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Preface


The term respiratory care in the title of this book refers to more than a specific healthcare profession or the care of patients with lung disease. It refers to the responsibility of a multidisciplinary patient care team and to the restoration of normal integrated function by all organ systems that play a part in tissue oxygenation, acid-base regulation, and fluid balance. Delivery of effective respiratory care requires a deep understanding of the physiology and pathophysiology of the lungs, heart, vascular system, and kidneys. This book is addressed to all members of the healthcare team who care for patients with heart and lung ailments.


The main audience for this book is respiratory therapy students, but the book is also written for practicing healthcare professionals, whether they are respiratory therapists, critical care nurses, physical therapists, medical students, or resident physicians. The intent is to give readers a physiological foundation to support clinical practice.


A major goal is to make clear the physiological mechanisms that underpin various therapeutic, diagnostic, and monitoring procedures. Although this book presents basic anatomy of the pulmonary, cardiovascular, and renal systems, it focuses mainly on explanations of physiological processes. The subject matter is set in a clinical context, not only to make it relevant to practicing healthcare professionals, but also to help students learn how to think like clinicians.








Features


This book retains the characteristic features of the first and second editions, which are aimed at helping readers think critically about concepts in a clinical context. Each chapter begins with the same pattern:




• Learning objectives


• Chapter outline


• Key terms (defined in context)





Important features that stimulate critical thought and place the content in the clinical setting include:




• Concept questions (open-ended discussion questions that require more from the student than selecting an answer on a multiple choice question)


• Clinical focus boxes (clinical scenarios that apply the subject matter to the clinical situation, showing the students the practical importance of understanding physiological concepts)





Each chapter ends with a section called “Points to Remember” to help students reflect on key concepts in the chapter.














New to this Edition


The scope and depth of the subject matter is expanded to provide the reader with a broader, more comprehensive knowledge base. A new chapter has been added along with several new and revised Clinical Focus scenarios. All chapters have been revised and updated, including a number of the illustrations. The arrangement of the chapters has been changed at the end of the book for better continuity.


A new Chapter 15, Physiology of Sleep-Disordered Breathing, is aimed at clarifying the physiological mechanisms that underlie sleep-disordered breathing (SDB) and its treatment. Basic anatomical considerations and neural control of sleep are covered, as well as the physiological bases for the diagnosis and treatment of the various forms of SDB, and the cardiovascular consequences of untreated disease.








Student Workbook and Online Evolve Learning Resources







• An accompanying workbook is available, which includes diagrams, illustrations, case studies, and open-ended and multiple choice questions.


• Online student Evolve resources include answers to the concept questions in the textbook and answers to the questions in the workbook.























Learning Enhancements


Each chapter begins with a chapter outline, learning objectives, and a list of key terms. A bulleted list of “Points to Remember” appear at the end. Bolded key terms throughout the text are defined in context rather than in a separate glossary. Open-ended concept questions are interspersed throughout the text to help students reflect on what they have learned, and to foster critical thought and discussion. Clinical focus boxes situate the subject matter in a clinical context to help students adopt modes of thinking used by practicing clinicians and to connect theory with practice. The appendixes contain helpful tables and definitions of terms and symbols. Derivations of some of the more complex equations appear in Appendix III.


To accommodate differing faculty expectations and individual reader needs regarding the scope and depth of study, a detailed multilevel table of contents is provided. Students, instructors, and other readers can use the table of contents to easily identify content areas of interest. A detailed index allows the reader to further identify and find more specific information.














Evolve Resources


Evolve is an interactive teaching and learning environment designed to work in coordination with Respiratory Care Anatomy and Physiology: Foundations for Clinical Practice, third edition. The Evolve site features electronic resources for instructors that include answer keys to text Concept Questions and to workbook questions; a Test Bank of questions using NBRC exam-style multiple choice questions with answers referencing textbook page numbers; and a chapter-by-chapter PowerPoint slide presentation. Instructors may use Evolve to provide an Internet-based course component that reinforces and expands the concepts presented in class. Evolve may be used to publish the class syllabus, outlines, and lecture notes; set up “virtual office hours” and e-mail communication; share important dates and information through the online class calendar; and encourage student participation through chat rooms and discussion boards. Evolve allows instructors to post exams and manage their grade books online (http://evolve.elsevier.com/Beachey/RespiratoryAP/). For more information, visit or contact an Elsevier sales representative.








Instructor Online Evolve Teaching Resources







• PowerPoint slide presentations for each chapter, which can be edited as desired


• An image collection for each chapter, which can be used to create new PowerPoint slides


• A question test bank for each chapter containing multiple choice and true-false questions


• Answers for the question test bank, concept questions, and workbook.
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Chapter 1


The Airways and Alveoli







Chapter Outline





I The Airways




A Upper Airways




1. Nose


2. Pharynx


3. Larynx





B Lower Airways




1. Trachea and Main Bronchi


2. Conducting Airway Anatomy


3. Sites of Airway Resistance





C Conducting Airway Histology




1. Other Epithelial Cells


2. Mucociliary Clearance Mechanism


3. Nonepithelial Cells in the Airway


4. Epithelial Chloride Channel Regulation and Secretion Viscosity


5. Epithelium-Derived Relaxing Factor


6. Antiproteases in Lung Tissues and Airway Secretions








II The Alveoli




A Alveolar Capillary Membrane




1. Type II Cells and Surfactant Secretion


2. Alveolar Macrophages and Alveolar Clearance Mechanisms








III Points to Remember










Objectives


After reading this chapter, you will be able to:


• Differentiate between the structures of the upper and lower airways


• Describe how the upper and lower airways differ in their ability to filter, humidify, and warm inspired gas


• List the goals of artificial airway humidification when natural humidification mechanisms are bypassed


• Describe what keeps the large cartilaginous airways and small noncartilaginous airways patent


• Explain why the larger upper airways normally present more resistance to airflow than the smaller lower airways


• Identify the difference between conducting airways and the respiratory zones of the lung


• Describe how the various lung clearance mechanisms function and interact


• List the optimal conditions for effective mucociliary lung clearance


• Explain the way in which various abnormal physiological processes impair the effectiveness of lung clearance mechanisms







Key Terms





acinus


acute respiratory distress syndrome


alveoli


apnea


atelectasis


bronchioles


bronchospasm


canals of Lambert


carina


dead space


edema


emphysema


eosinophils


epiglottis


epiglottitis


glottis (rima glottidis)


hypoxemia


interstitium


intrapulmonary shunt


intubation


isothermic saturation boundary (ISB)


laryngospasm


larynx


mucokinesis


mucosa


parenchyma


pharynx


pores of Kohn


respiration


stridor


terminal bronchioles


tracheostomy


turbinates


ventilation


ventilator-associated pneumonia (VAP)











The main function of the lungs is to bring atmospheric gases into contact with the blood. The process of moving gas in and out of the lungs (ventilation) and moving oxygen and carbon dioxide between air and blood (respiration) requires an elaborately designed, complex organ system. This design must allow efficient operation with minimal work and maintain adequate reserves to accommodate heavy demand. At the same time, the lung must protect itself from the numerous contaminants prevalent in the environment. Knowledge of lung and chest wall architecture is essential for understanding how therapeutic procedures affect abnormal respiratory function.








The Airways


The conducting airways connect the atmospheric air with the gas-exchange membrane of the lungs. These airways do not participate in gas exchange but simply provide the pathway by which inspired air reaches the gas-exchange surface. In transit to this surface, inspired gas is warmed, humidified, and filtered by the upper airways.








Upper Airways


The upper airways consist of the nose, oral cavity, pharynx, and larynx (Figure 1-1). The larynx marks the transition between the upper and lower airways.
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Figure 1-1 Structure of the respiratory system. Note the division between the upper and lower respiratory tracts. (From Patton KT, Thibodeau GA: Anatomy & physiology, ed 7, St. Louis, 2010, Mosby.)














Nose


The nose is mainly an air-conditioning and filtering device. Although the resistance to airflow through the nose is greater than resistance through the mouth, most adults breathe through the nose at times of rest. High nasal resistance from swollen mucous membranes and rapid breathing from exercise usually cause people to switch to mouth breathing. Specialized structures in the nose increase its airflow resistance, but these structures are necessary for the nose to accomplish its filtering, warming, and humidifying functions.


The cartilaginous anterior portion of the nasal septum divides the nasal cavity into two channels called nasal fossae. The vomer and ethmoid bones form the posterior septum (Figure 1-2). The two nasal fossae lead posteriorly into a common chamber (the nasopharynx) through openings called choanae. The nasal septum is often deflected to one side or the other, more often to the left than the right,1 possibly making the passage of a catheter or artificial airway through this side difficult. Three downward-sloping, scroll-shaped bones called conchae project from the lateral walls of the nasal cavity toward the nasal septum. The conchae create three irregular passages—the superior meatus, middle meatus, and inferior meatus (Figure 1-3). Because they create turbulence, the conchae are also called turbinates. The convoluted design of the turbinates greatly increases the surface area of the nasal cavity. The maxillary bone forms the anterior three fourths of the nasal cavity floor, called the hard palate (see Figure 1-3). Cartilaginous structures form the posterior fourth, called the soft palate. Palatal muscles close the posterior openings of the nasal cavities during swallowing or coughing, isolating the nasal cavities from the oral cavity.
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Figure 1-2 The bony nasal septum. (From Patton KT, Thibodeau GA: Anatomy & physiology, ed 7, St. Louis, 2010, Mosby.)
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Figure 1-3 The nasal cavity and pharynx viewed from the medial side. (From Patton KT, Thibodeau GA: Anatomy & physiology, ed 7, St. Louis, 2010, Mosby.)








Squamous, nonciliated epithelium lines the anterior third of the nose; pseudostratified, ciliated columnar epithelium interspersed with many mucus-secreting glands covers the posterior two thirds, including the turbinates. This mucus-secreting epithelium is called the respiratory mucosa. Immediately under the mucosa is an extensive capillary network adjoining a system of still deeper, high-capacity vessels. These deep vessels can dilate or constrict and change the volume of blood that flows into the capillaries, altering the mucosa’s thickness. The capillaries have tiny openings or fenestrations that allow water transport to the epithelial surface. These fenestrations are not present in the capillaries of lower airways. Countercurrent blood flow and connections between arterial and venous vessels (arteriovenous anastomoses) improve the ability of the nasal mucosa to adjust the temperature and water content of inspired air. Warm arteriolar blood flows parallel with but in the opposite (countercurrent) direction of cooler blood flowing in the venules, lessening the mucosa’s heat and water-vapor loss. Arteriovenous anastomoses and countercurrent blood flow are not present in airways below the larynx.2


The main functions of the nose are the humidification, heating, and filtering of inspired air. As inspired air passes over the richly vascular epithelial surface (made larger by the presence of the turbinates), its temperature and water content increase rapidly. The turbinates disrupt the incoming airstream and create swirling, chaotic flow, increasing the chances that tiny airborne particles will collide with and adhere to the sticky mucous layer covering the nasal epithelium. Nasal secretions contain immunoglobulins and inflammatory cells, which are the first defense against inspired microorganisms. The nose is so efficient as a filter that most particles larger than 5 µm in diameter do not gain entry to the lower airways.3


By the time inspired air reaches the nasopharynx, it gains considerable water vapor and heat. Exhaled air cools as it leaves the nose, causing water vapor to condense on its structures, which humidifies the subsequent inspired air.





CONCEPT QUESTION 1-1


Compared with breathing through the nose, how does breathing strictly through the mouth affect humidification, warming, and filtering of inspired air?





The process of intubation involves the insertion of an artificial airway or endotracheal tube through the nose or mouth and into the trachea (Figure 1-4), which means the air-conditioning function of the nose is lost, and unmodified cool, dry gas directly enters the trachea. This places a heavy burden on the tracheal mucosa, which is not designed to accommodate cool, dry gases.
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Figure 1-4 An oral endotracheal tube in position. The inflated cuff at the tip of the tube isolates the lower trachea and airways from the pharynx. (From Barnes TA: Core textbook of respiratory care, ed 2, St Louis, 1994, Mosby.)











CONCEPT QUESTION 1-2


In what way is the upper airway mucosa superior to the tracheal mucosa in accommodating cool, dry gases?





Connected to the nasal cavities are several empty airspaces within the skull and facial bones called paranasal sinuses. These sinuses are lined with a mucus-secreting epithelium, continuous with the epithelium of the nasal cavities. Mucus from the sinuses drains into the nasal cavity through openings located beneath the conchae. The sinuses are symmetrically paired and located in the frontal, ethmoid, sphenoid, and maxillary bones. Inflammation and infection may swell the membranes lining the sinuses, impairing drainage and increasing sinus cavity pressure. Chronic sinus infections provide a source of bacteria-laden secretions that are sometimes aspirated into the lower respiratory tract, potentially causing lower respiratory infections.














Pharynx


The pharynx is the space behind the nasal cavities that extends down to the larynx (see Figure 1-1). The term pharynx stems from the Greek word meaning “throat.” The nasopharynx is the portion behind the nasal cavities that extends down to the soft palate. The oropharynx, the space behind the oral cavity, is bounded by the soft palate above and the base of the tongue below. The laryngopharynx is the space below the base of the tongue and above the larynx.


As inspired gas abruptly changes its direction of flow at the posterior nasopharynx, inhaled foreign particles collide with and adhere to the sticky mucous membrane. Lymphatic tissues in the nasopharynx and oropharynx provide an immunological defense against infectious agents. These tissues include the pharyngeal (adenoid), palatine, and lingual tonsils (see Figure 1-3). These tissues may become inflamed and swollen and may interfere with nasal breathing especially in children owing to their smaller airways; chronic inflammation of the tonsils may warrant surgical removal.


The eustachian tubes, also called auditory tubes, connect the middle ear with the nasopharynx (see Figure 1-3). These tubes allow pressure equalization between the middle ear and atmosphere. Inflammation and excessive mucus production in the nasopharynx may block the eustachian tubes and hinder the pressure-equalizing process; this can momentarily impair hearing and cause pain, especially during abrupt changes in atmospheric pressure. Children younger than 3 years of age are especially susceptible to this condition because their eustachian tubes are small and easily occluded; artificial pressure-equalizing tubes, also known as myringotomy tubes, are sometimes placed through the ear’s tympanic membrane (eardrum) to create an alternate route for pressure equalization.





CONCEPT QUESTION 1-3


Why may a throat infection lead to a middle-ear infection (otitis media)?










Clinical Focus 1-1   Endotracheal Tubes, Drying of Secretions, and Humidification Goals


You are called to the bedside of a patient who is mechanically ventilated through an endotracheal tube. The pressure required to inflate the lungs is so great that the high-pressure alarm is sounding, cutting short the delivery of each breath. You notice that there are no water droplets condensed on the inner surface of the ventilator’s inspiratory tube. You also notice that heated wires are incorporated into the wall of the inspiratory tubing. You pass a suction catheter down through the endotracheal tube to remove any secretions that might be present, and you meet considerable resistance as you try to advance the catheter. The secretions are thick and difficult to remove when you apply suction.





Discussion


Mechanical ventilation in the critical care setting requires placement of an endotracheal tube into the trachea. Bypassing the upper airway in this manner would introduce cool, dry gas directly into the lower trachea unless heat and artificial humidity are supplied to the endotracheal tube. Otherwise, the mucous membrane of the lower airways, which is not designed to warm and humidify incoming gas, would lose water to the incoming gas, and secretions would thicken and become immobile. Secretions could then accumulate and partially or completely block some of the airways or, as in the case described, accumulate inside the endotracheal tube and partially block inspiratory gas flow.


The heated wires incorporated into the ventilator’s inspiratory tubing are designed to prevent gas from cooling on its way to the patient, which reduces water condensation and accumulation in the tubing. However, if the wires heat the gas enough to evaporate all of the condensed water, the relative humidity decreases to less than 100%. The lower trachea and airways beyond the endotracheal tube tip lose water to the incoming gas through evaporation, which dehydrates and thickens airway secretions. The presence of even a slight amount of condensation inside the inspiratory tubing means that the inspired gas is 100% saturated with water vapor. Total absence of condensation means the gas is probably less than 100% saturated, increasing the likelihood of thickened secretions and endotracheal tube obstruction. Inspired gas exits the tip of an endotracheal tube about 2 cm above the carina. The goal of humidification in mechanical ventilation is to duplicate the heat and humidity conditions that would normally exist at this point in the nonintubated trachea: approximately 32°C to 34°C and 100% relative humidity17 (see Figure 1-10).








The oropharynx and laryngopharynx accommodate food and air and are lined with nonciliated, stratified squamous epithelium. The laryngopharynx, also called the hypopharynx, separates the digestive and respiratory tracts. Proper function of sensory and motor nerves innervating the pharyngeal musculature is crucial in preventing food and liquid aspiration into the respiratory tract. The pharyngeal reflex has its sensory component in the ninth cranial (glossopharyngeal) nerve and its motor component in the tenth cranial (vagus) nerve. This reflex arc is responsible for the gag and swallowing reflexes.


Deeply unconscious persons sometimes lose the pharyngeal and laryngeal reflexes and aspirate foreign material into their lungs. In such individuals, an artificial airway (endotracheal tube) with an inflatable cuff may be inserted orally or nasally through the larynx and into the trachea. After it is in place, the cuff is inflated to form a seal between the tracheal wall and tube to minimize aspiration of pharyngeal contents (see Figure 1-4). However, even if the cuff is properly inflated, pharyngeal secretions eventually migrate past the cuff into the lower airway, For this reason, mechanically ventilated patients, in whom endotracheal intubation is required, are susceptible to the development of lung infections, or ventilator-associated pneumonia (VAP); the longer the duration of mechanical ventilation, the greater the risk of VAP. Normal pharyngeal muscle tone prevents the base of the tongue from falling back and occluding the laryngopharynx, even in a person who is supine and asleep. Deep unconsciousness may relax pharyngeal muscles enough to allow the base of the tongue to rest against the posterior wall of the pharynx, occluding the upper airway; this is called soft tissue obstruction and is the most common threat to upper airway patency. If the head droops forward, the oral cavity and pharynx-larynx axis form an acute angle that may partially or completely obstruct the upper airway (Figure 1-5). Partial upper airway obstruction produces a low-pitched snoring sound as inspired air vibrates the base of the tongue against the posterior wall of the pharynx. Complete obstruction causes strong inspiratory efforts without sound or air movement. Soft tissues between the ribs and above the sternum may be sucked inward (intercostal and suprasternal retractions) as the person struggles to inhale.
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Figure 1-5 Head position affects airway patency. A, A flexed head may occlude the airway. B, The normal position of the head and neck. C, An extended head aligns the oral cavity and pharynx with the trachea, opening the airway and facilitating intubation. (Modified from Scanlan CL, Spearman CB, Sheldon RL: Egan’s fundamentals of respiratory care, ed 6, St Louis, 1995, Mosby.)








Both forms of soft tissue upper airway obstruction can be easily removed by extending the neck and pulling the chin anteriorly (see Figure 1-5, C). This maneuver pulls the tongue forward out of the airway and aligns the oral and nasal cavities with the pharynx-larynx axis. This is sometimes called the sniffing position.


Pharyngeal anatomy plays a role in the incidence of obstructive sleep apnea (OSA),4 as do pharyngeal reflexes and muscle tone. The normal pharynx narrows during sleep, greatly increasing upper airway resistance. Abnormal enlargement of soft tissues can further narrow or occlude the airway, and repetitive cessations of breathing (apnea) may occur during sleep.
















Larynx


The larynx is a cartilaginous, cylindrical structure that acts as a valve on top of the trachea. The larynx is sometimes called the voice box because it contains the vocal cords that control the size of the opening into the trachea (glottis [rima glottidis]). The main cartilage of the larynx in the middle of the neck is the thyroid cartilage, sometimes called the Adam’s apple, which is easily palpable in men.


The larynx lies at the level of the fourth through sixth cervical vertebrae in men and is located higher in women and children. The top portion of the larynx is a complex triangular box that is flat posteriorly and composed of an intricate network of cartilages, ligaments, and muscle (Figure 1-6). A mucous membrane continuous with the mucous membrane of the pharynx and trachea lines the interior of the larynx. Nine cartilages (three paired and three unpaired) and many muscles and ligaments form the larynx. The unpaired epiglottis is a thin, flat, leaf-shaped cartilage above the glottis. The lower end of the epiglottis (a long, narrow stem) is attached to the thyroid cartilage. From this attachment, it slants upward and posteriorly to the base of the tongue, where its upper free end is broad and rounded (see Figures 1-3 and 1-6). A vascular mucous membrane covers the epiglottis. The lower base of the tongue is attached to the upper epiglottis by folds of mucous membrane, forming a small space (the vallecula) between the epiglottis and tongue (Figure 1-7). The vallecula is an important landmark used during the insertion of a tube into the trachea (intubation).
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Figure 1-6 Anatomy of the larynx. A, Anterior view. B, Posterior view. (From Patton KT, Thibodeau GA: Anatomy & physiology, ed 7, St. Louis, 2010, Mosby.)
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Figure 1-7 Vocal cords, epiglottis, and glottis. A, Vocal cords viewed from above. B, Photographic view of the same structures. (A, from Patton KT, Thibodeau GA: Anatomy & physiology, ed 7, St. Louis, 2010, Mosby. B, Custom Medical Stock Photo Inc.)








Besides speech, the major function of the larynx is preventing the lower airway from aspirating solids and liquids during swallowing and breathing. The epiglottis does not seal the airway during swallowing.5 Instead, the upward movement of the larynx toward the base of the tongue pushes the epiglottis downward, which causes it to divert food away from the glottis and into the esophagus. The free portion of the upper epiglottis in an adult lies at the base of the tongue, but in a newborn it lies much higher, behind the soft palate. This position of the upper epiglottis helps





Clinical Focus 1-2   Treatment of Obstructive Sleep Apnea (OSA)


Individuals with OSA stop breathing while asleep because their pharyngeal soft tissues repetitively obstruct the airway, either partially or completely. Sleep decreases pharyngeal muscle tone, increasing the tendency to obstruct the pharyngeal airway, especially in obese people with short necks. People with receding lower jaws (retrognathia) or large tongues (macroglossia) are also especially susceptible to OSA. Most people with OSA are obese, snore loudly during sleep, and complain of daytime sleepiness and fatigue. Sleep studies performed in diagnostic laboratories for sleep-related breathing disorders are required to confirm the presence and severity of OSA. OSA severity is determined by the number of apneas (absent airflow) and hypopneas (reduced airflow) that occur per hour of sleep; this measurement is called the apnea-hypopnea index (AHI). Generally, an AHI of 20 or more requires treatment, although an AHI of only 5 might still require treatment if the patient has heart failure and complains of daytime sleepiness and fatigue.


The most efficacious treatment of OSA is the application of continuous positive airway pressure (CPAP), in which a device blows air under pressure into the nostrils; this acts as an “air splint” that holds the pharyngeal airway open.4 CPAP is applied either with a full face mask or directly through the nostrils with specially cushioned nasal prongs called “nasal pillows.” CPAP therapy has been shown to substantially reduce daytime drowsiness in OSA patients.


The CPAP pressure required for most patients with OSA ranges from 6 to 12 cm H2O. Sleep studies usually require two nights—one night to document the AHI and another night to determine the optimal level of CPAP. Modern CPAP devices have a “ramp” feature that gradually increases the CPAP level over the first 30 minutes as the patient tries to sleep; this helps patients tolerate the procedure better. The field of sleep medicine and the number of diagnostic sleep laboratories have grown significantly over the last decade owing to advances in technology and increased public awareness. Sleep related breathing disorders are discussed in detail in Chapter 15.





to account for preferential nose breathing in newborns and why it is difficult to achieve effective deposition of inhaled aerosolized medications in the lower airways of a newborn.6


The vascular mucous membrane covering the epiglottis may become swollen and enlarged if inflamed by infectious agents or mechanical trauma. A swollen epiglottis may severely obstruct or occlude the laryngeal air passage of a small newborn. Inflammation of the epiglottis (epiglottitis) is a life-threatening emergency in infants and requires immediate placement of an artificial airway by skilled medical personnel.


The thyroid cartilage is the largest of all laryngeal cartilages, enclosing the main cavity of the larynx anteriorly (see Figure 1-6). The lower epiglottis attaches just below the notch on its inside upper anterior surface.


The cricoid cartilage, just below the thyroid, is the only complete ring of cartilage that encircles the airway in the larynx or trachea. The cricothyroid ligament connects the cricoid and thyroid cartilages (see Figure 1-6). The cricoid limits the endotracheal tube size that can pass through the larynx. The cricoid ring is the narrowest portion of the upper airway in an infant. Inside the larynx, the vocal cords lie just above the cricoid cartilage.


The membranous space between the thyroid and cricoid cartilages, the cricothyroid membrane (see Figure 1-6), is sometimes the puncture site for an emergency airway opening when structures above it are occluded. A longer term surgical opening into the airway (tracheostomy) is generally located 1 to 3 cm below the cricoid cartilage.


The remaining cartilages (arytenoid, corniculate, and cuneiform) are paired. These cartilages are in the lumen of the larynx and serve as attachments for ligaments and muscles (see Figure 1-6). The arytenoids are attachment points for vocal ligaments that stretch across the lumen of the larynx and attach to the thyroid cartilage.


The vocal folds consist of two pairs of membranes that protrude into the lumen (inner cavity) of the larynx from the lateral walls (see Figures 1-3 and 1-7). The upper pair is called the false vocal cords; the lower pair is called the true vocal cords because only these folds play a part in vocalization. The true vocal folds form a triangular opening between them that leads into the trachea below. This opening is called the rima glottidis, or glottis (see Figure 1-7).


The vocal cords’ ability to open and close the airway is essential for generating and releasing high pressure in the lung during a cough (an extremely important lung defense mechanism). Artificial airways such as endotracheal and tracheostomy tubes render a cough ineffective because they prevent the vocal cords from sealing the airway.


The vocal cords are wider apart during quiet inspiration than expiration. During deep inspiration, the vocal cords offer little airflow resistance. The glottis is the narrowest part of the adult larynx. Swelling (edema) of the vocal cords increases resistance to airflow, especially in an infant. Glottic and subglottic edema secondary to viral infections, also known as croup, is a common cause of upper airway obstruction in infants and young children. During inspiration, croup causes a characteristic high-pitched crowing sound called stridor. This sound is created by high-velocity air flowing through a narrowed glottis.


The laryngeal mucous membrane is composed of stratified squamous epithelium above the vocal cords and pseudostratified columnar epithelium continuous with the mucosa of the trachea below the vocal cords. Branches of the tenth cranial (vagus) nerve provide motor innervation for all intrinsic muscles of the larynx through the recurrent laryngeal nerve.





Clinical Focus 1-3   Seriousness of Airway Edema in Adults and Young Children


A 2-year-old boy is brought to the emergency department at 2:00 am by his parents. The parents state that their son had been well until last evening. At that time, he complained of having a sore throat, experiencing pain while swallowing, and feeling hot. Later that night, his breathing became more rapid and labored. The parents then brought their son to the emergency department.


The boy arrives in the following condition: he is quiet, he is sitting upright and leaning forward and drooling, and he appears to be anxious. His temperature, heart rate, and respiratory rate are increased. He is reluctant to respond to questions; his voice sounds muffled. A lateral soft tissue x-ray of the neck shows that the epiglottis at the base of the tongue is extremely large and balloon-shaped, the classic “thumb” sign characteristic of epiglottitis. Is this a life-threatening problem for this child?





Discussion


The airway diameter of a small child is approximately half the diameter of an adult. Any amount of mucous membrane swelling in the child’s airway narrows the diameter more than the same amount of swelling in the adult airway. One sign of upper airway swelling in children is stridor during inspiration. Stridor is caused by air vibrating as it moves through the narrowed glottis. In an adult, this swelling merely causes hoarseness and perhaps a sore throat. The same swelling nearly closes the smaller airway of a child. Drooling and muffled speech are more serious signs because they mean the epiglottis is so swollen that it prevents swallowing. Epiglottitis in a young child is a life-threatening emergency. A physician skilled in pediatric intubation must place an endotracheal tube into the trachea immediately to protect the airway from complete obstruction. This tube must remain in place until all signs of swelling subside.










This nerve passes downward around the aorta and returns upward to the larynx. Intrathoracic disease or surgery may injure this nerve, causing partial or complete paralysis of the vocal cords. Paralyzed vocal cords move to the midline, increasing airway resistance.7 Sensory innervation of the larynx is also supplied by the vagus nerve except for the sensory nerves of the anterior surface of the epiglottis, which are supplied by the ninth cranial (glossopharyngeal) nerve. The laryngeal reflex, which has sensory and motor components in the vagus nerve, causes the vocal cords inside the larynx to close the tracheal opening (laryngospasm). Laryngospasm occurs if anything except air enters the trachea. Drowning victims often have little water in their lungs because of laryngospasm.





CONCEPT QUESTION 1-4


Why may removing an endotracheal tube (extubation) cause laryngospasm?























Lower Airways


The lower airways (airways below the larynx) divide in a pattern known as dichotomous branching, in which each airway divides into two smaller “daughter” airways. Each division or bifurcation gives rise to a new generation of airways. The branches of the trachea and bronchi resemble an inverted tree—hence the term “tracheobronchial tree” (Figure 1-8).
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Figure 1-8 The tracheobronchial tree. A plastic cast of airspaces in the human lung is shown. (From McMinn RMH et al: Color atlas of human anatomy, ed 3, London, 1993, Mosby-Wolfe, Courtesy Ralph Hutchings.)














Trachea and Main Bronchi


The trachea begins at the level of the sixth cervical vertebra and in an adult extends for about 11 cm to the fifth thoracic vertebra. It divides there into the right and left mainstem bronchi, one for each lung (Figure 1-9). The point of division is called the carina. Inspired air becomes 100% saturated with water vapor and is warmed to body temperature (37° C) after it passes through two or three airway subdivisions below the carina8; the point at which this occurs is known as the isothermic saturation boundary (ISB) (Figure 1-10). Above the ISB, the temperature and humidity of gas in the airways fluctuates, decreasing with inspiration and increasing with exhalation. Below the ISB, gas temperature and humidity remain constant at body temperature and 100% relative humidity. Cold air or mouth breathing moves the ISB deeper into the airways but never by more than a few generations.
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Figure 1-9 The trachea and mainstem, lobar, and segmental bronchi. The extrapulmonary-intrapulmonary boundary marks the point at which the mainstem bronchi penetrate the lung tissue. (Modified from Kacmarek et al: Egan’s fundamentals of respiratory care, ed 10, St. Louis, 2012, Mosby.)
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Figure 1-10 Normal temperature and humidity of inspired gas during spontaneous breathing at different points along the respiratory tract. RH, Relative humidity.








The anterior (ventral) part of the trachea is formed primarily by 8 to 20 regularly spaced, rigid, horseshoe-shaped cartilages. Stretched across the open posterior ends of the tracheal cartilages, the ligamentous membrane forms a flat dorsal surface contacting the esophagus (see Figures 1-6, B, and 1-9). This membrane contains horizontally oriented smooth muscle, the trachealis. Contraction of the trachealis pulls the ends of the horseshoe-shaped cartilages closer together, slightly narrowing the trachea and making it more rigid. Rigidity of the trachea is important for preventing collapse from external pressure, especially during vigorous coughing. Coughing exerts a collapsing force only on the part of the trachea inside the thoracic cavity, the part below about the sixth tracheal cartilage.7 Above this level, the trachea is outside the thorax and not influenced by intrathoracic pressure.


At the carina, the right mainstem bronchus angles only 20 to 30 degrees away from the midline, forming a more direct continuation of the trachea than the left mainstem bronchus. The left mainstem bronchus breaks away more sharply, forming a 45- to 55-degree angle with the vertical tracheal midline (see Figure 1-9). The left bronchus is smaller in diameter than the right but twice as long.





CONCEPT QUESTION 1-5


Foreign material aspirated into the trachea is more likely to enter which main bronchus? Why?





If an endotracheal tube is inserted too far during the process of intubation, its tip is more likely to enter the right bronchus than the left. If this occurs, the left lung cannot be ventilated, which the clinician can detect by using a stethoscope to compare the intensity of breath sounds between left and right sides of the chest while manually ventilating the lung. Diminished breath sounds on the left side of the chest in this context are associated with right mainstem bronchial intubation. It is a standard procedure to listen to breath sounds with a stethoscope (auscultation) immediately after intubation.


The cartilage of the mainstem bronchi resembles the cartilage of the trachea initially, except that cartilage completely surrounds the bronchi at their entry point into the lung tissue, and the posterior membranous portion disappears. As the bronchi continue to branch, the cartilage becomes more irregular and discontinuous, no longer encircling the airway in complete sections (see Figure 1-9).
















Conducting Airway Anatomy


All airways down to the level just before alveoli first appear are called conducting airways (Figure 1-11). No gas exchange between air and blood occurs across airway walls; they serve merely to conduct air to the alveoli—the gas-exchange surface of the lung. Beginning with the trachea, each of these conducting airways undergoes dichotomous branching until 23 to 27 subdivisions are formed.
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Figure 1-11 Branching of the conducting and terminal airways. Alveoli first appear in the respiratory bronchioles, marking the beginning of the respiratory or gas-exchange zone. BR, Bronchus; BL, bronchiole; TBL, terminal bronchiole; RBL, respiratory bronchiole; AD, alveolar duct; AS, alveolar space; Z, order of airway division. (Modified with permission from Springer Science+Business Media: Morphometry of the human lung, 1963, Weibel ER, Berlin, Springer-Verlag. Courtesy Ewald R. Weibel.)








The mainstem bronchi divide to form lobar bronchi, which undergo several divisions to form segmental and subsegmental bronchi. Segmental bronchial anatomy (Figure 1-12) is the basis for the application of chest physical therapy, in which a person is positioned for gravitational drainage of secretions from the various lung segments. Chest physical therapy is a respiratory therapy modality often used in treating lung diseases that produce large quantities of airway secretions.
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Figure 1-12 Lobes and segments of the lungs. (From Patton KT, Thibodeau GA: Anatomy & physiology, ed 7, St. Louis, 2010, Mosby.)








Beyond the third generation of airway divisions, the bronchi enter the parenchyma, the essential supportive tissue composing the lung. Elastic fibers of the parenchyma surround and attach to the airways; their natural recoil forces act as tethers that hold the airways open during forceful exhalation. These tethering forces also limit the degree to which smooth muscle contraction (bronchospasm) can narrow the airway; diseases that weaken parenchymal recoil forces make the airways prone to more severe narrowing or collapse, especially during exhalation. The natural elastic recoil forces of the lung are extremely important in keeping the small, noncartilaginous airways open.


The conducting airway subdivisions produce approximately 1 million terminal tubes at the level where alveoli (the gas-exchange units) first appear (see Figure 1-11). This enormously expansive branching gives rise to a massive increase in the cross-sectional area of the airways from the trachea (3 to 4 cm2) to the alveolar surface (approximately 50 to 100 m2—half the area of a tennis court—or about 40 times the surface area of the body).


A complex engineering design is required to distribute air uniformly and rapidly through millions of tubes of various lengths and diameters without creating too much frictional resistance to air movement. The design of the tracheobronchial tree is so efficient that an airflow rate of 1 L per second, commonly achieved during a resting inspiration, requires a pressure difference of less than 2 cm H2O between the trachea and alveoli.


The volume of conducting airway gas must be relatively small so that most of the inhaled breath can contact the gas-exchange membrane. The volume of this gas (including the upper airways) is only about 150 mL in the average adult compared with a total inhaled volume per breath of about 500 mL. Because the conducting airways do not participate in gas exchange, they are called the anatomical dead space





Clinical Focus 1-4   Absent Breath Sounds after Intubation


A 58-year-old man experiencing full cardiac arrest arrives in the emergency department. You insert an endotracheal tube into his trachea and ventilate the lungs with a hand-operated bag-and-valve device. You notice that a lot of pressure is required to put air into the patient’s lungs. You also observe that the right and left sides of the chest do not rise evenly during ventilation. With your stethoscope, you auscultate the patient’s chest and hear air entering the right lung but not the left lung. Based on your findings, you withdraw the endotracheal tube slightly and now hear equal breath sounds on both sides. You secure the endotracheal tube and ventilate the patient’s lungs effectively.





Discussion


If you insert an endotracheal tube too far into the trachea, the tube may enter the right mainstem bronchus because it is more in line with the trachea than the left mainstem bronchus (see Figure 1-9). All air must then enter only the right lung, which explains why the inflation pressure was high when you first ventilated the patient’s lungs. This also accounts for the unequal chest movement and lack of breath sounds from the left lung during ventilation. Proper positioning of the endotracheal tube is crucial to ensure equal ventilation to both lungs. Observing chest movement and listening to breath sounds are important initial ways to check for proper positioning of the endotracheal tube; proper placement is definitively confirmed with a chest x-ray film.











CONCEPT QUESTION 1-6


What general effect does endotracheal intubation have on the volume of anatomical dead space?





Bronchioles are airways less than 1 mm in diameter that contain no cartilage in their walls. Their patency depends on the tethering retractile forces of the lung’s elastic parenchymal tissue. Bronchial and bronchiolar smooth muscle is oriented in a circular, spiral fashion, facilitating airway narrowing when it contracts (Figure 1-13). Strong smooth muscle contractions or spasms may nearly collapse the bronchioles, especially if disease weakens the lung’s opposing elastic tethering forces. In contrast, tracheal smooth muscle is transversely oriented between the two ends of its horseshoe-shaped cartilages (see Figures 1-6, B, and 1-9).
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Figure 1-13 Gas-exchange portion of the lung. These subdivisions of the terminal bronchiole form the acinus.








At the nineteenth or twentieth generation, the terminal bronchioles divide to form several generations of respiratory bronchioles, marking the beginning of the respiratory, or gas-exchange, zone (see Figures 1-11 and 1-13). The respiratory bronchioles are tubes containing thin, saclike pouches called alveoli in their walls. Alveoli are the gas-exchange membranes that separate air from pulmonary capillary blood. Alveolar ducts open into





Clinical Focus 1-5   Airway Anatomy and Drainage of Lung Secretions


The chest radiograph of your patient with CF reveals an area of atelectasis in the right middle lobe of the lung; mucous plugging of the airway is suspected. In addition, your patient has a noisy, moist-sounding cough that produces thick secretions. Auscultating the patient’s chest with your stethoscope, you hear moist, bubbling sounds (rhonchi) over the right middle lobe.


You decide to use gravitational drainage to help mobilize the patient’s secretions. With the help of Figure 1-12, decide which position would best drain secretions out of the right middle lobe.





Discussion


In Figure 1-12, the right middle lobe includes the medial and lateral segments, and these lie inferior to (below) the large airways. Therefore, a position in which the patient lies on the left side with the head lower than the feet makes the best use of gravity to move secretions from the right middle lung segments.


Because the right middle lobe bronchus projects in a downward and anterior direction, rolling the patient partly back and propping the back with a pillow aligns the middle lobe bronchus in an even more vertical position. This drainage position allows the patient to cough up secretions more easily and aids in the resolution of pneumonia.








 blind terminal units called alveolar sacs and alveoli. The airways beyond the terminal bronchiole are collectively called the acinus, which is the functional respiratory unit of the lung (i.e., all alveoli are contained in the acinus) (see Figure 1-13). In other words, each terminal bronchiole gives rise to an acinus.


Collateral air channels called pores of Kohn connect adjacent alveoli with one another (see Figure 1-13). The canals of Lambert connect terminal bronchioles and nearby alveoli. These collateral air passages make it possible for the acinus supplied by a mucus-plugged bronchiole to receive ventilation from neighboring airways and alveoli.














Sites of Airway Resistance


Dichotomous branching of the airways through many generations creates an enormous increase in the total airway cross-sectional area. Therefore, the velocity of airflow is sharply reduced as inspired gas approaches the alveoli. Flow velocity is so low in small, distal airways that molecular diffusion is the dominant mechanism of ventilation beyond the terminal bronchioles. Airways less than 2 mm in diameter account for only about 10% of total resistance to airflow because of their huge cross-sectional area (Figure 1-14). (Table 1-1 shows the relative size of airway cross sections at different levels.) Although the resistance of a single terminal bronchiole is greater than the resistance of a single lobar bronchus, the cross-sectional area of all terminal bronchioles combined greatly exceeds the cross-sectional area of all the lobar bronchi combined. For this reason, upper airway resistance is normally much greater than lower airway resistance.




TABLE 1-1


Subdivisions of the Respiratory Tree











	Generation

	Name

	Diameter (cm)

	Length (cm)

	Number per Generation

	Histological Notes










	0

	Trachea

	1.8

	12.0

	1

	Wealth of goblet cells






	1

	Primary bronchi

	1.2

	4.8

	2

	Right larger than left






	2

	Lobar bronchi

	0.8

	0.9

	5

	3 right, 2 left






	3

	Segmental bronchi

	0.6

	0.8

	19

	10 right, 8 left






	4

	Subsegmental bronchi

	0.5

	1.3

	20

	—






	5

	Small bronchi

	0.4

	1.1

	40

	Cartilage still a component; pseudostratified ciliated columnar respiratory epithelium






	↓

	 

	 

	 

	 

	 






	10

	 

	0.1

	0.5

	1020

	 






	11

	Bronchioles (primary and secondary)

	0.1

	0.4

	2050

	No cartilage; presence of smooth muscle, cilia, and goblet cells






	↓

	 

	 

	 

	 

	 






	13

	 

	0.1

	0.3

	8190

	 






	14

	Terminal bronchioles

	0.1

	0.2

	16,380

	No goblet cells; presence of smooth muscle, cilia, and cuboidal cells






	15

	Respiratory bronchioles

	0.1

	0.2

	32,770

	 






	16

	 

	0.1

	0.2

	65,540

	No smooth muscle; cuboidal cell epithelium; cilia are sparse






	↓

	 

	 

	 

	 

	 






	18

	 

	0.1

	0.1

	262,140

	 






	19

	Alveolar ducts

	0.05

	0.1

	524,290

	No cilia; cuboidal cells become flatter






	↓

	 

	 

	 

	 

	 






	23

	 

	0.04

	0.05

	8,390,000

	 






	24

	Alveoli∗


	244

	238

	300,000,000

	Squamous cells
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∗Alveolar dimensions are given in micrometers.


Modified from Weibel ER: Morphometry of the human lung. In Martin DE, Youtsey JW, editors: Respiratory anatomy and physiology, St Louis, 1988, Mosby.
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Figure 1-14 Distribution of airway cross-sectional area in the lung. The airways less than 2 mm in diameter collectively form a much larger cross-sectional area than the area formed by larger airways. Flow resistance of small airways is therefore less than flow resistance of large airways. (From Leff AR, Schumaker PT: Respiratory physiology: basics and applications, Philadelphia, 1993, Saunders.)











CONCEPT QUESTION 1-7


Many small airways must be obstructed before laboratory measurement of airway resistance is abnormal or before a person experiences breathing difficulties. Why is this so?























Conducting Airway Histology


A mucus-secreting epithelium (mucosa) lines the lumen of the conducting airways (Figure 1-15). A basement membrane beneath the epithelium separates it from the lamina propria below, which contains smooth muscle, elastic fibers, blood vessels, and nerves. The epithelium and lamina propria constitute the respiratory mucosa. Below the mucosa is the submucosa, which contains numerous mucous glands (submucosal glands) that have ducts leading to the epithelial luminal surface. A connective tissue sheath, the adventitia, surrounds cartilaginous airways and blood vessels. This sheath ends at the bronchioles; their airway walls are in direct contact with the lung parenchyma.
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Figure 1-15 A, Respiratory mucosal epithelium. Most airways contain ciliated, pseudostratified columnar epithelium. B, Detail of ciliary action. Cilia reach up into the gel mucous layer during the forward propulsive stroke, withdrawing and retracting in the sol layer.








The mucosal epithelium of the trachea and bronchi consists of tall, columnar, ciliated, pseudostratified epithelial cells interspersed with numerous mucus-secreting goblet cells (see Figure 1-15). The goblet cells and submucosal mucous glands secrete mucus onto the ciliated epithelial surface of the airways, forming a mucous blanket that is continually propelled upward in the direction of the pharynx. The submucosal glands contribute the greater volume of mucus; their secretion increases under the influence of parasympathetic nervous stimulation. All epithelial cells are attached to the basement membrane, but not all of them reach the airway lumen, and they appear to be stratified (see Figure 1-15)—hence the term “pseudostratified.” Epithelial cells gradually flatten and lose their cilia as they proceed from bronchi to alveoli; cartilage disappears, and goblet cells gradually decrease in number and disappear (see Figure 1-15).








Other Epithelial Cells


Other bronchial epithelial cells include basal cells, serous cells, Kulchitsky cells, brush cells, Clara cells, and intermediate (or undifferentiated) cells. Serous cells may transform to goblet cells if chronically exposed to air pollutants, including cigarette smoke. Cigarette smoke causes all mucous cells to proliferate and spread into the small bronchioles, where they are usually absent. Cigarette smoke also ultimately reduces ciliary activity. Kulchitsky cells are endocrine cells more prominent in newborns than adults and are apparently precursors of carcinoids and small cell bronchogenic carcinomas.9 Clara cells, found in the terminal and respiratory bronchioles, are nonciliated secretory cells bulging upward into the airway lumen. These cells are normally the sole source of secretions at this level because mucous cells are absent. Their secretions apparently also form part of the alveolar liquid lining. Injury to the epithelium at this level may cause the Clara cells to differentiate into ciliated or mucous cells.9














Mucociliary Clearance Mechanism


Each ciliated epithelial airway cell contains about 250 cilia beating about 1300 times per minute, moving the sheet of mucus toward the pharynx at a rate of approximately 2 cm per minute. The cilia have a rapid, forward, propulsive stroke, reaching up high into the viscous gel layer of mucus with their tips and pulling the mucous blanket up the airway. The recovery stroke is slower, and the flexible cilia bend as they are pulled backward (tips down) through the lower, less viscous sol layer of mucus (see Figure 1-15). The gel layer traps microbes and inhaled particles on its sticky surface.


Normal ciliary function and mucous composition are crucial for the effective function of this important lung clearance mechanism, often called the mucociliary escalator. It is the lung’s main method for removing microbes and inhaled particles that have gained access to the bronchial tree. The combined actions of the mucociliary mechanism, a functional glottis that prevents aspiration, and an intact cough mechanism are remarkably effective in keeping the lower airways of healthy individuals sterile.10


Airway mucus is a viscoelastic, sticky substance; it has an elastic recoil property that facilitates mucokinesis, or mucous movement. When cilia pull the sheet of mucus forward, it stretches and then snaps forward in the direction of the pull. If the delicate balance between mucous water content and airway humidity is disrupted, the mucous sheet may become dehydrated, thick, and immobile. Conversely, overhydration causes mucus to become thin and watery, destroying the ciliary propulsive mechanism.


Approximately 100 mL of mucus is secreted per day in normal, healthy people. This volume greatly increases in individuals with acute and chronic airway inflammation. In chronic bronchitis, asthma, pneumonitis, and cystic fibrosis (CF), production of abnormally thick, sticky mucus is increased, impairing ciliary function and mucokinesis. Mucus builds up, partially blocks or plugs airways, and becomes a stagnant breeding ground for infectious microorganisms.


Ciliary disorders also impair mucous transport. Immotile cilia syndrome, also known as ciliary dyskinesia, is a genetic disorder that causes a lack of normal beating activity. People with this syndrome are predisposed to multiple chronic respiratory infections that may eventually cause bronchiectasis, a disease process that weakens and dilates bronchial walls. This disease causes permanent anatomical airway dilations that tend to collect secretions, which become infected, creating further airway damage.








Importance of Humidity


Normally, the upper airways—the nose, pharynx, and trachea—heat and humidify inspired air. However, when an artificial airway such as an endotracheal tube (see Figure 1-4) is in place, these functions are completely bypassed. The addition of supplemental heat and humidity becomes critically important. The temperature of normal room air is about 22° C and has a relative humidity of about 50%, equivalent to a water vapor content of about 10 mg per liter of air (see Figure 1-10). During normal quiet breathing, inspired air warms to body temperature (37° C) and achieves 100% relative humidity soon after it passes the bifurcation of the trachea. Under these conditions, each liter of air contains about 44 mg of water vapor. As previously mentioned, this point in the airway, in the region of the subsegmental bronchi,8 is the ISB. With an endotracheal tube in place, relatively dry gas at room temperature is introduced into the trachea just above the carina, placing an unusual demand on the airway mucosa below this point, which must warm and humidify the inspired air. Consequently, the ISB moves deeper into lower airway generations. If supplemental humidity is not added to the inspired air when an endotracheal tube is in place, lower airway mucus thickens as water evaporates. The humidity deficit is the difference between the water content of room air (about 10 mg/L) and saturated body temperature gas (about 44 mg/L). Abnormally thick mucus in the lower airways hinders ciliary motion and the efficiency of the mucociliary clearance mechanism. The lung is less able to remove contaminants and becomes susceptible to infections as mucus becomes immobile and consequently builds up. If airways become completely plugged with mucus, their downstream alveoli receive no ventilation and cannot impart oxygen to the blood.






















Nonepithelial Cells in the Airway


Inflammation of the lung causes various white blood cells such as eosinophils and neutrophils to enter the airways. Allergic asthma, a chronic inflammatory airway disease, is associated with increased eosinophils in airway secretions. Bacterial infections cause neutrophils, sometimes called pus cells, to migrate into the airways where they engulf or phagocytize the bacteria. The resulting cellular debris is a stringy, sticky, purulent (pus-containing) substance that increases mucus viscosity and impairs mucociliary transport.


Mast cells are located on the epithelial surface of the airways and in the airway walls near smooth muscle. Mast cells have granules in their cytoplasm that contain preformed inflammatory agents. These agents include histamine, various prostaglandins, leukotrienes, thromboxane, and platelet-activating factor. Besides increasing the permeability of mucosal epithelium to water, inflammation causes the mucosa to swell and smooth airway muscle to contract (bronchospasm).


Mast cells release their inflammatory agents when activated by a process called immune sensitization, which is common in people who have certain allergies. Inhaled irritants or antigens, such as ragweed pollen, cause the plasma B cells to synthesize immunoglobulin E (IgE), which is an abnormal response to the antigen (Figure 1-16). IgE first binds to specific receptor sites on the mast cell surface, sensitizing the mast cell. The antigen combines with IgE molecules attached to the surface of the mast cell, which inactivates the antigen. However, in this process, the antigen cross-links two IgE molecules, which causes the mast cell membrane to rupture and release inflammatory agents into the airway tissues (see Figure 1-16). Histamine causes the normally tight, impermeable cell wall junctions of the airway epithelium to open, allowing it to penetrate deeply, breaking down more mast cells and creating more vascular leakage, mucosal swelling, and bronchospasm. Mast cell breakdown, airway inflammation, and subsequent bronchospasm are features of asthma, a condition characterized by chronic airway inflammation and hypersensitivity. Clinical Focus 1-7 discusses asthma and the basis for its pharmacological management.
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Figure 1-16 Spectrum of allergic inflammatory responses (see Clinical Focus 1-7 for discussion). Ag, Antigen; APC, antigen-presenting cell; Th2, T-helper 2 cell; IL-4, IL-5, IL-9, cytokines; IgE, immunoglobulin E; EOS, eosinophil; LT, leukotriene; Tx, thromboxane; TGF-β, transforming growth factor-beta; Neut, neutrophil; Mac, macrophage; ROS, reactive oxygen species; ECM, extracellular matrix. (From Jarjour NN, Kelly EA: Med Clin North Am 86[5]:925, 2002.)




















Epithelial Chloride Channel Regulation and Secretion Viscosity


Water movement into the airway lumen is an osmotic process influenced by epithelial cell membrane secretion of chloride ions.10 Chloride ions are secreted into the airway through specialized epithelial channels. Positively charged sodium ions follow the negatively charged chloride ions into the airway. Transmembrane secretion of ions provides the osmotic force for water flow into the airway lumen and plays a major role in hydrating the mucus and facilitating normal ciliary function. This mechanism is defective in cystic fibrosis (CF), a disease characterized by thick, immobile airway secretions (see Clinical Focus 1-8).





Clinical Focus 1-6   Breached Lung Defense Mechanisms: Ventilator-Associated Pneumonia


The oropharynx of a healthy nonsmoking adult is heavily colonized by bacteria; the normal flora consists mostly of harmless gram-positive bacteria. Protective pharyngeal gag and laryngospasm reflexes combined with the mucociliary clearance mechanism and the cough reflex do a remarkable job of keeping the lower airways free of these microbes—that is, the normal lower airways are essentially sterile.12


In mechanically ventilated critically ill patients, several factors lessen the effectiveness of these protective mechanisms. First, mechanical ventilation requires endotracheal intubation, which creates a direct channel for upper airway bacteria to access the lower airways. In addition, because the endotracheal tube is situated between the vocal cords, it thwarts cough effectiveness as the glottis cannot close to build up the airway pressure necessary for an explosive expulsion force. The endotracheal tube also injures the tracheal epithelial mucosa, impairing mucociliary function. In addition, intubation and mechanical ventilation dramatically change the bacterial flora of the oropharynx to dangerous gram-negative bacilli and Staphylococcus aureus;13 in addition, the patient’s immune response to bacteria is impaired. Oropharyngeal secretions contaminated with these microbes have a direct route through the vocal cords to the subglottic region of the trachea where they pool on top of the inflated endotracheal cuff. Even a properly inflated cuff cannot prevent the microaspiration of these bacteria-laden secretions past the cuff into the lower respiratory tract, where they may overwhelm the impaired defense mechanisms of a critically ill patient. Pneumonia often follows—hence the term “ventilator-associated pneumonia” (VAP). Considering the prominent causative role of the endotracheal tube, some researchers suggest that a more appropriate term for this kind of lung infection is “endotracheal tube–associated pneumonia.”13


VAP is defined as the new occurrence of pneumonia in a patient after 48 hours of mechanical ventilation through an endotracheal tube. VAP occurs in 9% to 27% of all intubated patients, and its prevalence increases with the duration of intubation.13 It is therefore important to limit mechanical ventilation to the shortest time possible through aggressive ventilator discontinuation or weaning protocols. The use of a specially designed endotracheal tube with a separate channel for aspiration of secretions from above the cuff and periodic swabbing of the intubated patient’s oropharynx with a decontamination agent such as chlorhexidine have been shown to reduce the incidence of VAP.14 In critically ill patients, the stomach is often colonized by bacteria, which can reflux up the esophagus into the pharynx, especially in a supine patient with a nasogastric tube in place; therefore, it is standard procedure to raise the head of the bed 30 degrees or more for mechanically ventilated patients. (A full discussion of the prevention of VAP is beyond the scope of this textbook.)








Clinical Focus 1-7   Physiological Consequences of Mucous Plugging


When airways become plugged with mucus, they no longer provide ventilation to downstream alveoli. The gas in these alveoli soon becomes absorbed by capillary blood flow, shrinking and eventually collapsing the alveoli (a condition called atelectasis). Blood flowing through (perfusing) these atelectatic alveoli can neither take up oxygen nor give up carbon dioxide; therefore, the composition of the blood remains unchanged as it passes through the lungs. This condition is called intrapulmonary shunt; blood is “shunted” as though it physically took a detour around the lungs. This shunted blood eventually mixes with the normally oxygenated blood from ventilated alveoli. Consequently, blood leaving the lung is low in oxygen (hypoxemia). The effectiveness of administering oxygen in this instance is reduced because oxygen cannot reach the blocked alveoli. Therapy is therefore focused on mobilizing and removing mucus.





Various neurohumoral and pharmacological agents regulate epithelial chloride channels. Among these agents are those that increase intracellular concentrations of cyclic adenosine monophosphate (cAMP).10 Beta-adrenergic agonists increase intracellular cAMP levels, causing epithelial chloride channels to open and chloride secretion to increase. Increased levels of cAMP also cause smooth airway muscle relaxation and bronchodilation. Beta-adrenergic drugs, commonly administered for their bronchodilating properties, stimulate chloride secretion in normal airway cells.10 This action may account for the enhanced mucociliary clearance observed clinically when beta-adrenergic bronchodilators are administered. (Chapter 2 discusses adrenergic receptors in more detail.)














Epithelium-Derived Relaxing Factor


Damaged or dysfunctional epithelial cells may be partly responsible for the smooth airway muscle hyperreactivity characteristic of diseases such as asthma. The normal epithelium generates





Clinical Focus 1-8   Basis for Pharmacological Management of Asthma


Asthma is a chronic inflammatory lung disease characterized by abnormal airway responses to certain allergens and environmental irritants; the result is high resistance to airflow. Two distinct responses, a hyperreactive response and an inflammatory response, cause the patient to cough, wheeze, and experience chest tightness and shortness of breath. The hyperreactive response consists of abnormal sensitivity to inhaled allergens and irritants. The inflammatory response consists of immune reactions that injure the airway epithelium and cause it to swell and produce thick, sticky mucus. The high resistance to airflow in asthma is caused by three separate mechanisms: smooth muscle contraction (bronchospasm), mucous membrane swelling (mucosal edema), and increased mucus production. All of these mechanisms reduce airway diameter.


Ongoing airway inflammation is the major underlying defect in asthma, which can lead to permanent airway damage and structural remodeling. Remodeling occurs in response to chronic inflammation, which causes the eventual formation of fibrous tissue beneath the airway epithelium and an increase in the number (hyperplasia) of smooth muscle cells and mucous glands. In addition, chronic inflammation causes proteolytic damage (breakdown of proteins) to the lung parenchyma, lessening its constraining tethering effect on airway narrowing.11 Therefore, antiinflammatory drugs, such as inhaled corticosteroids, are first-line drugs for long-term maintenance and control of asthma. Quick-acting drugs that relax constricted smooth muscle (bronchodilators) are used as rescue drugs for emergency relief.


Figure 1-16 shows the spectrum of allergic inflammatory responses in asthma. Although mast cells are generally thought to be the major player in asthmatic reactions, many other cells are also involved in the inflammatory process. As Figure 1-16 shows, the allergic response begins when an inflammatory cell known as an antigen-presenting cell (APC) digests the antigen and presents it to a T-lymphocyte, one of the body’s immune cells. The T-lymphocyte then produces T-helper 2 (Th2) cells, which produce inflammatory mediators known as cytokines: interleukin-4 (IL-4) stimulates plasma B cells to synthesize the antibody IgE, IL-5 causes eosinophil maturation and activation, and IL-9 promotes goblet cell hyperplasia and excessive mucus production. IgE molecules attach to the mast cell’s surface, and when they are cross-linked by an antigen molecule, the mast cell membrane breaks down and releases inflammatory agents such as histamine, leukotrienes (LT), and thromboxane (Tx); the result is smooth muscle contraction and mucous membrane swelling (mucosal edema). Activated eosinophils produce inflammatory substances known as granule proteins, and along with neutrophils and macrophages, they produce protease enzymes and reactive oxygen species (toxic oxygen ions or radicals). All of these substances injure the airway epithelium and damage the lung’s extracellular matrix.11 Activated eosinophils also release transforming growth factor beta (TGF β), which promotes subepithelial fibrous tissue formation (see Figure 1-16).


Various drugs used in treating asthma work to block or inactivate one or more of the inflammatory pathways illustrated in Figure 1-16. Among other actions, corticosteroids decrease the number of circulating eosinophils, neutrophils, and lymphocytes and inhibit the synthesis of leukotrienes and other inflammatory mediators after mast cell breakdown. Leukotriene inhibitors directly block the inflammatory effects of leukotriene. Mast cell membrane stabilizers inhibit the breakdown and release of inflammatory mediators when IgE molecules are cross-linked by the antigen. Anti-IgE antibodies are drugs that reduce blood levels of circulating IgE; clinical studies suggest that therapy with this agent can have a major positive effect on the treatment of moderate to severe asthma and on patients at risk for serious asthma exacerbations that require emergency department visits or hospitalizations.15





 a substance that causes smooth muscle relaxation, called epithelium-derived relaxing factor (EpDRF). EpDRF apparently modifies the responsiveness of airway smooth muscle to various stimuli. In theory, patients with damaged or dysfunctional airway epithelium do not produce EpDRF, and the response of the smooth muscle to various stimuli goes unchecked. Therefore, the airways are hyperreactive and prone to bronchospasm. EpDRF may help regulate smooth muscle tone by modifying autonomic neural impulses.16




CONCEPT QUESTION 1-8


Tobacco-induced release of protease enzymes may destroy elastic fibers surrounding small noncartilaginous airways; why does this affect small airway diameter?

















Antiproteases in Lung Tissues and Airway Secretions


Airway secretions and lung tissues contain inhibitors of proteolytic enzymes, known as antiproteases. In people with chronic airway inflammation (patients with CF, chronic bronchitis, asthma, or emphysema and cigarette smokers), neutrophils invade the airways and release neutrophil elastase (NE), a powerful proteolytic enzyme.17 NE is designed to destroy bacteria and other microorganisms that might be present in the airway; however, when it is chronically present, NE degrades elastin and collagen, which are major structural components of the healthy lung. Healthy people have natural antiproteases in the blood, lung tissues, and secretions, the major one being alpha1 protease inhibitor (A1PI), also known as alpha1-antitrypsin. Secretory leukoprotease inhibitor is another antiprotease found in healthy airway secretions, which, along with A1PI, protects the lung from the NE released during episodes of airway inflammation.17 However, in chronic inflammatory lung conditions, NE overwhelms the antiproteases, and lung tissue damage occurs. Balance between the proteases and antiproteases is important for normal lung function.


























The Alveoli


The appearance of alveoli marks the beginning of the respiratory, or gas-exchange, zone. Alveoli first appear in the respiratory bronchioles (see Figure 1-13). The distance from the beginning to the end of the acinus is only a few millimeters, but most of the lung’s volume is contained in acinar structures (about 3000 mL at rest). As mentioned, the conducting airways contain only about 150 mL of gas. The lungs of an adult contain about 300 million alveoli, representing a gas-exchange surface area of 50 to 100 m2. Alveolar diameters range from 100 to 300 µ. Capillaries that are in contact with the alveolar membrane are only 10 to 14 µm in diameter, which is just large enough to allow the passage of red blood cells. These tiny capillaries are wrapped around the alveoli in an extremely dense network; each alveolus may be associated with up to 1000 capillary segments (Figure 1-17).
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Figure 1-17 Pulmonary arteries carry deoxygenated blood (blue) to the capillary beds surrounding the alveoli. Oxygenated blood (red) flows out of these capillaries to the left atrium and ventricle, where it is pumped into the systemic circulation.














Alveolar Capillary Membrane


Alveolar epithelium has type I and type II cells (Figure 1-18). Type I cells constitute most of the alveolar surface and are extremely flat. Type II cells are compact, polygonal-shaped cells protruding into the alveolar airspace. The adjoining basement membranes of the alveolar epithelium and capillary endothelium form an extremely thin blood-air barrier, less than 0.5 µm thick in the flattest regions of the type I cell. The space between these membranes is the interstitium. The alveolar epithelium is highly permeable to respiratory gases, but the tight junctions between epithelial cells form an impermeable barrier to liquid solutions. Endothelial capillary cell junctions are loose and more permeable to water than alveolar epithelium (see Figure 1-18). Inhaled or circulating toxic agents may injure the alveolar capillary membrane, increasing its permeability, a major feature of acute respiratory distress syndrome (ARDS).
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Figure 1-18 Alveolar and capillary membranes showing alveolar type I and type II cells. Lamellar bodies in type II cells are responsible for surfactant secretion.

















Type II Cells and Surfactant Secretion


Type II cells have short, blunt projections (microvilli) on their alveolar surfaces and contain many internal organelles, including organelles known as lamellar bodies (see Figure 1-18). The lamellar bodies are the source of alveolar surfactant phospholipid, an agent that reduces surface tension and is essential for keeping the alveoli open. (See Chapter 3 for the properties of pulmonary surfactant.)














Alveolar Macrophages and Alveolar Clearance Mechanisms


Alveolar macrophages are large migratory phagocytes wandering freely throughout the alveolar airspaces and interstitium (see Figure 1-18). Their main function is to engulf and digest microorganisms and foreign material. The alveolar macrophage is the major lung clearance mechanism distal to the terminal bronchiole.


The acinus is the most ineffective area for lung clearance. Inorganic dusts such as coal or silica dust (from coal mines and stone quarries) tend to be retained in the acinus because of extremely slow clearance rates.


Alveolar macrophages in the acinus engulf foreign material (organic and inorganic), destroying bacteria and entrapping inorganic particles. Some phagocytized material is dissolved, and some is simply surrounded and isolated. Macrophages synthesize potent enzymes and oxidizing agents that kill bacteria, viruses, and fungi. These oxidizing agents are extremely lethal to microorganisms, even in small quantities. Enzyme systems in the macrophage chemically reduce oxygen in a stepwise fashion, generating large amounts of superoxide ions (O2−), hydrogen peroxide (H2O2), hydroxyl ions (OH−), and ultimately water (H2O). The mitochondria of other tissue cells produce minute quantities of these toxic oxygen radicals in the process of normal oxidative (aerobic) metabolism. However, these cells normally contain catalytic enzymes that speed up the oxygen reduction process, preventing accumulation of toxic radicals. Overproduction of these toxic oxygen radicals occurs in the presence of high inspired oxygen concentrations, leading to alveolar tissue injury, a condition known as oxygen toxicity.


After ingesting foreign matter, the macrophage may (1) migrate into the airways, where ciliary activity moves it to the pharynx; (2) migrate into the interstitial space and remain there; (3) enter the lymphatic system; or (4) simply die and remain in the alveolus.


The lung interstitium has the slowest macrophage clearance rate; particles carried to the interstitium by macrophages are most likely to cause lung tissue damage. Sharp inorganic crystals can damage and kill macrophages, releasing toxic substances, which attract cells called fibroblasts that synthesize and lay down collagen fibers over the area. Eventually, excessive fibrous tissue accumulates in the interstitium, and a condition called pulmonary interstitial fibrosis develops. The fibrous lung becomes stiff and difficult to inflate, increasing the work of breathing and impairing gas diffusion.


Cigarette smoke increases phagocytosis and the release of powerful proteases by macrophages and neutrophils (proteases are enzymes that can eventually degrade and destroy surrounding cellular protein and elastic tissue).17 Although the lung normally contains protective antiprotease enzymes, these enzymes may be overwhelmed by the continual activation of alveolar macrophages and neutrophils caused by chronic smoking. A state of chronic inflammation and alveolar destruction develops, which is the primary feature of emphysema, an irreversible airway obstructive disease.





Clinical Focus 1-9   Defective Chloride Channel Regulation and Cystic Fibrosis


Defective chloride ion transport across epithelial cell membranes is a major pathological feature of cystic fibrosis (CF). In patients with CF, airway epithelial cells secrete abnormally low amounts of chloride and sodium ions into the airway lumen, which means airway secretions have lower than normal osmotic pressure. As a result, less water is drawn into the airway, which dehydrates secretions and impairs mucociliary clearance.10 In patients with CF, beta-adrenergic drugs fail to bring about epithelial chloride ion secretion. A genetically mutated gene causes the protein structure that controls the chloride channel on the epithelial cell surface to be defective. In CF, this protein is known as cystic fibrosis transmembrane regulator (CFTR). About 75% of patients with CF have genetic-encoding errors that cause molecular defects in the synthesis or function of CFTR; as a result, epithelial cells fail to secrete chloride ions into the airway lumen.18 The consequence is dehydrated, thick airway secretions; ineffective mucus clearance; mucous plugging of airways; and chronic lung infections.


At the time of this writing, major research efforts in treatment of CF have focused on pharmacological therapeutic approaches aimed at making mutant CFTR function properly.19 In one type of molecular defect, the cell’s synthesis of CFTR is stopped prematurely because of an improper genetic code signal; another type of defect causes improper folding, transport, and insertion of the CFTR protein into the epithelial cell membrane’s surface; a third defect allows CFTR proteins to reach the proper location on the cell membrane surface, but the proteins do not function. Pharmacological compounds currently under clinical investigation address each of these defects and include compounds that (1) “read through” premature stop codes for CFTR synthesis, (2) properly fold and transport CFTR into the cell membrane surface (these compounds are called “correctors”), and (3) improve the chloride transport function of properly situated CFTRs (these compounds are called “potentiators”).18 Ongoing clinical trials have shown promising results.19,20
































POINTS TO REMEMBER










• The lower airways are normally well protected by the ability of the upper airways to filter, warm, and humidify inspired gas.


• Artificial heat and humidity must be supplied to artificial airways that bypass the upper airways to prevent dried, thickened secretions.


• Respiration, or gas exchange between air and blood, occurs only in alveoli; all other airspaces in the lung are known as conducting airways.


• Mucociliary clearance is a major mechanism whereby the lung is kept free of foreign material and infectious microorganisms; the lower airways are normally sterile.


• A functional larynx is essential for preventing aspiration and allowing an effective cough.


• Because of their great number and large combined cross-sectional area, small airways offer less resistance to airflow than large airways.


• Asthma is a condition in which the airway epithelium is chronically inflamed and hypersensitive to various stimuli; antiinflammatory drugs are first-line drugs in the long-term control of asthma.


• Small noncartilaginous airways are kept open by the tethering forces of the surrounding elastic lung tissue, which normally limit the extent to which bronchospasm narrows the airways.


• Rigid cartilage keeps the large airways patent.


• Surfactant, secreted by alveolar type II cells, prevents surface tension forces from collapsing the alveoli.















References





1. Clemente C.D., ed. Gray’s anatomy, ed 30, Philadelphia: Lea & Febiger, 1985.


2. Van Cauwenberge, P., et al. Anatomy and physiology of the nose and paranasal sinuses. Immunol Allergy Clin North Am. 2004; 24(1):1.


3. Dolovich, M. Clinical aspects of aerosol physics. Respir Care. 1991; 36(9):931.


4. Pien, G. W., Pack, A. I. Sleep disordered breathing. In Mason R.J., et al, eds.: Murray and Nadel’s textbook of respiratory medicine, ed 5, Philadelphia: Saunders, 2010.


5. Balkissoon, R. C., Baroody, F. M., Togias, A. Disorders of the upper airways. In Mason R.J., et al, eds.: Murray and Nadel’s textbook of respiratory medicine, ed 5, Philadelphia: Saunders, 2010.


6. Amirav, I., et al. Factors that affect the efficacy of inhaled corticosteroids for infants and young children. J Allergy Clin Immunol. 2010; 125(6):1206.


7. Chen, E. Y., Inglis, A. F., Jr. Bilateral vocal cord paralysis in children. Otolaryngol Clin North Am. 2008; 41(5):889.


8. McFadden, E. R., Jr., et al. Thermal mapping of the airways in humans. J Appl Physiol. 1985; 58(2):564.


9. Ettinger, D. S. Lung cancer and other pulmonary neoplasms. In Goldman L., Ausiello D., eds.: Cecil textbook of medicine, ed 23, Philadelphia: Saunders, 2007.


10. Folkesson, H. G., Matthay, M. A. Alveolar and distal airway epithelial fluid transport. In Mason R.J., et al, eds.: Murray and Nadel’s textbook of respiratory medicine, ed 5, Philadelphia: Saunders, 2010.


11. Schellenberg, R. R., Seow, C. Y. Airway smooth muscle and related extracellular matrix in normal and asthmatic lung. In Adkinson N.F., et al, eds.: Middleton’s allergy: principles and practice, ed 7, Philadelphia: Mosby, 2008.


12. Safdar, N., Christopher, C. J., Maki, D. G. The pathogenesis of ventilator-associated pneumonia: its relevance to developing effective strategies for prevention. Respir Care. 2005; 50(6):725.


13. Pneumatikos, I. A., Dragoumanis, C. K., Bouros, D. E. Ventilator-associated pneumonia or endotracheal tube-associated pneumonia? Anesthesiology. 2009; 110(3):673.


14. Deem, S., Treggiari, M. M. New endotracheal tubes designed to prevent ventilator-associated pneumonia: do they make a difference? Respir Care. 2010; 55(8):1046.


15. Niven, R. Effectiveness of omalizumab in patients with inadequately controlled severe persistent allergic asthma: an open-label study. Respir Med. 2008; 102:1371.


16. Barnes, P. J. Pathophysiology of allergic inflammation. In Adkinson N.F., et al, eds.: Middleton’s allergy: principles and practice, ed 7, Philadelphia: Mosby, 2008.


17. Shapiro, S. D., Reilly, J. J., Rennard, S. I. Chronic bronchitis and emphysema. In Mason R.J., et al, eds.: Murray and Nadel’s textbook of respiratory medicine, ed 5, Philadelphia: Saunders, 2010.


18. Zemanick, E. T., et al. Measuring and improving respiratory outcomes in cystic fibrosis lung disease: opportunities and challenges to therapy. J Cyst Fibrosis. 2010; 9(1):1.


19. Cuthbert, A. New horizons in the treatment of cystic fibrosis. Br J Pharmacol. 2011; 163(1):173.


20. Sears, E. H., Gartman, E. J., Casserly, B. P. Treatment options for cystic fibrosis: state of the art and future perspectives. Rev Recent Clin Trials. 2011; 6(2):94.





















Chapter 2


The Lungs and Chest Wall
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Objectives


After reading this chapter, you will be able to:


• Differentiate between the lobes and segments of the right and left lungs


• Explain why the pleural membranes normally have a subatmospheric pressure between them and the way in which this subatmospheric pressure is related to lung volume


• Describe why the systemic bronchial circulation in the lungs prevents alveolar gas and arterial blood oxygen pressures from being equal


• Explain why sympathetic stimulation, parasympathetic stimulation, and nonadrenergic noncholinergic nerve stimulation cause different effects in the lung


• List the neuronal effects a drug must have to elicit bronchodilation


• Describe the essential components of an effective cough and factors that impair cough effectiveness


• Identify which spinal cord levels correlate with diaphragmatic muscle function


• Discuss the assessment of abnormally high respiratory efforts by inspecting the chest


• Explain the functional difference between primary and accessory muscles of ventilation
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The Lungs as Organs


The inflated lungs are conical; the upper part is the rounded apex, and the lower concave part is the base (Figure 2-1). The costal (rib) surface of the lungs is smooth and convex and adjoins the inner chest wall. The surfaces adjoining the mediastinum are concave; the mediastinum is the central portion of the chest cavity containing the heart, aorta, esophagus, great veins, trachea, and mainstem bronchi.
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Figure 2-1 The lungs in relationship to the rib cage and other thoracic structures.








Figure 2-1 shows that the apices of the lung extend above the clavicles into the base of the neck, with their top borders lying at the level of the first thoracic vertebra. The anterior border of the left lung forms the cardiac notch, which accommodates protrusion of the heart into the left half of the thoracic cavity.





CONCEPT QUESTION 2-1


The volume of the left lung is slightly less than the volume of the right lung. Explain the reason for this difference.





The lung bases rest on the diaphragm, the major muscle of ventilation, which consists of two distinct, separately innervated muscles—the left and right hemidiaphragms. The diaphragm separates the thoracic and abdominal cavities, bowing deeply upward into the thoracic cavity (see Figures 2-1 and 2-9, A). The concave lung bases fit over the domes of the diaphragm. When the body is at rest, the outer margins of the lung’s bases lie at the level of the tenth thoracic vertebra; however, the highest points of their concave diaphragmatic surfaces bow up to the level of the eighth to ninth thoracic vertebra. The left hemidiaphragm surface is slightly lower than the right hemidiaphragm surface because (1) the heart rests on the left half of the diaphragm, pushing it downward, and (2) the liver, situated in the abdominal cavity directly below the right half of the diaphragm, props up this area (see Figure 2-1).
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Figure 2-9 The thoracic cavity is divided into left and right pleural cavities and the central mediastinal cavity. (From Thibodeau GA, Patton KT: Anatomy & physiology, ed 3, St Louis, 1996, Mosby.)








The area on the lung’s mediastinal surfaces through which arteries, veins, and the main bronchus enter is called the hilum and can be thought of as the “root” of the lung (Figure 2-2). The pulmonary ligament just below the hilum connects the membrane that covers the lung’s surface with the diaphragm below. The hilar structures and pulmonary ligament suspend and stabilize the lungs in the chest cavity. A thin anterior portion of the upper lobe of the left lung overlaps the heart and continues downward to a narrow point, forming the lingula, the tonguelike anatomical counterpart of the middle lobe of the right lung (see Figure 2-2).
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Figure 2-2 Medial view of the lungs. The hilum is the entry point for the mainstem bronchi and major blood vessels. The lingula of the left lung corresponds with the middle lobe of the right lung. (From Thibodeau GA, Patton KT: Anatomy & physiology, ed 3, St Louis, 1996, Mosby.)
















Pleural Membranes


The visceral and parietal pleurae are one continuous membrane, forming sealed envelopes surrounding each lung. The visceral pleura, attached to the lung’s surface, doubles back at the hilar region to form the parietal pleura, which is attached to the inner chest wall surface (Figure 2-3). The potential space between visceral and parietal membranes is called the pleural space. Normally, the visceral and parietal pleurae are separated only by an extremely thin layer of serous pleural fluid. Pleural fluid lubricates the membranes, allowing nearly frictionless movement as they slide over one another during breathing. The cohesive forces of pleural fluid molecules prevent separation of the membranes, similar to the way a film of water prevents two glass microscope slides from being pulled apart. The lung passively follows movements of the chest wall and diaphragm. Intrapleural pressure, or pressure between the pleural membranes, is subatmospheric during normal breathing because the chest wall and lung recoil in opposite directions, creating a vacuum in the sealed pleural space.
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Figure 2-3 The visceral and parietal pleural membranes form a sealed envelope around each lung. Single arrows represent retractive lung recoil. Double arrows represent dimensional changes between deep inspiration and expiration. (Modified from Fishman AP: Assessment of pulmonary function, New York, 1980, McGraw-Hill.)








The lowest margin of the diaphragm meets the chest wall in an area called the costophrenic recess. The lung’s borders do not extend into this recess, but the parietal pleural membrane does (see Figure 2-1). If the pleural membranes become inflamed by disease, fluid may form in the pleural space, creating what is called a pleural effusion; in such situations, fluid settles into the costophrenic recess of the pleural space, blunting the normally sharp angles of the costophrenic junctions as seen on a chest x-ray image. This fluid can be removed with a syringe and large-gauge needle (thoracentesis) or by surgically inserting a chest tube into the pleural cavity; several liters of fluid can collect in the pleural space, which compresses the lung and restricts its expansion.





CONCEPT QUESTION 2-2


What effect would a large pleural effusion have on the pressure required to inflate the lungs?























Blood Supply to the Lungs


The metabolic requirements of the lung are met by two separate blood supplies—the pulmonary and systemic circulations. The pulmonary circulation originates from the right ventricle of the heart as the pulmonary artery and carries oxygen-poor blood to the lungs to be reoxygenated. Pulmonary arterioles subdivide many times to form extensive capillary beds that surround the alveoli like a fine net. Beyond the alveoli, capillaries converge to form venules and pulmonary veins, which carry oxygenated blood to the heart’s left atrium (Figure 2-4). The entire cardiac output flows through the pulmonary circulation and its fine capillary network; in this way, the pulmonary capillaries act as a kind of filter through which all blood flow must pass. The main function of this circulation is to bring blood into contact with alveolar gas so that oxygen and carbon dioxide exchange (respiration) can occur.
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Figure 2-4 Bronchial and pulmonary circulations. Interconnections between systemic bronchial veins and pulmonary veins allow deoxygenated bronchial venous blood flow (blue) to merge with oxygenated pulmonary venous blood flow (red). This anatomical shunt causes blood entering the left atrium to have a lower oxygen pressure than alveolar gas.












CONCEPT QUESTION 2-3


A person with a large bruise in a leg muscle or a person who remains stationary for long periods during a transcontinental airplane journey is at risk for developing blood clots in the deep leg veins. Why are such persons also at risk for developing a pulmonary embolus?





The lung’s systemic blood supply, the bronchial circulation, arises from the aorta as the bronchial arteries, which supply all of the airway walls from the major bronchi down to the respiratory bronchioles. In contrast to the pulmonary circulation, it is only a small fraction of the cardiac output. When blood flow passes through the capillary beds of the bronchial wall, oxygen diffuses out of the blood into airway wall tissues. On leaving the capillaries, this oxygen-poor blood takes at least two different courses: (1) one third to one fourth of it is channeled into the true bronchial veins into the azygos vein and then into the heart’s right atrium and (2) the remaining two thirds to three fourths of it drains directly into the pulmonary veins, mixing oxygen-poor bronchial venous blood directly with the freshly oxygenated blood of the pulmonary veins. This mixing reduces the overall oxygen content of the pulmonary venous blood that enters the left atrium, which the left ventricle eventually pumps into the systemic arterial circulation (see Figure 2-4).


These vascular connections between bronchial and pulmonary circulations are called bronchopulmonary-arterial





Clinical Focus 2-1   Penetrating Chest Wound


Consider the events following a penetrating chest wall injury such as a stab wound.





Discussion


A penetrating chest wall injury breaks the pleural seal, opening the pleural space to atmospheric pressure. The subatmospheric pressure in the pleural space sucks air into the chest, creating a pneumothorax, or air in the thorax. The lungs’ inward recoil force, no longer opposed by the outward recoil force of the chest wall, collapses the lung. At the same time, the unopposed outward recoil force of the chest wall expands the thorax. This injury is life-threatening because the individual has great difficulty ventilating the lung. Depending on the size and nature of the wound, reflex muscle spasms may partially seal the opening and prevent total lung collapse. The treatment for pneumothorax is placement of a chest tube into the pleural space and application of suction to remove the air and reexpand the lung.








 anastomoses, which constitute part of the normal “anatomical shunt” found in the pulmonary circulation. Shunting refers to the mixing of unoxygenated blood with oxygenated blood. In this case, unoxygenated venous blood from the bronchial circulation mixes with oxygenated blood in the pulmonary veins, which is eventually pumped into the aorta and the systemic arteries. This normal anatomical shunting means that systemic arterial blood can never have the same partial pressure of oxygen as alveolar gas; this gives rise to the normal P(A-a)O2 (alveolar-to-arterial oxygen pressure difference). Vessels carrying blood to the heart are called veins, and vessels carrying blood away from the heart are called arteries. In the systemic circulation, arteries carry oxygenated blood, and veins carry deoxygenated blood; this is reversed in the pulmonary circulation. In common medical usage, the terms arterial blood and venous blood generally refer to oxygenated blood and deoxygenated blood.














Lymphatics of the Lung


Lymph is a clear, protein-containing fluid found in the interstitial spaces of the body (i.e., extracellular and extravascular spaces). The body’s capillaries filter about 30 L of fluid per day out of the blood into interstitial spaces but reabsorb only about 27 L back into the blood. If the extra 3 L of fluid remained in the interstitial spaces, fluid would accumulate and eventually flood the alveoli, causing pulmonary edema. The lymphatic system normally removes this interstitial fluid and returns it to the bloodstream. In addition, lymph nodes filter and clear the fluid of microorganisms and foreign materials.


The lung’s lymphatics are organized into superficial and deep vessel networks. The superficial vessels drain the lung surfaces and pleura; the deep vessels drain the main lung tissues, also known as the lung parenchyma. The flow of lymph through deep and superficial systems is directed toward the hilum, where numerous lymph nodes are located. Lymph eventually returns to the bloodstream through the right thoracic lymph duct.














Nervous Control of the Lungs and Thoracic Musculature


The voluntary skeletal muscles of the chest wall and diaphragm are innervated by the somatic nervous system, whereas the involuntary smooth airway muscle of the lung is innervated entirely by the autonomic nervous system. The sympathetic and parasympathetic divisions of the autonomic system control most of the body’s visceral functions. (The term “viscera” refers to the soft organs of the thoracic and abdominal cavities.) Somatic and autonomic nervous systems are compared in Table 2-1. The somatic system provides only motor innervation to the ventilatory muscles; the autonomic system supplies both motor (efferent) and sensory (afferent) nerves to the lung.




TABLE 2-1


Comparison of Autonomic and Somatic Motor Nervous Systems








	Features

	Somatic Motor Nervous System

	Autonomic Nervous System










	Target tissues

	Skeletal muscle

	Smooth muscle, cardiac muscle, and glands






	Regulation

	Control of all conscious and unconscious movements of skeletal muscle

	Unconscious regulation, although influenced by conscious mental functions






	Response to stimulation

	Skeletal muscle contracts

	Target tissues are stimulated or inhibited






	Neuron arrangement

	One neuron extends from the CNS to skeletal muscle

	Two neurons in series; the preganglionic neuron extends from the CNS to an autonomic ganglion, and the postganglionic neuron extends from the autonomic ganglion to the target tissue






	Neuron cell body location

	Neuron cell bodies are in motor nuclei of the cranial nerves and in the ventral horn of the spinal cord

	Preganglionic neuron cell bodies are in autonomic nuclei of the cranial nerves and in the lateral horn of the spinal cord; postganglionic neuron cell bodies are in autonomic ganglia






	Number of synapses

	One synapse between the somatic motor neuron and the skeletal muscle

	Two synapses—first in the autonomic ganglia, second at the target tissue






	Axon sheaths

	Myelinated

	Preganglionic axons myelinated, postganglionic axons unmyelinated






	Neurotransmitter substance

	Acetylcholine

	Acetylcholine released by preganglionic neurons; either acetylcholine or norepinephrine released by postganglionic neurons






	Receptor molecules

	Receptor molecules for acetylcholine are nicotinic

	In autonomic ganglia, receptor molecules for acetylcholine are nicotinic; in target tissues, receptor molecules for acetylcholine are muscarinic, whereas receptor molecules for norepinephrine are either α- or β-adrenergic









CNS, Central nervous system.


Modified from Seeley RR, Stephens TD, Tate P: Anatomy & physiology, ed 3, New York, 1995, McGraw-Hill.











Somatic Innervation


The paired phrenic nerves supply motor innervation to the hemidiaphragms. Phrenic nerves originate from the right and left cervical nerve plexuses as branches of cervical spinal nerves C3 to C5 (Figure 2-5). Phrenic nerves cross in front of the scalenus anterior muscles of the neck and enter the chest, sandwiched between subclavian arteries and veins. Thoracic surgery, neck trauma, and cancerous tumors sometimes injure or compress the phrenic nerve, causing paralysis of the diaphragm. However, breathing may still be possible even with a paralyzed diaphragm if intercostal nerves and muscles are intact.
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Figure 2-5 Cervical nerve plexus. The phrenic nerves exit this plexus from C3, C4, and C5 levels. Spinal cord transactions above the C3 level paralyze the diaphragm and all other ventilatory muscles. (From Habif TP: Clinical dermatology, ed 2, St Louis, 1990, Mosby.)








The intercostal nerves are spinal nerves that provide motor innervation to the muscles between the ribs, the intercostal muscles. They originate from the thoracic portion of the spinal column and follow the ribs anteriorly.














Autonomic Innervation


The lung is innervated entirely by autonomic sensory and motor nerves; no voluntary motor control over airway smooth muscle exists. The general pattern of autonomic innervation for both sympathetic and parasympathetic divisions is a two-neuron system in which a nerve fiber leaves the central nervous system (brainstem or spinal cord) and forms a junction (synapse) with a second neuron. The second neuron synapses with muscle cells of the innervated organ, known as the effector organ. The synapse between two neurons outside of the spinal cord is known as a ganglion. The synapses between nerves and effector organs are generally known as the neuromuscular junction. Nerve impulses are transmitted across ganglionic synapses and neuromuscular junctions by chemical substances known as neurotransmitters. Neurotransmitters are stored in nerve fiber endings and are released into the synaptic region in response to electrical neural impulses. Neurotransmitter molecules travel across the synapse and stimulate the cell membrane of the next neuron or the effector organ, propagating the impulse or causing an organ to respond. The two main neurotransmitters of the autonomic system are acetylcholine and norepinephrine


Fibers between the spinal cord and ganglia are preganglionic fibers; the fibers between the ganglia and the innervated organ are postganglionic fibers (Figure 2-6). In the parasympathetic system, the ganglia are near, or even in, the structures they innervate; preganglionic fibers are long, and postganglionic fibers are short. The opposite is true for the sympathetic system, in which the ganglionic junctions are located a short distance from the spine, forming linked ganglia resembling a chain of beads called the sympathetic chain (Table 2-2 and see Figure 2-6). To some extent, postganglionic fibers from both systems innervate the same structures, producing a balance between excitatory and inhibitory responses (Table 2-3).




TABLE 2-2


Comparison of Sympathetic and Parasympathetic Divisions








	Feature

	Sympathetic Division

	Parasympathetic Division










	Location of preganglionic cell body

	Lateral horns of spinal cord gray matter (T1-L2)

	Brainstem and lateral horns of spinal cord gray matter (S2-S4)






	Outflow from central nervous system

	Spinal nerves, sympathetic nerves, and splanchnic nerves

	Cranial nerves and pelvic nerves






	Ganglia

	Sympathetic chain ganglia along spinal cord for spinal and sympathetic nerves; collateral ganglia for splanchnic nerves

	Terminal ganglia near or on effector organ






	Number of postganglionic neurons for each preganglionic neuron

	Many

	Few






	Relative length of neurons

	Short preganglionic; long postganglionic

	Short postganglionic









From Seeley RR, Stephens TD, Tate P: Anatomy & physiology, ed 3, New York, 1995, McGraw-Hill.







TABLE 2-3


Comparison of Sympathetic and Parasympathetic Divisions








	Organ

	Effect of Sympathetic Stimulation

	Effect of Parasympathetic Stimulation










	Heart

	 

	 






	 Muscle

	Increased rate and force (β1)

	Slowed rate (c)






	 Coronary arteries

	Dilated (β2), constricted (α)∗


	Dilated (c)






	Systemic blood vessels

	 

	 






	 Abdominal

	Constricted (α)

	None






	 Skin

	Constricted (α)

	None






	 Muscle

	Dilated (β2), constricted (α)

	None






	Lungs

	 

	 






	 Bronchi

	Dilated (β2)

	Constricted (c)






	Liver

	Glucose released into blood (β2)

	None






	Skeletal muscles

	Breakdown of glycogen to glucose (β2)

	None






	Metabolism

	Increased up to 100% (α, β)

	None






	Glands

	 

	 






	 Adrenal

	Release of epinephrine and norepinephrine (c)

	None






	 Salivary

	Constriction of blood vessels and slight production of a thick, viscous secretion (α)

	Dilation of blood vessels and thin, copious secretion (c)






	 Gastric

	Inhibition (α)

	Stimulation (c)






	 Pancreas

	Decreased insulin secretion (α)

	Increased insulin secretion (c)






	 Lacrimal

	None

	Secretion (c)






	 Sweat

	 

	 






	  Merocrine

	Copious, watery secretion (c)

	None






	  1.1 Apocrine

	Thick, organic secretion (c)

	None






	Gut

	 

	 






	 Wall

	Decreased tone (β2)

	Increased motility (c)






	 Sphincter

	Increased tone (α)

	Decreased tone (c)






	Gallbladder and bile ducts

	Relaxed (β2)

	Contracted (c)






	Urinary bladder

	 

	 






	 Wall

	Relaxed (β2)

	Contracted (c)






	 Sphincter

	Contracted (α)

	Relaxed (c)






	Eye

	 

	 






	 Ciliary muscle

	Relaxed for far vision (β2)

	Contracted for near vision (c)






	 Pupil

	Dilated (α)

	Constricted (c)






	Arrector pili muscles

	Contraction (α)

	None






	Blood

	Increased coagulation (α)

	None






	Sex organs

	Ejaculation (α)

	Erection (c)









α, Alpha-adrenergic receptors; β, beta-adrenergic receptors; c, cholinergic receptors.


∗Sympathetic stimulation of the heart normally increases coronary artery blood flow because of increased cardiac muscle demand for oxygen. (Local control is discussed in Chapter 17.)




From Seeley RR, Stephens TD, Tate P: Anatomy & physiology, ed 3, New York, 1995, McGraw-Hill.
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Figure 2-6 Major autonomic pathways. Parasympathetic nerves (right) originate from cranial and sacral segments of the spinal cord; the vagus nerve (cranial nerve X) sends branches to most visceral organs. Sympathetic nerves (left) originate from thoracic and lumbar segments of the spinal cord. (From Patton KT, Thibodeau GA: Anatomy & physiology, ed 7, St. Louis, 2010, Mosby.)












Clinical Focus 2-2   Effects of Phrenic Nerve and Spinal Cord Injuries on Ventilation


Your patient is a 25-year-old woman who was involved in a one-car rollover. She sustained fractures of the second and third cervical vertebrae and trauma to the spinal cord at the same levels.


What problems do you think your patient will have as a result of this injury? What will your role as a clinician be in caring for her?





Discussion


The diaphragm receives its motor innervation (stimulus) from the phrenic nerve, which originates from the damaged portion of the spinal cord. Phrenic nerve injury may cause partial or total loss of diaphragm stimulation. The high level of the spinal cord injury means this woman will likely require positive pressure mechanical ventilation through an endotracheal tube placed into her trachea. She may require this support temporarily or long-term, depending on the degree of diaphragm paralysis.


Spinal cord injury at C2 and C3 levels impairs respiratory muscle function because respiratory muscles receive nerve input from the spinal cord at or below these cervical vertebrae. This includes the major muscles involved in inspiration and expiration: the diaphragm, external and internal intercostals, and abdominals. At best, this patient might be able to use accessory muscles to breathe, but her inability to take deep breaths will reduce her lung volumes, increasing the likelihood of alveolar collapse (atelectasis). Expiratory muscle impairment means she will not cough effectively and will not clear normal secretions effectively. Secretions will tend to collect in the lungs, providing a breeding ground for bacteria.


Your role is to ensure adequate ventilation and bronchial hygiene (secretion removal) for this patient. To provide adequate ventilation, you must set the mechanical ventilator to deliver appropriate breath volumes at an adequate respiratory rate. You will periodically insert a suction catheter down into the endotracheal tube to suction secretions from the airway. This suctioning helps prevent secretion retention and aids in bronchial hygiene. If she recovers enough diaphragmatic function to breathe on her own, you might take measures to improve her remaining respiratory muscle strength. You will regularly encourage her to inhale deeply and may need to use a manual ventilating device to help her take deep breaths. You can help her cough to clear secretions by placing your hands on her abdomen just below the ribs and giving a forceful thrust during exhalation. This simulated cough increases abdominal pressure and moves the diaphragm sharply upward, forcing air and secretions out of the lungs. You also may place the patient in positions that use gravity to drain secretions from the lungs (postural drainage).








Sympathetic preganglionic fibers originate in the thoracic and lumbar portions of the spinal cord—hence the term “thoracolumbar” in reference to the sympathetic division. A single preganglionic neuron may synapse with many postganglionic neurons that branch out to numerous organs. Thus, sympathetic stimulation usually elicits a widespread response involving many different organs.1


Parasympathetic fibers originate from the brainstem and sacral spinal cord—hence the term “craniosacral” in reference to the parasympathetic division. About three fourths1 of all parasympathetic fibers are in the vagus nerve (see cranial nerve X in Figure 2-6), which sends out many branches to the visceral organs. Vagal stimulation is synonymous with parasympathetic stimulation. In contrast to the sympathetic division, a parasympathetic preganglionic fiber usually synapses with a single postganglionic fiber; parasympathetic stimulation often evokes the response of a single organ.1








Efferent (Motor) Responses








Sympathetic Responses


Sympathetic postganglionic fibers secrete the neurotransmitter norepinephrine, also known as noradrenaline, and these neurons are called adrenergic fibers. Sympathetic stimulation causes smooth airway muscle relaxation, which increases airway diameter (bronchodilation) and decreases resistance to airflow. Drugs that elicit sympathetic responses in the airways are called adrenergic bronchodilators; they are commonly used to reverse bronchoconstriction in patients with asthma and chronic bronchitis. Paradoxically, there is little or no anatomical evidence for sympathetic innervation of the airways, and yet sympathetic nervous system stimulation causes bronchodilation.2 Sympathetic bronchodilation occurs as follows: an extension of the sympathetic ganglionic chain, called the greater splanchnic nerve (see Figure 2-6), carries sympathetic impulses to the adrenal gland medulla, which secretes epinephrine directly into the bloodstream. Circulating epinephrine stimulates adrenergic receptors on smooth airway muscle cells, which are abundant in the lung despite the scarcity of sympathetic innervation. Circulating epinephrine is the only natural mechanism for sympathetic bronchodilation in humans.2














Parasympathetic Responses


Parasympathetic postganglionic fibers innervate lung smooth airway muscle, mucous glands, and pulmonary blood vessels. They secrete the neurotransmitter acetylcholine, and they are called cholinergic fibers. Parasympathetic impulses are the major neural bronchoconstrictor mechanism and the major determinant of airway diameter.2 These cholinergic impulses normally maintain a mild degree of continuous smooth muscle contraction, providing a normal baseline smooth muscle tone. However, excessive cholinergic stimulation can cause intense airway muscle contraction or bronchospasm, greatly increasing resistance to airflow. Drugs used to block cholinergic impulses in such circumstances are called anticholinergic bronchodilators.


Parasympathetic stimulation also increases the production of mucous glycoproteins, increasing the viscosity of airway secretions. In contrast, sympathetic stimulation produces thin, watery secretions. The balance between these two autonomic divisions helps determine the viscosity of airway secretions. Neither parasympathetic nor sympathetic fibers exert control over the pulmonary circulation in an adult.


Cholinergic innervation is greatest in the large airways, diminishing peripherally as airways become smaller. This characteristic may explain why anticholinergic bronchodilator drugs are less useful than adrenergic bronchodilator drugs when bronchoconstriction involves mostly small airways. In contrast, sympathetic receptors are more uniformly distributed, and adrenergic bronchodilators are equally effective in large and small airways.2














Adrenergic and Cholinergic Receptors


Before a neurotransmitter can stimulate a postganglionic fiber or an effector organ cell, it must first bind with the cell’s highly specific transmembrane receptor known as a G protein–coupled receptor; the intracellular end of the receptor is linked to a G protein molecule (so named because it is part of a family of guanine nucleotide-binding proteins).2 When a neurotransmitter molecule binds with the extracellular end of the receptor, the receptor’s shape changes, activating the G protein inside the cell. G protein activation stimulates an intracellular enzyme, initiating a complex sequence of events that ultimately stimulates or inhibits the nerve fiber or effector organ, depending on the type of receptor and neurotransmitter molecule involved.


Both sympathetic and parasympathetic preganglionic fibers secrete acetylcholine at ganglionic junctions where they synapse with postganglionic fibers. At these junctions, receptors on postganglionic nerve fibers of both divisions are cholinergic; that is, they are specific for the acetylcholine. These cholinergic receptors are called nicotinic receptors because of their sensitivity to nicotine; when acetylcholine binds with nicotinic receptors, postganglionic fibers propagate the nerve impulse to the neuromuscular junction of the effector organ. At the neuromuscular junction, sympathetic (adrenergic) fibers secrete norepinephrine, and parasympathetic (cholinergic) fibers again secrete acetylcholine. The organs innervated by these fibers have adrenergic and cholinergic transmembrane receptors in their cell membranes specific for norepinephrine and acetylcholine molecules. Cholinergic receptors at the neuromuscular junction are different from receptors at the ganglionic junction and are called muscarinic receptors because of their sensitivity to muscarine, a substance derived from a mushroom. When acetylcholine molecules bind with muscarinic receptors, they produce smooth airway muscle contraction (bronchoconstriction) and increased glandular mucus secretion. In contrast, when norepinephrine molecules bind with adrenergic receptors of effector organ cells, they produce bronchodilation, which decreases airway resistance. Figure 2-7 illustrates the locations of neurotransmitters and receptors.
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Figure 2-7 Locations of neurotransmitters and receptors of the autonomic nervous system. All preganglionic fibers are cholinergic, secreting acetylcholine (ACH), which binds with nicotinic receptors on postganglionic fibers. A, Sympathetic postganglionic fibers are adrenergic, secreting norepinephrine (NE), which binds with adrenergic alpha and beta receptors. B, Parasympathetic postganglionic fibers remain cholinergic, secreting ACH, which binds with muscarinic receptors on the effector cells. (From Thibodeau GA, Patton KT: Anatomy & physiology, ed 5, St Louis, 2003, Mosby.)




















Parasympathetic Muscarinic Receptor Subtypes


At least five muscarinic receptor subtypes have been identified, three of which are present in the human lung. These subtypes are designated M1, M2, and M3 receptors, and all are sensitive to acetylcholine.2 M1 receptors are present along with nicotinic receptors on the preganglionic fiber at the ganglionic junction. Although nicotinic receptors are primarily responsible for transmitting neural impulses through the parasympathetic ganglion, M1 receptor stimulation enhances transmission. M2 receptors are present on the postganglionic nerve ending at the neuromuscular junction. M2 receptors have a negative feedback function; when bound by acetylcholine, they inhibit its further release from the nerve ending, limiting the effects of parasympathetic stimulation. M3 receptors are present in airway smooth muscle and mucous glands; when bound by acetylcholine, they cause smooth muscle contraction and increased mucus production (Figure 2-8).
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Figure 2-8 Muscarinic receptor subtypes (M1 through M3) of the parasympathetic nervous system in the lung. Ach, Acetylcholine. (From Gardenhire DS: Rau’s respiratory care pharmacology, ed 8, St. Louis, 2008, Mosby.)




















Adrenergic Receptor Subtypes


As with cholinergic receptors, there are different types and subtypes of adrenergic receptors; the major types are designated alpha (α) and beta (β) receptors (see Figure 2-7). Beta receptors are subdivided further into beta1 (β1) and beta2 (β2) receptors. Alpha receptors are less distinctly subdivided into alpha1 and alpha2 receptors.2 Chemical substances that stimulate these receptors are called agonists, whereas substances that block their responses are called antagonists. Alpha and beta agonists generally produce opposite effects; for example, beta2 agonists cause vasodilation, whereas beta1 agonists cause vasoconstriction. Similarly, some alpha-mediated functions can be excitatory, and some can be inhibitory.


Norepinephrine and epinephrine, both secreted into the bloodstream by the adrenal glands, excite alpha and beta receptors differently. Norepinephrine excites alpha receptors much more than beta receptors, whereas epinephrine excites them both about equally.1 Table 2-3 lists some of the differences between alpha and beta receptor functions. About two thirds of the beta receptors in the lung are of the beta2 type.2 Pulmonary beta2 receptors are concentrated in airway smooth muscle, airway epithelium, vascular smooth muscle, and submucosal glands, whereas the smaller number of beta1 receptors are restricted to alveolar walls and submucosal glands.2 There is no evidence of alpha receptors on airway smooth muscle, although they are present on the smooth muscle associated with blood vessels that supply the airways.2


From the foregoing discussion, one can see that both cholinergic blocking drugs and beta2 agonist drugs cause bronchodilation. Beta2 agonists and cholinergic antagonists are the two major drug types used to reverse bronchospasm in diseases such as asthma and chronic obstructive pulmonary disease (COPD). COPD includes diseases that narrow the airways for purely structural reasons (e.g., because of loss of elastic recoil or airway mucosal edema), which means that normal cholinergic smooth muscle tone decreases airway diameter more than it does in normal airways. This characteristic of COPD may explain why anticholinergic drugs are often more effective than beta2 agonists as bronchodilators in patients with COPD.2


The preceding characterizations of neural airway control have been simplified; it is now known that the autonomic nervous system comprises more than just adrenergic and cholinergic neurons and that all neurons interact in complex ways.2 One autonomic division can modify the function of the other. Every nerve secretes multiple transmitters, although each division is generally associated with one primary neurotransmitter.2














Nonadrenergic Noncholinergic Responses


Bronchodilator nerves exist in human airways that are not blocked by drugs that block adrenergic or cholinergic receptors. These nerves are called nonadrenergic noncholinergic (NANC) nerves; other neurotransmitters besides norepinephrine and acetylcholine bind with autonomic receptors.2 It was previously thought that each autonomic nerve type had its own unique neurotransmitter, but a newer theory of cotransmission holds that in addition to secreting norepinephrine or acetylcholine, all postganglionic fibers release or cotransmit a host of NANC transmitters that modify autonomic receptor responses. These additional transmitters can either facilitate or antagonize the effects of the primary neurotransmitter. NANC neurotransmitters play an important role in modulating not only airway smooth muscle tone but also immune system homeostasis.


Similar to sympathetic and parasympathetic autonomic divisions, NANC neurons can be either inhibitory (i-NANC) or excitatory (e-NANC). i-NANC neurons are efferent fibers that cause bronchodilation, whereas e-NANC neurons are sensory fibers (also known as C-fibers) that lead to bronchoconstriction. The main i-NANC neurotransmitters in human airways are nitric oxide (NO) and vasoactive intestinal peptide (VIP); VIP is the most potent bronchodilator of the two. NO and VIP are coreleased with acetylcholine in cholinergic fibers, where they are believed to exert an important limiting effect on cholinergic bronchoconstriction.2 (i-NANC fibers share a common ganglion with parasympathetic fibers.2) VIP also exists in mast cell granules where it is thought to limit the bronchoconstriction caused by mast cell histamine release (see Chapter 1). Superoxide ions generated by inflammatory cells in asthma may deplete neuronally generated NO, possibly reducing the limiting effect that NO has on cholinergic bronchoconstriction.2














Exhaled Nitric Oxide in Asthma


i-NANC neurons contain the enzyme nitric oxide synthase (NOS), which is responsible for the synthesis of NO. In contrast to acetylcholine and norepinephrine, NO is not stored in vesicles in the neuron fiber ending but is synthesized in response to neural stimuli; it then diffuses out of the neuron into extracellular spaces and nearby smooth muscle. There are three forms of NOS: constitutive NOS (cNOS), which is constituted in the neuron; inducible NOS (iNOS), which is induced in airway epithelial cells by inflammation; and endothelial NOS (eNOS), which is another constitutive form of NOS that is generated in vascular endothelial cells.2 Because asthma is an inflammatory disease of the airways, it stimulates the production of iNOS, which would be expected to elevate the concentration of NO in the exhaled gas of asthmatics. Asthmatics have higher concentrations of exhaled





Clinical Focus 2-3   Role of Bronchodilator Drugs in Asthma


Asthma is a lung disease characterized by episodes or “attacks” of bronchoconstriction, mucosal edema, and excessive secretion of thick mucus that can partially or completely obstruct the airways. Various stimuli, including dust, mold, pollens, exercise, and infections can trigger an asthma attack. The asthmatic may quickly develop symptoms of cough, wheezing, a feeling of chest tightness, excess sputum production, and shortness of breath. Respiratory therapists often administer inhaled aerosolized drugs that work rapidly to dilate the airways, reversing the sometimes life-threatening bronchoconstriction. Thus, bronchodilator drugs are often called rescue drugs in asthma treatment. As mentioned in Chapter 1, asthma is primarily an airway inflammatory disease, and antiinflammatory drugs, such as corticosteroids, are considered first-line drugs for long-term control of asthma.


Bronchodilator drugs either mimic sympathetic nervous stimulation or block parasympathetic nervous stimulation. Sympathetic stimulation causes the adrenal glands to secrete epinephrine into the blood, which stimulates adrenergic receptors in the lung and causes smooth airway muscle relaxation (bronchodilation). Bronchodilator drugs inhaled by patients with asthma stimulate the same receptors, specifically the beta2-adrenergic receptors responsible for bronchodilation. For this reason, these drugs are called beta2 agonists. Beta2 agonists are also known as sympathomimetic drugs because they mimic sympathetic neuronal transmission. Sympathomimetic drugs, specifically beta2 agonists, are most commonly inhaled directly into the lungs to reverse the bronchoconstriction associated with asthma. A common example of such a drug is albuterol (Proventil).


Parasympathetic or cholinergic stimulation is the major cause of bronchoconstriction; drugs that block cholinergic receptors (cholinergic antagonists or, more specifically, muscarinic antagonists) cause bronchodilation. Atropine is the prototype of a cholinergic blocker, but it has widespread side effects throughout the body if used as an inhaled bronchodilator drug.3 Ipratropium bromide (Atrovent) is a nonselective M1, M2, and M3 antagonist with fewer side effects than atropine. The ideal anticholinergic bronchodilator drug would block only M1 and M3 muscarinic receptors, keeping the inhibitory effect of M2 stimulation intact. An example of such a selective muscarinic blocker is tiotropium bromide (Spiriva); although tiotropium binds to all muscarinic receptors, it dissociates from M2 receptors 10 times faster than from M3 receptors.3 In addition, tiotropium has a long duration of action, allowing once-daily dosing; compared with ipratropium, it dissociates from M1 and M3 receptors 100 times more slowly.3 Cholinergic blockers are generally used to reduce airway resistance in COPD rather than asthma.










Clinical Focus 2-4   Alpha Agonist Drugs and Laryngeal Edema


Immediately after removing an endotracheal tube from a patient (a procedure called extubation), you notice that the patient has difficulty breathing, and inspiration creates a harsh crowing sound (called stridor). You immediately give the patient an inhaled drug, racemic epinephrine, to treat the problem.





Discussion


An endotracheal tube rests between the vocal cords of the larynx. The tube is a foreign object and creates some degree of trauma to the vocal cords as it presses against their delicate, vascular epithelium. It is common for the vocal cords to swell after extubation in response to the trauma; this is called postextubation laryngeal edema. Edema, or swelling, occurs when vessels become engorged with blood and fluid leaks out of the capillaries into the extravascular tissues. The air passage is narrowed, creating resistance to airflow and a high-pitched crowing sound as high-velocity flow passes between the cords. An alpha-adrenergic drug, such as racemic epinephrine, causes the small arterioles that bring blood to the laryngeal epithelium to constrict; this limits blood flow and pressure that can reach the capillaries. Consequently, capillary blood volume decreases, epithelial tissues shrink, and edema subsides. For this reason, aerosolized racemic epinephrine is the drug of choice for quick relief of postextubation laryngeal edema.








 NO than normal individuals, especially during exacerbations of the disease.2 Monitoring exhaled NO is one way to identify early stages of asthma exacerbations.





CONCEPT QUESTION 2-4


Sometimes beta-blocking drugs are given to patients with heart disease to slow the heart rate and decrease the force of contraction, both of which decrease the oxygen demand of the heart. What adverse effect might beta-blocker drugs have in a patient with asthma?























Afferent (Sensory) Responses


Most sensory afferent nerves from the lung are parasympathetic (vagal) in origin. At least three kinds of afferent receptors have been identified:2 (1) slowly adapting stretch receptors; (2) rapidly adapting irritant receptors; and (3) C-fibers, also classified as NANC excitatory nerves.3 These nerves play a critical role in defense of the airways; their stimulation evokes powerful reflexes that limit the penetration of harmful substances into the respiratory tract that could injure the delicate alveolar gas-exchange surface.








Slowly Adapting (Stretch) Receptors


Slowly adapting receptors (SARs) continue to fire as long as the stimulus persists. These stretch receptors are located in the smooth muscle of conducting airways. They are stimulated by a deep inspiration, which is part of the Hering-Breuer reflex. A deep inspiration inhibits vagal discharge and causes smooth muscle relaxation and bronchodilation.2


Deep inspirations have bronchodilating and bronchoprotective effects in normal healthy people, and these effects are not present in patients with asthma; the airway smooth muscle fibers in asthmatics are not stretched by deep inspiration as much as they are in subjects without asthma.4 In one study, subjects with and without asthma performed several deep inspirations before inhaling methacholine, a provocative substance that elicits bronchospasm. Asthmatic subjects had a much greater bronchospastic response to methacholine than subjects without asthma. The investigators concluded that deep inspiration is a normal physiological protective mechanism that is absent in patients with asthma, even if asthma is mild.4 Apparently, deep inspiration does not stretch asthmatic airways as much as it stretches healthy airways; in addition, asthmatic airways reconstrict more rapidly after deep inspiration compared to healthy airways.4














Rapidly Adapting (Irritant) Receptors


Rapidly adapting receptors (RARs) are activated by various irritants, including inhaled gases (e.g., cigarette smoke, ozone, sulfur dioxide), water, hypertonic solutions, acidic substances, mechanical stimulation (including distortion from bronchoconstriction), and histamine-induced bronchoconstriction.2 RARs are widespread in the larynx, trachea, carina, and mainstem bronchi, firing vigorously on stimulation and then quickly adapting to a slower firing rate.


Stimulation of RARs causes reflex bronchoconstriction, expiratory narrowing of the larynx, cough, deep inspiration, and mucous secretion. These receptors are protective mechanisms in healthy humans because they elicit bronchospasm, limiting penetration of injurious substances into the lung. They also help expel foreign material from the lung by stimulating mucous secretion and cough.


Stimulation of irritant receptors in the larynx, trachea, carina, and major bronchi induces a strong cough reflex, and these RARs are often called cough receptors. These receptors transmit impulses via the vagus nerve to the central nervous system, where the efferent somatic system sends motor signals to appropriate ventilatory muscles. The cough is produced in the following sequence:




1. The diaphragm contracts, causing a deep inspiration.


2. A slight inspiratory pause occurs.


3. The muscles in the larynx close the glottis, sealing the upper airway.


4. The abdominal expiratory muscles contract forcefully, generating a high intrapulmonary pressure against the closed glottis (100 to 200 cm H2O in healthy adults).


5. The glottis suddenly opens, explosively releasing compressed gas.






The sudden release of highly compressed gas produces an explosive burst of air that may achieve an instantaneous velocity greater than 100 miles per hour. The compressive narrowing of airways during the explosive expiratory burst helps generate this high velocity as air is expelled through the narrowed bronchial and tracheal slitlike openings. In this way, the cough produces shearing forces that dislodge mucus and foreign particles from the airways, expelling them from the lungs. The cough is an important lung defense mechanism against aspiration of foreign material. Artificial airways such as endotracheal and tracheostomy tubes greatly diminish cough effectiveness because they prevent glottic closure and the ability to generate high intrapulmonary pressures.


Irritant receptors in the more distal bronchi cause bronchoconstriction rather than cough.7 Bronchoconstriction increases cough receptor sensitivity resulting from mechanical distortion, whereas bronchodilation decreases their sensitivity.2 For this reason, persistent cough in patients with asthma can often be diminished by treatment with bronchodilator drugs.














C-Fibers


C-fibers (e-NANC fibers) are located in the lung parenchyma, conducting airways, and pulmonary blood vessels; they play an important role in defending the lower respiratory tract and respond to various chemical and physical stimuli by causing bronchoconstriction.2 Bronchial C-fibers are apparently involved in the bronchoconstriction caused by cold air breathing in exercise-induced asthma.5 C-fiber endings are located deep in the lung parenchyma near pulmonary capillaries and alveoli and are often called J-receptors (juxtacapillary receptors).2 Stimulation of J-receptors causes rapid, shallow breathing; severe laryngeal constriction on expiration; slowed heart rate (bradycardia); and mucous secretion. J-receptors are stimulated by alveolar inflammatory processes such as pneumonia and by increased pulmonary capillary pressure and pulmonary edema as seen in patients with congestive heart failure. J-receptors probably contribute to the sensation of dyspnea (shortness of breath) that accompanies such conditions.2
































Thoracic Anatomy


The thorax is a cavity formed by the rib cage and its muscles (intercostal muscles), the vertebrae, sternum, and diaphragm. It can be subdivided into three cavities: the left and right pleural cavities and the mediastinum (Figure 2-9).








Thoracic Cage


The ribs are situated such that their vertebral attachments are higher than their sternal attachments, making them slant downward anteriorly (Figure 2-10). The 12 thoracic vertebrae articulate with all 12 ribs, but not all ribs connect directly with the sternum anteriorly. Ribs 1 to 7 connect directly with the sternum via cartilages and are called vertebrosternal ribs; ribs 8 to 10 are connected to the lower sternum by a common cartilage and are called vertebrochondral ribs. The last two ribs, 11 and 12, do not connect with the sternum and are called floating ribs.
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Figure 2-10 Anterior view of the thoracic cage. (From Seeley RR, Stephens TD, Tate P: Anatomy & physiology, ed 3, New York, 1995, McGraw-Hill.)








The head of a typical rib articulates with the bodies of two adjacent vertebrae, and the rib tubercle articulates with the transverse process of one vertebra (Figure 2-11). A costal groove on the underside of each rib provides a protective channel for nerves, arteries, and veins; needles or tubes inserted between the ribs into the chest should be placed immediately above the rib to prevent damage to nerves or vessels. The first two or three ribs are extremely short and have limited movement. Lower ribs are more likely to be fractured or separated from their sternal attachments in traumatic accidents. Fractured first and second ribs indicate an extremely severe blow to the thorax.
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Figure 2-11 The rib and its vertebral articulation. A, Articulation with the thoracic vertebra. B, Posterior view of the rib. (From Thibodeau GA, Patton KT: Anatomy & physiology, ed 3, St Louis, 1996, Mosby.)








The sternum, sometimes called the breast bone, consists of the manubrium, body, and xiphoid process (see Figure 2-10). At the junction of the manubrium, the body, and the second rib is the sternal angle, also called the angle of Louis. The angle of Louis marks the level of the carina in the lung and is adjacent to the second rib; it is a reference point for counting ribs. Counting ribs is necessary for locating intrathoracic structures and inserting chest tubes.


The xiphoid process at the bottom of the sternum projects downward between the ribs. During cardiopulmonary resuscitation involving cardiac compressions, care must be taken not to compress the xiphoid process because a fracture of this process may damage underlying organs.








Rib Movements


During breathing, the rib heads rotate on their vertebral articulations, but the vertebral column itself remains stationary; the





Clinical Focus 2-5   Intercostal Retractions and Expiratory Grunting in Premature Newborn Infants


Your patient, a 2-lb newborn girl, was born prematurely with immediate signs of respiratory distress. Her skin color 1 hour after delivery remains blue-purple. Her breathing rate is 75 breaths per minute, her rib cage exhibits intercostal retractions with each breath, her nostrils flare on inspiration, and she makes a grunting sound every time she exhales. Based on your patient’s prematurity and symptoms, you conclude that she has respiratory distress syndrome (RDS) of the newborn.





Discussion


RDS is a disease caused by inadequate amounts of surfactant in the lungs of a premature infant. Surfactant is secreted late in fetal life by alveolar type II cells (see Chapter 3). The main reason surfactant is so important to a neonate is that it decreases alveolar surface tension; this helps prevent alveolar collapse and aids in keeping the alveoli free of fluid. Insufficient surfactant results in high alveolar surface tension, causing widespread alveolar collapse. The newborn must generate high subatmospheric intrapleural pressures with each breath to open collapsed alveoli; this causes the observed intercostal retractions.


High subatmospheric intrapleural pressure may pull fluid out of pulmonary capillaries into the lung’s interstitial spaces. J-receptors are stimulated by this process and induce the rapid, shallow breathing pattern characteristic of RDS. J-receptor stimulation also causes a reflex narrowing of the glottis, producing the grunting expiratory sound. The narrowed glottis resists airflow during expiration. This resistance increases pressure in the airways during expiration, which helps maintain a larger lung volume at the end of expiration. Expiratory grunting seems to be a natural compensatory response in newborns with RDS.








 sternal ends of the ribs rise and fall, whereas the vertebral ends are fixed. Muscular contraction elevates only the sternal ends of the ribs, causing a pump-handle motion that moves the sternal ends of the ribs up and away from the vertebral column. This motion increases the anterior-posterior distance between the sternum and vertebra, enlarging the thoracic cavity volume (Figure 2-12).
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Figure 2-12 Illustration of bucket-handle and pump-handle rib movements. (From Drake R, Vogl AW, Mitchell A: Gray’s anatomy for students, Philadelphia, 2005, Churchill Livingstone.)








The so-called bucket-handle movement occurs simultaneously with the pump-handle movement. In the bucket-handle movement, the sternum and vertebral column act as fixed attachment points for the semicircular rib, which is shaped like a bucket handle. At the end of an expiration, the rib is positioned such that its curved midpoint loops downward (similar to the handle of a pail) below its attached sternal and vertebral ends. During inspiration, an upward swing of the rib causes its midpoint to move out laterally, away from the thoracic midline, increasing the side-to-side (transverse) distance between the left and right sides of the rib cage (see Figure 2-12). Combined pump-handle and bucket-handle rib movements create a two-dimensional enlargement of the thoracic cavity as the ribs elevate during inspiration. Return of the ribs to their resting positions causes thoracic volume to decrease. This changing thoracic volume provides the basis for generating pressure gradients necessary for air movement into and out of the lungs.






















Ventilatory Muscles


The muscles of ventilation are classified as primary and accessory. The major primary muscle active in quiet breathing is the diaphragm. To a much smaller extent, the parasternal intercostal and scalene muscles are involved in quiet breathing. Accessory muscles, which are used only when the work of breathing or ventilatory demand increases, include the sternomastoids, pectoralis major, and abdominals. Only the abdominals are accessory muscles of expiration.








Diaphragm


At rest, the diaphragm is bowed deeply into the thoracic cavity (Figure 2-13, A). It consists of two functionally distinct components: costal parts and crural parts. Costal diaphragm fibers originate from the lower inner rib borders (costal margins) and the lower end of the sternum. Crural fibers originate from the first three lumbar vertebrae, forming two muscle bands, the left and right crura(see Figure 2-13, A). These crural portions of the diaphragm have no direct rib cage attachments. Costal and crural fibers converge and insert into a common central tendon. The central tendon separates the diaphragm into two leaflets, the right and left hemidiaphragms. Each hemidiaphragm is innervated by its own phrenic nerve, allowing it to function independently. Normally, the hemidiaphragms function synchronously.
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Figure 2-13 Primary muscles of ventilation. A, Intercostal muscles and the diaphragm. B, Lateral view of intercostal muscles. (From Seeley RR, Stephens TD, Tate P: Anatomy & physiology, ed 3, New York, 1995, McGraw-Hill.)








During inspiration, costal and crural diaphragmatic muscle fibers contract, pulling the central tendon downward. Costal fiber contraction flattens the diaphragm dome, compressing the abdominal organs below. At the same time, the abdominal wall muscles relax and bulge outward as they accommodate the descending diaphragm. To the extent that compressed abdominal organs resist displacement, they form a fulcrum against which costal fibers pull and lift up the inner borders of the lower ribs. Costal diaphragmatic contraction creates a two-dimensional expansion of the thoracic cavity; it expands the lower rib cage and simultaneously increases the vertical dimensions of the thorax. Crural fibers do not have rib cage attachments, and their contraction during inspiration increases only the vertical dimensions of the thorax.


The combined rib and diaphragm movements during inspiration cause a three-dimensional increase in thoracic volume: anterior-posterior, transverse, and vertical dimensions all increase simultaneously. The downward movement of the diaphragm is the most significant cause of thoracic cavity enlargement and is most responsible for generating subatmospheric pressure in the thoracic cavity during inspiration. Only 1.5 cm of downward diaphragmatic movement (the amount of movement in a normal quiet inspiration) is responsible for a lung volume increase of more than 500 mL. Under extreme ventilatory demand, the diaphragm may move downward 6 to 10 cm.


The diaphragm is essentially inactive during quiet exhalation, although it may maintain some muscle tone in the early phase of exhalation. This delayed relaxation creates a “braking” action, making the transition between inhalation and exhalation smoother and less abrupt. The return of the diaphragm to its highly domed resting position after inhalation is passive; however, it is pulled upward by the elastic recoil of the lungs as they return to their resting end-exhalation volume.


If the lungs fail to empty normally during exhalation, because of either weakened elastic recoil forces or high resistance to airflow, the retained volume abnormally flattens the diaphragm at the end of exhalation. Then, when costal fibers contract during inspiration, they are not in a good position to lift and expand the lower rib borders. Instead, their flattened position causes their contraction to pull the lower rib cage inward, decreasing lower thoracic dimensions. An abnormally flat diaphragm at rest also reduces the volume of air that can be inhaled with each breath because the potential downward travel of the diaphragm is diminished.


Although the diaphragm is the principal muscle of inspiration, it is not essential for survival. If paralyzed, the diaphragm is passive, moving up and down only in response to changes in pressure gradients. A paralyzed diaphragm moves upward instead of downward during inspiration because the subatmospheric pressure generated by inspiration sucks the diaphragm up into the chest. This kind of diaphragmatic movement is called paradoxical because it is the opposite of what occurs during normal breathing.





CONCEPT QUESTION 2-5


How might severe obesity affect diaphragmatic movement and ventilation?

















Intercostal Muscles


The intercostal muscles and the ribs form the semiflexible chest wall. The internal intercostal muscles are actually two separate muscles, the parasternal and the interosseous intercostal muscles. Both muscles are located between the ribs, but only the parasternals have an upper insertion into the sternum. Parasternal muscle contraction tends to elevate the ribs, assisting inspiration. Interosseous fibers are situated between the ribs such that their contraction depresses the ribs, causing expiration. The external intercostal muscles along with the parasternal intercostals elevate the ribs, resulting in inspiration (see Figure 2-13).


The intercostal muscles are only slightly active during quiet breathing; they mainly act to keep the ribs in a constant position rather than expand the thorax to any great extent. All intercostals become more active under heavy ventilatory demand or in cases in which the diaphragm is paralyzed. Intercostal muscle tone stabilizes the chest wall, creating a semirigid barrier in the spaces between the ribs, the intercostal spaces. However, strong inspiratory efforts may create enough subatmospheric pressure in the thoracic cavity to suck the intercostal muscles inward, clearly outlining the individual ribs. Such intercostal retractions are a sign of intense respiratory efforts and reflect increased work of breathing. Intercostal retractions may be observed in patients with high resistance to airflow (e.g., asthma, croup) or stiff, noncompliant lungs.





CONCEPT QUESTION 2-6


What kinds of changes in lung mechanics might cause a person to use accessory respiratory muscles at rest?

















Scalene Muscles


Contraction of the scalene muscles on either side of the neck elevates and fixes the first and second ribs (Figure 2-14). Traditionally, the scalenes were considered accessory inspiratory muscles that remained inactive during quiet breathing. Clinical studies have shown evidence to the contrary. Electromyographic recordings revealed low discharge frequencies from some scalene muscle units during quiet breathing in normal subjects.5 Extremely active scalene muscles at rest indicates an abnormally high work of breathing and implies abnormal lung mechanics. Scalene muscle activity is easily detected by observation and palpation. Assessment of scalene muscle participation in ventilation at rest is an important part of physical examination of the chest and yields important information about the severity of underlying lung disease.
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Figure 2-14 Muscles of ventilation, including accessory muscles. (From Wilkins RL, Stoller JK, Scanlan CL: Egan’s fundamentals of respiratory care, ed 8, St Louis, 2003, Mosby.)




















Sternomastoid Muscles


The sternomastoids originate from the manubrium of the sternum and insert into the mastoid process of the skull on either side of the neck (see Figure 2-14). When the head is held in a fixed position, contraction of the sternomastoids elevates the sternum, slightly elevating the anterior ends of the ribs. If the sternomastoids actively assist each inspiration at rest, work of breathing and inspiratory effort are great. Use of these accessory muscles at rest implies abnormal lung mechanics—that is, high resistance to airflow or noncompliant lungs.
















Pectoralis Major Muscle


The pectoralis major muscle is a fan-shaped, powerful muscle arising from the lateral borders of the sternum and inserting at the narrow end into the humerus of the arm (see Figure 2-14). If the arms and shoulders are fixed by grasping a wide stationary object, the pectoralis major can elevate the sternum and ribs. The typical posture of a person with advanced COPD is sitting, leaning forward over a table or the back of a chair, and grasping the widest portion of the object. All accessory inspiratory muscles may come into play at rest in patients with severe lung disorders characterized by high airway resistance or stiff, noncompliant lungs.














Abdominal Muscles


The abdominals are the only accessory muscles of expiration. The most important abdominal expiratory muscle is the rectus abdominis (see Figure 2-14). When contracted, it compresses the abdominal cavity, increasing pressure of the cavity.


The abdominals are normally inactive during quiet resting exhalation. They become active during heavy ventilatory demand when the passive recoil of the lung-thorax system is insufficient to provide the high expiratory flow rate needed for a rapid breathing rate. They also become active when resistance to expiratory airflow is abnormally high (e.g., severe asthma, COPD). Tensing of abdominal muscles during expiration at rest is a sign of advanced obstruction to airflow in patients with pulmonary disease. Generally, any accessory muscle use at rest is an important sign that work of breathing is greatly increased. However, during heavy exercise, all accessory muscles become active, even in normal, healthy individuals.





CONCEPT QUESTION 2-7


Why might a person with major abdominal surgery be at risk for retention of airway secretions and possible pulmonary complications?






























POINTS TO REMEMBER










• The visceral and parietal pleurae, covering the lung surface (visceral pleura) and inner chest wall (parietal pleura), are one continuous membrane forming a sealed envelope surrounding the lungs.


• Oppositely directed recoil forces of the lungs and chest wall generate subatmospheric pressure in the airless space between the pleural membranes.


• Both the bronchial systemic and pulmonary circulations supply the lungs, but only the pulmonary circulation supplies the alveoli and participates in gas exchange.


• A small amount of deoxygenated bronchial systemic venous blood mixes with oxygenated blood in the pulmonary veins creating a small anatomical shunt, which is responsible for the normal difference between alveolar gas and arterial blood oxygen pressures.


• The lung receives only autonomic innervation, consisting of the sympathetic (adrenergic), parasympathetic (cholinergic), and nonadrenergic noncholinergic (NANC) systems.


• The parasympathetic system is responsible for airway smooth muscle resting tone.




• Cholinergic stimulation causes bronchoconstriction, and adrenergic stimulation causes bronchodilation.


• Beta2-adrenergic agonist (stimulators) and cholinergic antagonist (blockers) drugs both elicit bronchodilation and reduced resistance to airflow.


• Sympathetic stimulation of airway smooth muscle is indirect, occurring through adrenal gland secretion of circulating epinephrine.


• Sensory afferent nerves from the lung are parasympathetic (vagal) in origin, including slowly adapting stretch receptors, rapidly adapting irritant receptors, and C-fibers; the latter two are crucial in defense of the airways because they evoke powerful reflexes that limit penetration of harmful substances into the respiratory tract.


• Movements of the thoracic ribs and diaphragm work in concert to create three-dimensional changes in thoracic volume.


• In normal quiet breathing, the diaphragm contracts and flattens to cause inspiration; it relaxes and passively returns to its resting shape during expiration because of elastic lung recoil.


• Forceful exhalation below the resting level requires the contraction of abdominal muscles.


• Accessory muscle use while at rest always signals increased ventilatory work, implying underlying lung abnormalities.
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