosis from clinical and radiographic findings does not justify the extra cost and radiation burden. No evidence shows that an HRCT examination adds anything of diagnostic value for a patient who has progressive shortness of breath, finger clubbing, crackles at the lung bases, and the typical radiographic pattern and lung function profile of fibrosing alveolitis. Nevertheless, the ability of HRCT to characterize disease, and often to deliver a definite and correct diagnosis in patients with nonspecific radiographic shadowing, frequently is helpful.


Much interest has been shown in defining the role of HRCT in staging disease activity, particularly for fibrosing alveolitis, in which cellular histology indicates disease activity and is used to predict both responses to treatment and prognosis. As shown by more recent evidence, a predominance of ground glass opacification in fibrosing alveolitis predicts a good response to treatment and increased actuarial survival compared with patients with a more reticular pattern, which denotes established fibrosis. Similar observations about the potential reversibility of disease can be made with use of HRCT in patients who have sarcoidosis, in whom a ground glass or a nodular pattern predominates. In other conditions, the identification of ground glass opacification on HRCT, although nonspecific, almost invariably indicates a potentially reversible disease—for example, extrinsic allergic alveolitis, diffuse pulmonary hemorrhage, and Pneumocystis jiroveci pneumonia (Box 7-1). An important exception is bronchoalveolar cell carcinoma, in which areas of ground glass opacification that merge into areas of frank consolidation or a more nodular pattern may be seen. Another caveat applies with the situation in which fine, intralobular fibrosis is seen on HRCT as widespread ground glass opacification; in this rare occurrence, evidence of traction bronchiectasis usually is present within the areas of ground-glass opacification.





Box 7-1


Causes of Ground Glass Opacification







Pneumocystis jiroveci or cytomegalovirus pneumonia


Acute respiratory distress syndrome–acute interstitial pneumonia


Hypersensitivity pneumonitis—subacute


Desquamative interstitial pneumonitis


Pulmonary edema


Idiopathic pulmonary hemorrhage


Bronchioloalveolar cell carcinoma


Alveolar proteinosis


Lymphocytic interstitial pneumonia


Respiratory bronchiolitis–interstitial lung disease








The ability of CT to discriminate among various patterns of disease has clarified the basis for the sometimes complex mixed obstructive and restrictive functional deficits found in some diffuse lung diseases. A good example is hypersensitivity pneumonitis, in which both interstitial and small airway disease coexist; patterns caused by these different pathologic processes can be readily appreciated on HRCT. The extent of the various HRCT patterns correlates with the expected functional indices of restriction and obstruction, respectively. Other conditions in which CT is able to tease out the morphologic abnormalities responsible for complex functional deficits include fibrosing alveolitis with coexisting emphysema and sarcoidosis associated with a combination of interstitial fibrosis and small airway obstruction by peribronchiolar granulomata.


In patients for whom lung biopsy is deemed necessary, HRCT may be invaluable to indicate which type of biopsy procedure is likely to be successful in obtaining diagnostic material. The broad distinction between peripheral disease versus central and bronchocentric disease is easily made on HRCT. Thus, disease with a subpleural distribution, such as fibrosing alveolitis, is most unlikely to be sampled by transbronchial biopsy, whereas diseases with a bronchocentric distribution on HRCT, such as sarcoidosis and lymphangitis carcinomatosa, are consistently accessible to transbronchial biopsy. In patients for whom an open or thoracoscopic lung biopsy is contemplated, HRCT assists in determining the optimal biopsy site. Pathologic examination of a lung biopsy specimen can still justifiably be regarded as the final arbiter of the presence or absence of subtle interstitial lung disease. Because HRCT images provide a kind of “in vivo big picture,” many lung pathologists now combine the imaging and pathologic information before assigning a final diagnosis, and in many centers, the benefits of a team approach to the diagnosis of diffuse lung disease are recognized. The indications for HRCT that have been developed over the past 20 years are summarized in Box 7-2.





Box 7-2


Indications for High-Resolution Computed Tomography of the Lungs







[image: image] To narrow the differential diagnosis or to make a histospecific diagnosis in patients with obvious but nonspecific radiographic abnormalities


[image: image] To detect diffuse lung disease in patients with normal or equivocal radiographic findings


[image: image] To elucidate unexpected pulmonary function test results


[image: image] To investigate the underlying problem in patients presenting with hemoptysis


[image: image] To evaluate disease reversibility, particularly in patients who have fibrosing alveolitis


[image: image] To guide the type and site of lung biopsy


















Magnetic Resonance Imaging


Plain radiography, CT, ultrasound imaging, contrast angiography, and isotope scanning constitute the mainstays of thoracic disease imaging. Although magnetic resonance imaging (MRI) has developed a role complementary to these techniques, it generally is considered a problem-solving tool rather than a technique of first choice.


MRI entails placing the subject in a very strong magnetic field (typically 0.2 to 1.5 tesla) and then irradiating the area under examination with pulses of radiowaves. Anatomic MRI depends on the presence of water within tissue to produce the signal required for interpretation. Protons within this water exist within different local atomic environments and, consequently, have different properties. These differences, measured as magnetic resonance, can be exploited by sequence manipulation to generate differences in contrast between tissues in the final image. Thus, the frequency of the radiofrequency pulse transmitted into the patient is carefully selected so that it causes hydrogen protons within water to be disturbed from the orientation that they have assumed as a result of being placed inside the powerful magnetic field within the bore of the magnet. After the transient disturbance caused by the radiofrequency pulse, these protons, which are acting akin to small bar magnets, relax back into their original resting position. As they do this, they release energy as a further pulse of radio waves, which are detected by the receiver coils located in the wall of the bore of the magnetic coil or, more commonly, in a variety of receiver coils placed more directly around the area under investigation. These coils frequently are known by the body part they have been designed to examine—thus, a knee, head, neck, or body coil is placed appropriately at the start of the examination. In the case of thoracic imaging, the body coil usually consists of a pair of coil mats placed in front of and behind the patient.


Historically, the main strengths of MRI are the high intrinsic soft tissue contrast generated, the lack of artifact from bone, the absence of exposure to ionizing radiation, and the ability to produce images in any chosen plane. The major weaknesses of MRI in the thorax have, until recently, been its susceptibility to image degradation secondary to respiratory and cardiac motion, as well as the relatively long times required to perform an examination. In general, the quality of MR images is related to the field strength of the scanner and the peak power and speed of the amplifiers that generate the interrogating radiofrequency pulses.


For thoracic imaging, ECG-triggering facilities, whereby the acquisition of imaging data can be coordinated with the cardiac cycle to reduce flow artifact, are essential. Various methods of compensation for respiratory motion have been developed. Some approaches use external devices such as respiratory bellows, which detect movement of the chest wall, with data collection occurring when motion is at its least. Other methods are essentially software developments that compensate for respiratory disruption of magnetic spins. Most of these techniques have been superseded on modern scanners by the ability to acquire images of the thorax with use of breath-hold techniques.






Mediastinal and Chest Wall Imaging


The most common indications for the use of MRI in respiratory disease are for investigation of neoplastic disease, most commonly bronchogenic carcinoma. In addition to the primary disease, secondary complications such as cerebral secondaries, spinal metastases, and retroperitoneal fibrosis all lend themselves to evaluation by MRI. MRI also permits assessment for invasion of mediastinal structures such as the major airways, heart and great vessels, chest wall, and diaphragm and allows differentiation among different forms of soft tissue, fluid, hemorrhage, local hematoma formation, and aneurysms (Figures 7-15 and 7-16). With modern multichannel CT techniques, MRI now holds relatively little advantage over CT in assessing chest wall invasion, except with superior sulcus tumors. However, MRI does provide superb anatomic detail without subjecting the patient to radiation exposure—an important consideration in the pediatric age group, in which a number of follow-up studies may be required (Figure 7-17). The disadvantage of MRI in the very young child is the necessity for general anesthesia in many cases.
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Figure 7-15 Magnetic resonance imaging of a right upper zone lung mass in an 11-year-old boy. A, A coronal T1-weighted sequence demonstrates a high-signal-intensity apical mass. B, With the addition of fat saturation, reducing the signal returned from fat, the signal intensity in the mass falls significantly. This imaging feature confirms the fatty nature of the mass, which was a large pleural lipoma.
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Figure 7-16 Chest wall invasion by tumor demonstrated with magnetic resonance imaging. Oblique sagittal T2-weighted image through the long axis of the left ventricle demonstrates an adjacent chest wall mass (arrows) extending through the interior chest wall into the overlying breast tissue. This was due to recurrent breast carcinoma.
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Figure 7-17 Extralobar pulmonary sequestration. A, A coronal contrast-enhanced breath-hold image demonstrates the avidly enhancing pulmonary sequestration at the left lung base. Note the clear plane between the triangular sequestrated segment and the diaphragm and underlying spleen. B, Volume-rendered angiographic image demonstrating the same triangular sequestrated segment (asterisk) with two supplying branches from the aorta (arrowheads) and complex venous drainage. The largest vein drains subdiaphragmatically (arrows) into the left renal vein.











Lung Parenchymal Imaging


Use of magnetic resonance techniques for imaging the lungs has been limited by a number of significant technical challenges. First, the lungs are constantly moving because of respiratory and cardiac motion. Second, they have a low water content relative to other biologic tissues, so they have a low proton density and return relatively little signal. Third, because of the multiple interfaces between air and soft tissue, innumerable small disturbances arise in the magnetic field. This loss of homogeneity at air-tissue interfaces results in a phenomenon known as magnetic susceptibility artifact, further reducing signal and increasing noise. Thus, on standard sequences, normal lung exhibits little signal and often is obliterated by artifact. Attempts to tackle this problem are showing increasing promise—for example, in the area of suppurative lung disease in younger patients.









Ventilation Studies


Another area of intense interest has been the use of polarized gases (helium 3 and xenon 129) to show pulmonary ventilation. With this technique, a process of heating and irradiating with polarized light produces polarized gases. The gases (which have a short half-life) are inhaled and imaged using optimized sequences. The use of dual-frequency probes allows gas and proton images to be acquired and registered, enabling function and anatomy to be correlated.












Magnetic Resonance Angiography


Magnetic resonance also can be used to demonstrate vascular anatomy by differential visualization of flowing blood and stationary tissue; this may be achieved with or without intravenous MRI contrast agents. Generally, the use of contrast increases the signal returned from blood, increases the signal-to-noise ratio, and allows acquisition times to be shorter. This modality, known as magnetic resonance angiography (MRA), can be used to look at venous or arterial flow, together or separately (see Figure 7-17).


The contrast agents used in MRI generally and MRA in particular are based almost exclusively on gadolinium chelates. Most such agents are sequestered in the extracellular spaces; they cause shortening of the T1 relaxation time and thus increase the signal from the enhanced tissue on T1-weighted sequences. The distribution of these agents is very similar to that of the iodinated contrast agents used routinely in CT.






Pulmonary Emboli and Infarction


At present, MRI is not routinely used in patients with suspected pulmonary embolism and infarction, but it has been the subject of much research: In a number of published series, breath-hold pulmonary MRA has been found to show fifth-order pulmonary vessels and to permit diagnosis of emboli to the segmental level. Presence of smaller pulmonary emboli can be inferred by lack of segmental and subsegmental perfusion. Three-dimensional MRA datasets can be acquired and displayed on workstations as moving projections to demonstrate areas of deficient perfusion.









Vascular Malformations and Congenital Anomalies


Increasing evidence suggests that MRI can clearly define a number of vascular and developmental anomalies of the lungs by combining anatomic and flow studies. Such anomalies include the scimitar syndrome, hypogenetic lung syndrome, pulmonary artery agenesis, bronchopulmonary sequestration, and vascular malformations (see Figure 7-17).









Cardiovascular Imaging


MRI is now a key technique for imaging the heart and great vessels and is widely used for the assessment of cardiac anatomy and function. Rapid and accurate assessment of wall motion, determination of ejection fraction, and stress testing for reversible ischemia, hibernating myocardium, and valvular disease are now routine. The ultimate challenge—namely, accurate imaging of the coronary arteries—is under intense investigation, although this application has not yet reached routine practice. Nevertheless, MRI is now able to provide comprehensive noninvasive cardiac assessment that is likely to challenge more established techniques such as nuclear medicine and echocardiography.












Pulmonary Angiography


Pulmonary angiography is used to investigate pulmonary circulation when other, less invasive, methods have failed to provide the requisite information. The most frequent indication is for suspected pulmonary embolism, often after ventilation-perfusion scanning. In the acute assessment of pulmonary embolism, the angiogram is undertaken within 24 hours of clinical presentation. However, a delay of 48 to 72 hours should not preclude the use of pulmonary angiography, although the diagnostic yield progressively declines because of fragmentation of thrombi over time, especially if anticoagulation has been instituted.


Pulmonary angiography is now rarely used. Apart from the relative expense and invasive nature of angiography, it is perceived to have a high complication rate (although this is not supported by the published evidence), so it has been largely replaced by CT.


The technique of pulmonary angiography involves fluoroscopically directed insertion of a guidewire followed by a modified pigtail catheter into the right and then the left main pulmonary arteries in turn, with injection of a nonionic contrast administered at an appropriate flow rate. At least two views per side are required, with additional oblique or magnification views as necessary. Catheter access usually is through the femoral vein, with use of the internal jugular and subclavian veins as possible alternatives. Most departments undertake angiography with digital subtraction vascular equipment (Figure 7-18). Problems with misregistration artifact, inherent in digital subtraction systems and caused by respiratory or cardiac cycle phase differences between the mask image and the contrast image, usually can be overcome. Crossing the tricuspid valve may induce an arrhythmia that usually is transient. Therefore, electrocardiogram (ECG) monitoring is mandatory, and the use of prophylactic antiarrhythmic agents or temporary pacing-wire insertion is common practice in some centers. Right-sided heart catheter pressure measurements and gas analysis also may be undertaken.
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Figure 7-18 Digital subtraction pulmonary angiogram. A large thrombus causes a filling defect within the contrast in the artery of the left lower lobe (large arrow). Smaller thrombi are present within the proximal branches to the upper lobe (small arrows).




When a pulmonary embolus is present, it most frequently is situated in the posterior segments of the lower lobe. Thrombi beyond the segmental vessel level are detected less reliably than more central thrombi. However, the significance of thrombi confined to subsegmental vessels is unclear. The typical angiographic findings with pulmonary embolism are those of vascular cutoff or, when vascular occlusion is not complete, an intraluminal filling defect with contrast passing around and beyond the clot. Indirect signs of embolism include areas of relatively delayed or reduced perfusion, late filling of the venous circulation, and vessel tortuosity. When the angiogram is performed to investigate suspected chronic thromboembolic disease, vascular changes to look for include local stenosis or thin webs, luminal ectasia, and irregularities of the normal tapering pattern.









Bronchial Artery Embolization


Bronchial artery embolization usually is performed to treat massive hemoptysis in patients who are unsuitable candidates for surgical management. The most common causes of bronchial artery hypertrophy and consequent hemorrhage are suppurative lung diseases (particularly bronchiectasis) and fibrocavitary disease that involves mycetomas. Less common causes of hemorrhage from the bronchial circulation include bronchial carcinoma, chronic pulmonary abscess, and congenital cyanotic heart disease. No absolute contraindications to bronchial artery embolization are known, although the patient should be hemodynamically stable and able to cooperate.


The most common anatomic arrangement on bronchial arteriography is that of one main right bronchial artery arising from a common intercostobronchial trunk, which comes off the thoracic aorta at approximately the level of T5, and two left bronchial arteries arising more inferiorly. However, bronchial arteries may arise from the thyrocervical trunk, the internal mammary artery, the costocervical trunk, the subclavian artery, a lower intercostal artery, or the inferior phrenic artery or even the abdominal aorta. The right intercostal bronchial trunk takes off from the aorta at an acute upward angle, whereas the left bronchial arteries leave the aorta at more-or-less right angles, and special catheters have been designed to facilitate selective catheterization. Superselective catheterization of the bronchial circulation allows precise delivery of embolic material, thereby preventing spillover into the aorta or inadvertent embolization of the spinal artery.


Fiberoptic bronchoscopy often is advocated before bronchial artery embolization to establish the site of hemorrhage. However, a large-volume hemoptysis almost invariably results in vigorous coughing, thereby spreading blood throughout the bronchial tree, which makes localization impossible. CT angiography also is a useful preliminary investigation, delineating bronchial artery anatomy, guiding intervention, and sometimes localizing the lobe or segment from which the bleeding originates. Few criteria exist to determine which angiographically demonstrated bronchial arteries should be embolized. Guidelines are particularly relevant when several bronchial arteries have been identified and the site of hemorrhage is not obvious from previous thoracic imaging. Embolization is directed at the vessels considered most likely to be the source of hemorrhage (Figure 7-19). Bronchial arteries of diameter greater than 3 mm may be considered to be pathologically enlarged. In patients with diffuse, suppurative lung disease, most commonly cystic fibrosis, attempts are made to embolize all significantly enlarged bronchial arteries bilaterally. If no abnormal bronchial arteries are identified, a systematic search is made for aberrant bronchial arteries. When a patient continues to experience hemoptysis after embolization, all suspicious systemic arteries should be examined for a source of bleeding, and it may be necessary to angiographically investigate the pulmonary circulation for a source of bleeding.
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Figure 7-19 Bronchial arteriogram obtained in a patient who presented with hemoptysis. A, Marked hypertrophy of the bronchial artery to the right upper zone is evident. These changes were caused by cystic fibrosis. Previous embolization coils are seen over the right upper lobe. B, After embolization with a combination of small coils and particles, no further flow into these branches occurs.




A variety of embolic materials have been used for the embolization of bronchial arteries, ranging from spheres of polyvinyl alcohol in a variety of sizes to small pieces of surgical gel (Gelfoam). Although coils lodged proximally in the bronchial artery have been used, they can prevent subsequent catheterization.


After bronchial artery embolization, many patients experience transient fever and chest pain. Some patients cough up a small amount of blood, which possibly arises from limited infarction of the bronchial mucosa. Serious complications after bronchial artery embolization are rare, the most serious being transverse myelitis, probably caused by contrast toxicity rather than inadvertent embolization. Inadvertent spillover of embolization material into the thoracic aorta may cause distant ischemia in the legs or abdominal organs.


The aim of bronchial artery embolization is the immediate control of life-threatening hemoptysis, which is achieved in more than 75% of patients. Failures usually result from nonidentification of significant bronchial arteries and an inability to maintain the catheter position to allow subsequent embolization. Up to 20% of patients rebleed within 6 months of an initially successful bronchial artery embolization. The reasons cited for recurrent hemorrhage are recanalization of previously embolized vessels, incomplete initial embolization, and hypertrophy of small bronchial arteries not initially embolized. However, bronchial artery embolization usually can be satisfactorily repeated in patients who rebleed.









Superior Vena Cava Stenting


Superior vena cava obstruction (SVCO) is characterized by facial and upper limb swelling, headache, and shortness of breath and usually is caused by advanced mediastinal malignancy. Conventional palliative treatment relies on radiotherapy, chemotherapy, and sometimes surgery. Radiotherapy usually produces an initial improvement, although subsequent recurrence of symptoms is frequent. Balloon angioplasty for treatment of both benign and malignant causes of SVCO has been reported, but not surprisingly, symptoms are liable to recur soon after angioplasty alone.


The percutaneous placement of metallic stents for the treatment of SVCO has several attractions. With increasing experience, reliable and successful palliation of SVCO has been reported with use of various stent designs. A superior venacavagram is necessary to identify the length of the stenosis and its site in relation to the confluence of the brachiocephalic veins and the right atrium. Identification of intraluminal thrombus or tumor may require thrombolysis before stent insertion, or the use of a covered stent. After balloon dilatation of the superior vena cava stricture, the stent is positioned across the stricture, and a postplacement venacavagram is performed to confirm free flow of blood into the right atrium (Figure 7-20). Subsequent to angioplasty and stent placement, relief of SVCO symptoms usually is rapid and dramatic. Recurrence of symptoms may be caused by venous thrombosis or tumor progression. Although rupture of the superior vena cava at the time of angioplasty is a risk, this complication seems to be extremely rare, possibly because of the tamponade provided by surrounding tumor or postirradiation fibrosis.
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Figure 7-20 Stenting of superior vena cava obstruction. In this patient, the obstruction was caused by mediastinal malignancy. A, Superior venacavagram showing a tight stricture in the midportion of the superior vena cava. B, Balloon dilation of the stricture. C, Placement of a mesh-wire stent in the now-patent superior vena cava.




The role of intravascular stents in the management of nonmalignant SVCO has not yet been defined. Patients who have SVCO caused by benign fibrosing mediastinitis have been treated successfully, although occlusion of the stent secondary to the progression of the mediastinal fibrosis or with endothelial proliferation may occur.









Normal Radiographic Anatomy






Mediastinum and Hilar Structures


The mediastinum is delineated by the lungs on either side, the thoracic inlet above, the diaphragm below, and the vertebral column posteriorly. In the context of radiographic anatomy, the various structures that make up the mediastinum are superimposed on each other, so they cannot be separately identified on a two-dimensional chest radiograph; for this reason, the normal anatomy of the individual components of the mediastinum is considered in more detail in the later section on CT of the mediastinum. Nevertheless, because a chest radiograph usually is the first imaging investigation, it is necessary to appreciate the normal appearances of the mediastinum and the considerable possible variations resulting from the patient’s body habitus and age.


The mediastinum is conventionally divided into superior, anterior, middle, and posterior compartments (Figure 7-21). The practical benefit of use of these arbitrary divisions is that specific mediastinal pathologies show a definite predilection for individual compartments (e.g., a superior mediastinal mass most frequently is caused by intrathoracic extension of the thyroid gland; a middle mediastinal mass usually results from enlarged lymph nodes). However, localization of a mass within one of these compartments does not normally allow a specific diagnosis to be made, and neither do the arbitrary boundaries preclude disease from involving more than one compartment.
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Figure 7-21 The mediastinal compartmental divisions. A, Arbitrary division of the mediastinum into superior, anterior, middle, and posterior compartments. B, An alternative scheme omits the superior mediastinal compartment. The area posterior to the sternum and anterior to the heart and great vessels (blue arrows) defines the anterior mediastinum in both cases. Likewise, a line placed along the posterior aspect of the trachea and heart (yellow arrowheads) distinguishes the middle from the posterior mediastinum, which is bounded posteriorly by the vertebra (red asterisks).




Only the outline of the mediastinum and the air-containing trachea and bronchi (and sometimes esophagus) is clearly seen on a normal posteroanterior chest radiograph. On a chest radiograph, the right brachiocephalic vein and superior vena cava form the right superior mediastinal border. This border usually is vertical and straight (in contrast with the situation in which right paratracheal lymphadenopathy is present, when the right superior mediastinal border tends to be undulate), and it becomes less distinct as it reaches the thoracic inlet. The right side of the superior mediastinum can appear to be considerably widened in patients who have an abundance of mediastinal fat (Figure 7-22); such persons often have prominent cardiophrenic fat pads. The mediastinal border to the left of the trachea above the aortic arch is the result of summation of the left carotid and left subclavian arteries, together with the left brachiocephalic and jugular veins. The left cardiac border consists of the left atrial appendage, which merges inferiorly with the left ventricle. The silhouette of the heart should always be sharply outlined. Any blurring of the border results from loss of immediately adjacent aerated lung, usually by collapse or consolidation.
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Figure 7-22 Widening of the superior mediastinum in this image is caused by abundance of mediastinal fat. In addition, bilateral cardiophrenic fat pads are present.




The density of the heart shadow to the left and right of the vertebral column should be identical—any difference indicates pathology (e.g., an area of consolidation or a mass in a lower lobe). On a well-penetrated film, a density with a convex lateral border frequently is seen through the right heart border—this apparent mass is caused by the confluence of the right pulmonary veins as they enter the left atrium and is of no clinical significance.


The trachea and main bronchi should be visible through the upper and middle mediastinum. The trachea is rarely straight and often is to the right of the midline at its midpoint. In older persons, the trachea may be markedly displaced by a dilated aortic arch below. In approximately 60% of normal subjects, the right wall of the trachea (the right paratracheal stripe) can be identified as a line of uniform thickness (less than 4 mm in width); when visible, it excludes the presence of any adjacent space-occupying lesion, most usually lymphadenopathy. The angle between the left and right main bronchi, which forms the carina, usually is somewhat less than 80 degrees. Splaying of the carina is a relatively crude sign of subcarinal disease, in the form of either a massive subcarinal lymphadenopathy or a markedly enlarged left atrium. A more sensitive sign of subcarinal disease is obscuration of the upper part of the azygoesophageal line, which usually is visible in its entirety on a chest radiograph with good penetration (Figure 7-23). The origins of the lobar bronchi, when they are projected over the mediastinal shadow, usually can be identified, but segmental bronchi within the lungs generally are not seen on plain radiography.
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Figure 7-23 Chest radiograph made using the advanced multiple beam equalization radiography (AMBER) system. The normal azygoesophageal line is demonstrated (arrows).




The normal hilar shadows on a chest radiograph represent the summation of the pulmonary arteries and veins, with little contribution from the overlying bronchial walls or lymph nodes of normal size. The hila are of approximately the same size, and the left hilum normally lies between 0.5 and 1.5 cm above the level of the right hilum. The size and shape of the hila show remarkable variation in normal persons, making subtle abnormalities difficult to identify.









Pulmonary Fissures, Vessels, and Bronchi


The two lungs are separated by the four layers of pleura behind and in front of the mediastinum. The resultant posterior and anterior junction lines often are visible on frontal chest radiographs as nearly vertical stripes, the posterior junction line lying higher than the anterior (Figure 7-24). Because these junction lines are not invariably seen (their visibility is largely dependent on whether the pleural reflections are tangential to the x-ray beam), their presence or absence is not usually of significance.
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Figure 7-24 Diagram showing some of the mediastinal lines and stripes frequently seen on a frontal chest radiograph.




The lobes of lung are surrounded by visceral pleura—the major (or oblique) fissure separates the upper and lower lobes of the left lung. The major (or oblique) fissure and the minor (horizontal or transverse) fissure separate the upper, middle, and lower lobes of the right lung. In the absence of abnormality, the minor fissure is visible in more than half of posteroanterior chest radiographs. In normal persons, the minor fissure is slightly bowed upward and runs horizontally; any deviation from this configuration usually is caused by loss of volume of a lobe. The major fissures are not visible on a frontal radiograph and are inconsistently identifiable on lateral radiographs. Inability to detect a fissure usually reflects that the fissure is not exactly in the line of the x-ray beam. Occasionally, however, fissures may be incompletely developed—a point familiar to thoracic surgeons, who sometimes encounter difficulty in performing a lobectomy because of incomplete cleavage between lobes. Accessory fissures are occasionally seen; for example, in the left lung a minor fissure can be present, which separates the lingula from the remainder of the upper lobe.


All of the branching structures seen within normal lungs on a chest radiograph represent pulmonary arteries or veins. The pulmonary veins may sometimes be differentiated from the pulmonary arteries—the superior pulmonary veins have a distinctly vertical course. Often, however, it is impossible to differentiate arteries from veins in the lung periphery. On a chest radiograph taken in the erect position, a gradual increase in the diameter of the vessels is seen, at equidistant points from the hilum, traveling from lung apex to base; this gravity-dependent effect disappears if the patient is supine or in cardiac failure.


The lobes of the lung are divided into segments, each of which is supplied by its own segmental pulmonary artery and accompanying bronchus. The walls of the segmental bronchi are rarely seen on the chest radiograph, except when lying parallel with the x-ray beam, in which case they are seen end on as ring shadows measuring up to 8 mm in diameter. The most frequently identified segmental airways are the anterior segmental bronchi of the upper lobes.









Diaphragm and Thoracic Cage


The interface between aerated lung and the hemidiaphragms is sharp, and the highest point of each dome normally is medial to the midclavicular line. The right dome of the diaphragm is higher than the left by up to 2 cm in the erect position, unless the left dome is elevated by air in the stomach. Laterally, the hemidiaphragm forms an acute angle with the chest wall. Filling in or blunting of these costophrenic angles usually represents pleural disease, either pleural thickening or an effusion. In elderly persons, localized humps on the dome of the diaphragm, particularly posteriorly (and therefore most obvious on a lateral radiograph), are common and represent minor weaknesses or defects of the diaphragm. Interposition of the colon in front of the right lobe of the liver is a frequently seen normal variant (so-called Chilaiditi syndrome).


Apparent pleural thickening along the lateral chest wall in the middle zones is a frequent observation in obese patients; it is caused by subpleural fat bulging inward. Deformities of the thoracic cage may cause distortion of the normal mediastinum and so simulate disease. One of the most common deformities is pectus excavatum, which, by compressing the heart between the depressed sternum and vertebral column, causes displacement of the apparently enlarged heart to the left and blurring of the right heart border (Figure 7-25). A similar appearance may arise with an unusually straight thoracic spine, referred to as straight back syndrome.
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Figure 7-25 A, Chest radiograph, posteroanterior view, obtained in a patient with marked pectus excavatum. The blurring of the right heart border and the apparent increase in heart size are a direct consequence of a depressed sternum. Note the 7 configuration of the ribs. B, Computed tomography scan shows the sternal depression.











Anatomy of the Lateral Chest Radiograph


Consistent viewing of lateral chest radiographs in the same orientation, whether a right or a left lateral projection, improves the ability to detect deviations from normal. In the lateral view, the trachea is angled slightly posteriorly as it runs toward the carina, and its posterior wall is always visible as a fine stripe (Figure 7-26). The posterior walls of the right main bronchus and the right intermediate bronchus are outlined by air and also are seen as a continuous stripe on the lateral radiograph. The overlying scapulae are invariably seen running almost vertically in the upper part of the lateral radiograph (and may be misinterpreted as intrathoracic structures). Further confusing shadows are formed by the soft tissues of the outstretched arms, which project over the upper mediastinum. The carina is not visible as such on the lateral radiograph, and the two transradiancies projected over the lower trachea represent the right main bronchus (superiorly) and the left main bronchus (inferiorly).
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Figure 7-26 The lateral chest radiograph in a normal subject.




Overlying structures on a lateral radiograph obscure most of the lung. In normal persons, the unobscured lung in the retrosternal and retrocardiac regions should be of the same transradiancy. Furthermore, as the eye travels down the spine, a gradual increase in transradiancy should be apparent. The loss of this phenomenon suggests the presence of disease in the posterior-basal segments of the lower lobes (e.g., fibrosing alveolitis) (Figure 7-27).
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Figure 7-27 Loss of the normal increase in transradiancy toward the lower part of the dorsal spine in a patient with interstitial lung disease.




The two major fissures are seen as diagonal lines, of a hair’s breadth, that run from the upper dorsal spine to the anterior surface of the diaphragm. Care must be taken not to confuse the obliquely running rib edges with fissures. The minor fissure extends horizontally from the middle right major fissure. It is often not possible to differentiate the right from the left major fissures with confidence. Similarly, although the two hemidiaphragms may be identified individually (especially if the gastric bubble is visible under the left dome of the diaphragm), differentiation between the right and the left hemidiaphragm is often impossible. A useful sign is the relative heights of the two domes—the dome farther from the film normally appears higher because of magnification.


The summation of both hilar on the lateral radiograph generates a complex shadow. However, one general point is useful in the interpretation of this difficult area—the right pulmonary artery lies anterior to the trachea and right main bronchus, whereas the left pulmonary artery arches over the left main bronchus so that a large part of it lies posterior to the major bronchi (Figure 7-28). A bandlike opacity often is seen along the lower third of the anterior chest wall behind the sternum. It represents a normal density and occurs because less aerated lung is in contact with the chest wall, because the space is occupied by the heart; it should not be confused with pleural disease.
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Figure 7-28 Diagram showing the proximal pulmonary arteries seen on a lateral chest radiograph.














Points in the Interpretation of a Chest Radiograph


Even when an obvious radiographic abnormality is present, use of a systematic method of reviewing the chest radiograph is essential. With increasing experience, appreciation of deviation from normal appearances becomes rapid, which leads quickly to a directed search for related abnormalities. Before interpretation of a chest radiograph, it is vital to establish whether any previous radiographs are available for comparison—the sequence and pattern of change often are as important as the identification of a radiographic abnormality. Information gained from preceding radiographs, particularly the lack of serial change, often prevents needless further investigation.


A check that the radiograph is of satisfactory quality includes an estimation of the adequacy of radiographic exposure, depth of inspiration, and position of the patient. The intervertebral disk spaces of the entire dorsal spine should be visible on a correctly exposed chest radiograph, and the midpoint of the right hemidiaphragm lies at the level of the anterior end of the sixth rib if the (normal) subject has taken in a satisfactory breath. The medial ends of the clavicles should be equidistant from the spinous processes of the cervical vertebral bodies.


The order in which the various parts of a chest radiograph are examined is unimportant. A suggested sequence is to start with a check of the position of the trachea, the mediastinal contour (which should be sharply outlined in its entirety), and then the position, outline, and density of the hilar shadows. The certain identification of a hilar abnormality often requires comparison with a previous radiograph; any suspicion of a hilar abnormality necessitates the retrieval of any previous chest radiographs. At least as important as an abnormal contour for detecting a mass at the hilum is a discrepancy in density between the two sides—both hilar shadows, at equivalent points, should be of equal density, and a mass at the hilum (or an intrapulmonary mass projected over the hilum) is evident as an increased density of the affected hilum. For a questionably abnormal hilum, the lateral radiograph sometimes is helpful in clarifying the situation, provided that the normal anatomy is kept in mind (i.e., most of the right pulmonary artery lies anterior to the trachea and the bulk of the left pulmonary artery lies behind the trachea). Thus, a suspected right hilar mass on a frontal radiograph that appears to be behind the trachea on a lateral view is unlikely to represent a prominent right pulmonary artery and is therefore most likely to be an abnormal mass (the converse rule applies to a suspicious left hilum).


The lungs may then be examined in terms of their size, the relative transradiancy of each zone, and the position of the horizontal fissure. Pulmonary vessels are seen as far out as the outer third of the lung, and the number of vessels should be roughly symmetric on the two sides. Next, the position and clarity of the hemidiaphragms should be noted, followed by an assessment of the ribs and soft tissues of the chest wall. Before a chest radiograph can be regarded as normal, close inspection of areas that are poorly demonstrated, or that contain structures sometimes misinterpreted, is indicated. Such areas include the central mediastinum (where even a large mass may be invisible on the posteroanterior view), the lungs behind the diaphragm and heart, the lung apices (often obscured by the overlying clavicles and ribs), and the lung and pleura just inside the chest wall.






Radiographic Signs






Consolidation


Consolidation, also referred to as air space shadowing, is caused by opacification of the air-containing spaces of the lung. The causes of consolidation are numerous (Table 7-1) and include almost any pathologic process that results in the filling of the normal alveolar spaces and small airways. The responsible material is almost invariably of fluid density, and usually the volume of the displacing fluid equals the volume of air displaced. This normally results in no net change in size of the lobar anatomy. Typically, it is not possible to tell from the radiologic appearances what has caused the air space filling, especially in the absence of a clinical history. The possible exception to this generalization is with air space shadowing resulting from cardiogenic alveolar edema, when associated signs of congestive cardiac failure are found. In analyzing an area of pulmonary opacification, the presence of a number of radiologic characteristics allows the confident characterization of air space shadowing.


Table 7-1 Causes of Consolidation






	Common

	Rare






	



Infection


Infarction


Cardiogenic pulmonary edema


Noncardiogenic pulmonary edema



Acute respiratory distress syndrome



Neurogenic edema



Drug-induced edema


Miscellaneous



Sarcoid



Alveolar proteinosis







	



Allergic lung diseases


Connective tissue diseases


Drug reactions


Hemorrhage


Lymphoma


Radiation injury


Amyloid


Eosinophilic lung disease













Typically, the shadowing is ill-defined, except when it directly abuts a pleural surface (including the interlobar fissures), in which case it is sharply demarcated (Figure 7-29). Although consolidation respects lobar boundaries, there are no such barriers to spread into adjacent lung segments, which are frequently contiguously involved. Thus, an area of consolidation within a single lobe often enlarges in an irregular manner, and a discrete, well-defined opacity (so-called round pneumonia) is the exception and not the rule (Figure 7-30).
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Figure 7-29 Patchy consolidation caused by tuberculosis. Where this area of involvement abuts the horizontal fissure, the inferior surface of the consolidation is sharply defined.
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Figure 7-30 Well-defined, rounded opacity in the right middle lung zone, which fades out peripherally. This “round pneumonia” was caused by pneumococcal infection.




The vascular markings within an area of consolidation usually become obscured, because the contrast between the air-containing lung and the soft tissue density vascular markings is lost. By contrast, the bronchi, which usually are too thin-walled to be differentiated from the surrounding lung parenchyma, become apparent in negative contrast to the air space opacification, to produce the true hallmark of consolidation, the air bronchogram (Figure 7-31). A relatively uncommon but very suggestive radiologic sign of consolidation is the acinar shadow, in which an individual secondary pulmonary lobule becomes opacified but remains surrounded by normally aerated lung. The resultant soft tissue density nodule usually is on the periphery of a more confluent area of consolidation and normally measures 0.5 to 1 cm in diameter. These acinar opacities most commonly are seen in association with mycobacterial and varicella-zoster pneumonias but can occur with any other cause of consolidation (Figure 7-32). Occasionally, an acinus is left normally aerated but surrounded by opacified air spaces; this radiologic sign has been termed the air alveologram. When consolidation is not fully developed and has caused only partial filling of the air spaces, the resultant radiographic appearance is ground glass opacification (Figure 7-33). Again, a wide range of possible causes has been documented, and in addition to causes of consolidation, this pattern may result from interstitial lung infiltration.
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Figure 7-31 Air bronchogram in consolidation. A, Plain radiograph of the left upper zone in a patient with tuberculosis shows an air bronchogram. B, Computed tomography scan through the left lower lobe in a different patient demonstrates an area of segmental pneumonia.
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Figure 7-32 Acinar opacities seen at the periphery of confluent right upper lobe consolidation in a patient with tuberculosis. Note the elevation of the horizontal fissure.
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Figure 7-33 Ground glass opacification in the middle and lower zones associated with Pneumocystis jiroveci pneumonia. A, Chest radiograph shows perihilar poorly defined, increased (ground glass) density. The patient was a young man who was seropositive for human immunodeficiency virus (HIV) infection. B, High-resolution computed tomography image from the same patient demonstrates variable lung attenuation with markedly black airways highlighted by the ground glass patchy infiltrate. C, Diffuse and severe ground glass and air space infiltrate is seen on a chest radiograph obtained in a different patient with P. jiroveci pneumonia.


(A, Courtesy Dr. M. Taylor.)





When an area of consolidation undergoes necrosis, because of either infection or infarction, liquefaction may result, and if either a gas-forming organism or communication with the bronchial tree is present, an air-fluid level may develop in addition to cavity formation (Figure 7-34). Consolidation frequently produces a silhouette sign, as described by Felson and Felson. Although this radiographic sign may be seen in association with a wide number of intrapulmonary pathologic processes, it is the relatively transitory nature of many forms of consolidation that best demonstrates the features of this finding. The original description stated that when an intrathoracic lesion touched a border of the heart, aorta, or diaphragm, it obliterated that border on the radiograph. Furthermore, a small area of consolidation may obliterate a normal air–soft tissue interface as effectively as a large area. This contingency is demonstrated well by the obliteration of the right heart border by subtle middle lobe consolidation that might otherwise be overlooked.
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Figure 7-34 Large right lower lobe cavity in a patient with widespread pneumonic consolidation. In this radiograph obtained with the patient supine, an air-fluid level is not evident.




Understanding the significance of the silhouette sign allows the observer to localize an area of consolidation or other pulmonary opacity. Only if an area of consolidation lies in direct contact with a normal structure is the silhouette of that structure lost. If an area of consolidation and a normal structure–lung interface merely lie along the same x-ray path, they are superimposed on the radiograph but do not demonstrate the silhouette sign. Thus, lingular consolidation is likely to obscure the heart border, but left lower lobe consolidation usually does not (Figures 7-35 through 7-37). Several potential causes for a falsely positive silhouette sign are recognized. Some relatively common anatomic variants that result in a reduced anteroposterior diameter of the thorax, such as pectus excavatum or straight back syndrome, cause loss of the right heart border as the depressed sternum distorts the normal anatomy (see Figure 7-25). Occasionally, a scoliosis, usually concave to the left and often of relatively trivial clinical significance, causes the right heart border to be projected over the spine. It is only when the heart border is projected over the right lung that the silhouette sign can be elicited. Underexposed radiographs may appear to demonstrate the silhouette sign, so it is imperative that the technical quality of the radiograph be taken into account.
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Figure 7-35 Radiographic appearance of lingular consolidation. A, Loss of the left heart border with a diffuse pulmonary infiltrate in the left middle and lower zones. The outer aspect of the left diaphragm is preserved. B, Lateral view in the same patient as in A, showing consolidation within the lingula, delineated posteriorly by the major fissure.
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Figure 7-36 Middle and lower zone consolidation in the left lower lobe. A, On this posteroanterior view, radiographic features include preservation of the left heart border with loss of the left hemidiaphragm silouette. B, Lateral view shows the consolidation in the lower lobe delineated anteriorly by the major fissure.
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Figure 7-37 Right lower lobe consolidation. The right heart border is clearly defined. Because the consolidation is not complete, the hemidiaphragm has not been effaced.











Collapse


Partial or complete volume loss in a lung or lobe is referred to as collapse or atelectasis. The two terms are essentially interchangeable, and both imply a diminished volume of air in the lung with associated reduction of lung volume. Any of several different mechanisms may be responsible for lung or lobar collapse.






Relaxation or Passive Collapse


The lung retracts toward its hilum when air or an abnormal amount of fluid accumulates in the pleural space.









Cicatrization Collapse


The normal expansion of the lung, to contact the parietal pleura, depends on a balance between outward forces in the chest wall and opposite elastic forces in the lung. If the lung is abnormally stiff, this balance is disturbed, lung compliance is decreased, and the volume of the affected lung is reduced. Perhaps the best example of this phenomenon is volume loss associated with pulmonary fibrosis.









Adhesive Collapse


In the normal lung, the forces that govern surface tension become more pronounced as the surface area of the air space is reduced. Hence, the collapse of smaller airways and alveoli tends to occur at lower lung volumes—a tendency that is offset by surfactant, which reduces the surface tension of the fluid that lines the alveoli. This reduction usually is sufficient to overcome the tendency to collapse in the normal lung. However, if the mechanism is disturbed, as in respiratory distress syndrome, collapse of the alveoli occurs, and typically the larger airways remain patent.









Reabsorption Collapse


In acute bronchial obstruction, gases in the alveoli are steadily taken up by the blood in the pulmonary capillaries and are not replenished, leading to alveolar collapse. The degree of collapse may be counteracted by collateral air drift if the obstruction is distal to the main bronchus and also by infection and accumulation of secretions. If the obstruction becomes chronic, subsequent reabsorption of intraalveolar secretions and exudate may result in complete collapse—the usual mechanism of collapse seen in carcinoma of the bronchus. When the cause of collapse is a proximal obstructing mass, the S sign of Golden may be apparent. This sign refers to the S shape made by the relevant fissure as the distal part of a lobe collapses, but the proximal part of a lobe maintains its bulk because of the presence of a tumor.









Radiographic Signs of Lobar Collapse


The radiographic appearance in pulmonary collapse depends on a number of factors, including the mechanism of collapse, the extent of collapse, the presence or absence of consolidation in the affected lung, and the preexisting state of the pleura. This last factor includes the presence of underlying pleural tethering or thickening and the presence of pleural fluid. Preexisting lung disease, such as fibrosis and pleural adhesions, may alter the expected displacement of anatomic landmarks in lung collapse. An air bronchogram is rare in reabsorption collapse but is usual in passive and adhesive collapse and may be seen in cicatrization collapse if fibrosis is particularly dense.


Signs of collapse may be direct or indirect. Indirect signs are the result of compensatory changes that occur as a consequence of the volume loss. The direct signs of collapse include displacement of interlobar fissures, loss of aeration, and vascular and bronchial signs. Indirect signs include elevation of the hemidiaphragm, mediastinal displacement, hilar displacement, compensatory hyperinflation, and crowding of the ribs. There tends to be a reciprocal relationship between the individual compensatory signs of collapse, so with mediastinal shift to the side of collapse, significant diaphragmatic elevation is unlikely. For example, in lower lobe collapse, if hemidiaphragmatic elevation is marked, hilar depression is less marked.






Displacement of Interlobar Fissures


Displacement of interlobar fissures is the most reliable sign, and the degree of displacement depends on the extent of collapse.









Loss of Aeration


The increased density of a collapsed area of lung may not become apparent until collapse is almost complete. However, if the collapsed lung is adjacent to the mediastinum or diaphragm, the presence of the silhouette sign may indicate loss of aeration.









Vascular and Bronchial Signs


If a lobe is partially collapsed, crowding of its vessels may be visible; also, if an air bronchogram is seen, the bronchi may appear to be crowded together.









Elevation of the Hemidiaphragm


Elevation of the hemidiaphragm may be seen in lower lobe collapse but is uncommon in collapse of the other lobes.









Mediastinal Displacement


In upper lobe collapse, the trachea often is displaced toward the affected side; in lower lobe collapse, the heart may be displaced to the same site.









Hilar Displacement


The hilum may be elevated in upper lobe collapse and depressed in lower lobe collapse.









Compensatory Hyperinflation


The remaining normal lung may become hyperinflated and thus may appear more transradiant, with the vessels more widely spaced than in the corresponding area of the contralateral lung. With considerable collapse of a lung, compensatory hyperinflation of the contralateral lung may occur, with herniation of lung across the midline.









Crowding of the Ribs


On the side of the collapse, common radiographic features include narrowing of the intercostal spaces with crowding together of the ribs, which reflects the diminished overall volume of the affected hemithorax.












Complete Lung Collapse


With complete collapse of an entire lung (in the absence of an accompanying pneumothorax, large pleural effusion, or extensive consolidation), complete opacification of that hemithorax is seen, with displacement of the mediastinum to the affected side and elevation of the hemidiaphragm. Compensatory hyperinflation of the contralateral lung occurs, often with herniation across the midline. Herniation most often is in the retrosternal space, anterior to the ascending aorta, but may occur posterior to the heart (Figure 7-38).
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Figure 7-38 Collapse of the left lung. A proximal obstructing tumor is evident within the left main bronchus, with complete collapse of the left lung and a mediastinal shift to the left.











Individual Lobar Collapse


The descriptions that follow apply to collapse of individual lobes, uncomplicated by preexisting pulmonary or pleural disease. The alterations in the positions of the fissures, mediastinal structures, and diaphragms are shown in Figures 7-39 to 7-43.
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Figure 7-39 Right upper lobe collapse caused by a right hilum tumor. A, On the chest radiograph, the horizontal fissure takes on an S configuration, known as the S sign of Golden (arrows). B, Line diagram of pathoanatomic changes: left, frontal view; right, lateral view.
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Figure 7-40 Middle lobe collapse. A, Loss of the right heart border is seen on the anteroposterior radiograph. B, A well-defined wedge-shaped opacity on the lateral radiograph is delineated by the horizontal and oblique fissures.
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Figure 7-41 Left lower lobe collapse due to occlusion of the left lower lobe bronchus. A, The left hemithorax is of reduced volume, and there is loss of the normal silhouette of the left lower lobe pulmonary artery. The left lower lobe has contracted behind the cardiac silhouette (arrowheads). B, Line diagram of pathoanatomic changes: left, frontal view; right, lateral view.
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Figure 7-42 Right lower lobe collapse in a patient with asthma. A, Radiographic features include preservation of the right heart border with reduction in volume of the right hemithorax and shift of the trachea to the right side. B, Line diagram of pathoanatomic changes: left, frontal view; right, lateral view.
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Figure 7-43 Left upper lobe collapse with shift of the mediastinum to the left and loss of definition of the mediastinal structures. A, In this patient, a large tumor (arrow) is causing left upper lobe and lingula collapse. The opacification fades out more inferiorly. B, Line diagram of pathoanatomic changes: left, frontal view; right, lateral view. C, In another patient, very tight left upper lobe collapse was due to a small tumor. The appearances are different, but volume loss is marked in both instances.








Right Upper Lobe Collapse


As the right upper lobe collapses (see Figure 7-39), the horizontal fissure rotates around the hilum and the lateral end moves upward and medially toward the superior mediastinum. The anterior end moves upward, toward the apex. The upper half of the oblique fissure moves anteriorly. The two fissures become concave superiorly. In severe collapse, the lobe may be flattened against the superior mediastinum and may obscure the upper pole of the hilum. The hilum is elevated, and its lower pole may be prominent. Deviation of the trachea to the right is usual, and compensatory hyperinflation of the right middle and lower lobes may be apparent.









Middle Lobe Collapse


In right middle lobe collapse (see Figure 7-40), the horizontal fissure and lower half of the oblique fissure move toward each other, a feature best seen on the lateral projection. Because the horizontal fissure tends to be more mobile, it usually shows greater displacement. On the frontal (anteroposterior) radiograph, changes associated with middle lobe collapse may be subtle, because the horizontal fissure may not be visible, and increased opacity does not become apparent until collapse is almost complete. Critical analysis of the radiograph sometimes reveals obscuration of the right heart border as the only clue. The lordotic anteroposterior projection is rarely required but may be used to bring the displaced fissure into the line of the x-ray beam and occasionally may elegantly demonstrate middle lobe collapse. Because the volume of this lobe is relatively small, indirect signs of volume loss are rarely obvious.









Left Lower Lobe Collapse


In left lower lobe collapse (see Figure 7-41), the normal oblique fissures extend from the level of the fourth thoracic vertebra posteriorly to the diaphragm, close to the sternum anteriorly. The position of these fissures on the lateral projection is the best index of lower lobe volumes. When a lower lobe collapses, the oblique fissure moves posteriorly but maintains its normal slope. In addition to posterior movement, the collapsing lower lobe causes medial displacement of the oblique fissure, which may become visible in places on the frontal projection.









Right Lower Lobe Collapse


Right lower lobe collapse (see Figure 7-42) causes partial depression of the horizontal fissure, which may be apparent on the frontal projection. Increased opacity of a collapsed lower lobe is usually visible on the frontal projection also. A completely collapsed lower lobe may be so small that it flattens and merges with the mediastinum to produce a thin, wedge-shaped shadow. In left lower lobe collapse, the heart may obscure this opacity, and a penetrated view may be required to demonstrate it. Mediastinal structures and parts of the diaphragm adjacent to the nonaerated lobe are obscured. When significant lower lobe collapse occurs, especially when the collapsed lobe is so small as to be invisible as a separate opacity, confirmatory evidence usually is apparent from close inspection of the relevant hilum. This area typically is depressed and rotated medially, with loss of the normal hilar vascular structures, which is made all the more obvious if a previous film is available for comparison. In addition, indirect signs of collapse, such as upper lobe hyperinflation, are present. Diaphragmatic elevation is unusual.









Lingula Collapse


The lingula often is involved in collapse of the left upper lobe, but occasionally it may collapse individually, in which case the radiographic features are similar to those of middle lobe collapse. With absence of a horizontal fissure on the left, however, anterior displacement of the lower half of the oblique fissure and increased opacity anterior to it become important signs. On the frontal projection, the left heart border becomes obscured.









Left Upper Lobe Collapse


The pattern of upper lobe collapse is different in the two lungs. Left upper lobe collapse (see Figure 7-43) is apparent on the lateral projection as anterior displacement of the entire oblique fissure, which becomes oriented almost parallel to the anterior chest wall. With increasing collapse, the upper lobe retracts posteriorly and loses contact with the anterior chest wall. With complete collapse, the left upper lobe may lose contact with the chest wall and diaphragm and retract medially against the mediastinum. On a lateral film, therefore, left upper lobe collapse is seen as an elongated opacity that extends from the apex and reaches, or almost reaches, the diaphragm; it is anterior to the hilum and is bounded by the displaced oblique fissure posteriorly and by the hyperinflated lower lobe.


A collapsed left upper lobe does not produce a sharp outline on the frontal view. An ill-defined, hazy opacity is present in the upper, middle, and sometimes lower zones, the opacity being densest near the hilum. Pulmonary vessels in the hyperinflated lower lobe usually are visible through the haze. The aortic knuckle typically is obscured, unless the upper lobe has collapsed anterior to it, in which case hyperexpansion of the lower lobe apical segment may occur, separating the collapsed upper lobe from the mediastinal silhouette and aortic knuckle. This separation produces an unusual-looking but characteristic medial crescent of lucency termed the Luftsichel sign. If the lingula is involved, the left heart border is obscured. The hilum often is elevated, and the trachea is deviated to the left.












Combined Lobar Collapses






Right Lower and Middle Lobe Collapse


Because the right lower and middle lobes take their origin from the bronchus intermedius, an extensive lesion involving those sites may cause combined collapse. The radiographic appearance is similar to that in right lower lobe collapse (Figure 7-44), except that the horizontal fissure is not apparent, and the opacification reaches the lateral chest wall on the frontal view and similarly extends to the anterior chest wall on the lateral view.
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Figure 7-44 Right middle and lower lobe collapse caused by an obstructing lesion in the bronchus intermedius. A bronchial cutoff sign is visible (arrows). A separate pulmonary mass is present in the right upper lobe.











Right Upper and Middle Lobe Collapse


Combined collapse of the right upper and middle lobes is unusual because of the distance between the origins of their bronchi; it generally can be taken to imply the presence of more than one lesion. This combination produces appearances almost identical to those of left upper lobe collapse (Figure 7-45). On occasion, isolated right upper lobe collapse also produces appearances that are identical to those with left upper lobe collapse.
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Figure 7-45 Occasionally, the combination of right middle and upper lobe collapse mimics left upper lobe and lingular collapse on the chest radiograph. Both posteroanterior (A) and lateral (B) views demonstrate changes similar to those seen on the opposite side. The major fissure shifts anteriorly and extends from the lung apex to the anterior costophrenic recess.











Rounded Atelectasis


Rounded atelectasis is an unusual form of pulmonary collapse that may be misdiagnosed as a pulmonary tumor. The plain film will show an opacity that may be several centimeters in diameter, frequently with ill-defined edges. Rounded atelectasis is always pleura-based and associated with pleural thickening. Vascular shadows may radiate from part of the opacity, said to resemble a comet’s tail (Figure 7-46). The appearance is caused by peripheral lung tissue folding in on itself. Rounded atelectasis usually is related to previous asbestos exposure but also may be secondary to any exudative pleural effusion. It is not of any other pathologic significance, although when present often raises the question of a malignancy. The CT appearance usually is sufficiently diagnostic to allow differentiation from other pulmonary masses.
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Figure 7-46 Rounded atelectasis. A, A poorly defined opacity is visible on the frontal radiograph (arrows). B, Coronal reformatted image from computed tomography scan reveals the characteristic pleurally based mass with radiating bronchovascular strands.














Unilateral Increased Transradiancy


The most common causes of increased unilateral transradiancy are technical factors, such as patient rotation, poor beam centering, or an offset grid. Usually, hypertransradiancy caused by technical factors can be identified by comparison of the soft tissues around the shoulder girdle and particularly over the axillae. Nevertheless, a number of pathologic causes of unilateral increased transradiancy are recognized.






Chest Wall


A hemithorax may appear of increased transradiancy (blacker) if the x rays are less attenuated because of a reduction in the amount of overlying soft tissue. The most common cause for this appearance is a mastectomy. Rarely, the same phenomenon may be seen in patients who have congenital unilateral absence of pectoral muscles in Poland syndrome (Figure 7-47). This defect may be accompanied by associated skeletal abnormalities in the ipsilateral ribs but may be recognized by loss of the normal axillary skin fold.
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Figure 7-47 Congenital absence of the left pectoralis major muscle in Poland syndrome. In this patient, the muscle deficit was an incidental finding on a chest radiograph. Note the alteration in the left axillary skin fold compared with the right (arrows).











Reduced Vascularity


Interruption or significant reduction in the blood supply to one lung, either congenital or acquired, has increased transradiancy (Figure 7-48).
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Figure 7-48 Increased transradiancy in the right lower lung zone. A large emphysematous bulla occupies the lower half of the right lung, and the apical changes are in keeping with previous tuberculosis.











Lung Hyperexpansion


If a lung is overexpanded because of either air trapping secondary to the presence of a foreign body or asymmetric emphysema, that hemithorax may demonstrate increased transradiancy. When the entire lung is affected, the hemithorax usually is relatively larger than the opposite side. However, the same phenomenon may occur with compensatory emphysema due to collapse or removal of an ipsilateral lobe. In this instance, the transradiant hemithorax may be of normal volume, and the presence of the increased transradiancy should prompt a search for other evidence of collapse or previous surgery.


A relatively increased transradiancy of one hemithorax with no obvious cause suggests the possibility of a generalized increase in radiopacity of the opposite side (for example, the posterior layering of a pleural effusion in a supine patient) (Figure 7-49).
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Figure 7-49 Supine radiographic view of a large right pleural effusion. The generalized increase in radiopacity of the right side is caused by posterior layering of a pleural effusion.

















The Pulmonary Mass


The finding of a solitary pulmonary nodule on the chest radiograph requires careful analysis, because the diagnostic possibilities are numerous. Once a pulmonary mass has been identified, the observer must decide first, if the lesion is genuine and second, whether the lesion is truly intrapulmonary. The possibility of a cutaneous lesion should not be overlooked, especially if only a part of the nodule is well defined. If doubt remains, repeat radiographs are obtained, with a lateral view and, if relevant, use of nipple markers. What appears at first glance to represent a solitary pulmonary mass may, on closer inspection, actually represent the most obvious of a number of pulmonary nodules. The radiology of multiple pulmonary nodules is discussed later.


When a pulmonary mass is clearly defined around its entire circumference and is projected over the lung on frontal and lateral projections, the mass is truly intrapulmonary (Figure 7-50). If a surface is in contact with another soft tissue structure, however, the possibility of an extrapulmonary mass projecting into the lung must be considered. Analysis of the breadth of the base of the lesion, the angle made with the adjacent structure, and the presence of bone destruction often allows the observer to differentiate an extrapulmonary mass that extends into the adjacent lung from an intrapulmonary mass that has grown to contact the mediastinum, diaphragm, or chest wall.
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Figure 7-50 A rounded pulmonary mass. A, Posteroanterior chest radiograph obtained in a patient with a well-defined left upper lobe pulmonary mass. The entire circumference is visualized on the film, which shows minimal contact of the lesion with adjacent structures. B, Image obtained at computed tomography–guided needle biopsy demonstrates that the mass is largely surrounded by aerated lung.




The analysis of a solitary pulmonary mass relies on a number of radiologic and clinical factors. The latter include patient age, geographic and ethnic origins, smoking history, and medical history. The likelihood that a pulmonary nodule represents a malignancy in a young nonsmoker who comes from an area in which histoplasmosis is endemic clearly is different from that for an elderly patient with a lifetime history of smoking.


Radiographic features of a pulmonary nodule that should be analyzed include size, density, margins, vascular markings, and growth rate.






Size


Generally, the likelihood of malignancy is greater with increasing size, although the opposite argument is not reliable.









Density


Most pulmonary masses are of soft tissue density. However, careful inspection must be made for the presence of calcification, because certain patterns of calcification are typical of benign lesions that may be safely observed rather than resected (Figure 7-51). A completely or centrally calcified nodule is diagnostic of a tuberculoma or histoplasmoma. Often, CT is required to confirm this pattern of calcification. Likewise, concentric rings of calcification are typical of healed histoplasmosis infection. Popcorn calcification, within the matrix of a pulmonary nodule, is highly suggestive of a hamartoma (Figure 7-52). Other forms of calcification do not reliably indicate whether a nodule is benign or malignant, and dystrophic calcification within a pulmonary malignancy is relatively common.
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Figure 7-51 Fat and calcium density in a small endobronchial mass seen on computed tomography. A small lesion in the left lower lobe bronchus is evident on both axial (A) and coronal (B) reformatted images. This density (arrow in B) confirms that the lesion is a hamartoma.
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Figure 7-52 Pulmonary mass calcification. Posteroanterior chest radiograph shows a mass that projects over the left hilum. This is smoothly marginated and contains central popcorn calcification; it is unusually large but otherwise is a typical pulmonary hamartoma.











Margins


Perfectly smooth, round lesions are likely to be benign. This is not a completely reliable rule, however, because some primary lung malignancies and secondary deposits, particularly from soft tissue sarcomas, may be perfectly spherical. By contrast, lobulated or spiculated masses are much more likely to represent malignancy.









Vascular Markings


A rare, benign, but important cause of a pulmonary nodule is an arteriovenous malformation. The diagnosis may be suggested on the plain radiograph if a prominent feeding artery or draining vein is identified.









Growth Rate


Review of previous radiographs, when available, may establish whether a lesion is static or increasing in size. It is usual practice to express the growth of a pulmonary tumor in terms of the time taken for it to double in volume, which equates to an increase in diameter of 25%, assuming that the tumor is roughly spherical, as is usually the case. Tumors with a doubling time of less than 30 days or more than 2 years are very unlikely to result from malignancy. Often, however, no previous films are available, so the use of growth rate as a diagnostic aid is limited. Modern CT allows small pulmonary lesions to be followed over increasing intervals to confirm lack of growth. This is facilitated by the use of automated software that allows volumetric information to be derived from the CT dataset (Figure 7-53).
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Figure 7-53 Nodule growth assessment. Computed tomography workstation volumetric assessment allows accurate follow-up imaging of small pulmonary nodules to detect interval growth.

















Enhancement Characteristics


By the same token, it has been shown that failure of enhancement of a small lung mass after administration of a bolus of intravenous radiographic contrast also is a strong indicator of a benign histologic type and may strengthen the case for an observational approach to a small (1 to 3 cm) lung nodule in the low-risk patient.


When a solitary lung mass is evident on the chest radiograph, and no features suggest whether it is of benign etiology or a malignant lesion, it should be assumed to be a primary lung carcinoma until proven otherwise. In the assessment of a potential lung primary tumor, certain guidelines may be helpful.


Approximately half of primary lung carcinomas arise centrally in a proximal or segmental bronchus and as a result manifest as a hilar mass.


Because carcinoma of the bronchus arises in the bronchial mucosa, the tumor is likely to grow into the bronchial lumen and around the bronchus. As the bronchial lumen narrows, the distal lung may become consolidated and lose volume. Depending on the site of the tumor, a malignant solitary lung mass may be associated with lobar or segmental collapse (Figure 7-54) or even collapse of an entire lung (see Figure 7-38).
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Figure 7-54 Right lower and partial middle lobe collapse secondary to a proximal bronchogenic carcinoma.




Peripheral tumors usually appear as solitary nodules or masses, but no features on plain films reliably differentiate a benign from a malignant pulmonary nodule. As described previously, malignant tumors often are larger, poorly defined, spiculated, or lobulated. Satellite opacities around a mass are more commonly seen with benign lesions, notably granulomatous diseases (see Figure 7-32). At least 5% of bronchial carcinomas cavitate as a consequence of central necrosis or abscess formation; the resultant cavity typically is thick-walled with an irregular inner margin (Figure 7-55). Peripheral tumors may invade the ribs or spine directly. Bone destruction must be specifically looked for and, when present, almost invariably indicates malignancy (Figure 7-56).
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Figure 7-55 A right upper lobe bronchogenic carcinoma with central necrosis and cavitation. On the chest radiograph (A) and computed tomography scan (B), the cavity wall is seen to be thick and irregular.
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Figure 7-56 Oblique view of the right apex demonstrating bone destruction within the first rib (arrow). The patient has peripheral bronchogenic carcinoma.











Multiple Pulmonary Nodules


The differential diagnosis of multiple pulmonary nodules is wide in scope (Box 7-3), but analysis of the chest radiograph and a review of the clinical status of the patient will rapidly narrow the number of possibilities. Many of the radiographic features used in the analysis of the solitary pulmonary nodule can be used to advantage in the assessment of multiple lesions.





Box 7-3


Causes of Acquired Pulmonary Nodules






Neoplastic







Benign



Hamartomas



Papillomatosis



Bronchogenic cysts


Malignant



Metastases



Lymphoma



Multifocal tumor



Kaposi sarcoma



Bronchoalveolar cell carcinoma












Inflammatory







Infectious



Viral infections—chickenpox and measles



Granulomatous infections



Multiple embolic abscesses



Round pneumonias



Parasites—hydatid cysts, paragonimiasis


Noninfectious



Caplan syndrome and rheumatoid nodules



Wegener’s granulomatosis



Sarcoidosis












Other







Progressive massive fibrosis


Amyloid


Infarcts


Bronchial impaction











Radiographically, multiple nodules are described in terms of size, number, distribution, density, definition, cavitation, speed of growth (if serial films are available), and accompanying pleural, mediastinal, or skeletal abnormalities. Further important clinical clues may come from the clinical status of the patient. Specifically, evidence of infection, systemic illness, and previous malignancy is sought (Figures 7-57 to 7-60). Miliary nodules are a particular form of nodular shadowing. The term miliary derives from the resemblance in size and shape of the nodules to millet seeds, being round, well defined, and 2 to 3 mm in diameter. Although the description usually is associated with tuberculosis, this pattern of nodular infiltrate also may be due to histoplasmosis, organic and inorganic dust diseases, sarcoid, or metastases.
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Figure 7-57 Chest radiograph of a patient who had a previous right pneumonectomy for adenocarcinoma. Multiple pulmonary nodules, due to metastases, are now evident within the remaining lung.
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Figure 7-58 Magnified view of the right lower zone. The multiple pulmonary nodules are cavitating in this case of multiple staphylococcal abscesses in an intravenous drug abuser.
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Figure 7-59 Multiple pulmonary nodules. A, On the initial chest radiograph, multiple pulmonary nodules are smoothly defined and of variable size; some are cavitating (arrowheads). B, Subsequent radiograph obtained within a few days of the initial film. The left perihilar nodules are no longer visible because they lie within the now collapsed left upper lobe. The patient proved to have multiple metastases from soft tissue sarcoma.
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Figure 7-60 Miliary tuberculosis. A, Anteroposterior erect chest radiograph demonstrating innumerable 2- to 3-mm soft nodules. B, Computed tomography scan showing discrete miliary nodules.











Diffuse Shadowing


Many diseases cause diffuse lung shadowing on chest radiography. Careful analysis is required to correctly determine the nature of the abnormality and narrow the differential diagnosis. Appearances on the chest radiograph can be misleading, and the pattern of disease demonstrated at histopathologic examination or HRCT may differ considerably from the pattern of abnormality suggested by the chest radiograph. The summation of multiple small linear opacities on the chest radiograph may produce the appearance of multiple small nodules. Likewise, the superimposition of multiple small nodules may produce a granular or ground glass pattern. A variety of descriptive terms are used in the analysis of a chest radiograph in this context, and frequently appearances are classified as being either interstitial or air space. A number of processes are capable of producing both patterns, however, so such classification may lead to erroneous narrowing of the differential diagnosis at an early stage of analysis. Thus, it is preferable to analyze the pattern in purely descriptive terms, such as reticular or nodular shadowing, to avoid this pitfall.






Reticular Shadowing


Reticular or linear shadowing (Figure 7-61) is made up of multiple, short, irregular linear densities, usually randomly oriented and often overlapping to produce a netlike pattern. When profuse, they may summate to form ring shadows or sometimes a nodular pattern. Occasionally, the linear shadows may be oriented at right angles to the pleural surface, so-called Kerley B lines (Figure 7-62)—a feature that indicates thickening of the interlobular septa. When the linear opacities are extremely profuse or coarse, the impression of a ring or honeycomb pattern is typical.
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Figure 7-61 Extensive reticular infiltrate in lungs of normal volume. The patient had Langerhans cell histiocytosis.
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Figure 7-62 Kerley B lines in a patient with heart failure. Of note, the reticular opacities are oriented at right angles to the pleural surface.











Nodular Opacities


Nodules may be well or poorly defined and of varying density, ranging from soft tissue to calcific (Figure 7-63). They may be discrete or coalescent, with areas of confluence producing consolidation. When the nodules are greater than a few millimeters in diameter, the differential diagnosis changes. Larger discrete nodules were discussed previously.





[image: image]

Figure 7-63 Very profuse nodular shadowing. The individual nodules are of high density. The patient had alveolar microlithiasis.











Reticulonodular Shadowing


Often, it is impossible to confidently assign a pattern of diffuse shadowing to one of the two previously described categories, because they overlap. The reticulonodular pattern probably is the most common form of diffuse lung shadowing.









Ground Glass Shadowing


Ground glass shadowing (see Figure 7-33) refers to a generalized increase in density of the lung, which may be diffuse or patchy but most commonly is bilateral and in a middle and lower zone or perihilar location. The underlying vascular branching pattern is not totally obscured as it is in consolidation, but the vessels become less distinct; likewise, the hila and hemidiaphragms may appear less sharp. This subtle abnormality is considerably easier to appreciate with the benefit of a previous normal film for comparison.


In addition to determining the radiographic pattern of diffuse abnormality, a number of other features must be sought, including whether the distribution of disease is central or peripheral, in the upper, middle, or lower zone, and whether distortion of the lung architecture is present. Additional important features include signs of cardiac failure or fluid overload, such as increased heart size, equalization of upper and lower lobe vein size, and pleural effusions. Hilar or mediastinal enlargement caused by lymph node or vascular enlargement also should be specifically sought. In addition, the bones and soft tissues of the chest wall may provide important clues, such as evidence of previous breast surgery or an erosive arthritis. The accuracy of radiographic analysis is reduced in the absence of appropriate clinical information. For example, ascertaining whether the patient is well, acutely or chronically unwell, of normal immune status, or immunocompromised can dramatically narrow a wide range of possibilities in the radiologic differential diagnosis.












Airway Disease


Plain tomography has been replaced by CT as the investigation of choice for the examination of airway abnormalities.






Tracheal Narrowing


Tracheal narrowing may be caused by an extrinsic mass, mediastinal fibrosis, or an intrinsic abnormality of the tracheal wall. Chronic inflammatory causes include fibrosing mediastinitis, sarcoidosis, chronic relapsing polychondritis, infection (Figure 7-64), and Wegener’s granulomatosis. Primary tumors of the trachea are rare. Benign tumors manifest as small, well-defined, intraluminal nodules that are difficult or impossible to visualize on the chest radiograph. Malignant tumors of the trachea tend to occur close to the carina (Figure 7-65), although they may be quite extensive and cause a long stricture. Tracheal wall thickening and tracheal luminal narrowing can be detected on the plain chest radiograph, especially when specifically sought, but are best appreciated on CT (Figure 7-66). The right lateral wall of the trachea (the right paratracheal stripe) above the level of the azygos vein, typically is a 2-mm-thick soft tissue stripe, and tracheal wall thickening can be detected on the plain radiograph if this portion of the airway is involved.
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Figure 7-64 A, Diffuse wall thickening is present in the left and right main bronchi, just below the level of the carina. B, Diffuse tracheal wall thickening is evident at the high level, where a silicone stent is in place.
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Figure 7-65 Adenoid cystic carcinoma—extensive tracheal tumor. A, Circumferential soft tissue tumor of the trachea at the level of the great vessels. B, Coronal reformatted image showing extensive tracheal wall thickening measuring, on the left, almost 2 cm (arrow).
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Figure 7-66 Coronal reformatted images from computed tomography scan of the chest. A, An extensive mediastinal lymph node mass is the cause of tracheal narrowing. B, After stent insertion, airway caliber is restored.











Tracheal Widening


The normal dimensions of the trachea have been assessed by use of a variety of techniques, most recently CT. The trachea becomes slightly larger with increasing age. On CT scanning, the maximal coronal diameter of the trachea is 23 mm in a man and 20 mm in a woman. Dilatation of the trachea is rare and may result from a generalized defect of connective tissue.


Mounier-Kuhn syndrome is the condition that causes the most dramatic tracheal dilatation (Figure 7-67). It is extremely rare and was first described in 1932. On the plain radiograph, shift of the right paratracheal stripe to the right often is the only sign of tracheal widening, and because the trachea frequently is not central in location, tracheal widening can be recognized only if the left wall of the trachea also is identified. The Mounier-Kuhn syndrome is underreported because it may go undiagnosed—clinical signs and symptoms are similar to those of chronic bronchitis, COPD, or bronchiectasis. Other features include marked dilatation of the trachea and major bronchi associated with repeated respiratory infections and copious sputum production. CT scans demonstrate tracheobronchial dilatation; some will often reveal parenchymal scarring secondary to chronic infection. Bronchoscopy demonstrates dilated central airways with thickened walls. Dilatation results in ineffective mucociliary expectoration, and the subsequent chronic inflammation contributes to the cycle of infection and continued inflammation, leading to bronchiectasis and recurrent pneumonia and the development of emphysema.
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Figure 7-67 Tracheobronchomegaly. Computed tomography scans showing diffuse moderate dilatation of the trachea and main bronchi in association with cystic bronchiectasis: A, At the level of the trachea. B, At the level of the carina.




Histopathologic inspection reveals loss of cartilage and muscle within the airway walls associated with dilatation and saccular diverticulosis. There may be associated connective tissue diseases such as Ehlers-Danlos syndrome in adults and cutis laxa in children. Airways usually return to normal caliber at the fourth or fifth bronchial generation. In some cases, the disease may be acquired, because a complete absence of symptoms until the third or fourth decade of life has been described.


The chest radiograph often is reported to be normal even when extensive disease is evident on CT. Management options are limited, because the central airway involvement prevents extensive surgical intervention. Postural drainage and antibiotic therapy are necessary, in parallel with other forms of bronchiectasis. In some reported cases, bronchoscopy was used to clear secretions, tracheostomy has been necessary, and transplantation has been attempted.


Another unusual form of airway dilatation was described by Williams and Campbell. All patients presented in early childhood with symptoms of cough and wheezing and recurrent pulmonary infections. On examination, the chest was barrel-shaped, and inspiratory and expiratory wheezes and clubbing were noted. In this original cohort, plain radiography and bronchography demonstrated thin-walled cystic bronchiectasis and ballooning of more peripheral airways on inspiration with collapse on expiration. Inspiratory and expiratory CT images have proved useful in the diagnosis of this syndrome in more recent reports.









Bronchiectasis


The chest radiograph is relatively insensitive for the detection of bronchiectasis, and in most series, a significant proportion of plain radiographs obtained in patients with clinical bronchiectasis are judged to be normal (Figure 7-68). The use of HRCT is discussed later on; this modality is now the investigation of choice for bronchiectasis. Abnormalities present on the chest radiograph are as follows.
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Figure 7-68 Bronchiectasis. A, The chest radiograph of a patient with primary ciliary dyskinesia. Dextrocardia is obvious. Some questionable bronchial wall thickening adjacent to the left heart border is obscured. B, The changes of bronchiectasis are much more convincingly demonstrated on high-resolution computed tomography.




Bronchial wall thickening is evident as parallel, linear opacities radiating from the hilum, with lack of the normal convergence more peripherally. Ring shadows occur when the dilated airway is seen end on, may be thick- or thin-walled, and may contain secretions that produce an air-fluid level. Bronchiectatic airways that become plugged with secretions may produce tubular, soft tissue density opacities radiating from the hilum, more commonly in the lower lobes.


Distortion of the lobar anatomy with volume loss and crowding together of bronchovascular structures may be an associated finding. However, patients who have cystic fibrosis, also characterized by bronchiectasis, may have significant air trapping, which results in overexpansion. Even severe bronchiectasis may be invisible within a completely collapsed lobe.


Cylindrical (or tubular) bronchiectasis produces a dilated bronchus with parallel walls, in varicose bronchiectasis the walls are irregular, and in saccular (or cystic) bronchiectasis the airways terminate as round cysts. In an individual patient, presence of more than one pattern is typical. Bronchiectasis usually involves the peripheral bronchi more severely than the central bronchi. Although it has long been held that in allergic bronchopulmonary aspergillosis, this pattern may be reversed, overall the distribution and morphology demonstrated by CT give no more than a clue to the underlying etiology.












Mediastinal Abnormalities


The normal radiographic anatomy of the mediastinum was discussed earlier in this chapter. When a mediastinal abnormality is present on the posteroanterior radiograph, a lateral view should be obtained to aid anatomic localization. Today, the imaging of mediastinal masses depends heavily on CT scanning, which is discussed elsewhere. However, a familiarity with normal anatomy is required to detect mediastinal masses that at first appear as a subtle distortion of the normal mediastinal contours. A considerable volume of mediastinal tumor or lymph node enlargement may be present despite a normal appearance on the chest radiograph.


The most common cause of mediastinal enlargement visible on the chest radiograph in children is the normal thymus, which may enlarge and contract in certain disease states but typically remains relatively prominent, especially on CT scans, until puberty (Figure 7-69). Lymphadenopathy, tumor, hiatal hernia, and vascular abnormalities account for most mediastinal masses seen in adults.
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Figure 7-69 A prominent but normal thymic silhouette in an infant. Note the characteristic sail shape of the thymus as it projects over the right lung and the typically slightly lobulated contour as it conforms to the overlying ribs.








Mediastinal Lymphadenopathy


Lymph nodes are present in all compartments of the mediastinum but are visible on the chest radiograph only when they are calcified or enlarged. Causes of mediastinal nodal enlargement are discussed elsewhere. The chest radiograph is a relatively insensitive indicator of lymphadenopathy. Enlargement of right paratracheal nodes is identified more easily than that of left paratracheal nodes, aortic-pulmonary nodes, and subcarinal lymphadenopathies (Figure 7-70). Barium swallow is a simple method of identifying some cases of subcarinal lymphadenopathy, but CT is the most comprehensive and accurate method of assessing mediastinal nodes.
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Figure 7-70 Right paratracheal lymph node enlargement caused by bronchogenic carcinoma. A, A right phrenic nerve palsy results in elevation of the right hemidiaphragm. B, Coronal volume-rendered slab image from a multidetector computed tomography machine obtained in a different patient. As in A, right paratracheal lymph node enlargement (arrows) abuts but does not distort the right brachiocephalic vein and superior vena cava.











Abnormalities of the Thoracic Aorta


The thoracic aorta arises in the middle mediastinum and then arches through the anterior, middle, and posterior mediastinal compartments. The greater vessels arise from the aortic arch in the superior mediastinum (Figure 7-71). Dilatation or tortuosity of the aortic arch or its branches may cause widening of the mediastinal shadow. So-called unfolding of the aorta is a common chest radiographic finding in elderly or hypertensive patients. Aneurysm of the aorta most often results from atherosclerosis (Figure 7-72). Cystic medial necrosis (Marfan syndrome), infection (mycotic aneurysm), syphilitic aortitis, and a history of trauma are less common causes. Most aortic aneurysms are asymptomatic and manifest as mediastinal opacities on the radiograph, sometimes with curvilinear calcification visible in the wall. Aneurysms of the ascending aorta are best appreciated on the lateral radiograph as a filling in of the retrosternal window. Aneurysms of the arch and descending aorta frequently are evident on the frontal radiograph, but a lateral view often is required for more accurate localization, and cross-sectional imaging may be warranted to confirm that the mediastinal abnormality in question is of vascular origin.
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Figure 7-71 Digital subtraction arch aortogram. Two vessels can be seen arising from the arch—a common variant of the normal three-vessel anatomy. The image was obtained with the patient in a 30-degree left anterior oblique position.
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Figure 7-72 Thoracic aortic aneurysm. A, On the posteroanterior radiographic view, marked dilatation and tortuosity of the descending thoracic aorta are present. Of note, the left heart border is still evident, indicating the abnormality is likely to lie in the posterior thorax. B, Lateral view in the same patient demonstrates that the aneurysm involves the posterior arch and descending thoracic aorta. Note calcification within the ascending aorta. C, Computed tomography scan demonstrating extensive mural thrombus.




In the acutely injured patient, traumatic aortic rupture may be suspected from the appearance on the chest radiograph, and confirmation of injury usually requires angiography (Figure 7-73). When the chest radiographic findings are equivocal, however, in concert with a degree of trauma less than that usually associated with aortic injury, a spiral CT scan may be performed in the stable patient to exclude a mediastinal hematoma. If any doubt remains, the patient should proceed to angiography. If the aortic injury remains undetected and the patient survives, an aneurysm secondary to the trauma may develop subsequently. Such lesions almost always are confined to the junction of the aortic arch and descending aorta. Aortic abnormalities may produce remodeling due to chronic pressure in adjacent skeletal structures.
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Figure 7-73 Traumatic aortic aneurysm. A, On the posteroanterior radiographic view, a soft tissue density mass projects over the left hilum. Of note, the left lower lobe artery is still visible through this mass, indicating that it is separate from the hilum. The medial surface blends smoothly with the mediastinal structures, indicating that it is likely to be extrapulmonary. B, The lateral view confirms presence of an aneurysm secondary to previous trauma at the typical site, the junction of the posterior arch and descending thoracic aorta (arrows).




Aneurysm of the ascending aorta may be associated with erosion of the posterior surface of the sternum, and descending aortic aneurysms may cause scalloping of the spine. Tortuosity of the innominate artery is a common cause of widening of the superior mediastinum in elderly persons. Right-sided aortic arch (Figure 7-74) and pseudocoarctation of the aorta are two anomalies that may alter the appearance of the mediastinum, suggestive of a mass.
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Figure 7-74 Tetralogy of Fallot. A right-sided aortic arch can be seen, in addition to elevation of the ventricular apex secondary to developing ventricular hypertrophy. Note the relatively oligemic lungs.











Abnormalities of the Esophagus


Abnormalities of the esophagus are relatively common. They include infection and inflammation, trauma and perforation, and benign and malignant neoplastic processes. Esophageal abnormalities may be associated with diseases that also involve the lungs. Such conditions are best exemplified by achalasia of the cardia (Figure 7-75) or systemic sclerosis (Figure 7-76), in which esophageal motility disorders resulting in significant dilatation and reflux may be encountered in conjunction with pulmonary fibrosis and the sequelae of recurrent aspiration.





[image: image]

Figure 7-75 Esophageal and gastric intrathoracic abnormalities. A, Achalasia of the cardia. The esophagus is empty, but its lateral walls are seen running up the mediastinum. B, Chest radiograph obtained in a patient who had a gastric pull-up subsequent to esophagectomy. The wall of the stomach is seen near the right chest wall margin. The stomach contains solid matter in its lower part and mainly air in its upper part. The missing rib was resected for the necessary surgery. C, Large hiatal hernia with fluid level more or less overlying the heart. No stomach bubble is seen on the chest film obtained in the conventional site, and the left hemidiaphragm is poorly demarcated.


(B and C Courtesy of Dr. M. Taylor.)
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Figure 7-76 Systemic sclerosis with esophageal involvement. HRCT scan shows a coarse bibasal reticular infiltrate with marked traction bronchiectasis. In addition, the esophagus is moderately dilated and contains an air-fluid level.











Dilatation of Central Veins


The superior vena cava and the azygos vein may dilate because of increased pressure, increased flow, obstruction, or congenital abnormality. Increased flow in the superior vena cava is seen with supracardiac, total, anomalous pulmonary venous drainage (Figure 7-77), and in the azygos vein, with congenital absence of the inferior vena cava. Rarely, aneurysmal dilatation of the superior mediastinal veins produces an abnormal mediastinal silhouette. Likewise, obstruction of the superior vena cava may cause dilatation of the great veins in the superior mediastinum, which results in widening of the mediastinal contour. However, the clinical features are likely to be obvious by the time radiographic abnormalities become significant.
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Figure 7-77 Total anomalous pulmonary venous drainage. Widening of the superior mediastinum on the chest radiograph is caused by dilatation of the superior vena cava.











Other Mediastinal Abnormalities


Pneumomediastinum or mediastinal emphysema is the presence of air between the tissue planes of the mediastinum. This condition may be secondary to interstitial pulmonary emphysema (most often caused by mechanical ventilation); to perforation of the esophagus, trachea, or a bronchus; or to a penetrating chest injury. Chest radiography may show vertical, translucent streaks in the mediastinum, which represent the soft tissue planes separated by air (Figure 7-78). The air may extend up into the neck and over the chest wall (causing subcutaneous emphysema) and also over the diaphragm. The mediastinal pleura may be displaced laterally and then become visible as a thin stripe alongside the mediastinum.
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Figure 7-78 Pneumomediastinum. Air separates the tissue planes within the mediastinum and extends into the soft tissues of the neck and chest. A left-sided intercostal drain is in situ.


(Courtesy Dr. M. Taylor.)





Acute mediastinitis typically is caused by perforation of the esophagus, pharynx, or trachea, and a chest radiograph usually shows widening of the mediastinum. A pneumomediastinum often is apparent, and air-fluid levels may be visible in the mediastinum. Chronic or fibrosing mediastinitis usually manifests as SVCO. Mediastinal hemorrhage may occur from venous or arterial bleeding. The mediastinum appears widened, and blood may be seen to track over the lung apices. It is obviously imperative to identify a life-threatening cause such as aortic rupture.












Hilar Abnormalities


Having identified a hilar abnormality, the observer must differentiate between a vascular and a nonvascular cause. Vascular prominence often is bilateral and accompanied by enlargement of the main pulmonary artery (Figure 7-79). Although the hila are large, they are of relatively normal density, and it usually is possible to trace the pulmonary artery branches in continuity from the adjacent lung to their point of convergence with the interlobar arteries, known as the hilar convergence sign. By comparison, enlargement caused by lymph nodes or hilar tumor generally produces a lobulated hilar contour, with discernible lateral or inferior borders. Frequently, the normal hilar point is obliterated, and on the left, the aortopulmonary angle is filled in (Figure 7-80).
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Figure 7-79 Recurrent pulmonary emboli resulting in marked dilatation of the proximal pulmonary arteries. A, The cardiac silhouette is enlarged. B, Computed tomography angiogram demonstrating contrast and clot in the pulmonary arteries.
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Figure 7-80 Non-Hodgkin lymphoma. A, Bilateral hilar lymph node enlargement, with obliteration of the normal aortopulmonary angle and subcarinal nodes. A right-sided pleural effusion is present. B, Residual abnormality after chemotherapy.




Occasionally, a pulmonary lesion is superimposed directly on the hilum on the frontal radiograph, which produces a spuriously large or dense hilum. The true position of the abnormality is revealed on the lateral radiograph (see Figure 7-72). A further pitfall arises when the vessels to the lingula or, more commonly, the right middle lobe are superimposed on the lower part of the hilar shadow, particularly when the film is taken anteroposteriorly, in a lordotic projection, or with a poor inspiratory effort. A lateral radiograph usually confirms the vascular nature of the shadowing.









Pleural Disease






Pleural Fluid


The most dependent recess of the pleural space is the posterior costophrenic angle, which is where a small effusion tends to collect. As little as 100 to 200 mL of fluid accumulated in this recess can be seen above the dome of the diaphragm on the frontal view. Even smaller effusions may be seen on a lateral radiograph, and it is possible to identify effusions of only a few milliliters by use of decubitus radiographic views made with a horizontal beam, ultrasound imaging, or CT. Eventually, the costophrenic angle on the frontal view fills in, and with increasing fluid a homogeneous opacity spreads upward, obscuring the lung base (Figure 7-81). The fluid usually demonstrates a concave upper edge, higher laterally than medially, and obscures the diaphragm. Fluid may track into the fissures. A massive effusion may cause complete opacification of a hemithorax with passive atelectasis. The space-occupying effect of the effusion may push the mediastinum toward the opposite side, especially when the lung does not collapse significantly (Figure 7-82).
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Figure 7-81 Small, right pleural effusion. A, The lentiform opacity in the right middle zone is caused by a loculated interlobar effusion. B, Computed tomography scan on mediastinal settings demonstrating the position of the loculated fluid within the oblique fissure.
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Figure 7-82 Large left pleural effusion. The patient presented with an acute empyema resulting from a lung abscess (note the air-fluid level). The mediastinal shift to the right is due to the space-occupying effects of the fluid.




Lamellar effusions are shallow collections between the lung surface and the visceral pleura, sometimes sparing the costophrenic angle. Subpulmonary effusions accumulate between the diaphragm and undersurface of a lung, mimicking elevation of the hemidiaphragm. Usually, the contour to the top of such an effusion differs from the normal diaphragmatic contour, the apparent apex being more lateral than usual. Also, some blunting of the costophrenic angle or tracking of fluid into fissures may be visible. On the left side, increased distance between the gastric air bubble and lung base may be apparent. A subpulmonary effusion may be confirmed by ultrasound imaging. However, because the fluid is free to shift within the pleural cavity with changes in patient position, a decubitus film may be needed for confirmation.


Encapsulated or encysted fluid may be difficult to differentiate from an extrapleural opacity, parenchymal lung disease, or mediastinal mass. Of note, however, an encysted effusion often is associated with free pleural fluid or other pleural shadowing and may extend into a fissure (see Figure 7-81). Loculated effusions tend to have comparatively little depth but considerable width, rather like a biconvex lens. Their appearance, therefore, depends on whether they are viewed end on, in profile, or obliquely. Extrapleural opacities tend to have a much sharper outline, with tapered, sometimes concave edges where they meet the chest wall. Peripheral, pleurally based lung lesions may show an air bronchogram, which differentiates them from true pleural disease. The differentiation between pleural thickening or mass and loculated pleural fluid may be difficult on plain films; CT and ultrasound imaging are particularly useful in this context.


Fluid may become loculated in the interlobar fissures and most frequently is seen in heart failure. Fluid that collects in the horizontal fissure produces a lenticular, oval, or round shadow, with well-demarcated edges. Loculated fluid in an oblique fissure may be poorly defined on a frontal radiograph, but a lateral film usually is diagnostic, because the fissure is seen tangentially and the typical lenticular configuration of the effusion is demonstrated. Loculated interlobar effusions can appear rounded on two views and may disappear rapidly. Hence, they are sometimes known as pulmonary pseudotumors (Figure 7-83). With subsequent episodes of heart failure, they may return at the same site.
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Figure 7-83 Small, left basal pleural effusion. The opacity in the left middle zone is caused by fluid loculated in the oblique fissure.




Diagnosis of an empyema usually requires thoracentesis. Nevertheless, the diagnosis may be suspected radiographically by the spontaneous appearance on a plain film of an air-fluid level in a pleural effusion, because this feature usually equates with loculation and communication with the tracheobronchial tree or the presence of a gas-forming organism. Loculation is best demonstrated with ultrasound imaging.









Pneumothorax


A small pneumothorax is easily overlooked, and in an erect patient, the air usually collects at the apex. The lung retracts toward the hilum, and on a frontal chest film, the sharp white line of the visceral pleura is visible, separated from the chest wall by the radiolucent pleural space, which is devoid of lung markings. This appearance should not be confused with that of a skin fold (Figure 7-84). The lung usually remains aerated, although perfusion is reduced in proportion to ventilation, so the radiodensity of the partially collapsed lung remains relatively normal. A closed pneumothorax is easier to see on an expiratory film, although expiratory radiographs are not routinely required to detect clinically significant pneumothoraces. A lateral decubitus film made with the affected side uppermost occasionally is helpful, because the pleural air can be seen along the lateral chest wall. This view is particularly useful in infants, because small pneumothoraces are difficult to see on supine anteroposterior films, because the air tends to collect anteriorly and medially.
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Figure 7-84 Shallow right pneumothorax. A, A discrete pleural white line is seen. Peripheral to this line, lung markings are absent. B, In this skin fold, although a change in density parallels the chest wall, no discrete pleural line is present, and lung markings are seen to extend beyond the apparent lung edge. This appearance is caused by a superficial fold of skin produced by the x-ray cassette.




A large pneumothorax may lead to complete relaxation and retraction of the lung, with some mediastinal shift toward the normal side (Figure 7-85). Because it constitutes a medical emergency, tension pneumothorax often is treated before a chest radiograph is obtained. However, if a radiograph is taken in this situation, it shows marked displacement of the mediastinum (Figure 7-86). Radiographically, the lung may be squashed against the mediastinum or herniate across the midline, and the ipsilateral hemidiaphragm may be depressed.





[image: image]

Figure 7-85 Left-sided pneumothorax. A, Complete collapse of the left lung, which is retracted to the left hilum. B, Magnified view of the left lower zone demonstrates the “short” air-fluid level commonly seen in a costophrenic angle when a pneumothorax is present (arrowheads).
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Figure 7-86 Tension pneumothorax that developed after insertion of a Swan-Ganz catheter. Note the shift of the mediastinum toward the left and reversal of the normal contour of the right hemidiaphragm.








Complications of Pneumothorax


Pleural adhesions may limit the distribution of a pneumothorax and result in a loculated or encysted pneumothorax. The usual appearance is an ovoid air collection adjacent to the chest wall, which may be radiographically indistinguishable from a thin-walled, subpleural pulmonary cyst or bulla. Pleural adhesions occasionally are seen as line shadows that stretch between the two pleural layers; they prevent relaxation of the underlying lung. Rupture of an adhesion may produce a hemopneumothorax. Collapse or consolidation of a lobe or lung in association with a pneumothorax is important because it may delay reexpansion of the lung.


Because the normal pleural space contains a small volume of fluid, blunting of the costophrenic angle by a “short” fluid level commonly is seen on radiographs of a pneumothorax (see Figure 7-85). In a small pneumothorax, this fluid level may be the most obvious radiologic sign. A higher fluid level usually signifies a complication and represents exudate, pus, or blood, depending on the etiology of the pneumothorax (Figure 7-87).
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Figure 7-87 Hydropneumothorax in a patient with a mesothelioma. A, Chest radiograph shows normal thickness of the visceral pleura, but with lobulated soft tissue shadowing caused by tumor within the parietal pleura. B, Computed tomography scan demonstrates the lobulated pleural tumor.




The usual radiographic appearance of a hydropneumothorax is that of a pneumothorax containing a horizontal fluid level that separates opaque fluid below from lucent air above. A hydrothorax or pyopneumothorax may arise as a result of a bronchopleural fistula (an abnormal communication between the bronchial tree and the pleural space). This may be a complication of surgery but also may occur as a complication of a subpleural lung tumor (Figure 7-88).
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Figure 7-88 Pneumonectomy: appearances and complications. A, Chest radiograph showing the normal appearances after a right pneumonectomy. B, Spontaneous development of an air-fluid level, caused by a bronchopleural fistula from local recurrence.














Pleural Thickening


Blunting of a costophrenic angle is a common observation and usually is caused by localized pleural thickening secondary to previous pleuritis. In the asymptomatic patient and in the absence of other radiologic abnormalities, it is of no significance other than that it may simulate a pleural effusion. When relevant, the possibility of pleural fluid may have to be excluded by other techniques. Localized pleural thickening that extends into the inferior end of an oblique fissure may produce so-called tenting of the diaphragm and is of similar significance, although a similar appearance may result from scarring caused by previous pulmonary infection or infarction.


Bilateral apical pleural thickening is common, usually symmetric in distribution, and more frequent in elderly patients and does not necessarily indicate previous tuberculosis. The etiology is uncertain, but in some affected persons, the “caps” represent extrapleural fat that has descended because of scarring and consequent retraction of the upper lobes. By contrast, asymmetric or unilateral apical pleural thickening may be highly significant, especially if associated with pain. Asymmetric apical pleural shadowing may represent a Pancoast tumor, and bone destruction should be specifically sought (Figure 7-89).
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Figure 7-89 Apical abnormalities. A, Benign apical pleural thickening is visible (right); a Pancoast tumor also is present (left). B, Coronal reformatted image from a computed tomography scan from another patient who also had an apical tumor.




More extensive unilateral pleural thickening usually is the result of a previous thoracotomy or an exudative pleural effusion. A simple transudate typically resolves completely, but empyema and hemothorax are more likely to resolve with residual pleural fibrosis. The thickened pleura may calcify (Figure 7-90), and the entire lung may become surrounded by fibrotic pleura, which may be as much as a few centimeters thick (Figure 7-91). Bilateral (parietal) pleural plaques are a common manifestation of asbestos exposure, and occasionally more diffuse, visceral pleural thickening is seen.
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Figure 7-90 Previous thoracotomy (note sternotomy sutures) for mitral valve replacement. Pleural calcification is seen on the right side (arrows).
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Figure 7-91 Previous tuberculosis. Extensive right-sided pleural thickening and calcification, with reduction in volume of the right hemithorax, are evident.











Pleural Calcification


In general, pleural calcification has the same causes as for pleural thickening. Unilateral pleural calcification is therefore likely to be the result of previous empyema or hemothorax, and bilateral calcification occurs after asbestos exposure (Figure 7-92). Pleural calcification may be discovered in a patient who was not aware of previous chest disease.
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Figure 7-92 Calcified pleural thickening secondary to asbestos exposure. The subtle plaques seen on the chest radiograph (A) are better demonstrated on the computed tomography scan (B).




The calcification associated with previous pleurisy, empyema, or hemothorax occurs in the visceral pleura (Figure 7-93); associated pleural thickening is almost always present and separates the calcium from the ribs. The calcium may be in a continuous sheet or in discrete plaques, which usually produce dense, coarse, irregular shadows, often sharply demarcated laterally. When a plaque is viewed end on, it may be less well defined, mimicking a pulmonary infiltrate.





[image: image]

Figure 7-93 Previous sternotomy resulting in pleural thickening and calcification. A small pneumothorax is visible. Of note, the pleural thickening is associated with the visceral pleura.











Pleural Masses


Primary tumors of the pleura are rare. Benign tumors of the pleura include pleural fibroma and lipoma (Figure 7-94). The most common malignant disease of the pleura is metastatic, usually adenocarcinoma from the bronchus or breast (Figure 7-95). Malignant mesothelioma typically is associated with previous asbestos exposure.
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Figure 7-94 The appearances of a pleural lipoma. A, Localized view of the right lung from a posteroanterior chest radiograph. A pleurally based opacity is present in the right middle zone, well defined medially but fading out laterally. B, Computed tomography scan of the same lesion. The opacity was due to a pleural lipoma. Note the identical signal attenuation with this mass and the subcutaneous fat.
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Figure 7-95 Malignant pleural involvement from metastatic adenocarcinoma. A, Appearance on chest radiograph. B, Computed tomography after contrast enhancement shows a lobulated rind of pleural thickening extending from the right apex down to the right diaphragm, which appears elevated. The overall volume of the right hemithorax is reduced.
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