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Practical class № 1. Pulmonary function





The questions for self-study:


Principles of respiration system structure. Respiration, its basic stages.


Anatomy of the lungs.


Air Passages.


The Bronchi and their innervations.


Pulmonary circulation.


Mechanism of external respiration.


Biomechanics of inspiration and expiration.


Lung Volumes.


3.1.	The vital caparacity and its composing components. Methods of their measurement. Residual volume.


3.2.	Respiratory minute volume and its changes at different loading, methods of its measurement.


3.3.	“Dead space” and efficient lungs ventilation. Effect of variations in respiratory rate and depth on alveolar ventilation.


4.	Respiratory muscles.


5.	Compliance of the lungs and chest wall.


6.	Alveolar surface tension.


6.1.	Surfactant, its composition.


7.	Work of breathing.


8.	Differences in ventilation and blood flow in different parts of the lung.


9.	Gas exchange in the lungs. Partial pressure of O2 and CO2 in alveolar air and in blood.


9.1.	Composition of the alveolar air.


9.2.	Diffusion across the alveolocapillary membrane.


9.3.	Ventilation/Perfusion ratios.


9.3.1.	Effects of decreasing or increasing the ventilation/perfusion ratios on the Pco2 and Po2 in an alveolus.


9.3.2.	Pulmonary hypertension.


9.3.3.	Pulmonary embolization.


10.	Gas transports between the lungs and the tissues.


10.1.	Gas exchange between blood and tissues. Partial pressure of O2 and CO2 in blood, tissues liquid and in cells.


10.2.	Gases transport by blood: transport of O2 by blood; hemoglobin dissociation curve. Transport of CO2 by blood.


10.3.	Significance of carboangydrase; correlation CO2 and O2 transport.


10.4.	Factors affecting the affinity of hemoglobin for oxygen.





Principles of respiration system structure. Respiration, its basic stages.


Anatomy of the lungs.


Air Passages.


The Bronchi and their innervations.


Pulmonary circulation.





Introduction


Tissues of our body utilize oxygen for metabolic purposes and produce carbon dioxide as a result of metabolism. The major purposes of the respiratory system are to extract the oxygen from the atmosphere to deliver it to the tissues and to take out CO2 from the tissues and discharge it into the atmosphere.


To achieve this, the following major events occur :


The lungs expand (inflate) and as a result, the atmospheric air, rich in oxygen, enters the lung. The oxygen is extracted and transferred to the blood contained in the pulmonary capillaries. The blood, which is now charged with oxygen (arterial blood) then moves (circulates) to the tissues all over the body. At the tissue level, the blood discharges (delivers) oxygen to the tissues, where the oxygen is utilized.


Again, the tissues produce CO2; this CO2 is discharged (delivered) into the blood. The CO2 rich blood (venous blood) brings the CO2 to the lungs where the CO2 is passed (diffused out) to the lungs. The lungs deflate and discharge impure air, rich in CO2, to the atmosphere.


The entire system is conventionally divided into some major divisions:


A. Ventilation. B. Gaseous exchange at the alveolar level. C. Carriage of O2 and CO2 by the blood. D. Exchange of gases at the tissue level. E. Utilization of O2 and production of CO2 by the tissues.


The last act, viz. utilization of O2 and production of CO2 is known as internal respiration and is a part of biochemistry. Other topics, collectively known as external respiration, will be discussed in this section.


Before we embark on the physiological discussions, a short discussion of functional anatomy will be made.


GROSS FEATURES


The respiratory passage consists of nose, nasopharynx, oropharynx, larynx, trachea and the lungs. The inspired air enters the nasal cavity and proceeds through these passages to reach its destination, which is alveoli of the lungs. Alternatively, the inspired air can enter through the mouth in case of mouth breathing.


The trachea divides into two main branches, right and the left bronchus, each of which branches repeatedly and ultimately becomes respiratory bronchioles.


The respiratory bronchiole leads to atrium which in turn leads to air sacs and pulmonary alveoli.


BRIEF HISTOLOGY AND STRUCTURE FUNCTION INTERRELATIONSHIP


The trachea is a hollow tube. Its wall is made up of fibers, cartilages, muscles and the mucous membrane. The mucous membrane forms the innermost lining.


The cartilages which are present as so many rings (about 20 in number) are deficient posteriorly in the trachea. This arrangement makes, turning of the head without kinking the trachea, possible. Cartilages are present also in the bigger and finer divisions of the bronchi but not in the finest bronchioles.


The muscles in human tracheobronchial tree are arranged in a helical pattern. The muscles are smooth and are supplied by sympathetic and parasympathetic nerves. Contractions of these muscles lead to narrowing of the bronchus (bronchospasm). However, the proportion of these smooth muscles in the trachea and bigger bronchi is, comparatively, low than that in the medium sized bronchi.


In the trachea, contraction of these smooth muscles does not cause a remarkable narrowing of the tube, but where the cartilage is absent and yet the muscles are present (e.g. very fine bronchiole), contraction of the muscles may lead to severe respiratory difficulty, as occurs in bronchial asthma. The smooth muscles can be found in the terminal as well as in the respiratory bronchioles.


Sympathetic stimulation causes inhibition of tone, i.e. relaxation of bronchial muscles and hence sympathetic nerves or sympathomimetic drugs are called, respectively, bronchodilator nerves and broncho dilator agents. The specific receptors are β2 adrenergic receptors. Therefore drugs which stimulate these receptors, e.g. isoprenaline (which stimulates both β1 and β2 receptors) or salbutamol (specific β2 stimulant) are used in bronchial asthma.


[Specific histochemical technics have revealed that these β2 receptors, however, are not innervated by sympathetic nerves (cf. β2 receptors of the fine blood vessels of the skeletal muscles, fine blood vessels of the skeletal muscles). This strongly, suggests that only adrenalin, released from the suprarenal medulla or their congener drugs like isoprenaline or salbutamol can act on them]


Parasympathetic stimulation causes bronchoconstriction. Atropine, which is a parasympatholytic drug, was once upon a time, a popular drug in bronchial asthma.


Recall, that, at the end of parasympathetic post ganglionic nerve fibers, acetyl choline (ACh) is secreted and it acts as a neurotransmitter (NT). ACh also acts as a NT at the junctional region of pre ganglionic and postganglionic parasympathetic fibers, ie, at the ganglia.


The released ACh combines with the receptors at the cell membrane of the target cell → subsequent actions, called 'post receptor events' now occur.


However, recall (chap 6 sec XC) that there are two types of ACh receptors (also called 'cholinoceptive receptors') on the cell membrane, viz, (i) muscarinic and (ii) nicotinic receptors. As a rule, the muscarinic receptors are found on the target cell membranes of the post ganglionic parasympathetic nerve endings but not at the ganglia.


The cholinoceptive receptors of the bronchial smooth muscles therefore belong to the 'muscarinic variety'. It is to be remembered that atropine blocks the effect of ACh only on muscarinic receptors but not on the nicotinic receptors.


However, innervation of bronchial muscles, as we understand now, is complicated and much of it still remains unknown. Sympathetic and parasympathetic system of fibers are not the only group of fibers that supply them. There is, in addition, a third variety of fiber where VIP (vasoactive intestinal polypeptide) acts as a NT. VIP release causes bronchodilatation.


These bronchial muscles, reflexly undergo severe spasm ('broncho constriction') when they are exposed to noxious fumes and teleologically this can be regarded as aimed towards protecting the body.


Histamine, particularly in sensitive persons, is a powerful bronchoconstrictor i.e. causes spasm of bronchial muscles. Antihistaminic drugs are also popular in the treatment of bronchial asthma.


There are glands in the trachea. Their secreting parts are in the submucous coat and their ducts open into the lumen of the trachea. The glands secrete mucus and are supplied by the parasympathetic nerves. Parasympatholytic drugs, e.g., atropine therefore, produce the so called 'drying up of the cough'. Goblet cells also secrete mucus.


The finest divisions of the bronchioles, as stated before, do not contain cartilages in their walls. A possibility therefore remains that these finest branches of the bronchiole may undergo collapse. It will be seen subsequently in this section that forces of inspiration, presence of surfactant, the phenomenon called interdependence and pores of Kohn all help to keep these finest bronchioles and the alveoli open.


Cilia are present in the surface of the mucous membrane. However, beyond the (i.e. distal to) respiratory bronchioles, the cilia are absent. The cilia beat towards the exterior (i.e., towards the laryngeal side). When particles of dust enter the lung through the inspired air, they get stuck by the mucus secreted by the mucous glands and goblet cells and the stuck up mass is pushed upwards by the beatings of the cilia', this is sometimes called the 'escalator action' of cilia. The cilia are damaged by various 'ciliotoxins' present in the tobacco smoke.


The mucous glands are absent onwards from the respiratory bronchiole. Teleologically speaking, this is a desirable affair, because, secretions from these glands are likely to plug the very fine bronchioles.


The lining epithelium of the trachea is pseudostratified ciliated columnar. So is the case with the major bronchi. But in the bronchioles, it becomes ciliated columnar epithelium. Onwards from the respiratory bronchioles, the cilia disappear and the epithelium becomes cubical.


Mast cells. For a long time, it was known that histamine causes bronchoconstriction. It was also known that in susceptible persons, release of endogenous histamine or injection of histamine may produce alarming symptoms. But the full picture has become reasonably clear only recently :


Mast cells are present in the bronchial tree, deeper to the epithelial lining. Recall, mast cells, which are morphologically very closely related to the basophils of blood (chap 3 sec II) and yet have different ancestry can and do release histamine when their cell membranes are perturbed (destabilized ). This released histamine (H) combines with their receptors in the cell membrane of their target cells (ie, the bronchial smooth muscles) → post receptor events → final effect ( = bronchoconstriction). Recall further, there are two subtypes of H receptors, viz, H1 and H2. These bronchial muscle H receptors belong, mostly, to the H1 variety and hence traditional, antihistamines like 'pyrilamine can block their actions.


A recently discovered drug, 'sodium cromoglycate' can stabilize the bronchial mast cells (so that they no longer release H easily). Inhalation of Na cromoglycate is very popular for prevention of bronchial asthma.


Mast cells also produce slow reacting substances, SRSA (now known to be member of eicosanoids) which reinforces the bronchospasm by histamine in bronchial asthma (for details, see chap 6 sec IV, 'asthma').


The epithelial lining of the alveolar wall deserves special mention. The lining epithelial cells are exceedingly thin, simple squamous type, but the epithelial lining is not incomplete as once suspected. The lining epithelial cells are of two types — (i) squamous cells, mentioned just above and also known as type I cells and (ii) type II cells. Type II cells (also called granular pneumocytes) are intermingled with the type I cells. Their (type II's) special property is that they secrete 'surfactant', a substance which reduces the surface tension in the alveoli and will be described in greater detail in subsequent chapters.


In an 'average' lung, the total number of alveoli is about 400 x 106. One can well imagine that this arrangement presents a great surface area for exchange of gases between the alveoli and pulmonary capillary blood. The total calculated surface area in an 'average' lung is about 80 m2.


The alveoli communicate with each other by small pores called pores of Kohn. Accessory communication sometimes occur between fine bronchioles and their adjacent alveoli and are known as Lambert's sinuses.


WEIBEL'S MODEL


A Swiss anatomist, E.R. Weibel, in 1963 introduced his concept of lung anatomy, which in brief, is presented below:


The whole lung can be divided into two major zones, (i) conducting zone and (ii) respiratory zone.


Weibel numbered each generation of tracheobronchial tree. Thus the trachea is generation 0 (zero). The two major divisions of the trachea, viz, the right and left bronchi, constitute the first generation, and so on. In the 16th generation, the bronchi are called the terminal bronchiole.


The 17th generation bronchioles are the respiratory bronchioles. There are three generations of respiratory bronchiole. The alveolar sac is the 23rd and the last generation.


On and from the 17th generation, few alveoli can be found on bronchioles. Although, the major portion of the O2 and CO2 exchanges occurs in the alveoli [the 23rd generation], some exchanges begin to occur from the 17th generation.


Therefore the portion upto the 16th generation, is called the conducting zone, whereas on and from the 17th generation begins the respiratory zone.


The two lungs taken together, can be represented as a trumpet shaped organ. The total capacity of the conducting zone ('the dead space' see later this section) is only about 150 ml whereas that of respiratory zone is about 3 liters. Fig. 4.1.3. pictorially represents this concept.


In short, the walls of the tracheobronchial tree in the conducting zone axe thick, contain, cartilage and heavy amount of smooth muscles. Also there are glands in the submucous coat draining into the lumen. The epithelia are ciliated columnar type. No alveolus sprouts from these areas and no gaseous exchange occurs here.


On the other hand, respiratory zone is a big area containing large number of exceedingly thin walled alveoli, without any mucus secretion. Gaseous exchanges occur through the alveoli of this zone.





THE FUNCTIONAL ANATOMY OF THE PULMONARY BLOOD SUPPLY


The main pulmonary artery divides into two major branches, right and the left. Each major branch enters the corresponding lung alongwith the corresponding bronchus and the artery follows the bronchus. As it proceeds, the artery branches repeatedly, until it forms capillaries, which are extremely thin walled structures almost completely investing the alveoli. The blood is returned by the veins which ultimately form four pulmonary veins which open in the left atrium. The pulmonary artery, which arises from the right ventricle, carries 'impure' (that is O2 poor, CO2 rich or 'venous') blood, whereas the pulmonary veins carry the pure (O2 rich, CO2 poor) or arterial blood.


Therefore, it will be seen, that air in the alveoli is separated from the blood in the capillaries by a 'wall' consisting of — (i) alveolar wall and (ii) capillary wall. It will be shown afterwards that normally, there is no tissue fluid in this separating wall. This separating wall, called alveolo capillary barrier has a thickness of only about 0.3 to 1.0 μm (average 0.5 μm). Because of its thinness, the gaseous exchange between the alveoli and capillaries is very easy. In diseased conditions, where there is accumulation of fluid within the wall, the gaseous exchange becomes difficult.


Apart from the pulmonary artery, the lungs are also supplied by bronchial arteries which supply mainly the bronchial smooth muscles. The blood is returned (i) either by bronchial veins opening into the right atrium, or (ii) -by bronchopulmonary veins which open into the pulmonary veins.


Therefore the purity of the pulmonary venous blood is reduced to some extent because of its admixture with the blood coming via bronchopulmonary veins.


Another point (for details, see 'pulmonary circulation', chap 10 sec V) is mentioned below. This is : at erect posture, the apices of the lung virtually receive no blood supply, provided the person is at rest (during exercise, the blood supply to the lung apices is considerable, even at erect posture). Blood supply to the basal regions of lungs in erect posture at rest is high. Avascularity of the apical regions favors tubercular infection at lung apices; this is also important for uneven ventilation perfusion ratio.


PLEURA


The lungs are invested by pleura which has two layers, parietal and visceral. The parietal pleura is the outer and visceral pleura is the inner of the double layer. In between the two layers, there is therefore a potential space, called the pleural cavity.


The parietal layer is adherent to the parieties, i.e., inner side of the chest wall and thoracic side of the diaphragm. Therefore, when these structures move, the parietal pleura has to move. The visceral pleura is adherent to the underlying viscus, i.e., the lung itself; therefore when the viscus (the lung) moves, it has to follow the viscus.


The parietal pleura is supplied by vessels which are systemic, (that is, here the blood pressure is higher) whereas the visceral pleura is supplied by vessels of pulmonary circulation and so the blood pressure in these vessels is low.


In between the two layers of pleura there is a very small amount (say about 2 ml) of fluid, called pleural fluid. It is dispersed throughout the pleural cavity.





SUMMARY & HIGHLIGHTS


Two lungs taken together can be viewed as a trumpet having two separate zones, (i) conducting, and (ii) respiratory zone. Gaseous exchange occurs in the respiratory but not in the conducting zones (also called, dead space). Accordingly the respiratory zone presents a typical histological pattern conducive to the exchange. Mast cells of mucosa secrete histamine (H) when their membrane is perturbed and H1 receptors are occupied by H → bronchospasm. Mast cells also produce SRS-A, which causes bronchospasm. Bronchial muscles supplied by sympathetic (relaxants = bronchodilator; β2 receptors) and parasympathetic (constrictor, muscarinic receptors). Besides, VIP secreting neurons also supply. β2 stimulants (salbutamol) → bronchodilatation. Blood in pulmonary capillary is separated from air within alveolus by alveolo-capillary membrane (= capillary wall + alveolar wall; average thickness 0.5 μm).





Mechanism of external respiration.


Biomechanics of inspiration and expiration.





In this issue, the mechanical aspects of the movements of the thoracic cage, inflation and deflation of the lungs and flow of the air to and from the respiratory passage will be dealt with.


Essentially the mechanism is as follows : The thoracic cavity expands due to the contraction of appropriate muscles. The parietal pleura (being adherent with the chest wall) follows the expanding chest wall. The visceral pleura also follows the parietal pleura and the lungs are expanded because of the dragging force exerted by the visceral pleura (which is adherent to the lung). This creates a subatmospheric pressure in the alveoli and air from the atmosphere rushes inside the lungs. This is inspiration.1


In an ordinary (quiet) expiration, the contraction of these muscles (which caused thoracic expansion or inspiration) ceases after about 2 seconds. Now due to the elastic recoil, the lungs try to retract, creating an excess atmospheric pressure within the alveoli. Therefore, air from the alveoli is driven out into the exterior (= expiration). The normal expiration, therefore, is a passive process.


The muscles of inspiration and the movements of the thoracic cage


(i) Diaphragm is the principal muscle of inspiration. At the end of expiration, i.e., when it is relaxed, it has the shape of a dome (fig. 4.1.1); when it contracts, as it does during inspiration, it becomes straight and it descends down. This causes an increase in the vertical diameter of the thoracic cage. In quiet breathing, diaphragm descends about 1.5 cm, whereas in very deep inspiration it may descend for about 10 cms.


The diaphragmatic descent can explain about 75% of the tidal air volume (quiet breathing). Therefore in diaphragmatic paralysis (see applied physiology of this part, later in this section) the respiration becomes seriously handicapped.


About 70% of the fibers of (human) diaphragm are of slow twitch variety and are hence fairly resistant (but not totally immune) to fatigue.


(ii) The intercostals. Movements of the ribs


The external intercostals are another set of very important inspiratory muscles. Their general direction is as follows : form the upper ribs they proceed anteriorly and downwards, the direction of the muscle fibers being like those of the fingers when a standing man introduces his hand in the side pocket of his trouser.


When these muscles contract, the anterior portions of the ribs move upwards. This causes an increase in the antero-posterior diameter of thoracic cavity. And the lower ribs, in addition to upward movements, also swing outwards (bucket handle movement). This causes enlargement of the transverse diameter of the thoracic cavity. So net effects will be, that due to contraction of external intercostals, both the anteroposterior as well as the transverse diameters of the thorax are increased. As the diaphragm also contracts simultaneously, the vertical diameter of the thoracic cage is also increased.


(iii) Accessory muscles of inspiration. Normally they are not called into action, but in forced inspirations (hard physical exercise, dyspnea due to diseases, like pulmonary edema) they come into action. They are scaleni, sternomastoids and alaenasi.


The scalene muscles arise from the transverse processes of the cervical vertebre and are attached to the 1st and 2nd rib. When these muscles contract, the upper two ribs are elevated → AP diameter of thoracic cavity enlarges. Contraction of the sternomastoids result in elevation of the sternum → enlargement of the AP diameter of the cavity.


Muscles of expiration


In normal quiet breathing, as already mentioned, cessation of contraction of inspiratory muscles leads to cessation of inspiration, which in turn leads to the expiration, Hence, in quiet breathing, expiration is a passive process.


But in forced expiration (e.g. bronchial asthma, blowing, coughing) the muscles of expiration contract and help to reduce the volume of the thoracic cage and thereby exerts greater squeezing force on the lungs.


These muscles of expiration are (i) abdominal muscles and (ii) internal intercostals.


Abdominal muscles are those of the anterior abdominal wall. When they contract, they exert pressure on the abdominal viscera and push the diaphragm up.


Contraction of the internal intercostals leads to pulling of the upper ribs down so that the ribs acquire the position seen at the end of expiration.





Lung Volumes.


3.1.	The vital caparacity and its composing components. Methods of their measurement. Residual volume.


3.2.	Respiratory minute volume and its changes at different loading, methods of its measurement.


3.3.	“Dead space” and efficient lungs ventilation. Effect of variations in respiratory rate and depth on alveolar ventilation.


4.	Respiratory muscles.


5.	Compliance of the lungs and chest wall.


6.	Alveolar surface tension.


6.1.	Surfactant, its composition.


7.	Work of breathing.


8.	Differences in ventilation and blood flow in different parts of the lung.


9.	Gas exchange in the lungs. Partial pressure of O2 and CO2 in alveolar air and in blood.


9.1.	Composition of the alveolar air.


9.2.	Diffusion across the alveolocapillary membrane.


9.3.	Ventilation/Perfusion ratios.


9.3.1.	Effects of decreasing or increasing the ventilation/perfusion ratios on the Pco2 and Po2 in an alveolus.


9.3.2.	Pulmonary hypertension.


9.3.3.	Pulmonary embolization.


10.	Gas transports between the lungs and the tissues.


10.1.	Gas exchange between blood and tissues. Partial pressure of O2 and CO2 in blood, tissues liquid and in cells.


10.2.	Gases transport by blood: transport of O2 by blood; hemoglobin dissociation curve. Transport of CO2 by blood.


10.3.	Significance of carboangydrase; correlation CO2 and O2 transport.


10.4.	Factors affecting the affinity of hemoglobin for oxygen.





VENTILATION





Introduction


Movements of the thorax, expansion (inflation) and deflation of the lungs, and flow of the air into the or from the lungs, constitute ventilation. The action has been likened to the bellowing of a village black smith or of a harmonium, and hence ventilation is sometimes called bellow action.


The ventilation may be studied under the following sub headings :


Mechanics of ventilation.


Alveolar ventilation and perfusion.


Control of ventilation (regulation of respiration).


Applied physiology.





ALVEOLAR VENTILATION


The tidal air volume, that is, the volume of air breathed in and out during a quiet respiration, is about 500 ml, About 150 ml. of this amount remains in the dead space, that is, those portions of the tracheobronchial tree, .where gaseous exchange does not occur (conducting zone of the lungs, see chap. I of sec. IV, fig. 4.1.3). The rest 350 mL occu-py the alveoli, alveolar duct, etc, that is, areas from where gaseous exchange can occur.


This 350 ml therefore is the alveolar ventilation in a single breath and its symbol is VA; VA per min is VA.


If it is assumed that the rate of respiration in a given man is 14/min and the tidal air volume is 500 ml, his total ventilation per minute [also called "respiratory minute


volume" (RMV) or ventilation rate (VE) is (500 x 14) ml/ min = 7 liters/min.


 If in this man, the dead space volume is 150 ml, then his VA = (500 -150) ml x 14/min = 4.9 liters/min.


Anatomical dead space and physiological dead space


Anatomical dead space means those areas of the tracheobronchial tree where the histological (anatomical) structures are such that gaseous exchange between the lung and pulmonary capillaries is not possible. This area starts from the nasal cavity and includes larynx, trachea, bronchi and ends in the terminal bronchiole.


Physiological dead space


Assume that in an alveolus, air is coming and leaving normally, but due to some disease (say embolism in a blood vessel) the capillaries surrounding this alveoli contain no blood. Now, there can be no gaseous exchange between this alveolus and the blood and this alveolus, from the point of view of function, is lost.


Physiological dead space means the space where the air is within the alveoli and yet is not exposed to gaseous exchange. In health, volumes of anatomical dead space and physiological dead space are same, but in some diseases (e.g. in pulmonary embolism, where there is block of blood vessel) the physiological dead space volume becomes greater than that of the anatomical one.


Measurement of dead space


One rule (although not accurate), for measurement of anatomical dead space is that per every pound of the body weight of the subject concerned, there is 1 ml of the dead space. Thus a man weighing 150 lbs should have an anatomical dead space of 150 ml.


For accurate measurement of anatomical dead space continuous nitrogen analysis in the expired air of a single breath is done. Description of the technic however is outside the scope of a book of this nature.


Physiological dead space volume can be measured by using Bohr's equation, details of which is, again, not within the scope of this book.


Ventilation-perfusion ratio. Preliminaries. Following points should be remembered :


1.	At erect posture, the lower part of the lung has to bear the weight of the upper parts of the lung. This causes a re duction of negativity of intrapleural pressure (Ppl) in the


lower zone of the lung → this in turn causes the finer bronchioles to be narrower and the alveoli to be less dilated.


 ↓


In short, at erect posture, the lower zone of the lung has a lower 'resting volume' than the resting volume at apex.


↓


In supine posture, because of the forces of gravity, the dorsal zone behaves as the lower zone of the lung (in erect posture) and the ventral zone behaves as the apex in erect posture.


2.	Remember the pressure volume (compliance) loop. When the resting volume of the lung is low, it expands more readily.


This greater expansibility means that the lower zone of lung is ventilated better than the apex (look at the paradox : apical zone has a larger resting volume and its alveoli are more dilated yet the actual to and fro movement of air, that is, the ventilation, is less).


However, this difference of ventilation (per unit volume) between the apex and the base, is not great.


3. The pulmonary arterial BP is very low and therefore, it cannot overcome the force of gravity satisfactorily. So, in erect posture, the apex has a poor blood supply, that is, perfusion in the apex is poor, whereas perfusion in the basal region of the lung is excellent (the reader should now understand what happens in supine posture).


With this back ground the question of ventilation perfusion ratio can be taken up :


For the whole system, ie, two lungs taken together at rest, alveolar ventilations/min, as shown earlier is nearly 4 1. Perfusion, which is the cardiac output (recall, the entire cardiac output passes through the lungs), at rest is


about 5 1/rnin. This, the ventilation-perfusion ratio, VA/Q


(or simply V/Q) is,


4/5 = 0.8


This value, 0.8, is for the whole system, ie, it is an average value. There is difference between zone to zone. In the erect posture, at the apex (ventilation reasonably good but perfusion poor) the value is high (nearly 3.3) but at base (ventilation better, perfusion excellent) the value is low (nearly 0.65).


N .B : The value of ventilation - perfusion ratio should be within a physiological range. Very high value means good ventilation but very poor perfusion (eg. blockage of vessels by embolus in a zone where the alveoli are patent) and the ventilation in this instance is an wastage (from the point of view of body economy). Conversely, very low value means no ventilation but good blood flow (eg, collapse of a medium sized bronchus - atelectasis, where capillaries are patent); this also is an wastage.


SUMMARY & HIGHLIGHTS


Mechanism of breathing : Chest wall expands → fall of intrapulmonary pr → air entry (inspiration). Expiration normally passive. In quiet tidal air breathing diaphragm accounts for 75% of the breathing.


Interrelationship between intrapleural pressure and lung volume can be shown by compliance curve, a hysteresis loop. Whereas interrelationship between flow rate (exhalation/inhalation) and lung volume can be shown by flow volume curve. Compliance curve is a measure of lung elasticity whereas flow volume curve is a measure of airway resistance of lung (particularly informations regarding 7th generation of Weibel's model).


Compliance depends on, amongst others, the surface tension. Greater surface tension lesser the compliance; surfactant reduces the surface tension. In RDS, there is deficiency of surfactant.





Chapter IV.3


CONTROL OF VENTILATION





Introduction


Respiratory center. Description


Factors influencing the respiratory center:


reflexes from the periphery


chemical control


influences from, higher center


Introduction


There are some outstanding features of control of respiration :


(i) barring exceptional situations (see later), respiration occurs automatically, that is, volition plays no part in it.


(ii) respiratory movements are rhythmic, that is, each cycle consists of an inspiration and then expiration which is followed by the next cycle. The intervals are regular.


(iii) the respiratory excursions are finely regulated to the needs of the body. Where the need of the body is high (e.g. violent muscular exercise), the respiration is intensified (ie, both the frequency and depth of individual respiratory excursion increase). So fine is the regulation that even in violent muscular exercises the level of arterial PCO2 and PO2 remain almost same as those during rest, because the intensification of respiration rises proportionately.
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Fig. 4.3.1. Major factors in the control of respiration





(iv) the cost benefit ratio of respiration, particularly at resting level, is small. At rest, less than 5% of the total oxygen utilized by the body is required to meet the expenditure of the respiratory muscles.


The overview of the control of respiration is shown in fig.4.3.1. There is a respiratory center in brain stem (= medulla + pons + mid brain, but the respiratory center, RC, occupies only the medulla and the pons). Output signals (impulses) travel down from the RC to the anterior horn cells of the spinal cord → impulses are relayed to lower motor neurons that originate from these anterior horn cells (eg. phrenic nerves/nerves to the intercostal muscles etc.) → muscles of inspiration (eg. diaphragm, external intercostals etc.) contract → chest cavity expands → lungs inflate (inspiration).


Soon, the impulses cease → the inspiratory muscles relax → chest shrinks → lungs are squeezed → air comes out from the lungs (expiration). Note, ordinarily, the muscles of expiration need not and do not act. Cessations of activity of the inspiratory muscles is enough. Thus, expiration is a passive process. Only in exceptional circumstances (eg. forcible blowing out) the muscles of expiration (eg. abdominal muscles, contract).


Therefore the key element is the output of the signals (neural impulses) from the RC. This output is rhythmic and also adjusted to the needs of the body. This adjustment is made as follows:


Various inputs (fig.4.3.1) reach the RC, informing it (the RC) about the internal environment (= the needs) of the body. Having received these informations, the output is suitably (and automatically) adjusted. The inputs may be neural reflexes or chemicals (PCO2 /PO2 /pH, of the blood). Many American authors call these input systems as sensors. (By the same token, the neural outputs, the muscles of respiration and the lungs together are called, effectors. The RC may be, then, called the integrator).


At the outset, it was stated that, under certain circumstances, volition does play an influencing role over the RC. Examples include, voluntary hyperventilation and breath holding.


THE RESPIRATORY CENTER (RC)


The RC occupies parts of (i) medulla and (ii) parts of pons.


It was T. Lumsden, in 1923, who first made a serious attempt to study the RC. (His paper appeared in the Journal of Physiology of London in 1923). Since then, large number of workers have worked in this field. As a result, we although know some details of the RC but the full picture is far from clear. What is more, as a result of newer findings, it is often felt necessary that the older concept has to be changed. One such example is the role of apneustic center in man. Further, a few years ago, it was generally agreed that the cause of rhythmicity of the RC activity could be explained . But now it seems that the issue is widely open..


1.	In the medulla, two distinctly separate areas (fig.4.3.2) form the medullary respiratory center. They are :


(i) near the nucleus tractus solitarius (NTS), in the dorsal region (near the exit of the IXth cranial nerve), a part of the medullary respiratory center is present and is called 'dorsal respiratory group' (DRG) neurons. This consists of a collection of neurons.


(ii) Ventrally, in the medulla lies the other part of the medullary RC which (like the DRG) also consists of a collection of neurons and is called 'VRG' ('ventral respiratory group') neurons. It includes nucleus retro ambigualis, retro-facialis and para ambigualis2. VRG is placed in a more lateral plane than the DRG (fig.4.3.2).


In the rostral part of the pons there is a 'pneumotaxic' center present in the 'nucleus parabrachialis medialis'. (NPBM).


Probably there is one 'apneustic' center in the lowermost part of the pons, which is also a part of the RC.


The present day conception is, then, the RC = DRG + VRG of medulla + pneumotaxic and apneustic centers of pons. However, there is some uncertainly on the apneustic center.
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Fig. 4.3.2. Showing the medullary portion of the respiratory center.





In the medullary RC, there are two types of neurons, (i) inspiratory (I) and (ii) expiratory (E) neurons.


When the I neurons fire (= discharge impulses), there develops, via the output of the RC, stimulation of the phrenic and other nerves supplying the muscles of inspiration (= diaphragm + external intercostals etc.) → inspiration. Normally, the E neurons do not fire sufficiently intensely so that expiratory muscles do not contract in ordinary tidal volume expirations. It is also believed that I neurons fire all the time at a basic level. Only during the phase of inspiration, the total intensity of this firing (of the I neurons) become more intense.


The firing intensity of the I neurons follows a 'ramp' pattern. Therefore the activity of the inspiratory muscles also follow 'ramp' pattern.


[Ramp. It is a mathematical term.


When the neurons fire, an electric current (action potential, AP) is generated. If the sum total of all such electrical current of the output of RC be measured it will be seen that at the beginning the total magnitude of current is low. With passsage of time, it (= the current intensity) becomes more and more until it reaches its peak and then it decays abruptly. This is one cycle. The cycle repeats again. Graphically, the cycles have a 'saw toothed' appearance (fig.4.3.3).
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Fig. 4.3.3 . Ramp'





If the activity of the muscles of inspiration be graphically represented that too will present a saw toothed appearance. In short, where an activity increases and increases linearly with time and then falls abruptly, the activity is said to have a 'ramp' pattern.]


DRG consists of mostly (but not solely) I neurons and VRG the E neurons.


Most (but not all) authors believe that the inspiratory center (= I neurons) has an intrinsic activity, that is, even if all neural connections be removed from the inspiratory center (rather the I neurons) they ( I neurons) will still fire. Neural inputs to the I neurons only modify their activity.


Role of pneumotaxic center ((PC)


When the ascending limb of the ramp reaches near its peak, neural discharges from the PC reach (most probably indirectly, see fig. 4.3.4) the inspiratory neurons of medullary RC → sharp reduction of firing of I neurons → cessation of inspiration → beginning of expiration occurs.


Role of apneustic center (AC)


AC discharges impulses which reach the I neurons. These discharges further stimulate the I neurons and so the ramp intensifies. However this is only usually (but not universally) agreed. Over activity of AC causes apneustic type of breathing, ie, a breathing characterized by prolonged inspiratory activity with very little expiratory activity. The presence of AC has been long proved in the experimental animals but its exact role in normal physiological state in man is uncertain.


The medullary RC receives also various inputs which modify their activity (fig.4.3.1). Notable among are vagal afferents and other afferent neural input and arterial blood PCO2 (= tension of CO2).


Cause of rhythmicity


What causes the respiratory movements to occur cyclically and how the cycles appear at regular interval so that there is a definite rhythm in the respiratory movements, are, at present unknown. A common view is :


The I neurons discharge rhythmically. This is because, at regular intervals, they are subjected to the impulses from the pneumotaxic center (PC), which inhibit the I neurons. The apneustic center (AC) on the other hand stimulates the I neuron. The vagal afferents from the lungs (Her-ing Breuer reflex) reinforces the effects of the PC.


Von Euler made an attractive (and commonly agreed) suggestion which further helps in our understanding of the cause of rhythmicity :


When the inspiratory neurons are firing, some of the impulses reach in an altogether different area, called 'second neuronal pool' (SNP). From the SNP, impulses go to a third pool of neuron. Therefore, when the activity of SNP reaches peak, the 3rd neuronal pool's activity also reaches peak and this (= the 3rd pool) now inhibits the inspiration (by inhibiting I neurons, fig. 4.3.4). This action of the 3rd neuronal pool is usually referred as 'inspiratory off switch'. Probably, this 3rd neuronal pool is the recipient of the impulses from the PC. The scheme may be represented diagrammatically as in fig.4.3.4.


The anatomical location of the inspiratory off switch appears to be somewhere in the medulla.


[ If should be noted that usage of anesthesia causes some distortion. Therefore, there is no wonder that the picture which emerges from anesthetized experimental animals, to some extent differs from what is seen in conscious man.


FACTORS INFLUENCING RESPIRATORY 	CENTER (RC)


Three sets of factors, as indicated in the beginning of this chapter, influence the RC. These are, (i) peripheral reflexes, (ii) chemical control and (Hi) influences from the higher center.


PERIPHERAL REFLEXES


I. HeringBreuer reflex


According to the classical concept, the picture is as follows:


Receptors are present in the smooth muscles of the finer bronchioles. When the lung is inflated → these (stretch) receptors are stimulated → impulse generated → these impulses are carried by the vagal (afferent) nerve fibers which emerge from these receptors → impulses ultimately cause inhibition of the inspiratory center (I neurons) → inspiration stops and expiration starts → no stretching of these receptors now → therefore, no inhibition on the neurons now → inspiratory center again begins to send impulse → the next cycle begins.


This is called Hering-Breuer inflation reflex. According to the classical view, the Hering-Breuer inflation reflex is an important cause of rhythmicity of the respiration.


Importance of the Hering-Breuer reflex


For a long time, it (the Hering-Breuer reflex) used to be thought to be of great importance for the maintenance of the rhythmicity of the respiration. In absence of Hering-Breuer reflex, it was thought, respiratory frequency will diminish but the individual respirations would be deeper.


The position has changed in recent times. It is now believed, that the Hering-Breuer reflex does not play a sig nificant role, at least in man, in ordinary tidal volume breathing of the healthy resting individual (eupnea). It becomes important only when the respiratory excursions becomes violent as in hyperpnea ( = excessive breathing) of muscular exercise. In a case of hyperpnea, the Hering-Breuer reflex becomes active and the excessive prolongation of contractions of the inspiratory muscles are prevented; this causes rise in the rate of respiration but fall in the amplitude of individual excursions.
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Fig.4.3.4 . A proposed scheme to explain the rhythmicity of the respiration.


 Question arises, how the body is benefitted by reducing the period of contraction of the inspiratory muscles in exercise hyperpnea, when the need of the air is great ? The answer seems to be that, towards the end of a deep inspiration, stretchability of the lung is reduced, as explained earlier while discussing the compliance of the lung (fig. 4.2.3), so that a stage comes, when the inspiratory muscles are working but there is no real entry of air into the lungs. In this stage, the contraction of the muscles produces only expenditure of energy but no (or little) gain in respiration. Thus, the body prevents excessive cost for the breathing during muscular exercise.


Also, during exercise, it is necessary that excess CO2 produced should be removed, by expired air. Activation of Hering -Breuer reflex ensures increased frequency of expiration → increased washing out of CO2.


In short, Hering-Breuer reflex is weak in resting adult human beings. It becomes active when the tidal volumes exceed one liter (normal, 500 ml).


Hering Breuer deflation reflex


If the lungs are greatly deflated, impulses are set up in another type of receptors, which travel up via vagus to stimulate inspiration. This is Hering-Breuer deflation reflex. In ordinary tidal air volume breathing (eupnea) this is not called into action but in such conditions like collapse of the lung (atelectesis) this reflex is activated and inspiratory drives are increased. The teleology is obvious. In a case of collapse of the lung, increase in inspiratory drive will cause more air entry into the healthy parts of the lung, and will thus compensate for the functional loss of lung tissue.


II.	Proprioceptors in the chest wall (' load detecting mechanism')


If the compliance of the lung is decreased (eg. in lung fibrosis), the expansion of the chest wall becomes difficult. Or, if the airway resistance increases (e.g. emphysema) air flow becomes difficult.


In such conditions, there is an intrinsic mechanism [which involves the mechanoreceptors like muscle spindles, joint receptors and tendon receptors of Golgi (for details of them see chap 2, sec XQ] by which the thoracic cage detects that the thoracic cage expansion, ie., tidal air volume is not adequate (ie, the needs of the body are not fully satisfied) and the muscles of inspirations work harder (= contract more vigorosly) → this state (= muscle contraction) continued until the filling of the lungs is adequate.


It appears that afferent nerve fibers from the mechanoreceptors of these muscles of inspiration reach the cerebral cortex. [The organs like muscle spindles detect the fact that contraction of the muscles of inspiration is not adequate (ie, the spindles detect the load), → send the information to the anterior horn cell of the spinal cord (fig 10C. 2.1). Collaterals arising from these nerve fibers go to the cerebral cortex]. It is possible, one of the mechanisms by which we become conscious to the need of more sustained effort to inspire (dyspnea) is the firing of these collaterals to the cerebral cortex. In short, activation of these corticopetal (= cerebral cortex seeking) fibers is one of the mechanisms of dyspnea.


III.	J receptors. J reflex


In 1955 A.S. Paintal established the existence of another kind of receptors, the j receptors, which when stimulated produce widespread changes in the respiratory, cardiovascular and skeleto muscular system.


These receptors are situated in close relation to the pulmonary capillaries, probably in the walls of the alveoli; when stimulated they produce apnea (= stoppage of respiration) followed by hyperpnea, bradycardia and hypotension. In addition, it can also produce bronchospasm. Further, stimulation of J receptors leads to the inhibition of contraction of the skeletal muscles.


Therefore, J reflex = stimulation of J receptor → bradycardia + hypotension + hyperpnea + weakness of skeletal muscles.


When are these receptors stimulated? Answer is, it is stimulated in pathological conditions like, (i) small emboli in the pulmonary blood vessels and (ii) pulmonary edema.


j receptors and muscular exercise


What causes the physical exhaustion and muscular fatigue during a hard exercise is not clearly known. (In general, it is believed that fatigue in intact man is caused by central mechanism, i.e., mechanism residing in the synapses of the central nervous system). Paintal argued that during muscular exercise, congestion of the pulmonary capillaries lead to slight accumulation of interstitial fluid (recall, at health during rest, the pulmonary interstitium is dry) → this in turn leads to stimulation of J receptors → muscular weakness. Teleologically, this may be viewed as a naturally existing 'brake' mechanism in the body, operating to prevent excessive exercise. However, Paintal's views regarding the cause of muscular weakness in physical exercise is yet to be universally agreed.


Towards the end of 1984, a great tragedy, called 'Bho-pal Gas Tragedy' occurred in Bhopal of India. In this tragedy, poisonous gas leaked out from a factory and great many people were affected. Many of the victims developed muscular paralysis. Following Paintal's line of argument, it can be suggested that this can be due to the stimulation of the J receptors by the gas.


Afferent fibers from the J receptors are carried by the vagus.


IV. Lung irritant receptors


These are present in the epithelial layer (in between the epithelial cells, to be precise) throughout the tracheobronchial tree (but upto the respiratory bronchiole). They are stimulated by cigarette smoking, industrial pollutants like SO2 and irritant gases. There is a suggestion that during asthmatic attacks they are stimulated by histamine (recall mast cell destabilization and release of histamine tend to occur with very slight provocation in asthmatics). Effects may be of two types :


i) if the receptors of trachea/bigger bronchi are stimulated the response is cough.


ii) if the receptors of smaller or smallest bronchi are stimulated, the effect is bronchospasm.


Cough. In the intial phase of cough, there is a catch (an inspiratory catch) followed by violent expiratory effort with the glottis closed. At this phase the intrapleural pressure rises tremendously (may reach figures like 70 or 80 mm Hg) and the alveoli have to withstand a tremendous pressure. This is followed by actual expiration of the air with a very high velocity (may be 500 or 700 km/hr).


[During cough, owing to great rise of intrapleural (and hence mediastinal pressure) veins (which are thin walled structures) are severely compressed → cessation of blood flow through them → no cardiac inflow → no cardiac outflow (output) → cerebral ischemia. Recall the brain cannot withstand assaults of anoxia/ischemia for, say, more than . 20 seconds. So a severe and prolonged attack of cough may be associated with visual black outs and even fainting due to lack of brain blood supply.


Cough is beneficial as it causes removal of obnoxious agents from the tracheobronchial tree. However excessive cough, threatening to produce alveolar rupture/fainting, attack/herniation etc. should be stopped by antitussive (cough suppressant) agents.


Bronchospasm is also to some extent, teleologically beneficial as it prevents entry of further noxious agents.


During anesthesia and introduction of endotracheal tube, if local anesthetics (to paralyze this irritant receptors) are not sufficiently used; bronchospasm many develop. Similarly, sneezing is also due to irritation of such receptors in the nasal mucous membrane].


So, in short, lung irritant receptors are ordinarily not called into action; when they operate, the rhythm of respiration is severely altered.
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Fig. 4.3.5


Afferent impulses from these receptors are carried by vagal (afferent) fibers.








V.	Peripheral chemoreceptors


Chemoreceptors are present in various anatomical sites of the body and they serve various purposes. In connection with the control of respiratory system we have two types of chemoreceptors, (i) central chemoreceptors (described afterwards), and (ii) peripheral chemoreceptors.


Details of peripheral chemoreceptors will be given below. The following sketches may be noted at present:


Peripheral chemoreceptors include two sets, (a) carotid body (present at the root of external carotid artery fig.4.3.5) and (b) aortic bodies, present in the arch of aorta. They are so placed in the vascular endothelium that they come in dtrect.contact with the blood. They can detect (= analyze) the arterial blood PO2 (= PaO2), PCO2 (= Pa CO2) and pH.


When Pa O2 is low, they are stimulated → send signals to the respiratory center → respiration stimulated (hyperpnea), by which Pa O2 deficiency is corrected.


These chemoreceptors can also sense (= analyze) the PaCO2 and when PaCO2 is high they are stimulated → hyperpnea → correction of PaCO2 values. However, so far as PeCO2 is concerned, central chemoreceptors (not the peripheral chemoreceptors) play the dominant role. On the contrary, for Pa O2, there is no central chemoreceptors and the PaO2 correction occurs via the peripheral chemoreceptors. Low blood pH is also sensed by the peripheral chemoreceptors. Low blood pH → hyperpnea (via these peripheral chemoreceptor activity) → washing out of CO2 from the body → correction.


VI.	Baroreceptor reflexes


At the beginning of internal carotid artery as well as on the arch of aorta, baroreceptors (also called pressure receptors or mechanoreceptors) are present. When blood pressure in the common carotid artery or arch of aorta rises, these baroreceptors are stimulated and act in a way that blood pressure becomes normal. Conversely, if the blood pressure falls, they act in the opposite way and the result, again, is normotension.


In addition, these receptors, when stimulated, produce effects on the respiration. For example, suppose the blood pressure is suddenly elevated due to some reason. Afferent impulses arising from these baroreceptors will now produce a reflex inhibition (apnea) of the respiration by inhibiting respiratory center. Thus, injection of adrenalin (epinephrine) raises arterial blood pressure and produces apnea, called adrenalin apnea, by this mechanism (adrenalin can also at times produce hyperpnea — see chemoreceptors, later in this chapter). On the other hand, a sharp fall of blood pressure will elicit reflex hyperpnea through this mechanism.


The teleology is somewhat obvious. These reflexes are aimed towards normalization of blood pressure. For example, consider the following situation, rise of blood pressure → apnea → stoppage of cardiac inflow (as now there is no respiratory pump mechanism) → reduction of cardiac output → fall in, (i.e. normalization of ) arterial blood pressure. {As has been explained in connection with Valsalva's maneuver and again will be explained in cardiovascular system, inspiration causes suction of blood (respiratory pump) to the right atrium, that is, cardiac inflow rises during inspiration. Further in states of health, cardiac inflow = cardiac outflow (output); that is, fall of cardiac inflow leads to fall in cardiac output J.


CHEMICAL CONTROL OF RESPIRATION ~


This includes, CO2, O2 and H+ concentrations of blood and are generally expressed by, (blood), PCO2, PO2and pH. (Recall, PCO2, PO2 and pH of blood depend upon the concentrations of CO2, O2 and H+ respectively).


Carbon dioxide


Rise of tension of arterial blood CO2 (Pa CO2) or of alveolar CO2 (PA CO2) causes stimulation of respiration. Both the rate and depth of respiration are increased → this leads to washing out of CO2 from the body → abnormal CO2 concentration of the body tissues are corrected (homeostasis regained).


Gross effects of raised CO2 (fig.4.3.6)


PaCO2 will be raised if, (i) the PACO2 is sufficiently raised or (ii) the production of CO2 in the body is more than what the body can expel.


Normally, CO2 tension of the inspired air (PI CO2) is nearly nil. If PI CO2 is raised ( = proportion of CO2 in ml/ 100 ml of inspired air be raised), the volume of ventilation /minute (VE also called RMV, respiratory minute volume) rises. This rise continues, until, the inspired air contain 10% of CO2, when a plateau is reached (fig.4.3.6). Further increase in CO2 leads no further rise of VE. In fact beyond 15% CO2 inhalation, the VE will fall, because of damages in the brain produced by the CO2. Such damages are called 'CO2 narcosis'. CO2 narcosis can lead to death.
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Fig. 4.3.6. Effects of increased CO2 concentration in the inspired air on ventilation. Note as CO2 concentration of the inspired air increases the ventilatory volume per minute (VE) increases.





Conversely, if a normal man makes a violent voluntary hyperventilation, his Pa CO2 as well as PA CO2 will fall as shown in fig.4.3.7.
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Fig. 4.3.7. Effects of voluntary hyperventilation on the alveolar CO2 tension (PACO2). Note as the ventilation rate (VE) rises, the PACO2 falls which in turn causes decrease of blood PCO2).





Severe voluntary hyperventilation can lead to temporary apnea, that is, after a severe voluntary hyperventilation (where there was no internal need to hyperventilate) the drive for respiration disappears. It again reappears when the Pa CO2 returns to normal level.


Conclusion is, CO2 is a stimulant to respiration.


Normal PA CO2 is about 40 mm Hg (a 5.5 ml of CO2 /100 ml of alveolar air at 760 mm Hg). Normal PaCO2 is also about 40 mm Hg. (normally PA CO2 = Pa CO2 ). Slight (even rather moderate) over production of CO2 by the body or moderate excess of PICO2 fails to increase the Pa CO2 or PA CO2 because the resultant hyperventilation is so adequate that PA CO2 shows no (or only little) rise. Only gross rise of PICO2 causes rise in PA CO2. Mechanism of action of CO2


About 70 to 80% of the effects of CO2 on respiration (= rise of VE due to excess CO2) is due to its (= CO2's) effect on central 'chemoreceptors'. Rest is due to its (CO2 's) effect on peripheral chemoreceptors.
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Fig. 4.3.8





Central chemoreceptors ('CC')


These chemoreceptors are present in the ventral surface of medulla, rather 200 - 300 μm deep from the surface and are distinctly separate from the DRG or VRG (= medullary respiratory center).


These CC cells are bathed in brain tissue fluid. Further, they are in close vicinity of cerebrospinal fluid, CSF (fig.4.3.8).


In the brain tissue fluid as well as in the CSF, the CO2 (which has come out of the brain capillaries) is converted into H2CO3 → then H+ ions are liberated → H+ stimulate the CC cells → stimulus from CC cells go to the DRG of medullary RC → stimulation of inspiration.


Following points, in this issue, should be remembered :


Blood brain barrier (BBB) consists of the endothelial lining of the capillary wall. The BBB as well as the blood CSF barrier can be penetrated by the CO2 very easily but not so by the H+ ions. This explains why CO2 comes out from the capillaries of the brain and converted into H2CO3 in the brain tissue fluid or in the CSF and then the H+ are liberated from the H2CO3 thus formed.


The protein concentration of CSF is normally very low, hence the buffering ability of the CSF is much lower than that of the blood. Thus entry of even small amount of CO2 in the CSF causes a quick fall of pH of CSF → quick onset of respiratory stimulation.


However, if the P CO2 of the brain capillary blood remains persistently high (= exit of excess CO2 from the blood to CSF or brain tissue fluid is persistently high), same compensatory changes occur leading to regaining of the original pH of the CSF → thus CSF is no longer acid and it no longer stimulates the CC.


In clinical practice, a drammatic example is very advanced case of emphysema. In such case, blood PCO2 remains persistently high but the pH of CSF (and presumably of the brain tissue fluid) remains alkaline. Therefore these fluids cannot and do not stimulate the CC cells. In short, these patients have high Pa CO2 (and also PACO2), but the high PaCO2 does not stimulate the respiration. Yet, for his survival, the patient requires increased respiratory drive (otherwise he will die of CO2 narcosis). This increased drive comes from the concomitant hypoxia present in such cases. The ultimate conclusion is, inspite of the presence of hypoxia in such cases over enthusiastic correction of hypoxia (by O2 therapy) can kill the patient as it extinguishes the only respiratory stimulus available in this patient.


[ Recent works indicate that the CC cells are present, in the ventral surface of the medulla, in three areas, termed rostral, intermediate and caudal areas. They are also known by their alternate names, viz, areas of Mitchell (M), Schlafeke (S) and Loeschke (L) respectively. ]


CO2 can also stimulate the respiratory center (RC) via the peripheral chemoreceptors, see below.


Role of Oxygen


What happens in O2 lack (hypoxia) and O2 excess? Between them, O2 lack is much more important and will be described first.


Effects of O2 lack


A moderate fall of PIO2 (O2 tension of the inspired air) or PaO2 (O2 tension of arterial blood) unlike those with CO2, has no appreciable effect. Recall, even slight rise of PI CO2 or Pa CO2 causes sharp rise of VE.


However gross fall of PIO2 (or concentration of O2 in the inspired air) leads to sharp rise of VE which thus causes


correction of the hypoxia. VE rises when the concentration of O2, [ O2 ], in the inspired air becomes 12% or less, at sea level. Mechanism


Fall of PIO2 (and thus of Pa O2) causes stimulation of 'peripheral chemoreceptors' (PC) → neural impulses arising from these PC cells go to the RC → stimulation of respiration.


What causes stimulation of PC? Low Pa O2 is the most important example. Fall of blood pH is another. Rise of Pa CO2 also stimulates.


Some anatomical (and histological details) of PC can now be discussed:


there are two sets of PCs, (i) the carotid body chemoreceptors (fig.4.3.5) and (ii) the aortic body chemoreceptors. Between them, the carotid body chemoreceptors have been studied much more extensively, no doubt, because of their easy accessibility. But it is safe to presume that the behavior and functions of the carotid body (CB) are more or less same as those of aortic body chemoreceptors.


CB. At bifurcation of each common carotid artery (fig.4.3.5), within the vascular endothelium, in direct contact with the blood, lies the CB. The CB can analyze the PaO2 / PaCO2 / H+ concentration. If there is low PaO2 or high PaCO2 or low blood pH the CB cells are stimulated → neural impulses are set up → medullary RC stimulated → increased respiration → homeostasis regained. The aortic bodies also behave in similar ways (i.e. they also analyze the above mentioned chemicals → send signals → achieve homeostasis).


The neural signals from the CB (also called, 'glomus ca-roticum') travel via nerve of Hering (a branch of glossopharyngeal or the IXth cranial nerve) → the IXth nerve (fig.4.3.5) → medullary RC. Whereas, from the aortic bodies, impulses travel up via (afferent) vagal fibers → medullary RC.


There are altogether two CB, one on each side (fig. 4.3.5).


There are two types of cells in the CB, (i) type I and (ii) type II cells. Type I cells contain large vesicles and sensory nerve fibers (which eventually constitute the nerve of Hering) emerge from the type I cell. Probably the type I cells themselves or the beginning of these nerves are the detectors (= receptors ) of the chemical sensation (eg. anoxia).


Three neurotransmitter chemicals are involved in the above mentioned detection of chemical senses as well as their transmission. They are, (i) dopamine (DA), (ii) substance P, and (iii) acetyl choline (ACh). Of them DA and substance P are present in the vesicles of type I cells. Probably DA causes blunting of the sensitivity of the chemoreceptor cells, whereas substance P increases it. ACh might probably be the neurotransmitter involved in the transmission between the type I cell and the emerging nerve fiber. That is, stimulation of type I cell → release (locally) of ACh → stimulation of the afferent nerves.


Molecular level mechanism(s) of action of the CB (glomus caroticum) is uncertain and controversial. Some very popular (and mutually complimentary) ideas are given below. Any one or all of them may be correct:


The CB cells (glomus cells) are metabolically extremely active. Therefore, inspite of the fact that the CB is tremendously vascular, there are, normally, areas, where there is some hypoxia of these cells. In short, inspite of the tremendous vascularity these glomus cells are prone to hypoxia so that slight fall of PaO2 causes hypoxia in them → stimulus.


These glomus cells are stimulated when there is a fall of ATP production in them. The efficiency of ATP production of these cell being not high, even slight hypoxia causes their stimulation.


The CB is very vascular, so vascular that the dissolved O2 in the arterial blood alone is sufficient (O2 bound as HbO2 is not required). This results in a delicate situation. While this means that CB is not stimulated by fall of Hb % (thus, of HbO2), it also means slight fall of blood supply or slightest arterial hypoxia (= a condition where PaO2 is low, typical example, high altitude sickness where PIO2 is low) can cause stimulation.


Sympathetic stimulation can cause reduction of blood supply to the CB by vasoconstriction of vasa vasorum of CB → stimulation.


The student, at this stage may recall some fascinating examples :


(1) Excitement usually causes hyperpnea. A fat middle aged aristocratic lady, when slighted, becomes strongly excited and begins to pant. This is due to sympathetic stimulation (ii) Muscular exercise causes violent rise of VE. This may be due to (a) sympathetic stimulation or (b) very slight (so slight that we cannot detect by our laboratory instruments; recall, muscular exercise does not cause a detectable fall of PaO2 and yet there is hyperventilation) fall of PaO2 can be detected by the CB and that is enough for its stimulation. Such very slight (and undetectable in the laboratory) fall of PaO2 may be present during exercise (iii) in anemia there is usually at rest no dyspnea (recall, CB is fed only by dissolved O2 in the plasma and this dissolved O2 is normal in anemia).


The CB also sensors high PaCO2 and CH. But high Pa CO2 acts mostly via central chemoreceptor (CC) cells. High CH ( = low pH) acts via both the CB as well as the CC.


H+ ion concentration


Rise of H+ ion concentration in the blood (= fall of blood pH) causes hyperventilation. Teleology is obvious. Hyperventilation → removal of body CO2 → reduction of H2CO3 and thus of H+. Thus, hyperventilation is a compensatory mechanism against acidosis.


Our body, normally, produces large quantities of acids (H+ ions) from protein metabolism. H+ ions of these acids, called 'fixed acids' are normally removed by the kidney. Renal failure, thus is an important cause of acidosis (and is called renal acidosis). Alternatively, in diabetic acidosis, large quantities of β hydroxy butyric acid and related products are produced causing acidosis. The renal acidosis and diabetic acidosis come under the category of 'metabolic acidosis'.


On the other hand, in advanced emphysema (leading to 'cor pulmonale' ) there is retention of CO2 (hypercapnia) leading to overproduction of H2CO3 and thus H+ ions. This type of acidosis is called respiratory acidosis.


In both the forms (metabolic and respiratory) of acidosis, clinically there is hyperventilation (↑ VE). However, cause of this ↑ VE in metabolic acidosis is rise of H+ ion concentration, [ H+], in the blood. H+ ions act on both the peripheral chemoreceptors, PC, as well as on central chemore-ceptors, CC, and thus produce ↑ VE . On the other hand in advanced emphysema/cor pulmonale, the respiratory drive is, as already stated, mainly due to ↓ PaO2 . Coronary chemoreceptors


Special types of chemoreceptors, called 'coronary chemoreceptors' are present in the distribution of coronary artery as well as pulmonary artery. When stimulated, they produce a triad of effects, (i) hypopnea (or apnea), (ii) bra-dy cardia and (iii) hypotension. These chemoreceptors can be stimulated, by veratrum alkaloids. What is their exact physiological role is uncertain, (see, for further details, 'Bezold-Jarisch reflex' chap 4, sec V).


Drugs


Many drugs are known which depress or stimulate the respiratory center. Thus, doxapram (dopram) and nikethamide (coramine) stimulate the respiratory center. However they also stimulate other areas of brain and a sufficiently effective dose may produce convulsion. Moreover their beneficial effects pass off quickly. For these reasons, these drugs are of limited therapeutic values in cases of respiratory failure. In addition to a direct stimulating effect on the respiratory center, they probably act also via the peripheral chemoreceptors.


Barbiturates and morphine (opium) on the other hand, depress the respiratory centers. With both the drugs, the sensitivity of the CO2 sensitive chemoreceptors in the brain are depressed but the carotid bodies retain their sensitivity for a long time and respiration continues because of the hypoxic drive. In India, suicides by morphine or barbiturate poisoning are common.


Once upon a time, the use of nikethamide was very popular in cases of severe respiratory depression by barbiturate poisoning. For reasons mentioned above, this is no longer so.


INFLUENCE FROM THE HIGHER CENTERS


1. The cerebral cortex is able to influence the respiration. Thus, stimulation of premotor cortex leads to tachypnea.


Stimulation of gyrus cinguli, which is situated on the medial aspect of the cerebral hemisphere (fig.10A.1.1) and is a part of cerebral cortex, leads to cessation of respiration. When the animal opossum (habitat, South America) is confronted by grave enemy, it often collapses, stops respiration and apparently looks dead; stimulation of the gyrus cinguli can also lead to this state, so that this can be called 'reaction opossum' (also called, 'playing dead, or playing 'opossum'). Teleologically, this can be viewed as a last ditch attempt by the animal's system to save himself, (for the appearance of it being dead may persuade the aggressor to leave it). Or, it may be an attempt by the Nature to save the victim from the agonies associated with a violent death.


Respiration can be altered voluntarily. Thus both voluntary hyperventilation and voluntary breath holding are possible. Impulses for this come from the cerebral cortex.


Injuries in the lateral part of the hypothalamus produces a depression of respiration.


Activities of the limbic system also influence respiration. Limbic system are areas of the brain whose activities produce various emotional changes. Thus, sobbing, which is associated with a typical respiratory pattern, occurs during grief.


It should be noted that gyrus cinguli is also a part of the limbic system. Hypothalamus, too is strongly connected with the limbic system.


The proper understanding of applied physiology requires an integrated concept of the different chapters. A whole chapter has been devoted later in this section and the student is referred to that chapter (chap.6) for understanding the physiological basis of different diseases of ventilation and their management.


SUMMARY & HIGHLIGHTS


Respiration is so adjusted that it keeps our bodily O2 need satisfied, drives out CO2 and H+ ions, yet it operates at low cost. Further, respiration can take care of the changes of our body needs by altering the frequency (normally about 14/min) and depth (normally 500 ml) of individual excursions and do that automatically. Further, respiratory movements are automatic and rhythmic.


These features, viz, automaticity, rhythmicity and adjustibility to the needs are dependent on the presence of a respiratory center (RC) which receives many feed backs from various parts of the body to adjust according to the needs.





�
↗medullary (DRG & VRG)�
�
The RC consists of�
�
�
�
↘pontine (apneustic and pneumotaxic) centers.�
�



Inspiratory (I) neurons, mostly in the DRG are always active, only the activity regularly increases and decreases. When it increases, the RC center discharges → inspiration begins. When decreases, the inspiration stops → expiration begins.


The I neurons are strongly influenced by reflexes (eg, load detecting reflex/Hering Breuer reflex and so on), PaCO2 and so on. PaCO2 acts mostly via central chemoreceptors (CC) of medulla. At exceptional times, depression of PaO2 becomes an important


controlling agent of VE, examples include cor pulmonale and high altitude sickness. O2 lack acts via peripheral chemoreceptor (carotid and aortic bodies).


Finally, sometimes, higher centers (cortex/hypothalamus) appear in the picture of control. Cause of rhythmicity is rather speculative. One such theory has been discussed.











Chapter IV.4


EXCHANGE OF GASES BETWEEN THE ALVEOLI AND PULMONARY CAPILLARY BLOOD


Introduction


The Interposing Membrane (Alveola Capillary Membrane)


Fick's Law; Transfer Factor, DLO2 and DLCO2, Measurement of Diffusion Capacity


Shunts


Applied Physiology


Summary


Introduction


Oxygen passes from the alveoli to the pulmonary capillary blood and CO2 is disgorged from the capillary blood to the alveoli. In this chapter, the mechanism and the factors involved in such transfers will be discussed.


The gases, in order to be transferred, have to pass through the following barriers :


Lining epithelium of the alveolar wall.


The capillary endothelium and the basement membrane. These two layers, taken together constitute the alveolocapillary membrane.


:. Alveolocapillary membrane = alveolar epithelium + capillary endothelium + basement membrane lying between these two layears.


Plasma of the capillary blood.


The erythrocyte membrane plus the intracellular fluid within the red blood corpuscle.


Therefore, 'resistance' against the passage of gases is due to the (i) alveolocapillary membrane, (ii) its passage through the capillary plasma, (iii) its passage through the RBC membrane plus ICF in RBC and (iv) 'reaction rate'.


The term reaction rate is used to mean the reaction rate of oxygen with Hb, to form HbO2 or breaking down of compounds of CO2 to release CO2.


At this stage, another term, viz, membrane component should be understood. Membrane component = alveolocapillary membrane + plasma in the capillary of the lung + RBC membrane + the intracellular fluid within the RBC.


It is clear that the resistance against the gaseous transfer is due to the combined effects of (i) membrane component, and (ii) reaction rate. However, the reaction rate accounts for less than 5% of the total resistance and hence very often ignored in routine discussions.


Passage of gas through the membrane component occurs by purely physical diffusion and no chemical reaction is involved. For this to occur, it will be seen in the subsequent paragraphs, that all the conditions are favoring : thus — (i) the alveolocapillary membrane is extremely thin (ii) there is minimum tissue fluid in the lung (iii) the diffusivity of O2 or CO2 is satisfactory, and (iv) the pressure gradient of the gases across the membrane is sufficient.


THE ALVEOLOCAPILLARY MEMBRANE


Components of the alveolocapillary membrane have already been stated. It's thickness varies from 0.36 μm to 2.5 |im, the average being about 0.5 μm.


The tissue fluid in the lung is absolutely minimum. Presence of a greater amount of tissue fluid (as occurs in other tissues elsewhere in our body) between alveolar epithelium and capillary wall would have obstructed diffusion.


Details of so as to why the lung parenchyma is almost free of tissue fluid is little controversial, but the broad outlines are as follows:


The mechanism of formation of tissue fluid has been discussed elsewhere in this book (chap. 1, sec. 1, fig. 1.1.9). In short, the formation of tissue fluid, according to the Starling's hypothesis (or principle), is due to interplay of two opposing forces : (i) the capillary blood pressure {the outgoing force), which favors the tissue fluid formation and (ii) the colloidal osmotic tension (the indrawing force). which draws the tissue fluid into the capillaries.


In the lung, the capillary blood pressure is very low, about 10 mm Hg (this is because, the pulmonary arterial blood pressure is very low); however, the negativity of the mediastinum or intrapleural pressure adds to this outgoing force so that these two factors (negativity of intrapleural pressure + capillary BP) taken together nearly balance (that is nearly cancels) the colloidal osmotic tension; so in health, there is practically no tissue fluid accumulation.


If there is left ventricular insufficiency or mitral stenosis, these capillaries are engorged so that the capillary blood pressure now rises and leads to accumulation of fluid in the alveocapillary membrane and within the alveoli. This condition is called 'pulmonary edema' and causes obstruction to the diffusion. As stated in a previous chapter (chap. 2, p.151) of this section, rise of alveolar surface tension (as in 'respiratory distress syndrome' of new born) can also lead to pulmonary edema.





FICK'S LAW





�


Fig. 4.4.1. Description in the text





Table: 4.4.1 Partial pressure of gases (in mm Hg.) (see also fig. 4.4.2)�
�
GAS�
INSPIRED AIR�
ALVEOLAR AIR�
MIXED VENOUS BLOOD�
ARTERIAL BLOOD�
TISSUE SPACES�
MITOCHONDRIA�
�
O2�
158�
100�
40�
95�
<35�
1�
�
CO2�
0,3�
40�
46�
40�
>46�
�
�
Water vapor�
Variable�
47�
47�
47�
47�
�
�
The state of affairs between the alveoli and pulmonary capillary blood can be somewhat represented by the figure 4.4.1.


Let C1 and C2 are two chambers containing an identical gas G at different pressures. Thus P1 and P2 are the pressures in C1 and C2 respectively. The two chambers are separated by a partition, XOMY, through which molecules of the gas C can diffuse. Under such conditions, C will pass through XOMY following its pressure gradient (i.e. if P1 > P2, G will move from C1 to C2). The Fick's law, which governs the volume of the gas G to be transferred, states that—


VG=(A/T)xD(P1-P2)


Where, VG = volume of the gas G, diffusing through the membrane/minute.


A = total surface area of XOMY; in case of lung, the total surface area of the alveolocapil-lary membrane of the two lungs taken together.


T = thickness of the XOMY; in case of the lung it is normally about 0.5 μm (the thickness of alveolo capillary membrane).


D = diffusion constant (also called coefficient) of the gas.


P1 and P2 = pressures of the gas G in the two chambers.


Obviously XOMY represents the alveolocapillary membrane and C1 and C2 are alveolus and pulmonary capillary respectively.


Pressure gradients of the gases


Table 4.4.1. gives the usual values of the physiologically important gases in different situations and figure 4.4.2 is a diagramatic representation of the essentials of table -4.4.1.


Note in the above table:


The pressure difference (better known as the pressure gradient) of O2 between the two sides of the alveolocapillary membrane is 60 mm Hg.


The pressure gradient for CO2 is about 6 mm Hg.


All values are approximates only.


Both these gradients are sufficient for the gaseous transfer to occur. The mean gradient


At the beginning, the difference of O2 pressures [between alveolar gas and capillary blood (AP)J, is (100 - 40) or 60 mm Hg. At the exit point of blood [from the capillary (fig 4.4.2)], the ΔP is 0 (nil). The mean AP is however not, [(60 + 0) + 2] = 30 mm Hg. Without going for complications it may be noted that mean AP is about 15 (instead of 30) mm Hg.


�


Fig. 4.4.2. O2 and CO2 tensions at different regions (all in mm Hg.)





At this stage, some oft repeated terms are explained :


Mixed venous blood means the blood in the right ventricle or better still, in pulmonary artery. The tension of O2 or of CO2 in arterial blood does not vary from place to place, because no loss of O2 or gain of CO2 occurs in the arte-rial blood. But tension of O2 or of CO2 in the venous blood is dependent on the activity of the tissues from which the particular vein is arising and therefore, varies from vein to vein. Only in the right ventricle or better still in the pulmonary artery, a thorough admixture of all the blood occurs and here it is called, mixed venous blood.


Arterial blood, in the systemic circulation, carries oxygenated blood. To an anatomist, an artery carries blood away, from the heart whereas a vein carries blood towards the heart. Viewed in this way, the names, 'pulmonary artery' and 'pulmonary vein ' are justified. But unlike systemic arteries they (i.e. pulmonary arteries and veins) carry deoxygenated and oxygenated blood respectively. Although, the present author will try to remain clear, the student should, while dealing with the blood of pulmonary circulation, remain alert regarding whether the blood is oxygenated or deoxygenated, in the vessel in question. This is because some authors, in connection with pulmonary circulation use the term arterial blood where the blood is oxygenated (that is, blood in pulmonary veins) and venous blood where it is deoxygenated (pulmonary arterial blood).


3. [The student should be familiar with the rules of conversion of a percentage of gas expressed in volumes to partial pressure expressed in mm Hg. Some examples may help. Thus, if the concentration of O2 in the atmosphere at sea level (barometric pressure, 760 mm Hg), where the water vapour pressure is say, 10 mm Hg, is 21% (i.e., 21 ml/100 ml) it's partial pressure is (760 - 10) x 21 /100 mm Hg or about 158 mm Hg. Or, let the CO2 concentration in the alveolar air (at sea level, that is, at barometric pressure of 760 mm Hg) be 5.5 ml/100 ml. Assuming the body temperature is normal, that is, 37° C (water vapour pressure at 37°C is 47 mm Hg) the partial pressure of CO2 is (760- 47) x 5.5/100 or 39.2 mm Hg.]


The diffusion constant (diffusivity)


The Fick's law uses a term, diffusion constant. This means, the volume of gas that can diffuse through one sq. cm. of the partition, having unit thickness between the chambers (XOMY in fig. 4.4.1), per every mm Hg pressure difference, per minute. Greater the diffusion constant, greater is the ease with which the gas diffuses.


Diffusion capacity


This term should not be confused with diffusion constant. Diffusion capacity, DL, is,


(A/T) x D, (see the formula of Fick's Law, above).


where A = total surface are of the partioning membrane (XOMY in fig. 4.4.1 or that of alveolo capillary membrane), T = the thickness of the membrane A, and D = the diffusion constant. In short, the DL depends on the D (assuming A and T of the alveolo capillary membrane remaining constant). Greater the D (diffusion constant also called diffusivity), greater is the net amount of gas transferred across the membrane (provide other factors remain constant). To emphasize, DL, the diffusion capacity of lung, is the ability of the two lungs (taken together) to transfer a particular gas across the membrane. It will be shown below that the D for a given gas (say O2 or CO2) does not change, but DL can change not only in diseases of the lung, but also in health. In short, DL is the volume of the gas, Vgas (say Vo2 or Vco2)' that will cross the alveolocapillary barrier in one minute when the pressure difference of the gas between the two sides of the membrane is 1 mm Hg.


The diffusion coefficient depends upon solubility and square root of the molecular weight of the gas concerned. Thus, diffusion coefficient,


D α�
S�
,where, D = diff. coeff S = Solubility�
�
�
Mol. wt�
�
�



Solubility of CO2 is 25 times greater than that of O2 but its molecular wt is only slightly greater than that of O2 (44 versus 32). The net result is, diffusivity of CO2 is about 20 times greater than that of O2. This explains how, despite a smaller pressure gradient compared to O2 (6 versus 60), the CO2 diffusion is satisfactory.


The diffusion capacity for O2 is the volume of O2 that can diffuse from the alveoli into the pulmonary capillar}' blood in 1 minute in the two lungs (taken together) per 1 mm Hg of pressure difference. Its normal value is around 25 ml/ minute/mm Hg. Its symbol is DLO2, also written as, DO2. Similarly DCO2 (or DLCO2) is about 500 ml/min/mm Hg. These are values in the resting condition. During exercise, the DLO2 in healthy trained athletes may be about 70 ml/ min/mm Hg. This sharp increase is due to opening up of large number of pulmonary capillaries which were closed at rest (such opening causes a rise of the total surface area in the Fick's law).


(Students should note that, at rest, when the DLO2 is 2.5, the two lungs together cannot transfer more than 1.5 liter of O2 provided the AP between the two sides of alveolocapillary membrane remains 60, while during exercise, it becomes 41).


Many authors prefer a term 'transfer factor' (symbol 'TL'). The terms 'diffusion capacity' and transfer factors are usually used as synonymous terms. Thus DLO2 may also be written as TLO2.


It is important to understand these terms (viz. DL and TL) clearly. From the preceding paragraphs, it would appear that the DL, theoretically should depend on A, T and D (diffusion constant) of the Fick's law, that is, it should depend on the 'membrane component' alone. [Recall that the gas exchange at lungs requires that the gas has to traverse through the membrane component and the resistance due to reaction]. But in practice, the term DL includes both the membrane component and the RBC component. For example, DLO2 means the net amount of O2 (in volumes) that can be taken up by the blood in 1 minute by the subject concerned per every mm Hg pressure difference across the barrier. So DLO2 values will be low, both in conditions like pulmonary edema as well as in any condition where there is slower reaction rate. The reason for this is that measurement of diffusion accross the membrane component and RBC component separately was not possible until quite recently and is thus not separately measured.


Viewed from this angle, the term transfer factor, TL, appears to be preferrable and not the DL.


The usual symbol for the membrane component of diffusion is DM.


Measurement of diffusion capacity


Diffusion capacity of the lung is measured by carbon monoxide method. CO is inhaled and the amount of CO present in the systemic arterial blood is measured, from which TLCO can be measured. It is presumed that the blood of the subject did not contain CO prior to the inhalation (therefore, this procedure is unsuitable in smokers). Where diffusion capacity of the lungs fall, TLCO value falls (normal TLCO is about 25 ml/mm Hg/min.).


Many diseases, particularly those associated with some industries (e.g. asbestosis) produce reduction of diffusion capacity of the lung. For further details see chapter 6, on applied physiology (this section).


Reaction rate


Some time is required for the combination of O2 with Hb or release of CO2 from carbamino compounds and bicarbo-nates of the pulmonary capillary blood.


The velocity with which O2 combines with Hb is very fast. Normally at 37°C the half time for Hb and O2 combination is only 0.071 sec. Breakdown of bicarbonates is somewhat slower but diffusion constant of CO2 is so high that CO2 retention, practically speaking, does not occur unless there is alveolo capillary block (e.g. pulmonary edema).


Carbamino hemoglobin compounds can, however, be quickly formed or dissociated. The actual exchange of CO2, therefore, occurs more, from this compound.


Time required for oxygen uptake


At rest, an RBC stays for only about 1 sec in a pulmonary capillary but the Hb within it becomes saturated within about 0.3 sec, that is, this 1 sec is more than sufficient for full oxygenation of Hb.


During exercise, when the circulation speed is high, the transit time of the RBC may be as low as 0.3 sec; but even this time as shown above, is sufficient.


SHUNTS


Fig. 4.4.2 shows that PO2 of oxygenated pulmonary capillary blood is practically same (100 mm Hg) as that of alveolar PO2, yet the PO2 of systemic arterial blood (PaO2) is little lower (95 mm Hg). How to explain this fall ?


Answer is (i) various venous blood, that is, deoxygenat-ed blood, gets mixed with the pulmonary venous blood. Such veins are bronchial veins and thebisian venous system, both carrying deoxygenated blood, (ii) Moreover in some areas of the lung, the alveoli are very poorly ventilated but perfusion of these alveoli (by the blood) is alright. Pulmonary capillary blood, draining these poorly ventilated alveoli contains poor quantities of O2 and they too drain in the pulmonary veins. All these factors lower the PO2 of pulmonary venous blood slightly. The total reduction of PO2, due to these causes, in health, is only 5 mm Hg. All these factors, collectively, constitute the shunt.


APPLIED PHYSIOLOGY


Pulmonary edema, bronchopneumonia and lobar pneumonia increase the resistance to the alveolo capillary diffusion by bringing fluid into the alveolo capillary membrane. Various industrial hazards like asbestosis, pneumoconiosis etc. also increase the thickness of the alveolocapillary membrane to produce alveolocapillary block. To overcome the block, O2 therapy may be given. For further details, see chapter 6 of section IV.


Gaseous exchange in the peripheral tissues. Some special problems


Diffusion of O2 and CO2 at the level of peripheral capillaries are governed, as in the case of that at lung alveolar level, by Fick's law. One important difference is that the distance between, capillary blood and needy tissue (T in the Fick's law, see earlier this chapter) is usually much greater and therefore oxygenation of peripheral tissues, on theoretical grounds, should not be easy. Yet, the tissues normally show no anoxia. To explain this, it has been; proposed that there is a facilitated diffusion' of O2 (chap 1 sec I) at this level and myoglobin acts as the carrier. During exercise however many capillaries open up ('recruitment') and the vlaue of T therefore falls.


Perfusion inefficiency (reduction of pulmonary blood flow) can also lead to hypoxemia. Thus pulmonary embolism is an important cause of this.


Alveolocapillary block ultimately leads to hypoxemia (low PO2 in the arterial blood) and hypercapnia (excess PCO2 in the arterial blood) with their train of attendent symptoms (see chapter 6 of sec. IV).


SUMMARY


The transfer of O2 or CO2 across the alveolo capillary barrier is governed by the Fick's Law of diffusion of gases across a membrane. The transfer, normally, almost wholly, depends upon the diffusion; biological processes are not involved to any appreciable extent. All conditions existing between the alveoli and pulmonary capillary favor a diffusion. Provisions also exists, so that total volume of transfer of gas (TL) can increase sufficiently during exercise. In various diseases of the lung or heart, the ability to exchange gas deteriorates and symptoms develop. The TL value can now be determined in human subjects (healthy and diseased).


�


Fig. 4.4.3. Illustrating the PO2 at different levels (see also Fig.4.4.1)











Chapter IV.5


CARRIAGE OF O2 AND CO2 BY THE BLOOD AND THEIR EXCHANGE AT THE TISSUE LEVEL


OXYGEN CARRIAGE AND UNLOADING


Introduction


Oxygen dissociation curve; biological advantages of the sigmoid curve.


Unloading of O2 in the tissues; coefficient of utilization.


Myoglobin.


5.	A-V O2 difference, VO2 max Introduction


In a healthy man, at sea level, the arterial blood contains about 19ml of O2/100 ml, of which 0.3 ml is in physical solution and the rest, i.e. 18.7 ml is in combination with Hb. Therefore, O2 is carried in the blood in two forms : (i) in physical solution, and (ii) as oxyhemoglobin (HbO2).


The tension of a gas in blood is produced by only that portion of gas which is in physical solution. It follows that the HbO2 is not directly responsible for the tension produced by O2 (i.e. PaO2). When arterial blood reaches the tissue level, it is exposed to a Ptissue O2 level which is very low, say < 35 mm Hg. O2 now flows from the plasma to the tissue and therefore, the concentration of O2 in physical solution decreases. Now O2 from HbO2 is released and the loss from the physical solution is made up. This occurs during unloading of O2 at tissue level. The reverse occurs during loading of O2 at the lung. As O2 flows from the alveolus to the pulmonary capillary, the concentration of it in the physical solution in the capillary blood rises, but when the figure 0.3 ml/100 ml (at 37°C body temperature and barometric pressure of 760 mm Hg) is reached the plasma cannot hold any more O2 and the extra O2 goes to combine with the Hb. Viewed in this way, the Hb acts as a sink.


The following facts may be, in this connection, remembered : O2 tension in the arterial blood (PaO2) is 100 mm Hg and concentration of O2 present in physical solution is 0.3 ml/100 ml of blood; Corresponding values for mixed venous blood are 40 mm Hg and 0.1 ml/100 ml respectively.


Some of the often repeated terms will now be explained : (i) Oxygen content, means the total volume of O2 in 100 ml of whole blood. The oxygen content in arterial blood, in healthy men, therefore is 19 ml (0.3 ml +18.7 ml) per 100 ml.


Oxygen capacity means the maximal amount of O2 that can be held by the blood in a given set of conditions. Thus, at 760 mm Hg of barometric pressure, and at 37°C temperature the O2 capacity of blood is little over 20 ml/ 100 ml.


Percentage saturation of hemoglobin is,


Oxygen content�
x 100�
�
Oxygen capacity�
�
�
Therefore, in healthy men, the percentage of saturation of Hb in arterial blood will be (19/20) x 100 = 95%. In mixed venous blood, at rest, the value is, about 75%. Table 4.5.1 gives a summary of these data.





Table: 4.5.1�
�
�
Arterial Blood�
Mixed Venous Blood�
�
O2 tension.


O2 content.


% Saturation Hb.�
95 mm Hg.


19 ml/100 ml


95%�
40 mm Hg.


14 ml/100 ml.


75%�
�
Oxygen dissociation curve


Figure 4.5.1 shows the oxygen dissociation curve.


When Hb is exposed to high partial pressure of O2, it takes up O2 and becomes HbO2. More the pressure of O2, more is the percentage saturation of Hb, until the Hb is fully saturated with O2 when it can take no more O2.


However, this increase of percentage saturation of Hb with O2 with increasing partial pressure, is not linear, but sigmoid or 'S' shaped, as shown in fig. 4.5.1.


�


Fig. 4.5.1. Oxygen dissociation curve. Note, (i) when the PCO2 is high, the curve shifts to the right, and (ii) the 50% saturation of the Hb occurs, when the PO2 is nearly 25 mm Hg.


The chain of events in the lung alveolus is as follows : O2 flows from alveolus to capillary blood (due to pressure gradient) → rise of O2 tension (oxygen in physical solution) in plasma → Hb is exposed to higher O2 tension → rise in % saturation of Hb with O2. The reverse occurs during unloading at tissue level.


Biological advantages of the sigmoid shape


(i) Mark, (in fig. 4.5.1) that at a PO2 of about 25 mm Hg the % saturation of Hb [with O2] is 50%, whereas the same is about 95% at a PO2 of 100 mm Hg. This means that, at a PO2 of 25 mm Hg the O2 content per 100 ml is about 10 ml (it was about 19 ml at a 100 mm Hg pressure); or in other words some 9.0 ml of O2 have been released (and have gone to the tissues) when the capillary blood was exposed to a tissue PO2 of 25 mm Hg. In short, for sufficient release of O2 from HbO2, Ptiss O2 need not be very very low. A pressure of about 25 mm Hg is more than sufficient. Compare the O2 dissociation curve for Hb with that of another compound, myoglobin (vide infra, figure 4.5.2), which is closely related to Hb. Myoglobin becomes 50% saturated (with O2) only when the PO2 is as low as 5 mm Hg. It shows, compared to myoglobin, HbO2 releases its O2 more readily, in the tissues.


(ii) The upper part of the curve is comparatively flat. This means, that if the PAO2 (PO2 of alveolar air) is moderately low, the uptake of O2 at lung is not appreciably hampered. In fact if the PAO2 is as low as 50 mm Hg (normal value, about 100 mm Hg), the % saturation is still about 80% (that is O2 content of arterial blood is still nearly 16 ml/100 ml). [The barometric pressure shall have to fall to a value of about 400 mm Hg to produce an alveolar PO2 of 50 mm ]. In short, the shape of O2 dissociation curve (which in turn is due to the biological properties of Hb) tells us that, it ensures that (i) in the tissues, O2 unloading is satisfactory, and (ii) even if there is moderate atmospheric hypoxia, no damage occurs.


EFFECTS OF CO2, ACIDITY AND TEMPERATURE


The Bohr effect


The O2 dissociation curve 'shifts to the right ', when the blood contains excess CO2 (figure 4.5.1). This is called Bohr effect (after the name of the discoverer, who discovered it in 1904).


Shift to the right also occurs if the pH of the blood is low or the temperature is high.


It is now known that the Bohr effect is produced principally due to the lowering of pH by increased CO2 tension.


The O2 rich arterial blood reaches the capillaries running through the tissues. Assume that the tissue is meta-bolically active, ie, it needs O2 and its CO2 should be removed. Because of pressure gradient, CO2 moves from the tissues to the capillary blood → exerts Bohr effect → O2 release is hastened. Greater the CO2 tension in the tissue, greater will be O2 release.


In short, presence of CO2 lowers the affinity of Hb for the O2.


Conversely, in the lung, CO2 is released from the capillary blood → affinity of Hb for O2 increases → oxyhemoglobin formation is hastened.


The teleology is obvious. During muscular exercise the exercising muscles (who need more oxygen) become hot; their pH falls and they contain excess of CO2. In such an environment, the O2 dissociates more quickly.


Another factor is 2,3 DPG (diphosphoglycerate). This compound, which is a member in a shunt (Rapaport hue-bring shunt, for details, see 'hypoxic hypoxia' chap 6, sec IV) of Embden-Meyerhoff Pathway of glucose, occurs normally in the RBC. When present in sufficient amount, 2,3 DPG causes the O2 dissociation curve to shift to the right.


During muscular exercise the 2,3 DPG content of RBC rises. It also rises in high altitude (that is, at low barometric pressure). The biological advantages of this is obvious. 2,3 DPG content decreases during storage of blood in blood bank. This is a form of "preservation injury" (see sec. II. chap. 7) and may be due to the preservative ACD (acid citrate dextrose) solution. Ultimately speaking, this type of preservation injury causes the O2 dissociation curve to shift to the left.


When the O2 dissociation curve shifts to the right, the O2 dissociation in the tissues occurs more readily than normal. However, this also retards O2 uptake (loading) in the lung. The reverse occurs during shift to the left.


The concept of P50


Fig. 4.5.1 shows that Hb is 50% saturated, when the partial pressure of O2 (to which the Hb is exposed), is 25 mm Hg. Or in other words, the P50 value of normal adult Hb (= Hb A) at a temperature of 37°C and PCO2 of 40 mm Hg is 25 mm Hg. P50, thus, indicates the affinity for Hb towards O2. A high P50 is same as shift to the right and indicates reduction of the affinity. Conversely, low value of P50 = high affinity for O2 = shift to the left. Thus, HbF (fetal Hb, see chap 2, sec II, 'abnormal hemoglobinopathies' ) and myoglobin (Mgb) have lower P50 values than that of HbA. Conversely, presence of CO2 /acidity/temperature rise/2.3 DPG causes rise of P50 values.


Note, the P50 value of myoglobin (Mgb) is only 5 mm Hg (fig.4.5.2).


Unloading of O2 in the tissues


As already stated, the capillary blood, having a PaO2 of about 95 mm Hg, is exposed to a PO2 of tissue (Ptissue O2) which may be 35 mm of Hg or even lower. The O2 therefore dissociates from the HbO2 and flows to the tissue.


The term coefficient of utilization is used in this connection, which is,


O2 taken up by he tissue�
x 100�
�
O2 content of arterial blood�
�
�



For example, let O2 content of blood of an artery is 19 ml/ 100 ml, the same for the corresponding vein is 14ml/100 ml, then the difference, viz, 5 ml per every 100 ml is the loss of O2 suffered by the arterial blood and this has been utilized by the tissue; so in this case, the coefficient of utilization is (19-14)/19x100 or 26 per cent.


In active tissue this value may be much more than 26%. In violently working muscle it may be nearly 90%, that is, the vein draining this muscle would contain almost no oxygen at all.


In most hypoxic states, the coefficient of utilization rises very sharply. Plainly this is aimed to extract whatever O2 is available and thus save the hypoxic tissue.


The possibility of a facilitated diffusion


Because of the fact that the PaO2 is normally high and PO2 of the tissue low, the general tendency is to explain the diffusion at tissue level as a pure physical affair.


However, in many tissues, the distance from the capillary blood to the furthest cells is often very great. Therefore, ordinarily, in such circumstances, the thickness T, of Fick's equation (p 165)


[Vgas=A/T xD(P1-P2)]


is very high (recall that for alveolocapillary membrane it is only 0.5 μm). Yet the diffusion is usually satisfactory. According to some authorities, to explain this satisfactori-ness, one has to presume that, in addition to the Fick's law and pure physical diffusions a facilitated diffusion also operates at the level of tissues.


Facilitated diffusion has been described in sec. I, chap. I of this book. Possible carriers are such compounds like myoglobin and cytochrome P450.


Myoglobin


This compound, chemically, is remarkably like hemoglobin. It contains, however, only one heme group attached with one polypeptide chain, having 153 amino acids, whereas the hemoglobin molecule contains four polypeptide chains with four heme groups. Hence, the molecular weight of hemoglobin is nearly four times than that of myoglobin. Myoglobin, like hemoglobin, can combine losely and reversibly with O2; hence not only chemically, but functionally also myoglobin (Mgb) is closely related to Hb.


The oxygen dissociation curve for Mgb is shown in fig. 4.5.2; mark that Mgb releases O2 much less readily than Hb. The P50 of Mgb is approximately 5 mm Hg whereas the same for Hb is about 25 mm Hg (vide supra).


Myoglobin is found in the muscles. It probably acts as a storehouse for oxygen; in the initial phase of muscular exercise, the oxygen is released from the myoglobin. The oxygen demand of the contracting muscles shoots up from the very first phase of exercise; the increased demand is met by dilatation of local blood vessels but before that can occur, the contractile muscle 'borrows' oxygen from the myoglobin. This borrowing is part of the 'atactic acid debt' (for further details, see discussions on muscular exercise, sec. IX, chap. 3). It is estimated that a man of average size can store about 1.5 liters of oxygen in his myoglobin.


�


Fig. 4.5.2. To show the O2 dissociation pattern of myoglobin.





CARRIAGE OF CO2


Loading of CO2


The tissues, as a result of metabolism, produce CO2 The PCO2 of the tissues is therefore very high, over 46 mm Hg. The PCO2 of the arterial blood, and therefore of the blood in the capillary, at its arterial end is 40 mm Hg; CO2 therefore diffuses from the tissue to the capillary blood. At the venous end of the capillary the PCO2 of the blood becomes much higher (depending upon the intensity of the activity of the tissue).


Forms in which the CO2 is carried


The blood carries the CO2 in the following forms : (i) physical solution; (ii) bicarbonates; (iii) carbamino hemoglobin compounds, and (iv) carbamino protein compounds.


The physical solution fraction is merely the amount of CO2 dissolved in plasma. It is this fraction which gives rise to the CO2 tension of blood. The bicarbonates are both plasma and corpuscular. Plasma bicarbonate is NaHCO3 whereas RBC bicarbonate is KHCO3. A fraction of CO2 combines with the Hb and called carbamino compound. Another, a very small fraction, combines with plasma proteins and is called carbamino protein compound.


The amount of these different fractions of CO2 compounds are given in Table 4.5.2. Sequence of events


From the tissues, the CO2 penetrates the capillary wall → enters the plasma → a small fraction of CO2 is dissolved into plasma (physical solution) → the rest of the CO2 penetrates the RBC membrane → within the RBC it combines with H2O in presence of the enzyme carbonic anhydrase to form H2CO3 → splits into H+ and HCO-3 → most of the HCO-3 comes out of the RBC and enters plasma to form NaHCO3 and a small portion of HCO-3 stays back within the RBC to form KHCO3. A small amount of CO2 forms car-bamino Hb compound with the Hb. Another fraction of CO2 is dissolved within the fluid of the RBC to form CO2 in physical solution within the RBC. Some further details will now be discussed :





�


Bicarbonates. Chloride shift


From the tissues, when the CO2 enters the capillary, it first passes through plasma; but CO2 does not form H2CO3 in plasma (because carbonic anhydrase is absent in plasma). As the CO2 next enters the inside of the RBC, it forms the H2CO3.


Within the RBC, there is an enzyme carbonic anhydrase. It catalyzes the reaction.


CO2 + H2O↔H2CO3


without the carbonic anhydrase, theoretically, the H2O can combine with CO2 to form H2CO3 but that reaction is so slow and the amount of H2CO3 formed is so poor that it may be ignored.


As the H2CO3 is formed within the RBC, it splits into


H+ and HCO-3 ions. The H+ are quickly taken up by the Hb, so the reaction continuously moves from left to the right, and large quantities of HCO-3 are formed within the RBC.


This HCO-3 is permeable through the RBC membrane and moves out of the RBC to enter plasma according to the equation of Gibbs-Donnan. In the plasma, it replaces CI" from NaCI and combines with Na+ to form NaHCO3. So ultimately a good portion of the CO2 taken up, is converted into plasma NaHCO3.


The released chloride ions as mentioned above, move into the RBC from the plasma so that the Cl- concentration within RBC rises as the CO2 is taken up by the blood. This (= rise of Cl- ions in RBC) is, thus, due to the shift of the Cl-ions from the plasma and discovered by Hamburger in 1918 and hence spoken of as Hamburger's chloride shift. The entire sequence of events is diagramatically shown in figure 4.5.3.


Some HCO-3 stay back within the RBC to form KHCO3. Recall that, inside any cell including the RBC, the concentration of Na+ is very poor but that of K+ is very high whereas in the plasma concentration of Na+ ion is high but that of K+ is very low. Further, Na+ cannot ordinarily enter into the RBC and K+ ions cannot leave the RBC. For all these reasons one finds KHCO3 within the RBC and NaH-CO3 within the plasma.


�


Fig. 4.53. CO2 exchange and the associated reactions at the tissue; the chloride shift.





For these reactions to proceed smoothly, therefore the enzyme carbonic anhydrase is essential. Further, as so many steps are involved, the total time taken to develop the whole reaction, compared with the formation of car-baminohemoglobin is somewhat greater.


The chloride shift of Hamburger is reversed in the lungs. Because of the fact that oxyhemoglobin is less basic (or more acidic) than reduced Hb, the reduced Hb can catch more H+ ions. Therefore in the tissue levels, as HbO2 rapidly loses oxygen, its ability to catch H+ also increases. As a result as H and HCO-3 ions are being formed from H2CO3 the H+ ions are mopped up. Conversely, in the lung capillaries, the conversion of HHb (reduced) into HbO2 causes release of H+ from the hemoglobin. The released H+ joins with the HCO-3 released from KHCO3 (the K+ ion of KHCO3 goes to join with the Hb, see below) forming H2CO3 and this, because of carbonic anhydrase, splits into H2O and CO2; as the CO2 is continuously going out into the alveoli (because of the pressure gradient) the reaction now moves from right to the left. Now the HCO-3 ions of NaH-CO3 from plasma enters the RBC, converted into H2O and CO2 and the CO2 goes out. In exchange of HCO-3 the Cl-from the RBC goes out from the RBC to enter the plasma and NaCl of plasma is now reconstituted.


When the Hb was reduced, the K+ ions were engaged by both Cl- ions (i.e., concentration of KCl in the RBC's became high) and also to some extent by the HCO-3. Recall (Table 4.5.2) that HCO-3 concentration in RBC of venous blood is higher than that of arterial blood. When HHb becomes HbO2, the K+ ions begin to combine with the oxyhemoglobin and CI- ions are released from KCI.


Carbonic anhydrase.


This enzyme which contains Zn, are found in the RBC, gastric mucosa, renal tubules and pancreas. Its action is to speed up the reaction,


H2O + CO2 ↔ H2CO3


Subsequently as shown in the previous paragraphs of this chapter, H2CO3 may break up into H+ and HCO3 ions but that splitting is not due to any enzyme action.


Much of the chemistry of carbonic anhydrase of human origin is now known and for details the reader is referred to text books of biochemistry. Carbonic anhydrase is powerfully depressed by the drug acetazolamide (Diamox) which is clinically used as a diuretic.


Carbamino hemoglobin compound


A part of CO2 can and does combine straight with the Hb to form carbaminohemoglobin compound. The ultimate reaction is:


CO2 + HbNH2 ↔ HbNHCOOH


The highlights of carbaminohemoglobin compound are :


For its formation if requires no enzyme.


The rate of its formation is extremely rapid. The formation of NaHCO3 in the peripheral capillaries from CO2 or the breakdown of NaHCO3 to produce, ultimately, the CO2 is time consuming requiring between 0.75 to 1 sec. The total stay of a single RBC in the lung capillary being nearly 1 sec. at rest, the time for the reaction may be reasonably sufficient but during exercise, the transit time of an erythrocyte may be only 0.3 sec. (In the capillaries of the peripheral tissue, however, blood moves slowly). Because of the fact that carbamino hemoglobin compounds are formed or broken down very rapidly the carbamino hemoglobin is the principal agent of CO2 transfer and the CO2 transfer is always adequate.


Carbamino compounds are formed more readily when the Hb is reduced; this helps in more CO2 uptake by the peripheral capillary blood.


Presence of 2,3 DPG depresses the formation of carbamino compound.


Although the amount of it is not much, because of the speed of its formation and dissociation, carbaminohemoglobin compound is a very important compound for uptake or release of CO2. About 25% of the CO2 that undergoes transfer is accounted by this compound.


�


Fig. 4.5.4. CO2 disassociation pattern of blood.





C02 DISSOCIATION CURVE (fig. 4.5.4)


Like the O2 dissociation curve, the CO2 dissociation curve also can be constructed. The student should note however, that the ordinate represents volumes (in ml) of CO2 present per 100 ml of blood instead of percentage saturation of Hb by O2 as in oxygen dissociation curve.


Note, if the Hb is oxygenated, the CO2 dissociation curve shifts to the right, that is, the blood begins to lose some CO2 as it becomes oxygenated. This is usually called Haldane effect, although it is also known by its alternate name, viz, CDH (Christiansen, Douglas, Haldane) effect.


SUMMARY & HIGHLIGHTS


O2 content of arterial blood is about 19 ml/100 ml, O2 capacity of the same is 20 ml per 100 ml, hence percentage saturation of Hb (by O2) in arterial blood is around 95%. This means in healthy persons at sea level there is little scope to increase the O2 level. O2 in blood is carried in (i) physical solution (0.3 ml/100 ml) in plasma, and (ii) as combined with Hb. It is the physical solution which exerts the O2 tension, the O2 of HbO2 merely acts as a sink. O2 dissociation curve is sigmoid (S) shaped; this means until the barometric pressure and the PlO2 fall sharply, the oxygenation at the lung is not much affected. Also, the Ptissue O2 need not be very low for unloading in the tissue level. Presence of excess CO2, heat and acidity (the environment found in working tissues) favor unloading of O2 at tissue level. 2,3, DPG also favors unloading excess 2,3 DPG develops when EMP path of glucose metabolism operates vigorously.


CO2 is carried mainly as (i) in plasma soln. (ii) plasma NaHCO3 (iii) KHCO3 in RBC (iv) carbamino hemoglobin in RBC — the last named is most important for transfer. During CO2 loading [chloride] increases within the RBC and is called Chloride Shift.





Chapter IV.6


APPLIED AND ENVIRONMENTAL PHYSIOLOGY. LUNG DEFENCE MECHANISM. CHANGES WITH AGE.


1.	Hypoxia, high altitude sickness and ARDS
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Respiratory physiology in the infant & the old


HYPOXIA AND HIGH ALTITUDE SICKNESS


Hypoxia (also called anoxia) is a condition characterized by insufficient oxygen supply to the tissues. The term hypoxia (hypo = less) is preferred which means a state of insufficient oxygenation and not its older equivalent anoxia, which means no oxygen.


Following terms should be clearly understood :


(i) Hypoxia is lack of oxygen; (ii) hypercapnia means excess of CO2 in the arterial blood, (iii) asphyxia means lack of oxygen plus retention of CO2. However many authors of text books on physiology or medicine do not obey some of these distinctions.


According to the traditional teaching, there are four classes of hypoxia, viz, (i) hypoxic (anoxic) hypoxia (anoxia) (ii) anemic hypoxia (iii) stagnant hypoxia, and (iv) histotoxic hypoxia.


A description of the different classes of hypoxias will be made first which will be followed by short accounts of high altitude sickness and ARDS, both being important examples of hypoxic hypoxia. High altitude sickness is important, because (apart from the fact that it gives insight to respiratory, cardiovascular, renal, neurophysiology etc.) it has great applications in civil aviation, mountaineering and in the army. The second issue (ARDS), although highlighted only in recent times, carries a high mortality rate and is likely to increase with industrialization.


Hypoxic hypoxia


Causes. Typical example is (i) sudden ascent to a very high altitude [10,000 ft. or above (= about 3 km)], (ii) In infections of lung, eg. lobar pneumonia, where exudate collects into the alveoli and thickens the alveolo capillary membrane, hypoxic hypoxia may develop. [Theoretically there should be both lack of O2 and retention of CO2 in this condition (lobar pneumonia) but because CO2 has a very high diffusivity compared to O2, CO2 can manage to pass out of the alveolocapillary membrane satisfactorily, so that CO2 retention is not appreciable3 in early stages of this disease], (iii) hypoxia of arterial blood is a characteristic feature of adult respiratory distress syndrome, (ARDS).


[ Some authors prefer to call hypoxic hypoxia, to all conditions, whenever there is low PO2 of arterial blood (PaO2). Thus, according to them, obstruction in respiratory passage, diaphragmatic paralysis, etc. are all examples of hypoxic hypoxia. But according to what has been written in the beginning of this chapter, these are actually examples of asphyxia. Mild or moderate hypoventilation, on the other hand, should better be described under the heading hypercapnia for reasons stated elsewhere in this book.]


Pathogenesis and pathophysiology of hypoxic hypoxia


Hypoxic hypoxia is produced when the availability of O2 for the pulmonary capillary blood is poor. Thus, it is seen classically in conditions where the inspiratory PO2 (PIO2) is poor as in high altitude (vide infra) sickness. In the following description, for the sake of simplicity, it will be presumed that there is deficiency of PIO2 .


In hypoxic hypoxia, PIO2 is low → therefore alveolar PO2(PA O2) is also low → therefore, PaO2 becomes low; therefore, the PaO2 at the arterial end of capillary blood in a peripheral tissue (normally about 95 mm Hg) is also low and the gradient between the PaO2 of peripheral capillary and PO2 of the tissue (PtissO2) is poor. As a result the diffusion of O2 to the tissue is poor and the tissue suffers from O2 lack.


Theoretically this condition develops in all the tissues of the body but brain deserves special consideration. Brain cannot survive O2 lack even for a brief spell. If O2 lack develops, within a few seconds, the functions of the brain begin to deteriorate and if the hypoxia is of sufficient intensity, within two minutes, irreversible (permanent) damage of the brain occurs. Therefore, symptoms of acute hypoxia are primarily due to lack of O2 in the brain. The symptoms include, confusion, error of judgement, emotional upsets, false and often dangerous self-confidence. In fulminant cases, the patient suddenly becomes unconscious and in absence of treatment dies. In conditions like cardiac arrest of a few minutes duration the brain remains anoxic for those few minutes and as a result, the man, even if he recovers from the episode may become vegetative throughout the rest of his life. [To prevent this, no time must be lost for starting emergency resuscitation].


As stated already, high altitude sickness is a typical example of hypoxic hypoxia. The following condition is seen typically in the high altitude sickness :


after a sudden and rapid ascent to a mountain over 3 km altitude, hyperventilation develops → after a variable period, there may be slight decrease in respiratory drive, but after about 3 days the drive increases again. The (probable) causes of this secondary rise in respiratory drive have been discussed later on (see 'high altitude sickness', later, this chapter).


Another, rather funny aspect regarding high altitude physiology is that persons who live in high altitude since their childhood, have a blunted response to hypoxic drive.


The brain hypoxia mentioned above can, apart from the symptoms mentioned above, produce many other symptoms. Following open heart surgery, there may be development of 'psychosis' due to hypoxic hypoxia in the post operative period.


Compensatory mechanisms


The following facts may be remembered :


1.	The partial pressure of O2 in the inspired (atmospher ic) air, PIO2, must fall sharply before symptoms of hypoxic hypoxia develop.


Thus, to produce symptoms, the PIO2 must fall below 90 mm Hg (normal value, about 158 mm Hg, see table 4.4.1). Stated in another way, at sea level, the percentage of O2 must be below 12% (normal value about 21%), in the inspired air. (Recall, on the other hand, slight increase of PICO2 causes hyperventilation).


Pure hypoxic hypoxia causes increased respiratory drive no doubt but this drive is increased if there is, concomitant presence of excess CO2 (hypercapnia). Recall, asphyxia = hypoxia + hypercapnia.


The compensatory mechanism develops better when the exposure to the hypoxia is rather chronic or subacute (but not acute).


The compensatory mechanisms are discussed below :


1. The first compensatory mechanism is development of hyperventilation.


It is apparently (but only apparently) funny that hyperventilation should help the subject of hypoxic hypoxia. Because, according to our theory, O2 flows from alveolus to the lung capillary because partial pressure of O2 in the alveoli, PAO2 > partial pressure of O2 in the lung capillary blood. In hypoxic hypoxia, problem is that the PIO2 has fallen acutely so that PAO2 is also falling. Where the PAO2 is very low, O2 diffusion should not occur no matter how much ventilation is occurring.


The answer to the problem is hyperventilation can and does increase the alveolar PAO2 (for details, see 'alveolar gas equation', below). In short, normally 5.5% of the alveolar air volume is accounted by CO2. Hyperventilation, by removing alveolar CO2 ('CO2 washing out'), causes reduction of the proportion of space occupied by CO2 and thus proportion of O2 (and hence the PO2) increases in alveolar air.


The hyperventilation appears almost immediately on exposure to the hypoxia. Its mechanism is, low PIO2 → low PAO2 → low PaO2. Now recall (chap 3 sec IV), the carotid body chemoreceptors are stimulated whenever there is fall of PaO2 And also stimulation of carotid body chemoreceptors → stimulation of respiratory center (= increased respiratory drive) → hyperventilation.


So, hyperventilation of hypoxia is due to stimulation of glomus caroticum cells (and not due to direct stimulation of respiratory center. Indeed, directly, hypoxia on respiratory center has a depressant action ).


This hyperventilation causes, as stated above, rise of PAO2 (for further details, see 'alveolar gas equation' ) → elevation of PaO2 → correction of the O2 deficiency.


But after some time, the PaCO2 (= partial pressure of CO2 in the blood) begins to fall because of the hyperventilation. This causes withdrawal of the respiratory drive → some decrease in the hyperventilation.


2.	Soon, there develops hyperkinesia of the circulatory system. Benefits of hyperkinetic circulation are as follows :


Hyperkinetic circulatory state means a state where the velocity of the blood circulation is high, tachycardia and cardiac stimulation are present. Obviously, in this condition, blood flow per minute, in the pulmonary circulation increases → greater extraction of O2 from the alveolar air by the blood, thus, is now possible.


Cause of this hyperkinesia is increased sympathetic activity which in turn, is due to vaso motor center (VMC) stimulation due to hypoxia. Recall, when the blood feeding the VMC is mildly or moderately hypoxemic the VMC is stimulated (gross hypoxemic blood, however, causes death of VMC → sympathetic paralysis).


The blood pressure (BP) however may fall or may rise or may show no change. This is because, the BP is subjected to two opposing forces, (a) vasconstriction due to VMC overactivity (b) vasodilatation due to local anoxia. The resultant of these two opposing forces determine the outcome. In addition, the concomitant polycythemia also raises the BP.


There is erythropoietin elaboration (for details, see chap 1 sec II) → rise of RBC count. This also aids in extraction of greater O2 from the lung alveoli.


Besides the above, kidneys also contribute. But this is largely to counteract the (ill) side effects of hyperventilation, as follows:


hyperventilation → loss of CO2 from the body → loss of H2CO3 or rather H+ ions → threatened alkalosis. But gross alkalosis does not develop because the kidneys remove the HCO-3 ions and the homeostasis regarding the acid base balance is not disturbed.


5. At this stage, role of 2, 3, DPG can be taken up.


Normally, within the RBC, glucose is catabolized by the glycolytic pathway (also called the Embden Meyerhof pathway, EMP) to pyruvic acid (T.7.6.1, sec VII chap 6). On its way, in the EMP, one of the intermediate products is 1,3 diphosphoglycerate, (1,3 DPG, T.7.6.1). The 1,3, DPG, normally is first converted into 3 PG and then into pyruvic acid.


Sometimes however, 1,3, DPG is attacked by an enzyme 'diphosphoglycerate mutase' which converts the 1,3, DPG into 2,3, DPG. This 2,3, DPG has some important effects. Normally, 2,3, DPG is again converted into 3 phosphoglycerate (3 PG) → pyruvic acid, a phenomenon called reentry of 2,3, DPG into EMP cycle. Formation of 2,3, DPG, therefore, occurs via a biochemical shunt which is also called the 'Rapaport Biilbring Shunt'.


1, 3, DPG shifts the O2 dissociation curve to the right. That is, it lowers the affinity of Hb for oxygen so that O2 unloading at the tissue level becomes easier (P50 increases).


After about 2 days at a moderately high altitude (eg, 15000 ft above the sea level), the 2,3, DPG concentration in RBCs rises → O2 unloading at the peripheral tissues facilitated. But this rise (of 2,3, DPG) also causes difficulty in catching O2 at the alveolar level. Therefore rise of 2,3, DPG cannot be viewed as a pure unmixed advantage.


[ N.B. (1) Recall, 2, 3, DPG also rises in stored blood in blood bank and is one of the 'preservation injuries'. 2,3, DPG also rises in muscular exercise. (2) Note, in table 4.6.1, that hypoxic hypoxia is the only type of hypoxia which causes arterial hypoxia (that is, a condition characterized by low PaO2) ].


Anemic hypoxia


This is seen, in (1) anemia and (ii) in CO poisoning. In anemia, the concentration of Hb is deficient whereas in CO poisoning (recall that CO binds with Hb so that O2 cannot bind with Hb. Further, the affinity for Hb of CO is about 250 times stronger than that of O2. Therefore the combination of CO and Hb is very difficult to dissociate) the Hb, although physically present, is not functionally available; hence it is anemic hypoxia.


In anemic hypoxia, the O2 content of arterial blood is low but PaO2 is normal (that is, O2 tension of arterial blood is normal). This is because, there is no obstacle to the development of physical solution of O2 in the plasma. Because of the fact that PaO2 is normal, the carotid bodies are not stimulated and there is no (or very little) dyspnea in anemia (unless it is very severe) at rest. However, dyspnea is quick to appear on exertion. (Recall, the carotid bodies are susceptible, only to PaO2 values and not the oxygen content).


Compensatory mechanism


(i) Hyperkinesia of circulation, as described under hypoxic hypoxia is also seen here (ii) there is increase of 2,3, DPG within the RBC causing a shift to the right of the O2 dissociation curve, (iii) the O2 lack stimulates the production of erythropoietin, which in turn raises the RBC count.


When carbon monoxide (CO) is inhaled, the CO combines with the Hb to form carboxyhemoglobin (carboxy Hb, COHb). The affinity of CO for Hb is some 250 times higher than that of O2 (see above). Therefore once COHb is formed, it is not dissociated easily. As O2 competes for the same site, HbO2 thus, cannot be formed.


Conclusion therefore, is, in CO poisoning, the PaO2 is normal but O2 saturation of Hb is very poor. As the dissolved O2 alone is unable to meet the demands of the body, the symptoms and signs of hypoxia develop. Treatment consists of high pressure O2 therapy which raises the dissolved O2 (= PaO2) as well as by mass action replaces the CO from Hb.


In persons living in unpolluted environment and of non smoking habits the concentration of carboxy Hb in the blood is negligible. However, people in modern cities/ heavy smokers/professional car drivers/ industrial workers might have a carboxy hemoglobin concentration as high as 10%. The affinity for Mgb of CO is even higher. Result is tissue damage (eg. myocardial damage, brain damage) can occur. Dyspnea does not occur because PaO2 remains normal, for which, the patient may not become conscious to his ailments. In many Western world cities regular medical check up for CO poisoning of some category of people (eg. taxi drivers) is compulsory.


Stagnant hypoxia


This develops when the velocity of blood flow is very poor. As a result, the blood stays in the peripheral capillaries for a longer time and O2 extraction by the tissue continues but after some time the O2 extraction can no longer occur (as the O2 of capillary blood is now almost exhausted) and the tissue suffers. Thus, this type of hypoxia is seen in cardiac failure and circulatory shock.


In this type of hypoxia PaO2 is normal but arterio venous difference [A-V difference, normal value, about 4 ml/100 ml, (arterial blood containing 19 ml/100 ml and mixed venous blood about 15 ml/100 ml of oxygen)] is very great (i.e. it becomes more than 4 ml/100 ml).


Histotoxic hypoxia


Typical example is cyanide poisoning. In this type of hypoxia, there is fault of the enzyme system which catalyzes the tissue oxidation, viz., the cytochrome system (fig.7.2.1) and the other iron containing enzyme systems. As a result, the tissues can extract little or no oxygen. In this type of hypoxia, the PaO2 is normal but venous blood contains a high concentration of O2, i.e., the A-V difference of O2 is nil or very little. The venous blood in this condition is bright red in appearance (as it remains fully oxygenated. Oxygenated blood is bright red in appearance).





Table 4.6.1 summarizes some of the highlights of the four types of hypoxia.





Table: 4.6.1�
�
�
PAO2�
PaO2�
O2 Content


(art. blood)�
A-V diff.�
�
Hypoxic Hypoxia


Anemic Hypoxia


Stagnant Hypoxia


Histotoxic Hypoxia�
↓


±


±


±�
↓


±


±


±�
↓


↓


±


±�
±


±


↑


↓


�
�
N.B.: ↓ = decrease, ↑ = increase.


± = no change from normal.


Venous blood is mixed venous blood (= rt. ventricular blood).�
�
HIGH ALTITUDE SICKNESS, ACCLIMATIZATION


When a man, who resides in the plane, ascends suddenly to sufficiently high altitude, he develops signs and symptoms due to hypoxic type of hypoxia. This hypoxic hypoxia, due to sudden ascent to high altitude, is called high altitude sickness.


If the ascent is, however, slow, some physiological adaptations develop, so that the man develops no symptom (or minimal symptoms and signs) when he reaches the same altitude at which he felt severely sick when the ascent was rapid. These adaptative changes are called acclimatization.


Cause of the sickness when the ascent is rapid (pathogenesis)


Typically, this occurs if the ascent to a mountain is very rapid (hence this used to be spoken of, as 'mountain sickness' in the yesteryears of physiology). Alternatively, this can happen, when an aircraft, without a pressure cabin ascents swiftly to lofty altitude, as used to happen before the introduction of pressurized cabins in the air craft, before modern times.


The cause of sickness is low PaO2, which in turn is due to low PIO2.


It should be clearly borne in mind, that the percentage composition of the atmospheric air, whether it is in the top of Mount Everest (over 29000 ft = about 10 km) or at sea level, is always same. But due to changes in the barometric pressure the PIO2 falls.


Thus, at the top of Mt. Everest (barometric pressure about 200 mm Hg), assuming somewhat arbitrarily, the water vapour tension is 10 mm Hg, the PIO2 is (the O2 percentage is assumed to be 21 %),


21/100 x (200 -10) = 39.9 mm Hg.


At sea level, where the percentage composition is same, the PIO2 is,


�


Fig. 4.6.1. Barometric pressure at different altitudes with their corresponding PIO2 values.





21/100 x (760 -10) = 158 mm Hg


This means that the PAO2 at high altitude will be still lower (lower than PIO2). The PAO2 can be calculated by the alveolar gas equation, which states :


where, R = respiratory exchange ratio, i.e. VCO2 /VO2 normal value, about 0.8.


F = a correction factor, of approximately 2 mm Hg value.


Therefore, at top of Mt. Everest, the value of PAO2 on theoretical grounds will be :


PIO2 - PACO2/0.8 + F


= (39.9 - 50 + 2) = -8.1 mm Hg (Normally, the value of PACO2 is 40 mm Hg — see earlier chapters).


This should cause flow of O2 from the blood to the atmosphere, technically spoken of as "boiling of the blood". In practice, however, because of the compensatory mechanisms (see below), the PAO2 is much higher ( Ω 30 mm Hg at the top of Mt. Everest). At still higher altitudes of course, despite all compensatory mechanisms, the blood will "boil". Table A and B of 4.6.2 show the position in tabulated form.


Mark in the table 4.6.2 A and B the following :


Although the volume percentage of the gases of the inspired air remain same whether the atmosphere is at sea level or at high altitude, the partial pressures of oxygen greatly falls at high altitudes.


Theoretically predicted values (calculated by alveolar gas equation) of the tensions of the respiratory gases of the alveolar air (assuming no hyperventilation is present) are substantially different from the values obtained in practice. This difference is due to the hyperventilation produced as a result of hypoxia. Thus, the immediate compensation is achieved by increasing the ventilation. Hyperventilation, is due to the reflex stimulation of the carotid bodies, due to low PaO2.


Signs and symptoms of the high altitude sickness are same as those of hypoxic hypoxia described earlier in this chapter. They are essentially due to cerebral hypoxia.




















Table: 4.6.2 Composition of gas (in mm Hg) (values are only approximate)�
�
A. At sea level (Bar. Pr 760 mm Hg):�
�
�
Inspired air�
Alv. air�
% Saturation of Hb�
�
CO2


O2�
158


 0.3�
100


40�
95%�
�
B. At Altitudes:


B1: At 3 km (= 10000 ft.) bar. Pr. 500 mm Hg:�
�
�
Inspired air�
Alv. air�
Alv. air�
% Saturation of Hb�
�



CO2


O2�



110


0.2�
(*) 


60


 40�
(**) 


65


38�
(***)


90%�
�
B2: At 5 km (= 17000 ft.) bar. Pr. 400 mm Hg :�
�
�
Inspired air�
Alv. air�
Alv. air�
% Saturation of Hb�
�



CO2


O2�



90


0.15�
(*)


30


40�
(**)


40


35�
(***)


80%�
�
(*) Calculated alv. air composition, assuming there is no hyperventilation.


(**) Actual alv. air composition, commonly found at these altitudes when hyperventilation is fully operating.


(***) % saturation of Hb of arterial blood in presence of hyperventilation (i.e., alveolar air as in **).


In addition, some symptoms due to the low barometric pressure may also develop. Thus, expansion of air in the middle ear cavity may be troublesome and aircraft passengers use cotton plug in the ear as a remedy. There may be distension of the intestine due to expansion of gas in the intestine.


In 1985 an Air India plane, 'Kanishka' due to some yet unidentified reason, exploded in the mid air, high over the Atlantic Sea. As because the victims were exposed to that severely rarefied air, gases in their body expanded immediately (and before death) and caused bursting of their bodies most probably long before those bodies touched the sea water level.


Compensatory (acclimatization) mechanisms


1. The first major compensatory mechanism is as stated above, hyperventilation. Once it develops, the PAO2 is substantially increased and PACO2 is lowered. As a result the PaO2 is raised.


How the hyperventilation can raise the PAO2 ? The answer is, hyperventilation washes away CO2 from the alveoli and as a result the value of alveolar equation changes :


PaO2 = PIO2 - PaCO2/R + F


as the value of the PACO2 decreases due to hyperventilation, the value of PAO2 rises.


It has already been pointed out that the hyperventilation (i.e. stimulation to breathing due O2 lack) starts when the volume percent of O2 in the inspired air has fallen to about 12 ml/100 ml (Ω 90 mm Hg) and not before.


2.	Consequences of the hyperventilation are as follows : hyperventilation → washing out of CO2 → fall of PaCO2.


Now as Pa CO2 falls, some alkalosis develops in the brain and CSF. Recall (fig.4.3.8), H+ is a powerful stimulator of respiration. Therefore, with the onset of alkalosis in CSF & brain, the respiratory drive falls to some extent (the anoxic drive, however, persists).


After about 3 days, the VE again rises ('secondary rise'). Its (probable) mechanisms are :


(i) the extra HCO-3 ions in the brain tissue fluid and CSF (which caused their pH to rise) are removed by an active process (ii) hypoxia of brain produces lactic acid. Factors (i) and (ii) together correct the alkalosis of the CSF and brain tissue fluid so that their pH returns to normal value → secondary rise of VE. (iii) in addition, for some undetermined reason, the respiratory center becomes more sensitive to CO2, so that even if the PaCO2 value is low yet it is sufficient to drive the respiration.


The hyperventilation causes a generalized rise of HCO-3 ions in the body and thus an alkalosis is threatened. But the kidneys secrete highly alkaline urine → pH homeostasis is regained.


Hyperkinesia of the circulation develops. This is due, probably to the stimulation of the sympathetic system, which in turn is due to stimulation of vasomotor center (VMC). Features of hyperkinetic circulation have been described in connection with hypoxic hypoxia. The arterial blood pressure, however, as stated in hypoxic hypoxia, usually does not rise.


Polycythemia develops due to excessive production of erythropoietin. This erythropoietin generation is due to O2 lack. As a result, the RBC count may shoot up to such values like 8 x 106 /cmm of blood (normal value 5 x 106 cmm). Polycythemia causes increased viscosity of blood, which in turn (a) slows down the circulation and (b) increases the blood pressure. BP however is not necessarily raised because of vasodilatation by the hypoxia.


Let alone military supersonic Jet bombers, even modern passenger Jet planes fly at fairly high altitudes, sometimes over 40000 ft (well over the height of Mt. Everest) and the barometric pressure there is very low and the air rarefied. However, the cabins are pressurized although the cabins are kept in a simulated altitude of about 1.5 km or so. For a healthy person, this altitude is nothing because at this level of rarefication, percentage saturation of Hb is still over 90% and the O2 dissociation curve still operates in the upper flat region (fig.4.5.1). But in a man suffering from advanced emphysema or heart disease (whose Hb saturation with O2 is already low), this 1.5 km altitude may cause a saturation (with O2) of only 80% or even lower. This means, if now there is (for some or other reason) still further fall of PIO2, the dissociation of O2 from the Hb will be extremely rapid (as the curve will be now operating at its steep part) and hypoxic condition will result because at this stage, the affinity (for O2) of Hb is grossly reduced and O2 loading at lungs is hampered. For this reason, passengers are given a lesson on how to use O2 (from the source adjacent to his seat) before the plane takes off.


Pulmonary hypertension


Hypoxia produces pulmonary hypertension, which in turn may cause right ventricular hypertrophy and even failure.


Persons who have been residing in high altitude, although acclimatized, may show some features of pulmonary hypertension.


Pulmonary edema is another serious hazard of high altitude.


People who live at high altitudes since birth show a few anatomical and physiological peculiarities :


(i) their right ventricle is often bigger and hypertrophied. This is due to the concomitant pulmonary hypertension and polycythemia present so often in them, (ii) their carotid bodies are bigger (probably due to overuse) (iii) their PaO2 as well as PaCO2 are slightly lower than that of their brothers living in the planes but blood pH is normal (iv) they show less response to hypoxia. However, sometimes these compensatory mechanisms may break down in isolated individuals and give rise to serious symptoms (Monge's disease ).


Some glaring examples of acclimatization


Acclimatized persons and persons who are born and have grown up on high mountain peaks, carry on their daily activities and engage in sports and other strenuous work like their counterparts at sea level. Some examples are given:


Permanent residents at very high altitude, like the residents of Peruvian altitudes (15,000 ft) participate regularly in tough sports like football. At this altitude PIO2 is about 90 mm Hg only.


In 1962 an armed clash developed between India and China over the Himalayan mountains. Indian soldiers failed very badly and suffered seriously from high altitude sickness; after this Indian Military Administration took up the problem of high altitude sickness, imparted rigorous training to acclimatize India's mountain divisions. Subsequently in 1965 an Western Journalist was so fascinated with the ease with which the Indian soldiers were in very high peaks, that he likened them with mountain goats. In 1984, the Indian mountain soldiers, stationed at Siachen of Ladakh (altitude 19000 ft = about 5.7 km) had to repulse the enemy (Pakistani soldiers) repeatedly and gave a very good account of themselves. This, therefore, shows that even at that altitude, not only survival but also fighting is possible by an acclimatized person.


'Adult respiratory distress syndrome' (ARDS ) is a condition characterized by low PaO2 and low PaCO2 (cf. high altitude sickness). A very large number of diseases and environmental hazards can ultimately lead to ARDS. The mortality of ARDS, if not treated properly is very high; diseases which can lead to ARDS, include, (i) inhalation of injurious gases/smokes (ii) overdose of heroin/morphine (iii) several viral diseases of the lung (iv) aspiration of gastric content into the lung and so on.


The cause of train of symptoms (and signs) of ARDS is 'a form of pulmonary edema'. As a result of challenge by one of the causes mentioned above, neutrophils appear in heavy number in the lung alveoli. These neutrophils release various substances like prostaglandins (AAM, see chap 4 sec II), thrombaxane and so on. Recall (chap 4 sec II, 'functions of the neutrophils' and 'inflammation' ) these are the materials which produce inflammation in any part of the body. As a result of these merchants of inflammation, the endothelial walls of the pulmonary capillary develop increased permeability → fluid escapes into the alveoli. This is what is meant by a form of pulmonary edema.


[Note that in left ventricular failure, 'Ivf, also, pulmonary edema develops. But in 'Ivf, there is increased hydrostatic pressure within the pulmonary capillaries (due to the accumulation of blood in the left heart) and this causes pulmonary edema — and this is the classical form of pulmonary edema].


Presence of pulmonary edema causes two important changes, viz, (i) it hampers the gaseous exchange and introduces alveolocapillary block and (ii) it opposes the action of surfactant (recall surfactant reduces the surface tension within the alveoli). The increased surface tension and the pulmonary edematous fluid, both, reduce the compliance of the lung.


Reduction of the compliance and the alveolocapillary block together result in lowered PaO2 (= arterial hypoxia = hypoxic hypoxia). CO2 diffusivity is not hampered and because of the increased respiratory drive due to hypoxia (hyperventilation), the PaCO2 falls.


[Note, that in 'hyaline membrane disease' (chap 2 sec IV), which is also called respiratory distress syndrome (RDS) of the new born, the primary fault is a deficiency of surfactant which in turn causes (i) collapse of the alveoli and (ii) pulmonary edema. In ARDS, there is loss of surfactant no doubt, but this loss (of surfactant) is secondary].


HYPERCAPNIA


This means excessive CO2 concentration in blood. The term "CO2 retention" may be used alternatively. Ultimately this leads to "CO2 narcosis".


A common cause is hypoventilation. The sequence of events is as follows :


Hypoventilation [which may be due to such causes like poisoning by drugs (morphine/barbiturates) or lesions in the brain (hemorrhage)] → fall of alveolar ventilation → CO2 retention.


The interrelationship between alveolar ventilation and PACO2 is as follows:


PACO2 = CO2 output/Alveolar ventilation


which means, where the alveolar ventilation is reduced, the PACO2 rises. As PaCO2 is practically equal to the PACO2, reduction of alveolar ventilation causes elevation of PaCO2. Hypoventilation therefore causes elevation of PaCO2.


Officially speaking reduction of alveolar ventilation should concomitantly produce reduction of PAO2; however inspite of the fall of PAO2, it usually remains sufficiently high so that cyanosis does not appear and clinically therefore, overt symptoms of hypoventilation are primarily due to CO2 retention.


"Pickwickian syndrome" is another condition characterized by CO2 retention due to alveolar hypoventilation. Its victims are usually young males who are very fat ['fat boy of (Charles) Dickens', the English Novelist of 19th century, who created such a character in his "Pickwick Papers", wherefrom the name has come] and show a high PaCO2 level although the cause of hypoventilation is not known; there are however, some evidences of pituitary hypofunc-tioning in most of these cases. Therapeutically progesterone administration improves these patients.


Even in normal sleep there is some hypoventilation and 2 to 3 mm Hg rise of PaCO2 level is common in normal sleep.


In less severe cases, symptoms of CO2 retention include drowsiness, tremor and altered personality but the cyanosis is not necessarily present (as O2 lack, usually, is of insufficient degree). In fulminant cases there may be stupor and death.


Most modern inhalation anesthetics excepting ether produce some hypercapnea.


In conclusion, hypercapnia is seen in normal sleep, drug or disease induced hypoventilation, pickwickian syndrome and anesthesia.


ASPHYXIA


Officially speaking, this means a combination of CO2 retention and O2 lack, although this term (asphyxia) is used somewhat indiscriminately.


Causes, (i) Strangulation, acute tracheal obstruction (say, due to 'choking', during swallowing of food), diaphragmatic paralysis etc. are well known causes of acute asphyxia, (ii) In the disease cor pulmonale (right ventricular failure due to disease of the lungs), a state of chronic asphyxia (characterized by low PaO2 and high PaCO2) persists. [The usual pathogenesis in cor pulmonale is, emphysema causing hypoxia (which powerfully causes vasoconstriction of pulmonary vessels) → pulmonary hypertension → right ventricular hypertrophy → right ventricular failure].


Acute asphyxia


The features of acute asphyxia are shown in table 4.6.3. There are three stages and death occurs within, usually five minutes.


In Maria Puzo's famous novel 'God father' (publisher, Signet Book) a pen picture of a murder by strangulation has been described. The reader may recall that the victim, on being strangulated, struggled violently, convulsed, defecated, collapsed and then died, and the whole episode lasted only a few minutes.


CYANOSIS


It is a condition characterized by bluish or violet discoloration of the skin and the mucous membrane. The skin discoloration is obvious in fair complexioned persons but not so in dark or frankly black persons. Therefore, it is advisable always to look for cyanosis in the mucous membrane (under-surface of the tongue) in dark persons.





Table : 4.6.3 Features of acute asphyxia�
�
STAGE�
FEATURES�
EXPLANATION�
�
STAGE I�
Respiratory efforts become violent. Towards the end of this stage consciousness is lost. Duration — little over 1 minute.�
(i) Increased respiratory effort due to rise of PaCO2 


(ii) Loss of consciousness due to brain damage due to anoxia.�
�
STAGE II�
Convulsion, sharp rise of blood pressure, micturition and defecation. Duration - about 1 minute.�
(i) Convulsions due to high PaCO2 


(ii) BP rise due to violent stimulation of VMC due to anoxia.�
�
STAGE III�
(i) Respiration becomes slower in frequency. Finally, respiration is gasping, i.e., of very low frequency, shallow and ineffective,


(ii) Pupillary dilatation.


(iii) Loss of reflexes. The whole body lies still. Finally death occurs. Duration near about 3 minutes.�
Severe anoxia leading to brain damage and loss of vital centers. High PaCO2 also contributes.�
�
The discoloration is due to the presence of excessive amounts of reduced Hb.


Well known examples of cyanosis are—(i) hypoxic hypoxia and (ii) stagnant hypoxia. The explanation of cyanosis in these two conditions should be obvious to the student.


For cyanosis to appear, at least 5 gm of reduced Hb must be present/100 ml of blood. Therefore, in anemic hypoxia, where Hb concentration is already below 5 gm/100 ml, O2 lack may be present but the cyanosis will be absent. On the other hand, in polycythemia, there may be cyanosis, because the resulting increase in viscosity slows down the velocity of blood in the capillaries, and the blood becomes excessively reduced because of the long stay in the capillaries of the peripheral tissues.


Clinically, cyanosis may be: (i)central or (ii)peripheral.


(i) Central cyanosis occurs in lung diseases and are associated with hyperkinetic circulation but peripheral vasodilatation The pulse therefore is full bounding and the extremities remain warm, (ii) Peripheral cyanosis occurs typically in circulatory failure; blood in the capillaries of the periphery stays a longer time and thus becomes cya-nosed. Pulse is thready and the extremities become cold. In short, in central cyanosis, the central oxygenating machine of the body (= the lungs) is at fault whereas in peripheral cyanosis, there is fault of the O2 transport, from lung to the periphery.


In the infants and very youngs, exposure to cold may produce mild cyanosis, which is not abnormal.


PERIODIC BREATHING


Two types of periodic breathing are commonly seen : (1) Cheyne-Stokes breathing and (ii) Biot's breathing.


�


Fig. 4.6.2. Cheyne-Stokes breathing





In Cheyne Stokes breathing (fig.4.6.2), the respiration shows a 'hunting' behavior (when an animal, say a tiger, is hunting a prey, say a deer, in the forest, it has to occasionally, advance stealthily with a dead slow speed and after some time, it has to advance very fast to the same deer. This is hunting behavior). At times the depth of the respiration is hardly perceptible. This period is followed by exaggerated respiratory movements. These exaggerated movements progressively wane and the period of apnea returns. Thus, periods of apnea and hyperapnea go on cyclically.


Explanation


As it occurs commonly in left ventricular failure, the oc-curance of Cheyne-Stoke's respiration in left ventricular failure (LVF) will be discussed :


LVF → pulmonary edema → hampering of gaseous exchange in the lungs → elevation of CO2 tension in arterial blood (↑ PaCO2) → however, as there is LVF this CO2 rich blood reaches the respiratory center slowly and during this period the respiratory center is exposed to a blood which is deficient in CO2 (hypocapnic blood) → respiratory inhibition. Following this the hypercapnic blood arrives the respiratory center → respiratory stimulation → washing out of CO2 from the body → return of hypocapnia and loss of respiratory drive.


Apart from LVF, Cheyne-Stokes respiration may be seen in head injury, cerebral haemorrhage and in high altitude sickness specially when the subject is sleeping.


Appearance of Cheyne-Stokes respiration in the new born while asleep is normal.


Biof s breathing


In this condition, which is seen in cases of severe brain damage, the periods of apnea are interrupted by a few deep breathings.


VOLUNTARY HYPERBREATHING


In this condition, the sequence of events will be as follows :


Very severe voluntary hyperbreathing → washing out of alveolar CO2 and increase of alveolar O2, i.e., PACO2 falls (see also fig.4.3.7) but PAO2 rises → hypocapnia (low PaCO2) → respiratory drive is lost → a period of apnea, during which PACO2 and PaCO2 begin to rise and return to normal or rise above normal values → a transient hyperp-nea → correction of blood gas abnormalities due to the phase of apnea → normal respiratory rhythm. Therefore, after a bout of severe voluntary hyperventilation, apnea follows then comes slight hyperpnic phase and then the respiration is back to normal. The appearance of apnea in conscious hyperventilating subjects, is, however, not regularly seen.


Explanation of symptomatology


During voluntary hyperbreathing stage, the PACO2 falls and PAO2 rises. (A similar sort of things happen in high altitudes and the reader is referred to the 'alveolar equation' in high altitude sickness, earlier in this chapter).


In normal persons and in normal environments O2 has practically no influence on the frequency and amplitude of respiration. It is only the CO2, amongst the gases, which has a strong influence. Therefore low PaCO2 → withdrawal of the stimulation from the CO2 sensitive chemoreceptors (fig. 4.3.8) of medulla → apnea.


3.	During the voluntary hyperpnea, the subject may feel dizziness and visual blackouts. This is due to low PaCO2.


When PaCO2 of cerebral arteries fall they undergo vasospasm. This may be called, therefore, hypocapnic cerebral vasospasm.


4. Afterwards, urine may become strongly alkaline. This is because the hypocapnia produces alkalosis, called, respiratory alkalosis. The kidneys now excrete the excess alkali ions and the homeostasis of pH is maintained.


BREATH HOLDING


Healthy persons, at the end of respiration can hold up his breath for about 50 seconds or so. After 50 seconds, the subject feels distressed and develops a strong desire to breathe. At this point, (called the 'breaking point') he is forced to breathe once again.


At the 'breaking point', typically the PaO2 and PaCO2 are both about 50 mm Hg (normal, about 95 and 40 mm Hg respectively). The breaking point depends mainly on the PaCO2. Thus, if the PaCO2 of 50 mm Hg is reached quickly, as in breath holding following muscular exercise, the duration of breath holding will be short. On the other hand, if one holds up breath after a voluntary hyperventilation, the duration may be substantially prolonged. This is because the hyperventilation causes, washing out of CO2 so that building up of PaCO2 requires more time.


Professional divers in the rivers, who have to stay under water for sometime, often make severe voluntary hyperventilation before diving so that underwater stay can be lengthened. This, however, is dangerous, because the attainment of the value of 50 mm Hg for PaCO2 is delayed no doubt but by this time the PaO2 might become dangerously low and the subject may become unconscious due to hypoxia under water.


Although PaCO2 value is the most important influencing factor for determining the breaking point, other factors are also important. Such factors are — (i) the concomitant hypoxemia, (ii) neural factors like the role of vagus and the glossopharyngeal nerves. They however will not be discussed here.


OXYGEN THERAPY


The classical indications of oxygen therapy are such conditions like hypoxic hypoxia, CO poisoning etc.


(i) In the typical hypoxic hypoxia, everything is normal but the availability of O2 is poor.


(ii) Whereas in CO poisoning, O2, particularly when given under pressure, replaces CO from the Hb molecule by mass action.


(iii) In pulmonary edema, O2 therapy often improves the picture sharply. This is because, in this condition, there is difficulty in diffusion through the alveolo capillary membrane. Inhalation of 100% O2 increases the PIO2 resulting in elevation of PAO2 and so the alveolo capillary gradient of O2 greatly increases and the diffusion of O2 improves (recall the Fick's Law, p.164). On the other hand, in anemia, the amount of Hb or RBC is poor, but the PaO2 is normal. Inhalation of 100% O2 and the following rise of PIO2 and PAO2 therefore can increase only the O2 in physical solution (normally about 0.3 ml/100 ml) but not the O2 bound with the Hb, as Hb is practically saturated with the O2. Therefore in anemia, the improvement by O2 therapy is only marginal.


In advanced cases of chronic bronchitis and corpulmonale O2 therapy must be given with caution. In these conditions, there is chronic hypoxia as well as hypercapnia. The medullary CO2 sensitive cells (central chemoreceptors, fig.4.3.8), owing to chronic exposure to the excess CO2, lose their sensitivity to CO2, and O2 lack remains the only drive left to the patient for the breathing. O2 therapy, therefore, might kill the patient by withdrawing the only drive left to the patient.


In CO poisoning and with surgeries on heart or lung, greatly hyperbaric O2 (i.e. O2 under high pressure) therapy is done where such facilities exist. Its dangers are given below:


When the PIO2 is very high, the PaO2 also becomes high and the amount of dissolved O2 (in physical solution) may rise greatly (say to values like 4 or 5 ml/100 ml from a normal value of 0.3 ml/100 ml); when this occurs, for oxygenation of the tissues, this dissolved O2 alone is sufficient and the HbO2 is not called for so that it remains intact. This meeans, that the carbaminoHb compounds cannot be formed and CO2 accumulates in the tissues. (Recall, the carbaminoHb compounds, as shown in p.172 play a very crucial part in transfer of CO2). Accumulation of CO2 can lead to, rather paradoxically, exaggerated respiration (panting for air due to excess O2!!).


High PaO2 produces cerebral vasospasm. This is to some extent beneficial as the brain tissues are protected from the.injurious effects of O2 (see below). However, in premature infants, vasoconstriction may affect retinal vessels, leading to retrolental fibroplasia and blindness.


High PIO2 can produce pulmonary edema.


Within the cells an excess PO2 in the mitochondria, (where the PO2 is of the order of only 1 mm Hg, in normal conditions) may damage some of the enzymes of Krebs cycle, causing the Krebs cycle to stop. This means stoppage of aerobic respiration and a paradoxical state, viz, development of anaerobic condition due to availability of excess oxygen, is reached.


Untoward effects mentioned above, due to administration of excess oxygen may be called "oxygen poisoning".


DECOMPRESSION SICKNESS, CAISSON'S DISEASE


When a person is exposed to an environment of excessive barometric pressure, partial pressures of gases in his alveoli will be abnormally high, which means the amount of gases in physical solution in his plasma will also be abnormally high. When this person suddenly reenters an atmosphere of exactly one atmospheric pressure, the plasma can no longer hold all the gases in solution and a part of them form bubbles. These bubbles eventually may block small arteries and produce symptoms due to local ischemia (lack of blood supply); they can damage by other means also. This phenomenon is called decompression sickness. Decompression sickness can be acute or chronic.


Acute decompression sickness. 'Caisson's disease'. This most commonly occurs in professional divers, who go deep under the sea, where owing to the high pressure of water, the total barometric pressure becomes great. If this diver is suddenly brought to the surface water (barometric pressure exactly 760 mm Hg), bubble formation and arterial blocking as described above, may occur.


The gas, nitrogen deserves special attention. A small quantity of N2 is normally present in solution in the plasma at sea level pressure. In hyperbaric (where barometric pressure is high) condition, more N2 goes into solution.


The lipids being better solvent for N2 (than water) more N2 can be found in the lipid tissues. Brain and other nervous tissues being very rich in lipid, now contain excessive N2 and when the decompression occurs, bubbles form excessively, in the brain and other nervous tissues, damaging them.


Symptoms, therefore, can be of two kinds, viz — (1) those due to vascular blocking, e.g. chest pain (coronary vessel), loin pain (renal vessel), pain in the muscles, and (ii) neurological signs, e.g. paralysis, aphasia etc. etc.


Treatment is recompression (by sending the subject promptly back again under water) as soon as symptoms appear in the diver, followed by very slow decompression.


Dangers of breathing under hyperbaric conditions


The term 'hyperbarism' means where barometric pressure is high. Thus, any barometric pressure > than 760 mm Hg is hyperbaric pressure. At 760 mm Hg (= atmospheric pressure), partial pressure of O2 in inspired air, PIO2, is roughly 1 /5th of the barometric pressure (presuming the air is dry, ie, there is no water vapour pressure). This is because, volume by volume, O2 accounts roughly 1 /5th of the total volume of air.


In hyperbaric condition, the PIO2 being l/5th of the barometric pressure will be proportionately higher; so will be the case of every component of the 'air', because their proportions (volume/volume) remain same. This means PO2, PN2 and even of any other (normally insignificant) gas component of the air will be higher → therefore there will be high partial pressure of all of them in the alveolar air (total pressure of alveolar air, recall, has to be equal with the atmospheric pressure of the environment which is here, substantially higher) → therefore, their partial pressures in blood (eg. PaO2, PaCO2, PaN2 etc. etc.) will be higher. Question arises, what are the biological effects ?


Biological efffects (this is not to be confused with decompression sickness; the subject is still underwater) are of two types, (i) nitrogen narcosis, and (ii) high pressure nervous syndrome, HPNS, depending upon the exact conditions.


Where there is pure hyperbarism there is excessive PaN2 (partial pressure of dissolved N2 in arterial blood) → nitrogen narcosis develops. In this case, it has to be presumed, that the diver (who is perhaps working to prepare a underwater tunnel) is breathing 'air' (through a tube) whose composition is identical with the ordinary room air and it ie only compressed (= hyperbaric). If the depth of ocean water is about 100 ft the barometric pressure will be about 3.5 times 760 mm Hg (for every 30 ft, the barometric pressure increases by one atmosphere) and this is the critical point. At a barometric pressure of 3.5 atmosphere or more, the PaN2 rises sufficiently to produce 'nitrogen narco-sis', a condition characterized by loss of higher brain function but no loss of motor activity. That is, the subject suffers from confusion/ euphoria/speech incoherence (resembling a drunk) but his motor activities will be alright.


To avoid this N2 narcosis, oxygen helium mixture can be used for breathing → this will lower the PaN2. However although the diver can go much deeper than 100 ft by breathing oxygen-helium gas mixture, if he goes too deep he develops HPNS. HPNS is perhaps produced by gases, (inert gases ), which at sea level are non-significant but at this pressure they are dissolved sufficiently in the blood and brain tissue producing anesthesia. In HPNS there is gross impairment of motor activity but higher cerebral functions remain reasonably intact.


ASTHMA (BRONCHIAL ASTHMA)


This disease is characterized by bronchospasm (i.e., contraction of the smooth muscles of the bronchi leading to bronchial constriction). Usually small bronchioles are affected mostly but medium sized bronchi are not immune. In addition, there are usually mucosal edema and much mucus secretion. All these lead to bronchial obstruction.


In chap.2 of section IV (p.152), it has been pointed out that, normally during inspiration the lumen of the bronchial tree is wider but it narrows down, even normally, during expiration. This tendency to narrow down during expiration is greatly exaggerated in asthma.


The outstanding symptom therefore is respiratory difficulty, felt particularly during expiration. Usually this results in respiratory wheeze. Bronchial asthmal attacks usually occur in paroxysms. In between the attacks there may be no sign, no symptom and no +ve laboratory test.


During a severe attack, there may be high PaCO2 and low PaO2 (i.e., asphyxia) and development of acidosis called respiratory acidosis.


Immediate treatment consists of use of bronchodilators, like β2 stimulants (isoprenaline, salbutamol, etc.).


Cause. Two forms of bronchial asthma are recognized, (i) extrinsic asthma, developing in the childhood. Here, the condition is due to some allergy of the individual against airborne substances or some particular proteins of the food (recall, in normal persons, after infancy, intact proteins cannot be absorbed from the GI tract; only the end products, viz, the amino acids can be absorbed. However, in some persons, some intact proteins having comparatively low molecular wt, like egg albumin can be absorbed and these food proteins act as foreign proteins or antigens). Such allergy producing substances are called allergens, (ii) in intrinsic asthma, which develops usually after 40 years of age, the cause is something more than the allergy.


In extrinsic allergy, the allergen eventually comes to the bronchial region → combines with the mast cells present in their mucous membrane → now the mast cells release large number of substances like histamine, leuco-trienes, prostaglandins and thromboxane A2, some of which are powerful broncho constrictors. In some cases, sodium cro-moglycate can be used as a prophylactic drug. This drug, after being inhaled, stabilizes the mast cells so that they (= these mast cells) do not liberate the bronchospasm mediators even when provoked by the allergen.


Post exercise bronchospasm. Even in many normal subjects, after a bout of exercise, a mild bronchospasm of variable (but temporary) duration is seen to develop. Teleologi-cally, this may be viewed as a Nature's attempt to put a brake on the exercise so that the heart is not subjected to excess load. However in the asthmatics, this post exercise bronchospasm is often much exaggerated. It is probably caused by the contact of cold and dry air with the respiratory mucosa. Normally the inspired air is humidified and warmed in the upper respiratory tract, before it comes in contact with bronchial mucosa. But during hyperventilation (eg, in exercise), this is often not possible, as the air moves in, too quickly. In an environment of cold and dry air, post exercise bronchospasm is commoner.


EMPHYSEMA


Emphysema (= "inflation", "blown up") is a term which was coined by the great French celebrity Laennec (who amongst others, discovered stethoscope, made detailed studies on portal cirrhosis and bronchiectasis) and according to WHO (World Health Organization), is a disease where there is an increase in the size of air spaces distal to the terminal bronchioles and destruction of their walls. The disease is very common and is particularly prevalent among the cigarette smokers and persons exposed to oxidant gases/old/and persons suffering from chronic bronchitis. Thus it is a very common disorder of people living in the big Indian cities, where cigarette smoking/thick gases arising out of fuel burning/neglect to treat bronchitis etc. etc. are all rampant.


Essentially, in these disease there is (variable) loss of elasticity (and hence elastic recoil) of the lungs → therefore (i) the alveoli do not deflate properly (so that they remain distended). Further as the inflation - deflation of the alveoli are unsatisfactory, the air within the alveoli has much less chance to mix with the fresh inspired air, this leads to fall of PAO2 and rise of PACO2 in the alveoli. Also, some distended alveoli can burst leading to confluence of several adjacent alveoli — this causes more perfusion but less ventilation, (ie, an altered ventilation perfusion ratio), (ii) loss of elasticity also causes rise of intrapleural pressure, that is, the intrapleural pressure loses its negativity and approaches towards zero (atmospheric) pressure. This leads to narrowing of the smaller bronchioles and their collapse during expiration; this therefore causes expiratory difficulty and obstruction to the (expiratory) air flow. Indeed, emphysema is one of the major examples of COLD (chronic obstructive lung diseases, also called COPD, P stands for pulmonary). Air way obstruction causes a rise in closing volume and FRC. FRC may rise greatly so that tidal volume is encroached and now dyspnea at rest develops. FEV1 and FVC are greatly reduced .


At first only PaO2 of blood falls and as CO2 (owing to its high diffusivity) manages to cross the alveolo capillary barrier, the PaCO2 of blood remains normal. At this stage it is hypoxic hypoxia. Later, as the disease (as in some persons) advances remorselessly the CO2 diffusion hampers and PaCO2 rises converting this into a state of asphyxia.


Hypoxia and pressure on the capillaries (by the distended alveoli) cause rise of pulmonary arterial BP (recall hypoxia causes vasospasm in the pulmonary blood vessels) → right heart hypertrophy → right heart failure ('cor pulmonale'; cor = heart). CO2 retention can cause respiratory acidosis (for details, see chap 3 sec VIII, table 8.3.3).


Pathogenesis


To gain an insight into the pulmonary physiology many aspects of emphysema including its pathogenesis have been discussed little elaborately. But for understanding the pathogenesis some informations on connective tissues (of the lungs) are necessary:


About 25% of the dry weight of the lungs is due to connective tissue fibers of the 4 different types; collagen and elastic fibers are most important and account for over 60% and nearly 30% of the lung fibers respectively. Rest are contributed by proteoglycans and fibrinonectin.


Their functions are as follows: collagenous fibers are very strong fibers and resist stretching. When there is an attempt to overdistend the lung, the collagen fibers come in the picture because they, at this stage, resist distension of the lungs. Elastic fibers behave like India rubber, that is, they lengthen when pulled but return back to their original length as soon as the stretch is withdrawn. They are a very major cause of elasticity of the lungs. Due to their elastic recoil, the lung resists stretching (see 'compliance', chap 2 sec IV). The elastic fibers, therefore, come in the picture, when the lungs are mildly or moderately distending and also when the lungs are deflating. Loss of elasticity = inability to deflate easily (= increase in compliance).


Special importance of the proteoglycans is that they can bind water and thus play a role in pulmonary edema. Fibrinonectin can act as a sort of a gum, causing a cell to stuck up with another cell or a cell to stuck up with ground substance.


As emphysema is intimately connected with degradation of elastic fibers, the phenomenon of elastolysis is now taken up:


in emphysema, there is variable loss of elastic fibers (elastolysis). Lung elastic fibers are, normally, chemically degraded by enzymes called 'elastases' (incidentally, recall, there is an elastase in the pancreatic juice). But this elastolysis, normally, occurs in a low key and moreover the lost elastic fibers are replaced by newly synthesized elastic fibers.


A major source of elastases is granules of the neutrophil. When the neutrophils accumulate in excess there is excess liberation of elastase → destruction of elastic fibers. Moreover, broken down products of elastic fibers attract more neutrophil, causing a vicious cycle to develop.


α1 antitrypsin


In our body, inhibitors of elastases are also found. They (= these inhibitors) are called protease inhibitors (elastase is a proteolytic enzyme or protease; hence elastase inhibitors are also called 'protease inhibitors', PI). Of the several Pls known, the most important one, found in the alveolar regions of the lung, is called α1 antitrypsin (also called, α1 protease inhibitor, α1 PI) and is manufactured by the liver. Cigarette smoking, exposure to oxidant injuries and some other (less important) agents cause inhibition of α1 PI, and thus they produce emphysema.


In conclusion, emphysema is due to loss of elasticity of the lung, the loss is due to loss of elastic fibers. Loss of the elastic fibers is due to unopposed action of elastases, the unopposing is caused by the loss of α1 antitrypsin.


Laboratory tests in advanced emphysema reveal a rise of RV and FRC; fall of FEV1; change in the shape of curves of tidal air volume; rise in the value of static compliance but fall in the value of specific compliance. A very important finding is altered shape of 'flow volume loop' (fig. 4.2.5). In later stages PaO2 falls. PaCO2 rises and respiratory acidosis may develop.


	AIR POLLUTION


The explosive growth of population in the developing [third world) countries and the rapid all pervading industrialization in both the developed as well as developing countries are the great causes of air pollution. An immediate major cause in the western world cities is the heavy automobile traffic on the roads.


The common gases that pollute the atmosphere are, carbon monoxide, sulphur dioxide and nitrogen oxides. In addition, fine particles calls aerosols can enter the tracheo bronchial tree.


In general, the respiratory system responds by some general ways when the person is challenged by polluted air, only the intensity of the response varies according to the acuteness or chronicity of the challenges. Acute bronchos-pasm, cough, excessive production of mucus in the respiratory tract are some of the responses usually seen in the individuals. Chronic exposure often leads to emphysema and fibrosis of the lungs.


There are mechanisms in the lung to defend itself from air pollution, eg, from aerosols (see later, 'lung defense mechanism' ) but in the face of overwhelming challenge this defense mechanism becomes inadequate.


Workers in industries often suffer from specific air pollutions — specific to the industry. Thus, coal miners suffer from pneumoconiosis, jute and cotton mill workers from bys-sinosis.


A somewhat unusual cause of air pollution in such countries like Australia and Newzealand (which are very thinly populated countries) is presence of a very large number of sheeps whose excreta produce heavy amounts of methane and other hydro carbons. Methane is a very important cause of environmental hazard (see chap 2 sec XD).


CIGARETTE SMOKING


The 'smoke' of a cigarette consists of more than 4000 compounds, some in gas phase others in particulate phase. Some of these constituents are carcinogenic, others have other injurious effects. The well known carcinogenic (= cancer producing) constituents include, tar, polynuclear hydrocarbons, nitrosamines and hydralazine. On the other hand carbon monoxide, nicotine and others are notable for their injurious effects on various systems. Tobacco smoke contains many 'ciliotoxins' which damage cilia. Besides there are many irritants. Beneficial effects of smoking are controversial and mild.


The outsanding dangers of smoking are :


(i) coronary heart disease, CHD, like angina/ coronary thrombosis. Burger's disease is especially apt to occur among the smokers (ii) lung cancer is another big danger. Cancer larynx or of the oral cavity are also possible (iii) chronic bronchitis and emphysema occurs extremely frequently in heavy smokers. The list is long. Besides, cigarette smokers are often resistant to treatment by drugs. This is because most drugs are normally metabolized in the liver by various enzymes and then excreted from the body. These metabolizing enzymes are often potentiated by smoking so that it is difficult to keep a satisfactory blood level of drug in heavy smokers. Although there is a small difference of disease patterns (arising out of smoking habits) between cigar/cigarette/pipe smokers, essentially there is no major difference.


ARTIFICIAL RESPIRATION


Respiration may fail in some circumstances where, if life is sustained by artificial respiration, the patient may survive and recover from the condition. Such cases may be divided into two groups:


1. Where respiratory failure is gradual; sufficient warnings of a probable respiratory failure have been obtained by the attending physician who therefore hospitalizes his patient for giving artificial respiration by machines. Example, poliomyelitis affecting the diaphragmatic muscle.


2. Where the onset is sudden and the physician (or any trained man) must start the artificial respiration on the spot, without delay. The danger of sudden acute anoxia must be kept in mind. In many such cases heart continues to beat and arterial blood pressure sustained several minutes after the stoppage of respiration. Therefore in such cases the damage is done largely due to lack of O2. If immediate resuscitation is not started, the brain may suffer irreversible anoxic damages and even if recovery does occur afterwards, the subject remains a life long vegetative.


The examples of such acute cases include drowning, acute drug poisoning by morphine or barbiturates (usually suicidal) etc.


The following sequence of events which usually takes place in such acute cases should be remembered :


(i) at first there is respiratory failure (and the acute asphyxia) but the cardiovascular system goes on working. The anoxia stimulates the vasomotor center. At this stage, the pulse and heart sounds are obtainable.


(ii) Subsequently there is failure of vasomotor and cardiac centers. The heart becomes feeble and blood pressure falls. Ultimately the functioning of the cardiovascular system stops, the subject dies. Technic


There are several methods of artificial respiration. However, the best is mouth to mouth breathing which is discussed below:


Put the patient (who is unconscious) on his back → extend his neck → open his mouth and clear the mouth of weeds of the pond/mucus/blood/denture etc (remember, owing to loss of tone, tongue in these patients frequently fall back and obstruct the airway) → with left fingers (when the operator is right handed) the nostrils are to be closed → take a deep inspiration and hold up the breath → apply your mouth in such a way that the rim of lips of your open mouth fits exactly with the rim of the lips of the open mouth of the patient → blow → after blowing, just momentarily retain your mouth to the same position. Your exhaled air enters into the lungs of the patient → now withdraw your mouth → the patient exhales passively. This completes one cycle. Repeat the cycle again at a rate of approximately 15 cycles/min.


It is important to be sure that nothing is obstructing the trachea. If 3 to 5 such attempts do not succeed then turn the patient to his side → give a hard blow on the back over the spinal region to deliver the obstructing material out.


Signs of improvements are, improvements in pulse, dilated pupil return to state of constriction and of course the return of the consciousness. A point to be noted is that morphine/opium poisoning leads to constriction of the pupil, whereas asphyxia dilates pupil. Therefore, respiratory failure due to morphine poisoning is not associated with pupillary dilatation.


Artificial respiration must be continued until respiration returns.


This procedure may cause accidental entry of air into the stomach thus spoiling the aim. In such cases greater care is to be taken and the abdomen pressed to expel the air.


Drinker's method


In hospitals, prolonged artificial respiration (for weeks or even months) are instituted by machines involving Drinker's methods. Basically the trunk is introduced into an air tight chamber in which pressures are alternatively reduced and increased. When the pressure is reduced the chest wall expands and inspiration occurs. The reverse occurs during the increase of pressure.


DYSPNEA	


Although the respiration can be increased/ decreased or momentarily stopped by voluntary means, normally the subject breathes without being aware of it. Dyspnea, which literally means, distressed breathing or breathing with difficulty, is a condition, when the subject is painfully aware of the need of breathing more. (This definition however excludes laboured breathings during unconscious states)


Physiological basis of the dyspena


The actual ultimate cause of dyspnea is stimulation of the respiratory center. This in turn may be due to direct stimulation (as in CO2 retention or acidosis due to diabetic coma) or reflexly from carotid bodies (as in arterial hypoxia).


Irritation of lung receptors like, J receptors or lung irritant receptors can produce hyperpnea or rapid shallow breathing.


The actual causes of dyspnea therefore are —(a) pathological and (b) physiological. Pathological causes are, pulmonary edema, left ventricular failure, mitral stenosis, emphysema, asthma, pneumoconiosis, severe bronchitis, pneumonia, acidosis (diabetic/renal) and so on. These are all examples of pathological dyspneas.


Muscular exercise can produce physiological dyspnea. This is essentially due to stimulation of carotid bodies and has been discussed elsewhere in this book (Chap.3, Sec.IX).


Dyspneic point


Before a subject actually begins to feel distressed (i.e., before the actual dyspnea develops) the ventilation volume increases considerably, usually several times. The point of ventilation volume at which the dyspnea arises is the dyspneic point.


Dyspneic index. Breathing reserve


Let, in a given subject, MVV (maximum ventilation volume) is 110 liter/minute, and his ventilation at the moment is 5 liters/min. Then the breathing reserve is (110-5) liters = 105 liters/min.


Dyspneic index is, the percentage of breathing reserve and in the above example, it is (105/110) x 100 = 95%. The general formula, thus, is - dyspneic index = BR/MVV x


100; where BR (breathing reserve) = MVV - VE, VE being the ventilation volume/min. When this dyspneic index falls to 60% the dyspnea develops.


This means, when the MVV becomes very low the dyspneic point is quickly reached. For example, in emphysema, slightest exertion may produce dyspnea. Alternatively, if


the VE (ventilation volume) approaches the MVV, (as in muscular exercise), dyspnea can develop.


LUNG DEFENCE MECHANISM


Lungs are exposed to various challenges, like, dust/ aerosol particles, pathogens (bacteria/virus etc) etc. etc. A short account of two major defence mechanism will be described here. The first will be on how the lungs remove various particles (floating in the air) and the second on macrophages of the lung.


Aerosols. This has been partly discussed (see 'air pollution', above). In short aerosols may be (1) coarse (diameter > 10 μm), (ii) fine (diameter between 1 to 10 μm), and (iii) finest (below 1 μm, may be as low as 0.1 μm).


Coarse aerosols are trapped in the nasal hairs and conche. Finer ones are stuck up in the mucus of the bronchia] tree but upto the terminal bronchiole. Recall, beyond terminal bronchiole there is no mucus (also no cilia) so that question of sticking does not arise. These stuck up particles are removed by escalator action of cilia. The cilia beat towards the larynx (much like when a gentle breeze sweep over field of paddy plants, so that paddy plants bend sequentially) → the stuck particle is forced towards the larynx → reaches the larynx → coughed out or swallowed. [Cilia beat about 15 times per second. Ciliotoxins present in cigarette smoke damage the cilia]. This kind of transport is also called mucociliary transport.


Finest particles reach the alveoli where they are pha-gocytozed by alveolar macrophages (see below).


Defence against pathogens


Alveoli contain WBCs (neutrophils and lymphocytes mostly), macrophages and immunoglobulins. Neutrophils phagocytoze bacteria and produce inflammatory changes. Lymphocytes act against both bacteria and virus. Role of macrophages are described below :


they are essentially phagocytes. These macrophages reside in the alveoli and travel from alveolus to alveolus. They can swallow pathogens as well as aerosols. After phagocytosis they are removed usually via the lymphatics or they may creep up towards upper respiratory tract → removed by escalator action of cilia.


RESPIRATION DURING SLEEP


Sleep has been described elsewhere in this book (chapter 5 sec XD). In any given night's natural sleep, two different varieties of sleep are seen, (i) slow wave sleep (SWS) or non REM sleep and (ii) REM sleep (chap 5 sec XD). REM sleep, further, may be, phasic or tonic.


Respiration during tonic REM sleep is regular but becomes little irregular in phasic REM sleep.


While awake, normally, CO2 tension of arterial blood (PaCO2) is a strong stimulus for inspiratory drive. In sleep, however, PaCO2's stimulatory effect is somewhat blunted.


As a result the ventilation per minute, VE, falls in the sleep; this is aided by removal of the external (environmental) stimuli by the sleep. The PaCO2, normally, rises 2 or 3 mm Hg during sleep and yet the VE and respiratory frequency remain little lower than those while awake.


Sleep apnea. Many people, particularly the old ones, show periods of apnea in their normal sleep. Such apneas, called sleep apnea, thus should be regarded as a normal phenomenon.


Cause. There are two contributory causes of sleep apnea, (i) central, (ii) periphenal (also called 'obstructive' ).


Central cause means that the respiratory center shows suspension of activity at different periods → apnea follows.


Peripheral cause is due to partial (or, sometimes, complete) occlusion of upper airway passage by occlusion of their cavity particularly at the levels of larynx and pharynx. Tongue may be displaced and contribute to the occlusion.


Question is why should such an occlusion occur ? During inspiration (assuming elastic recoil of the lung is good and inspirations are deep), there is good deal of negativity in the pleural and mediastinal space, this causes dilatation and of the thoracic part of the respiratory tube. But this very phenomenon causes a suction effect on the suprathorac-ic respiratory tube. As there is no surrounding negativity, these suprathoracic regions of respiratory tube has, normally, a tendency to collapse during inspiration. But while awake this (= tendency to collapse) is opposed by so many muscles (eg. geniohyoid and sternohyoid as well as several others). During sleep, these muscles lose their tone to some extent and the collapsing tendency is, now, unopposed → partial occlusion of upper airways. This explains why the inspirations are often prolonged in (deep) sleep as well as why snoring occurs. Snoring is due to noisy entry of inspired air through the respiratory tubes. During sleep hypopneas, the blood PaO2 falls (in addition to the rise of PaCO2) and many persons are forced to wake up. Sleep hypopneas (or apneas) are seen usually in the REM sleep. It is reminded that although there is rapid eye movement, and desyn-chronization in REM sleep, the REM sleep is actually deeper than the SWS (that is why, it is also called 'paradoxical sleep', chap 5, sec XD).


RESPIRATION IN THE INFANT AND THE OLD


The new borns have special respiratory difficulties — (i) Before the first act of respiration in its life, the alveoli of lungs are filled by liquid which must be removed. This removal occurs by violent efforts of inspiration which causes pulling the walls apart (and thus widening the caliber) of pulmonary capillaries leading to fall of capillary BP in the lungs → this leads to migration of fluid from the alveoli to the pulmonary capillaries (recall and consult fig.1.1.9). See also RDS in the new born (chap 2 sec IV).


(ii) quantity of surfactant is often somewhat less than adequate. In such conditions in order to overcome the surface tension (due to fluid in the alveoli), the inspiratory effort must be particularly violent. However violent inspiratory efforts help to remove, as stated above, the fluids of the lung. Viewed from teleological angles, violent respiratory efforts are desirable. However, if the surfactant is too low, the newborn suffers from 'hyaline membrane disease' (also called 'respiratory distress syndrome of the new born') and may even die (p. 151).


[N.B. Respiratory distress syndrome (RDS) of the new born must not be confused with ARDS discussed earlier in this chapter. Also note, in both RDS of the newborn as well as in the ARDS, there is lack of surfactant, but in the first it is the primary cause whereas in the second it is an effect. RDS of the newborn has been discussed in chap 2 sec IV. The RDS of the neonate is particularly like to occur in the prematures. ]


In the infants, the lungs (and the respiratory system) continue to remain rather inefficient;


(i) their breathing is sometimes irregular. Phases of apnea (sleep apnea — see above, 'respiration during sleep' ) are likely to appear. Cause of sleep apnea may be both central and peripheral (obstructive) — see 'respiration during sleep', above in this chapter.


(ii) the number of lung alveoli are less until about 8 years when the adult value is reached.


In the old persons, the respiratory system again begins to lose its efficiency :


(i) as the age advances, the elasticity of lungs begins to diminish; because of loss of elasticity → emphysema develops. This emphysema in absence of cigarette smoking/ air pollution or/chronic bronchitis is usually not intense, but nervethless old people have often a variable degree of emphysema.


However, old people, usually, also have a concomitant spondylitis (arthritis of vertebral joints) and stiffness of thoracic wall. Recall {compliance,, chap 2 sec IV), chest box without the lungs, tries to expand out and lungs (freed from chest box) tend to collapse, and the compliance in intact man is the resultant of these two opposing pulls. In elderly, emphysema increases the compliance of the lungs no doubt but the stiffening of the thoracic wall reduces its compliance. Therefore the total compliance in an old man may remain more or less normal.


(ii) the diffusion (= the gas exchange) across the alveolo capillary membrane is somewhat less sufficient in the olds and as a result PaO2 values in them is often low. At around 80 years age, even a non smoking man may have a PaO2 value of about 70 mm Hg (value in the healthy young, about 95 mm Hg).


SPIROMETRY AND OTHER LUNG FUNCTION TESTS


Before a discussion of spirometry and other lung function tests is made, it will be useful to know the classification of lung diseases and the physiological basis of such a classification. The accompanying table shows such a classification.


�


Ventilatory defects





(a)	Obstructive : Main defect is narrowing of the bron chial tree. It can be, (i) reversible, when the narrowing is due to bronchospasm (contraction of the bronchial smooth muscles). It is called reversible because the bronchospasm is paroxysmal and even during an attack of bronchospsam, a bronchodilator drug like salbutamol (a β2 adrenergic stimulant) can abolish bronchospasm, or (ii) non-revers ible, when the narrowing of the bronchial tree is perma nent and cannot be reversed by bronchodilators.


Bronchial asthma is a typical example of reversible obstructive type of ventilatory defect whereas in the category of non-reversible defects, emphysema is a typical example. In advanced emphysema the negativity of intrapleural pressure tends to disappear so that the traction on the bronchial tubes becomes less than normal. This produces a tendency of the bronchial tree to collapse, particularly during expiration.


(b)	Non-Obstructive ventilatory defects.


i) Restrictive. Generalized fibrosis of the lungs is a typical example. Because of the fibrosis, the lungs do not expand satisfactorily resulting in ventilatory defects.


ii) Hypodynamic. Diseases of the thoracic wall leading to stiffness of the thoracic wall, paralysis of the muscles of inspiration leading to weak respiratory movements are good examples of this group.


Defective gaseous exchange


The term 'alveocapillary block' means a condition where due to the thickness of the alveolocapillary barrier the gaseous exchange is defective. Examples are pulmonary edema, pneumonia, Hamman Rich syndrome (fibrosing alveolitis) and so on.


Alveolar hypoventilation


In this condition, respiratory excursions are reduced, usually due to fault in the respiratory center. Examples of this type are drug induced hypofunction of the respiratory center (morphine/ barbiturate), and lesion in the brain stem.


'Pickwickian syndrome' also falls in this category. The extremely rare and fascinating syndrome called Ondine's curse also comes in this category.


Alveolar hypoventilation may also be due to hypodynamic ventilatory defects like diaphragmatic paralysis.


SPIROMETER


In this instrument (fig.4.6.3a) a lid, 1, rests over water contained in a container, C. Arrangements are such that
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Fig. 4.6.3(a). Spirometer (water sealed type)





when the subject breathes, he breathes in and out through a tube connected with the spirometer, and when he expires, the lid 1 is pushed up and when he inspires the lid 1 goes down. The movements of the lid (which are upwards and downwards) are recorded on a graph paper. The graph paper is pasted over a drum and the drum is moved by a motor. The speed of the drum can be regulated and the recording arrangement is such that when an inspiration is taken, it results in an upward stroke on the graph paper and expiration causes downward stroke. The graph paper is calibrated so that the investigator can know the volume of air (in ml) equivalent to 1 mm of movement in the upward or downward direction (e.g. 1 mm = 30 ml of air). Similarly the speed of the drum being known the abscissa represents time in seconds.


Lung volumes and lung capacities (fig. 4.64)


Tidal volume (VT) is the volume of air inspired or expired by an individual per respiratory excursion at rest; value for normal healthy young adult is about 500 ml.


Inspiratory Reserve Volume


From top end of a tidal volume (VT) inspiration phase, the subject makes a maximal inspiratory effort. The extra air that is drawn in (fig.4.6.4) is the inspiratory reserve volume (IRV). Normal value is about 2000 to 3000 ml.


Expiratory reserve volume (ERV)


From the end expiratory position (fig.4.6.4) of the tidal volume breathing, the subject makes the hardest expiratory effort. The extra air that comes out is the ERV. Normal value is about 1000 ml.


Residual Volume (RV)


After even the severest expiratory effort, the lungs still contain some air, called residual volume. Normal value, about 1500 ml.


Capacities :


(i) Inspiratory capacity (IC) = IRV + VT. (ii) Functional residual capacity (FRC) = ERV + RV. (iii) Vital Capacity = Inspiratory capacity +ERV.


Note that as a rule, a 'capacity' includes more than one volume.


Vital capacity (VC, also called forced vital capacity, FVC)


By definition, it is the volume of air breathed out by the most forcible expiratory effort after a maximal inspiration. As stated earlier VC or FVC = IC + ERV. Therefore, in normal persons, its value should be about (2500 to 3500 ml) + 1000 ml, that is between 3.5 to 4.5 liters, approximately.


VC depends on many factors, some are given below : Age. VC is low in old people.


Size. Normally, VC is about 2.6 1/sq meter of body surface in male and 2.11/sq meter in females.


Posture. In lying position it is low. It is highest when the subject is seated in slightly reclined position in a chair. Posture affects the VC because the position of diaphragm and the tone of abdominal muscles change with posture. On lying, the diaphragm goes little up whereas on standing, the abdominal muscles become tense, both reducing the VC.


Sex. As noted already, VC is lower in the females.


Physical training. A well trained sportsman or a hardworking manual labourer has a higher VC.


Following well known conditions can reduce the VC :


A.	Physiological. In pregnancy, (particularly in ad vanced stage) VC is low. This is due to the inability of the diaphragm to go down satisfactorily.


B.	Pathological. Diseases of the lungs (emphysema, fib rosis), pleura (pleural effusion), heart (congestive cardiac failure), chest wall (kyphosis), abdominal cavity (ascites) are common diseases known for their ability to reduce VC.


Utility of the VC measurement


(i) VC is often of prognostic value, (ii) It gives also an idea about the progress of a chronic disease. Thus, in a case of emphysema, gross reduction of VC is of unfavourable prognosis. Or, in the same case of emphysema, over a few years, if the VC shows progressive deterioration, the physician understands that the disease is steadily progressing, (iii) In assessment of physical fitness, VC is of some help. Thus in highly physically fit persons (sportsmen) VC is high, and vice versa.


Timed vital capacity


In early stages of many chronic diseases, e.g. emphysema, the volume of VC may remain within normal limits but the timed vital capacity may show abnormality. The term 'timed VC (e.g. FEV1) means the percentage of the air (by volume) of the total VC, which is expelled in 1st, 2nd or 3rd second (fig.4.6.3b).


�


Fig. 4.6.3 (b). Timed vital capacity in normal and emphysematous (early) subjects. Note, that in emphysema (early) the proportion of air that is exhaled in 1st second (FEV1) is very small whereas the same in normal subjects is very high.





In normal persons, between 70 to 85% of the air is expelled in the 1st second of measurement of VC and this percentage is called the FEV1 (force expiratory volume in 1st second). Thus, in case, where the VC is, say, 4000 ml. and in the 1st second 3000 ml (i.e. 75% of 4000 ml) of air is expelled, the FEVj is 75%. Similarly, there are FEV2 or FEV3.


�


Fig. 4.6.4. The various lung volumes and capacities (description in the text)





Importance of timed VC


In many chronic disease, the VC may remain within normal limits in the early stage but the FEV1 begins to fall from the very beginning. That is, in such cases (e.g., emphysema) in the early stages, although the VC remains normal, the patient is taking more time to expel his air from the lung. Thus FEV1 is more sensitive index than VC.


Chest expansion and VC


Measurement of expansion of chest is often done during recruitment in the police or in routine annual health check up in schools. This is done in the hope of getting an idea about the VC (greater expansion = greater VC). However, this is not a good index of VC. As VC is an index of physical fitness, greater chest expansion, according to this view, indicates greater physical fitness.


The term, total lung capacity (TLC) means when all the above mentioned capacities are added together, i.e. TLC = IC + FRC. Normal value, nearly 5.5 liters.


Note that in a spirometer, measurement of IC, IRV, VT, ERV are possible, but not RV, FRC or TLC.


Nowadays electronic spirometers are freely available in the market where the function of the operator is minimum. The subject only blows and the computerised data showing various parameters like VT, VC, FEV1, PEFR (peak expiratory flow rate) come out automatically in a printed form. The print out, usually contains a flow volume loop (fig.4.2.5) also.


LUNG FUNCTION TESTS


Only some very common tests will be discussed. The student who wants to know more details about them are referred to some excellent works4.


In chapter 1 of section IV, p. 143, the physiology of the respiratory system has been divided into several divisions. The lung functions can be grouped in such a way that individual groups (of the tests) are designed to test the efficiency of individual divisions of the respiratory system.


In short, the common tests are:


A.	To test the efficiency of ventilation and mechanical aspects of respiratory system :


1. VC. 2. FEV1 3. MVV. 4. PEFR. 5. Response to bron-chodilator drugs. 6. FRC and RV. 7. Flow volume loop, 8. Closing volume.


B.	To test the efficiency of gaseous exchange at alveolar level :


Transfer factor (TLCO) (p.166) .


C To test the efficiency of the regulation of respiration (respiratory center) : Determination of respiratory response to hypoxia and hypercapnia .


D. Efficiency of the respiratory system in relation to exercise :


Dyspneic index. 


E.	Maximal Oxygen uptake (VO2 max. ).


F.	Determination of PaO2, PaCO2, and pH.


MVV. Maximum ventilatory volume (maximal breathing capacity MBC, in older terminology, also called 'maximum voluntary ventilation'). The subject breathes violently and maximally for 15 seconds into a spirometer (mechanical, water sealed variety or electronically operated where available). From this, the MVV in liters/ minute is obtained. Normal values in strongly built healthy adult young males are often over 100 liters. Inefficiency in ventilatory (below) action like emphysema, asthma, kyphosis, etc. gives low values. In the past, this used to be determined also by a Douglas bag.


PEFR. Peak expiratory flow rate. The MVV as described above is rather an exhaustive procedure, unsuitable for old men or sick individual. Even healthy persons also may develop giddiness/visual black outs, due to washing out of CO2. Its alternative, the PEFR is relatively less cumbersome and safe.


The subject exhales violently, (only a single expiration is made) and the maximum flow rate that can be sustained for 10 milliseconds (10 ms) is the PEFR. Evidently in persons with weak ventilatory efficiency (asthma, emphysema) the PEFR would be low.


The PEFR is best measured by electronic spirometer. An alternative instrument is Wright's peak flow meter, which however gives a somewhat lower value.


Normal value in healthy adult young male is around 10 liters/second (range 6 to 15 liters/second).


Thus for MVV, the subject has to breathe in and out for (generally) 15 seconds but for PEFR he has to breathe only once. The PEFR, probably is the single best test for measurement of ventilatory efficiency.


Response to bronchodilator drugs


A reduction of FEV1, PEFR or MVV indicates weakness of the below action of lung but does not say whether the obstructive type of ventilatory defect is reversible or nonreversible. This can be known by a suitable bronchodilator agent like salbutamol. For this, the procedure is : find out the FEV1 and PEFR of the subject. Administer a suitable dose of bronchodilator. Repeat the FEV1, and PEFR. If the values show increase, it indicates bronchospasm (asthma); if no increase, emphysema.


FRC and RV


There are several methods of determination of FRC, eg. 'helium dilution' technic, 'nitrogen washout' technic or 'whole body plethysmography' method. Of them, the helium dilution technic which probably is the most popular method, is described below:


The subject breathes in and out from a spirometer containing a known concentration of helium. Let the volume of the spirometer (including the tube leading from the spirometer to the patient) be Vs. Further, let the volume of the lungs during quiet breathing, at the end of an ordinary expiration, (i.e. FRC of the subject), be VL.


In the beginning (before start of the experiment), the volume of the helium was C1 x Vs where C1 was the concentration of helium in the spirometer.


Now the subject breathes through the spirometer and after sometime, concentration of helium is same throughout the spirometer, the tube (connecting the spirometer and the subject) and the lungs (to be understood is, that these three, now make a continuous chamber). After this new equilibrium, the concentration of helium falls. Now, let C2 be the new concentration of helium in the spirometer after the equilibrium is reached; then, the volume of helium is, C2 x


(Vs+VL).


:. C1 x Vs = C2(Vs + VL) =C2Vs + C2VL


Or Vl = (C1Vs + C2VS)/C2 = (Vs(C1 - C2))/C2


The value of VS, C1 and C2 being known, the value of VL can be found out.


N.B : It should be remembered that the gas helium is insoluble in blood. Helium therefore does not escape from the alveoli to enter capillary blood of the lungs.


The FRC and RV are increased in emphysema. Flow volume curve (loop)


Flow volume curve can demonstrate whether or not there is obstruction in the smaller bronchioles. Recall, small bronchial obstruction (and therefore its consequence of increased 'air way resistance') occurs classically in emphysema and bronchial asthma (during paroxysm).


The flow volume loop, FVL, has a characteristic shape in normal persons (fig.4.2.5). The hollowed out shape in the phase of expiration (line a' b' in fig.4.2.5, B) is characteristic of emphysema (the hollowed out shape is because of excess time required to breathe out fully in the face of increased airway obstruction).


Conclusion and Summary


There are many items in lung function tests (LUFT). However, one electronically operated computerised spirometer can look after most of the LUFTs required in ordinary clinical units. Such a spirometer will determine, VC (FVC)., FEV1 FEV1 : FVC., MVV., PEFR., and also give a FVL (flow volume loop). However, such spirometers will not give, RV., FRC or TL values. Such spirometers are only moderately expensive and are manufactured in India.


Closing Volume


Towards the basal region, the intrapleural pressure is less negative than that in the apical region. Therefore, at the basal region, the traction on the bronchial walls are less and the fine bronchial tubes, (the respiratory bronchioles, to be specific) have a tendency to collapse (obliterate) particularly during a forcible expiration. The lung volume at which this closure actually occurs is called the closing capacity. Closing volume is closing capacity minus the residual volume.


Closing capacity is high in emphysema. In advanced cases of emphysema the closing capacity may encroach the tidal air volume and at this stage the subject suffers from dyspnea even at rest.


The description of the technic of determination of closing volume is outside the scope of this book.


Maximal oxygen uptake (VO2 max)


A normal adult at rest takes about 12 respirations/ minute and his tidal volume, VT is 500 ml. Therefore, his ventilation volume (VE) is 6000 ml/ min.


Out of this 6000 ml, containing roughly, 1200 ml of O2 he however consumes only about 250 ml or so of O2 per minute. His 'oxygen utilisation' or 'oxygen uptake', at rest, (that is his VO2) is, therefore, 250 ml/minute.


During physical work, the need for O2 rises and his VO2 also rises until the limit, that is the maximal oxygen uptake, the VO2 max. is reached. In highly trained athletes,


the VO2 max may be as high as 3000 ml or even more.


The VO2 max varies from person to person, being high in physically well built, trained atheletes. Evidently the VO2 max value will be low in the following conditions :


(1) Insufficiency of the bellow action (ventilatory capacity) of the lungs (emphysema), (ii) Alveolo-capillary block (pulmonary edema, Hamman Rich syndrome), (iii) Insufficiency of the mechanism of O2 carriage by the blood (anemia, left ventricular insufficiency) and so on.


Ideally, the VO2 max should be determined as follows :


The subject works maximally hard on a bicycle ergome-ter or on a tread mill. While he does so, his expired air is collected in a Douglas bag. After a period of 2 minutes or so, the work is stopped, the O2 percentage of the expired air in


the Douglas bag analyzed and VO2 max determined.


Ex: The O2 concentration of room air is 21 %. A man works very hard for 2 minutes. In these two minutes, the volume of expired air as collected by the Douglas bag, is 100 liters. A sample of this expired air is now analyzed and analysis shows that percentage of O2 in the expired air is 14 ml/100


ml. What is the VO2 max of the subject?


Arts. Volume of air expired/min = 100 + 2 = 50 liters = 50 x 1000 ml.


Oxygen taken up per minute, ((21 -14) x 50 x 1000)/100 =3500 ml.	—	=


As this volume 3500 ml (per minute) was consumed when the subject was working with maximal effort the VO2 max is therefore 3500 ml/min. This means, the subject cannot use more than 3500 ml of O2 /min.


It is now popular to express VO2 max in terms of kg body weight. Thus if the body weight of this subject is 70 kg, the VO2 max is (3500 + 70) or 50 ml/kg/min.


This procedure is very exhaustive (although it was soon discovered that work on the bicycle ergometer or tread mill need not be maximum; only 75% of the maximum is enough). An alternative method (which is easier but less accurate) was found out by Astrand and Rhyming in 1961. Modern ma-


chines are now available where the VO2 max can be determined using electronic and computerized devices.


Determination of VO2 max is now routinely done in sportsmen. Its determination can be of great value in widely diverse conditions like different lung disorders, assessment of fitness in sportsman and so on.


Determinations of PaO2, PaCO2 or blood pH are done to assess the blood gas abnormalities, development of respiratory acidosis and so on in cases of disorders of lung. As for example, in advanced cases of emphysema the PaCO2 rises, PaO2 falls and blood pH also falls.


BREATH SOUNDS


By applying stethoscope on the thoracic wall, two fundamental types of breath sounds can be heard, viz., bronchial and vesicular.


Bronchial breath sounds are produced when the air passes through the trachea, bronchi or bronchioles. The air column in the tracheobronchial tree is moving to and fro, once towards the alveoli and in the next moment towards the larynx. Due to this, a turbulence is created within the air column. When the flow of a fluid becomes turbulent, a sound is created (for details, see chapter on hemodynamics chap.7, sec.V), and clinicians call it bronchial breath sound. The sound is therefore obtained over the regions where alveoli are absent or minimum, but the tracheo bronchial tubes are present, e.g. in the neck over the trachea, along the borders of sternum, by the sides of the vertebral column and soon.


Vesicular breath sounds are produced in the alveoli and are best heard over regions which are crowded by alveoli, e.g. infra axillary regions.


Characters


Characteristically, the bronchial sound has a,


(i) hollow or guttural character, (ii) Its pitch during inspiration and expiration are almost same and (iii) there is a pause between inspiration and expiration. In vesicular breath sound, on the other hand, (i) the inspiration is much clearly audible but the expiration is comparatively faint and (ii) no gap is usually discernible between the inspiration and expiration. In diseases of the lungs, (i) abnormal sounds (also called 'adventitious sounds') may be heard; (ii) or bronchial/tubular breath sounds may be heard over regions where one is supposed to obtain vesicular sounds at health, (iii) In some diseases (bronchial asthma) the respiration might be very prolonged, (iv) Breath sounds maybe altogether absent, in some conditions, over some zones of the chest. From these findings, clinicians get their clues for diagnosis.


APPENDIX TO SECTION IV


INSTRUMENTS AND APPLIANCES


Below, some instruments and appliances are described or merely named, and their uses stated. The list is however far from complete. Details about these instruments can be had from various laboratory mannuals, practical handbooks or even from mannuals ('literature') supplied by makers of the instruments.


1.	Douglas bag


This is a closed canvas bag lined internally by rubber. A tube emerges from the bag through which the subject respires.


By suitable application of valves, the arrangement has been so made that as the subject inspires, he inspires from room air but the expired air goes via the tube into the bag from which it cannot escape.


The Douglas bag is used to collect expired air. Subsequently the total volume of air as well as its composition are determined. Composition of the expired air is determined by air gas analyzers.


A great advantage of Douglas bag is that the expired air can be collected at places where there is no laboratory, e.g. in a sports arena or atop a mountain and the expired air sent to a distant laboratory for analysis.


2.	Air gas analyzers


The first of this kind was Haldane's air gas analyzer. Subsequently the Scholander's microgas analyzer became very popular. Both these instruments operate on simple principles of mechanics as follows :


A quantity of gas to be analyzed is introduced in the instrument and its volume measured; then it is subjected to treatment by KOH (which absorbs CO2); from the shrinkage of volume, the volume of CO2 present is determined → subsequently it is treated by pyrogallol or other solutions which absorb oxygen → from the shrinkage of volume, the volume of O2 is determined. The rest is nitrogen.


In modern days, Haldane's or Scholanders apparatus is no longer very popular because although these instruments are cheap and extremely accurate (hence extremely dependable), their operation is somewhat cumbersome, time consuming and what is perhaps most important, requires great experience and patience (a disappearing commodity in modern world). Modern day technologists use mass spectrometer, paramagnetic O2 analyser and infrared CO2 analyzer. These instruments are expensive no doubt but they give very quick results and require no expertise in their operation.


The gas analyzers are used to analyze expired air, alveolar air or room air. They are used in cardiothoracic surgery units of hospitals, by sport physiologists and research workers.





Table 4.6.5 gives the composition of different gases :





Table: 4.6.5�
�
Percentage Composition of dry gas. (approx. values) (ml/100 ml)�
�
Gas�
Inspired air�
Alveolar air�
Expired air�
�
O2 


CO2


N2�
21


0


79�
14.50


5.50


80�
16.50


3.50


80�
�
3. Blood gas analyzer


In 1922, Donald Van Slyke introduced his famous instrument called 'Van Slyke apparatus'. Principle of its working is given below:


Blood is introduced in a closed chamber of the instrument. By means of mercury displacement (creating a Tori-cellian vacuum) and treatment by mild organic acid/ potassium ferricyanide all the gases in the blood, e.g., CO2,


O2 and N2 are extracted. Subsequently by treating with NaOH and sodium hydrosulphite, the CO2 and O2 are determined.


The instrument is cheap, the results are extremely accurate but unfortunately operation requires expertise, patience and time.


Modern methods include determination of blood CO2 by CO2 electrode or blood O2 by O2 polarography.


NON-RESPIRATORY FUNCTIONS OF LUNG


Lung has many non-respiratory functions. They can be subdivided into 2 major groups, viz, I Metabolic and II others.


Metabolic functions include (i) synthesis of surfactant, collagen and elastin. Role of surfactant has already been described; collagenous and elastic fibers of lung require collagen and elastin respectively. Proteases may be increasingly synthesized under abnormal conditions to cause emphysema (see chap 6, sec IV,'emphysema'); lungs also synthesize immunoglobulins for its own defence, (ii) degradation of some substances. This degradation may lead to formation of an active substance, like angiotensin II from angiotensin I ('renin angiotensin system', sec VIII chap 2); or, degradation can cause loss of activity as in bradykinin, serotonin and some prostaglandins.


Other functions include water and H+ ion balance; thermoregulation; influence of lung in coagulation process.


In dry and hot environment considerable water may be lost due to respiration. Loss of CO2 through respiration causes loss of H+ ions and in conditions of CO2 accumulation (eg. cor pulmonale) the patient develops acidosis (see chap


3	sec VIII, respiratory acidosis). Lung also contains large number of mast cells which, by secreting heparin, can have a role in coagulatory mechanism of blood or in asthma.








Practical class № 2. Regulation of respiration.


The questions for self-study.


Regulation of  respiration. Respiratory centre. Pontine and vagal influences.


Neutral control of breathing.


Control systems.


Medullary systems.


Pontine and vagal influences.


Regulation of respiration. Role of chemoreceptors (central and peripheral).


Carotid and aortic bodies.


Chemoreceptors in the brain stem.


Ventilatory responses to the changes in asid-base balance.


Ventilatory responses to CO2.


Ventilatory responses to oxygen lack.


Effects of hypoxia on the CO2. Response curve.


Effects of H+ on the CO2 response.


Breathe holding.


Hormonal effects on respiration .


Nonchemical effects on respiration.


Responses mediated by receptors in airways and lungs.


Coughing and sneezing.


Afferents from “Higher centers”.


Afferents from proprioceptors.


Respiratory components of visceral reflexes.


Respiratory effects of baroreceptor stimulation.


Effects of sleeping. 


To read: p. 649 – 657.


Effects of exercises, changes in ventilation.


Hypoxia, four categories of hypoxia.


Pneumothorax (open and closed).


Asthma.


Emphysema.


Cystic fibrosis.


Other respiratory abnormalities.


Asphyxia.


Drowning.


Periodic breathing.


Cheyne-Stokes respiration.


Artificial respiration.


Mouth to mouth breathing.


Mechanical respirators.


To read: p. 658 – 672.


�



 1Abbreviations used in this section : Partial pressure of O2 (PO2) in the,


(i) inspired air = PIO2, (ii) alveolar air = PAO2 (iii) arterial blood - PaO2. Corresponding abbreviations for CO2 are PICO2, PACO2 and PaCO2. VE = RMV(respiratory minute volume) = volume of air breathed in or out per minute. This is also called ventilatory rate.


 2Kelsen, S. G., 'Control of Breathing' in Montenegro, H.D (ed), 'Chronic Obstructive Pulmonary Disease'. Churchill Livingstone. 1984, Chap 4.


 3The diffusivity ot CO2 is 20 times greater than that of O2 (chap 4 sec IV). The pressure gradient (between lung capillary and alveolus) of CO2 (Δ PCO2) is 6 mm Hg. :. For the same ease for diffusion, A PO2 should have been (6 x 20)= 120 mm Hg, but it is only 60 mm Hg/


 4Cotes J.E.: Lung Functions, 4th Ed. Blackwell, 1979
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