


RESPIRATORY SYSTEM  
 

The process of respiration includes two types: 

 

1. External respiration: which involves the 

uptake of O2 and excretion of CO2 from the 

body as a whole in exchange with the 

atmosphere. 

2. Internal respiration: which involves the 

intracellular (IC) utilization of O2 and the 

production of CO2 with the gaseous exchange 

between the cells and their fluid medium. 



Gas exchanging organ (the lungs): pump that 

ventilates the lungs.  

 

The pump consists of: 

 

1. The respiratory muscles. 

2. The respiratory centers in the brain that 

control the muscles and the tracts and 

nerves that connect the brain centers to the 

respiratory muscles. 

3. The elastic tissues within the lungs and the 

chest wall. 



The process of respiration can be divided into four 

major functions: 

 
Pulmonary ventilation: which is the inflow of fresh air into 

the lungs with the outflow of alveolar air. 

 

Gas exchange: which occurs between the air and blood in 

the lungs and between the blood and other tissues of the 

body. 

 

Distribution: where transport of O2 and CO2 in the blood to 

and from the different body tissue cells occurs. 

 

Regulation of breathing: where the above three steps are 

controlled to meet the requirement of cellular metabolism. 

At rest, a normal human breaths 12 – 15 times a minute, 

what is about 6 – 8L per minute (inspired or expired). 



Anatomy of the Lungs 
1. Conducting zone of the airways 

2. Respiratory zone of the airways 

 

The air passages of the respiratory system are divided into two 

functional zones.  

The respiratory zone is the region where gas exchange 

occurs, and it therefore includes the respiratory bronchioles 

(because they contain separate outpouchings of alveoli) and 

the terminal alveolar sacs.  

The conducting zone includes all of the anatomical structures 

through which air passes before reaching the respiratory zone. 

 







Air enters the respiratory bronchioles from 

terminal bronchioles, which are the narrowest 

of the airways that do not have alveoli and do 

not contribute to gas exchange. 

The terminal bronchioles receive air from 

larger airways, which are formed from 

successive branching of the right and left 
primary bronchi. These two large air 

passages, in turn, are continuous with the 

trachea, or windpipe, which is located in the 

neck in front of the esophagus (a muscular 

tube that carries food to the stomach). The 

trachea is a sturdy tube supported by rings of 

cartilage 



Gas exchange in the lungs occurs across an 

estimated 300 million tiny (0.25 to 0.50 mm in 

diameter) air sacs known as alveoli. Their 

enormous number provides a large surface 

area (60 to 80 square meters, or about 760 

square feet) for diffusion 

of gases. 

 The diffusion rate is further increased by the 

fact that each alveolus is only one cell-layer 

thick, so that the total ―air-blood barrier‖ is only 

two cells across (an alveolar cell and a capillary 

endothelial cell), or about 2 μ m. 

There are two types of alveolar cells, 

designated  

type I alveolar cells and type II alveolar cells. 



The type I are the primary lining flat cells comprise 95% 

to 97% of the total surface area of the lung; gas 

exchange with the blood thus occurs primarily through 

type I alveolar cells. These cells are accordingly very 

thin: where the basement membranes of the type I 

alveolar  cells and capillary endothelial cells fuse, the 

diffusion distance between blood and air can be as little 

as 0.3 μ m, which is about 1/100th the width of a human 

hair. 

The type II alveolar cells are the cells that secrete 

pulmonary surfactant and that reabsorb Na + and H2O, 

thereby preventing fluid buildup within the alveoli. 

 

Lungs also contain pulmonary alveolar 

macrophages (PAM), lymphocytes, mast cells and 

plasma cells. 



In order to maximize the rate of gas diffusion 

between the air and blood, the air-blood barrier 

provided by the alveoli is extremely thin and has 

a very large surface area.  

 

Despite these characteristics, the alveolar wall 

isn‘t fragile but is strong enough to withstand 

high stress during heavy exercise and high lung 

inflation. The great tensile strength of the 

alveolar wall is provided by the fused basement 

membranes (composed of type IV collagen 

proteins) of the blood capillaries and the 

alveolar walls. 





Alveoli are polyhedral in shape and are usually clustered, 

like the units of a honeycomb. Air within one member of a 

cluster can enter other members through tiny pores. These 

clusters of alveoli usually occur at the ends of respiratory 

bronchioles, the very thin air tubes that end blindly in 

alveolar sacs. Individual alveoli also occur as separate 

outpouchings along the length of respiratory bronchioles. 

Although the distance between each respiratory bronchiole 

and its terminal alveoli is only about 0.5 mm, these units 

together constitute most of the mass of the lungs.  



The entire surface of the respiratory passages, 

both in the nose and in the lower passages 

down to as far as the terminal bronchioles is 

lined by ciliated epithelium which contains 

mucous and serous glands. 

The cilia beat continually in a coordinated 

fashion and the direction of their “power 

stroke” is always towards the pharynx 

The cilia beat continually in a coordinated 

fashion and the direction of their “power 

stroke” is always towards the pharynx. 



Walls of the bronchi and bronchioles are innervated by the 

autonomic nervous system. 

 There are abundant muscarinic cholinergic receptors and 

parasympathetic discharge from the vagus nerve causes 
bronchoconstriction. 

 There are β2- adrenergic receptors that are most not 

innervated 

 

the bronchial tree is very much exposed to epinephrine and 

norepinephrine released into the blood by sympathetic 
stimulation of the adrenal medulla causing 
bronchodilation.  

 

In addition, there is a VIP-secreting nonadrenergic 

noncholinergic innervation of the bronchioles that 

produces bronchodilation. 



The entire pulmonary vascular system is a 

distensible low pressure system, caused by: 

 

1. Thinner walls of the pulmonary artery and its large 

branches as compared to the systemic arteries, with 

a wall thickness of the pulmonary artery equal to one 

third that of the aorta. 

2. All the branches of the pulmonary artery even the 

smaller arterioles have larger diameters than their 

counterpart systemic arteries. 

3. Presence of relatively few muscles in the walls of the 

small arterial vessels. 

  



All of these criteria give the pulmonary arterial tree a large 

compliance allowing them to accommodate the stroke 

volume output of the right ventricle. The pulmonary arterial 

pressure is (about 24/9 mm Hg) with a mean pressure of 

about (15mm Hg). The pulmonary capillary pressure is 

about (10mm Hg), whereas the oncotic pressure is (25mm 

Hg), leaving an inward pressure gradient of about (15mm 

Hg) that keeps the alveoli free of fluid, aided by the 

presence of surfactant 



Non-respiratory functions of the respiratory 

system: 
Pulmonary reservoir: Because of their distensibility, the 

pulmonary veins are an important blood reservoir, where 

they can accommodate up to (400mL) increase in pulmonary 

blood volume when a normal subject lies down. Conversely, 

systemic blood loss by hemorrhage can be partly 

compensated for by the automatic shift of blood from the 

lungs into the systemic vessels. 

 

Pulmonary embolization: One of the normal functions of the 

lungs is to filter out small blood clots and emboli, because 

they contain a fibrinolytic system that lyses the clots and 

emboli in pulmonary vessels. 



Lung defense mechanisms: 

a. An important component of the pulmonary 

defense mechanisms is the pulmonary alveolar 

macrophages (PAM) or “dust cells”, which are 

actively phagocytic and ingest inhaled bacteria 

and small particles. In addition, they help to 

process the inhaled antigens (Ag’s) for the 

immune system to be attacked. Finally, they 

secrete substances that attract granulocytes to 

the lungs. 

b. Bronchial secretions contain secretory 

immunoglobulins (IgA) and other substances 

that help resist infections and maintain the 

integrity of the mucosa. 

c. Nitric oxide (NO) appears to be produced by the 

epithelium of the paranasal sinuses which help 

to resist infections, being bacteriostatic. 



d. The pulmonary epithelium contain special group of 

receptors that trigger the release of prostaglandin (PG) 

E2 which protects the epithelial cells. 

e. Various mechanisms operate to prevent foreign 

matters from reaching the alveoli: 
 

I. The hairs in the nostrils strain out many particles larger 

than (10 µm) in diameter. 

II. Particles of this size (10µm) settle on the mucous 

membranes of the nose and pharynx and impact on or 

near the tonsils or adenoids (large collections of 

lymphoid tissues on the back of the pharynx). 

III. Particles (2 – 10µm) in diameter generally fall on the wall 

of bronchi as the airflow slows in smaller passages, 

where they initiate reflex bronchial constriction, coughing 

and moved away by the ciliary movements.  

IV. Particles less than (2µm) in diameter, generally reach the 

alveoli, where they are ingested by the PAM. 



Metabolic and endocrine functions: 

 The lungs synthesize surfactant for local use  

synthesize and release into the systemic circulation 

substances like prostaglandins and histamines. 

In addition, they remove substances from the systemic 

venous blood like serotonin, norepinephrine, acetylcholine 

and prostaglandins.  

 

The lungs also activate the inactive hormone angiotensin 

I, converting which to the pressor, aldosterone–

stimulating angiotensin II in the pulmonary circulation, 

due to the presence of large amounts of angiotensin 

converting enzyme (ACE) on the surface of the endothelial 

lining of pulmonary capillaries. 



PHYSICAL ASPECTS OF VENTILATION 

 

The movement of air into and out of the lungs occurs as a 

result of pressure differences induced by changes in lung 

volumes. Ventilation is influenced by the physical properties 

of the lungs, including their compliance, elasticity, and 

surface tension. 

Movement of air from higher to lower pressure, between the 

conducting zone and the terminal bronchioles, occurs as a 

result of the pressure difference between the two ends of the 

airways. Air flow through bronchioles, like blood flow through 

blood vessels, is directly proportional to the pressure 

difference and inversely proportional to the frictional 

resistance to flow. The pressure differences in the pulmonary 

system are induced by changes in lung volumes.  



Intrapulmonary and Intrapleural Pressures 
 

The visceral and parietal pleurae are stuck to each other like 

two wet pieces of glass. The intrapleural space between them 

contains only a thin layer of fluid, secreted by the parietal 

pleura. This fluid is like the interstitial fluid in other organs; it is 

formed as a filtrate from blood capillaries in the parietal 

pleura, and it is drained into lymphatic capillaries. The major 

function of the liquid in the intrapleural space is to serve as a 

lubricant so that the lungs can slide relative to the chest 

during breathing. Since the lungs normally are stuck to the 

thoracic wall, for reasons described shortly, they expand and 

contract with the thoracic wall during breathing. The 

intrapleural space is thus more a potential space than a real 

one; it becomes real only if the lungs collapse. 



Air enters the lungs during inspiration because the 

atmospheric pressure is greater than the intrapulmonary, or 

intraalveolar, pressure. Because the atmospheric pressure 

does not usually change, the intrapulmonary pressure must 

fall below atmospheric pressure to cause inspiration. A 

pressure below that of the atmosphere is called a 

subatmospheric pressure, or negative pressure. During quiet 

inspiration, for example, the intrapulmonary pressure may 

decrease to 3 mmHg below the pressure of the atmosphere. 

This subatmospheric pressure is shown as − 3 mmHg. 

Expiration, conversely, occurs when the intrapulmonary 

pressure is greater than the atmospheric pressure.  

During quiet expiration, for example, the intrapulmonary 

pressure may rise to at least + 3 mmHg over the atmospheric 

pressure 



Because of the elastic tension of the lungs and 

the thoracic wall on each other, the lungs pull in 

one direction (they ―try‖ to collapse) while the 

thoracic wall pulls in the opposite direction (it 

―tries‖ to expand). The opposing elastic recoil of 

the lungs and the chest wall produces a 

subatmospheric pressure in the intrapleural 

space between these two structures. This 

pressure is called the intra pleural pressure. The 

intrapleural pressure is lower (more negative) 

during inspiration because of the expansion of the 

thoracic cavity than it is during expiration. 

However, the intrapleural pressure is normally 

lower than the intrapulmonary pressure during 

both inspiration and expiration  



There is thus a pressure difference across the 

wall of the lung—called the transpulmonary (or 

transmural ) pressure —which is the difference 

between the intrapulmonary pressure and the 

intrapleural pressure. Because the pressure 

within the lungs (intrapulmonary pressure) is 

greater than that outside the lungs (intrapleural 

pressure), the difference in pressure 

(transpulmonary pressure) keeps the lungs 

against the chest wall. Thus, the changes in 

lung volume parallel the changes in thoracic 

volume during inspiration and expiration. 





Mechanics of Breathing 

 
   

         1                                                         

                         Pressure  α                              ……. Boyle‘s Low 

          Volume 

 

the pressure in the space between the lungs and the 

chest wall (intrapleural pressure) is 

“subatmospheric” (-3 mm Hg relative to the 

atmospheric) 



Inspiration is an active process 

contraction of the inspiratory muscles increases intrathoracic 

volume. The subatmospheric intrapleural pressure decreases 

from (–3 to about –6mmHg) (Boyle’s low) 

 

Expiration during quiet breathing is passive 

 At the end of a quiet inspiration, relaxation of the inspiratory 

muscles would enable the recoil forces of the lungs and the 

chest wall to pull the thoracic cavity back to the expiratory 

position, where the two recoil forces balance. The pressure in 

the airway becomes slightly positive and air flows out of the 

lungs. 

 







The diaphragm is the main inspiratory muscle, accounting 

for 75% of the change in intrathoracic volume during quiet 

inspiration.  

It is innervated by the phrenic nerve, arising from the 

cervical segments C3– C5. 

The other important inspiratory muscles are the external 

intercostals muscles (ICM). They account for 25% of the 

change in intrathoracic volume during quiet inspiration. 

Transection of the spinal cord above C3 segment is fatal, 

while its transection below C5 segment is not, because it 

leaves the phrenic nerve roots intact. 

  



Contraction of the diaphragm and the external ICM is 

enough to produce inspiration during quiet breathing. 

However, during deep labored respiration, the scalene 

and the sternocleidomastoid muscles are the 

accessory inspiratory muscles that help to elevate the 

thoracic cage. The sternocleidomastoid muscle 

elevates the sternum while scalene muscle elevates 

the first two ribs. 



Lung Volumes and Capacities: 







Lung Volumes and Capacities 

 

The tidal volume:  During quiet breathing, the amount of air 

expired in each breath is.  

the vital capacity : The maximum amount of air that can be 

forcefully exhaled after a maximum inhalation, which is equal 

to the sum of the inspiratory reserve volume, tidal volume, 

and expiratory reserve volume.  

The residual volume is the volume of air you cannot expire, 

even after a maximum forced expiration. This air remains in 

the lungs because the alveoli and bronchioles normally do 

not collapse (and the larger airways are noncollapsible). 

The expiratory reserve volume is the additional air left in 

the lungs after an unforced expiration.  

Functional residual capacity: The sum of the residual 

volume and expiratory reserve volume 





Dead Space and Uneven Ventilation 
 

gaseous exchange in the respiratory system occurs only in the 

terminal portions of the airways (the respiratory zone). 

 

in a man who weighs 70Kg, only the first (350mL) of the (500mL) 

inspired with each breath at rest mixes with air in the alveoli. 

 

the first (150mL) expired is the gas that occupies what is termed 

as ―the dead space (VD)‖. 

 

Therefore, pulmonary ventilation is different from alveolar 

ventilation (VA
·) that describes the amount of air reaching the 

alveoli per minute and is equal to: 

 

   (500mL-150mL/ breath × 12breaths/ minute) = 4.2L/ minute. 
 



The “anatomic” dead space; which is the respiratory 

system volume exclusive of the respiratory zone. 

 

The “total (physiologic)” dead space; which is the volume 

of gas not equilibrated with blood (i.e. wasted ventilation). 

 

In healthy normal individuals, the two dead spaces are 

identical, while in disease states, there is an increase in 

the physiologic dead space. This is either because, in 

some alveoli, there may be no exchange with blood; or 

other alveoli are over ventilated 



Compliance of the Lungs and the Chest Wall 
 

Compliance of a hollow viscous means its distensibility 

(stretchability) that is the extent to which it would expand 

for every unit increase in its pressure. The more elastic 

the structure, the less compliant it is; due to increased 

force of recoil. The compliance of the lungs and the chest 

wall together is measured by recording the airway 

pressure (intrapulmonary pressure) after inhaling or 

actively exhaling different volumes of air, then plotting the 

pressure against lung volume in a graph. The curve that is 

obtained is the pressure-volume curve  



The lungs are very distensible (stretchable)—they are, in 

fact, about a hundred times more distensible than a toy 

balloon. 

 

Lung compliance  

can be defined as the change in lung volume per change in 

transpulmonary pressure, expressed symbolically as  

                                             Δ V /Δ P. 
 A given transpulmonary pressure, in other words, will cause 

greater or lesser expansion, depending on the compliance 

of the lungs. 





Compliance is affected by: 

1. The elastic recoil of the chest and the lungs. 

2. The force of alveolar surface tension. 

3. Tissue viscous resistance. 

Compliance curve is shifted downward and to the right 

(compliance is decreased) in interstitial pulmonary 

fibrosis, alveolar edema and pulmonary congestion. It is 

shifted upward and to the left (increased) in older people 

because of loss of the elastic recoil and in emphysema. 

Compliance is also slightly greater when measured 

during expiration than during inspiration. 

 



It is important to mention that compliance depends on lung 

volume, and an individual with one lung has only half the ∆V 

for a given ∆P. Therefore, the term ‗specific lung 

compliance is used where the change in lung volume is 

studied as a proportion of the FRC: 

  

   Specific lung compliance = Compliance / FRC 

 

Elasticity  

refers to the tendency of a structure to return to its initial size 

after being distended. Because of their high content of 

elastin proteins, the lungs are very elastic and resist 

distension. The lungs are normally stuck to the chest wall, so 

they are always in a state of elastic tension. This tension 

increases during inspiration when the lungs are stretched 

and is reduced by elastic recoil during expiration. 

 



Ventilation- perfusion Differences in Different 

Parts of the Lungs: Effect of Gravity 
 
 it is not only the alveolar ventilation or the 

pulmonary blood flow (perfusion) to be within normal 

levels, but they should be matched in order to 

maintain normal O2 and CO2 tensions in the blood. 

Therefore, ventilation/ perfusion ratio should be 

determined to give an idea about the efficiency of gas 

exchange. For the whole lung, the ratio of alveolar 

ventilation (VA
·) to pulmonary blood flow (Q·) at rest is 

about (0.8):  

            VA · / Q· = 4.2(L/ min)/ 5.5(L/ min) =  0.811 

 



ventilation per unit lung volume is greater at the base of the 

lungs than at the apex. The reason is that at the start of 

inspiration, and because of gravity, the intra pleural pressure 

is less subatmospheric at the base of the lung than at the 

apex, leading to a less expanding lung tissue at the base 

than at the apex. Therefore, the more expanded alveoli at 

the apex of the lung would result in stiffness and decreased 

compliance due to smaller increase in lung volume per unit 

change in pressure of the apex as compared to the base. 

Consequently ventilation is greater at the base 





In a similar manner, gravity has a marked effect on the pulmonary 

circulation. In the upright position, there is a relatively marked 

pressure gradient in the pulmonary arteries from top to the bottom 

of the lungs, where blood flow (perfusion) is also greater at the 

base than the apex in the upright position. Surprisingly, the 

relative change in blood flow from apex to the base is greater than 

the relative change in ventilation; hence, the ventilation/ perfusion 

ratio (VA · / Q· ratio) is low at the base and high at the apex. This 

explains the predilection of the tuberculosis bacteria at lung 

apices that provide a favorable environment for their growth. 

These ventilation/ perfusion differences tend to disappear in the 

supine position.  



Local adjustments of perfusion to ventilation are determined by 

the local effects of O2 and CO2, or their lack. When a bronchus 

or a bronchiole is obstructed, hypoxia develops in the under 

ventilated alveoli beyond the obstruction. The O2 deficiency 

apparently acts directly on the vascular smooth muscles in the 

region to produce vasoconstriction, shunting the blood away 

from the hypoxic area. In addition, CO2 accumulation leads to 

a drop of pH in the area, producing vasoconstriction in the 

lungs, as opposed to the vasodilation that it produces in other 

tissues. Systemic hypoxia also causes the pulmonary 

arterioles to constrict, with a resultant increase in the 

pulmonary arterial pressure. 

 Conversely, reduction of the blood flow to a portion of 

the lung lowers the alveolar PCO2 (PACO2) in that area, resulting 

in constriction of the bronchi supplying which; thereby, shifting 

ventilation away from the poorly perfused area to better 

perfused area. 



Partial Pressures of Gases 

 

                         n × R × T                                                                                    

   Pressure  =                           …Equation of the state of the ideal gas 

  

                          Volume 

 

 

Where: n = Number of gas moles (molecules). 

            R = Gas constant. 

            T = Absolute temperature. 



 In a mixture of gases; the pressure exerted by 

any one gas (i.e. its partial pressure) is equal 

to the total pressure multiplied by the 

percentage of the total amount (number of 

molecules) of gases it represents. 

 In another ward, the total pressure exerted by 

a mixture of gases equals the sum of the 

partial pressure of each one.  

 

 



At sea level, the barometric pressure of air is 

(760mm Hg = 1 atmosphere).  

 

Dry air is composed of (21%) O2, (0.04%) CO2, 

(78%) N2 and (0.96%) of other inert constituents. 

 

 Consequently, at sea level: 

partial pressure of O2 (PO2) in the dry air is 0.21 × 

760 = 160mm Hg  

PCO2 = 0.0004 × 760 = 0.3mm Hg  

partial pressure of N2 and inert constituents is 

0.79 × 760 = 600mm Hg.  



The water vapor in the air in most climates reduces 

these percentages, hence the partial pressures, 

slightly. Inspired air is saturated with water vapor by 

the time it reaches the lungs, with PH2O = 47mm Hg 

at the body temperature (37°C). The other gases 

would be diluted and their partial pressures by the 

time they reach the lungs are 
 

PO2                        160mm Hg                       149mm Hg  

PCO2                       0.3mm Hg                        0.3mm Hg 

PN2 and other inert gases   600mm Hg                        564mm Hg  

 

Gases diffuse from areas of high pressures to areas of 

low pressures, and the rate of diffusion depends upon 

their pressure gradients and the nature of the barrier 

between the two areas. 

 

 



Gas Exchange in the Lungs 

 

In the steady state, inspired air mixes with alveolar 

gas replacing O2 that has entered the blood and 

diluting CO2 that has entered the alveoli. Since the 

volume of gas in the alveoli is about (2L) at the end 

of quiet expiration (FRC = 2.2L), each (350mL) 

increment or decrement of air during inspiration or 

expiration, has relatively little effect on (PO2) and 

(PCO2) in the alveolar gas and its composition 

remains remarkably constant.   

 





There are several reasons for the difference 

in the composition of alveolar air and inspired 

atmospheric air: 

 

• Alveolar air is only partially replaced by 

atmospheric air with each breath. 

• O2 is constantly being absorbed from the 

alveolar air into the pulmonary blood. 

• CO2 constantly diffuses from the pulmonary 

blood into the alveoli. 

• Dry atmospheric air is humidified in the 

respiratory passages before reaching the 

alveoli. 
  



Factors Affecting Gas Diffusion Rate 

through the Respiratory Membrane 
 

The alveolocapillary membrane is a thin membrane 

that is made up of the pulmonary epithethium, 

capillary endothelium and their fused basement 

membranes.  

gas exchange between the alveolar air and the 

pulmonary blood occurs through the membranes of 

the entire respiratory zone; collectively known as the 

respiratory membrane. 

 





Factors that determine how rapidly a gas will 

pass through the respiratory membrane are: 

 

The partial pressure difference of the gas 

between the two sides of the membrane: 

Gases diffuse from areas of high pressures to 

areas of low pressures. 

 

The surface area of the membrane: There are 

about 300 million alveoli in the two lungs, and 

the total area of the alveolar walls in contact with 

capillaries in both lungs is about 70m2. 



The thickness of the membrane: The rate 

of diffusion through the membrane is 

inversely proportional to its thickness. The 

overall thickness of the respiratory 

membrane averages about as little as 0.6 

µm. 

 

The solubility of the gas in blood: The 

solubility of CO2 in blood is about 20 times 

that of O2; therefore for a given pressure 

difference, CO2 diffuses about 20 times as 

rapid as O2.  

O2 diffuses about twice as rapidly as N2. 



Diffusing Capacity of the Respiratory Membrane 
 

The ability of the respiratory membrane to exchange a gas 

between the alveoli and the pulmonary capillary blood is 

expressed by the respiratory membrane‘s diffusing capacity, 

which is defined as the volume of a gas that will diffuse 
through the membrane each minute per (1mm Hg) partial 
pressure difference.  

 

Gases diffuse across the thin respiratory membrane and 

whether or not gases passing to the capillary blood reach 

equilibrium in the (0.75second) - time that the blood takes to 

traverse pulmonary capillaries at rest depend on their 

reaction with substances in the blood, as follows: 

 Gases that do not react (like the anesthetic gas nitrous oxide 

(N2O)) reach equilibrium in about (0.1 of a second), and their 

movement across the alveolar capillary membrane is flow–

limited (and not diffusion–limited).  

 

 



 In contrast, gases like carbon monoxide (CO) is taken up 

by hemoglobin (Hb) in RBCs at such a high rate that the 

partial pressure of CO stays very low in the capillaries and 

equilibrium is not reached in the (0.75second). Therefore its 

transfer is diffusion- limited (and not flow- limited). 

 

 Gases such as O2 are intermediate between (N2O) and 

(CO); being taken up by hemoglobin, although much less 

readily than (CO), and it reaches equilibrium with the 
capillary blood in (0.3second), so its uptake is flow- limited. 

 

 CO2 passes through all biologic membranes with ease, and 

it is 20 times as soluble in the blood as O2. Hence, the 

diffusing capacity of the lung for CO2 is much greater than 

that for O2 and CO. It is for this reason that in patients 
with alveolar fibrosis with severe reduction in the 
diffusing capacity of their lungs, CO2 reduction is rarely 
a problem. 



The diffusing capacity of the lung for a given gas is 

directly proportionate to the surface area of the 

alveolocapillary membrane and inversely proportionate 

to its thickness.  

The diffusing capacity of the lung for CO (DLCO) is 

measured as an index of the lung diffusing capacity, 

because CO is diffusion- limited. 

 

  
The normal value of DLCO = 25mL/ minute/ mm Hg at rest, and 

it increases three folds during exercise because of capillary 
dilation and an increase in the number of active capillaries. It 

decreases in diseases that cause fibrosis of the alveolar walls 

such as sarcoidosis. 

                            
 

  



 Oxygen Transport: 

 
The amount of O2 in the blood is determined by: 

1. The amount of dissolved O2, which is a linear function of PO2 

(0.003mL/ dL of blood/ mmHg). 

2. The amount of Hb. in the blood. 

3. The affinity of Hb. for O2. 

 

Hemoglobin (Hb) is a protein that is made up of four subunits; 

each contains a heme moiety attached to a polypeptide chain 

(globin). In normal adult hemoglobin (HbA), globin chains are 2α 

and 2β polypeptide chains. Heme is a complex made up of a 

porphyrin ring, to which attached one ferrous iron (Fe+2) that can 

bind reversibly to one O2 molecule in an oxygenation (not an 

oxidation) reaction and iron stays in the ferrous state. Since it 

contains four heme units, Hb molecule can also be represented as 

(Hb4) reacting with four molecules of O2 to form Hb4O8. 



Combination of the first heme in the Hb. molecule with O2 

increases the affinity of the second heme for O2 and so on; the 

net result will be a 500-fold increase in O2 affinity. These 

reactions are reversed in the tissues leading to the release of O2; 

with the deoxygenation (reduction) reaction is as rapid as the 

oxygenation reaction. 

 
 

  



O2 − Hb Dissociation Curve: 
 

It is the curve that relates the percentage saturation of the carrying power 
of Hb for O2 to the PO2. It has a characteristic sigmoid-shaped curve due to the 

T–R arrangements of Hb. As can be seen, when the blood is equilibrated with 

100% O2 (i.e. PO2 = 760mm Hg), the percentage saturation of Hb. becomes 

100%. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



When fully saturated, each gram of normal adult Hb contains 

(1.34mL) of O2. Hemoglobin concentration in normal blood 

averages (15gm/ dL); which means that each (100mL) of blood 

carries (20.1mL) of O2 bound to Hb (1.34 × 15). However, in 

spite of the physiologic shunt in systemic arterial blood that 

leads to a PO2 = 95mm Hg, Hb saturation with O2 decreased 

only to 97%  (the flat portion of the curve) and arterial blood 

contains a total of about (19.8mL of O2/ dL).  

 

On the other hand, in venous blood at rest, the Hb is 75% 

saturated (the steep portion of the curve) (PO2 = 40mm Hg), 

facilitating the delivery of O2 to the tissues and the total O2 

content is about (15.2mL/ dL). Thus, at rest the tissues remove 

about (4.6mL/ dL) (19.8 – 15.2) of O2 from the blood perfusing 

them. In this way, 250mL of O2/ minute is transported from the 

blood to the tissues. 



Factors Affecting Hb Affinity for O2: 
 

Temperature: a rise in temperature shifts the O2 − Hb 

dissociation curve to the right (lowers the affinity of Hb for O2, 

because a higher PO2 is required for Hb to bind a given amount of 

O2). Conversely, a fall in temperature shifts the curve to the left 

(increases the affinity); i.e. a lower PO2 is required to bind a given 

amount of O2. 

pH: a fall in pH (increased acidity) shifts the O2 − Hb dissociation 

curve to the right, whereas a rise in pH shifts the curve to the left. 

 

A good index of such shifts in the O2 − Hb dissociation curve is 

the term (P50) that is the PO2 at which the Hb is half saturated 

with O2. The higher the P50 the lower Hb affinity for O2. 



Bohr Effect:  

 
is the decrease in the O2 affinity of Hb, when pH is decreased. Bohr 

effect is closely related to the fact that deoxyHb binds H+ ion more 

avidly (actively) than does oxyHb. Blood pH falls at tissue level as its 

CO2 content increases, shifting the O2 − Hb dissociation curve to the 

right (P50 rises).  

 

2,3-Diphosphoglycerate (2,3-DPG) Concentration: It is a highly 

charged anion formed in the RBC from a product of glycolysis, and it 

binds to the β–chain of deoxyHb. One mole of deoxyHb binds one 

mole of 2,3-DPG 

 

In this equilibrium, an increased concentration of 2,3-DPG, shifts the 

reaction to the right causing more O2 to be liberated (increase P50) 

and shifting the Hb dissociation curve to the right. 

 

 



Factors affecting 2,3-DPG concentration in 

the RBC include: 
 

pH: RBC 2,3-DPG concentration falls when pH is low, 

because acidosis inhibits RBC glycolysis. 

 

Anemia and chronic hypoxia: RBC 2,3-DPG 

concentration is increased in anemia and chronic 

hypoxia, facilitating the delivery of O2 to the tissues. 

 

Thyroid hormone, growth hormone and androgens 

increase the 2,3-DPG because they increase the 

metabolic rate, and the process of glycolysis.  

 
 



Exercise has been reported to increase the 2,3-

DPG 

 

Ascent to a high altitude, also triggers a 

substantial rise in the RBC 2,3-DPG, causing an 

increase in the availability of O2 to the tissues, due 

to a rise in blood pH. RBC 2,3-DPG level returns 

back to normal upon returning to sea level. 

 

Fetal Hb (HbF) has a greater affinity to O2 than the 

adult Hb (HbA), because it has a γ polypeptide 

chain instead of the β chain, which binds the 2,3-

DPG less avidly. This facilitates the movement of 

O2 from the mother to the fetus.  



Carbon Dioxide Transport: 

 

The solubility of CO2 in blood is about 20 times that 

of O2. The transport of CO2 starts at the tissue 

level, where CO2 is formed as one of the end-

products of cellular metabolism. This increases the 

PCO2 at tissue level than its partial pressure at the 

capillary blood, and as it is 20 times more soluble 

than O2, it is easily diffused through capillary 

membrane into the blood: 

 

1. The first form by which CO2 is transported in the 

blood is in the dissolved form, whether in plasma or 

in RBCs. 

 



2. Another form of transport is hydration into 

H2CO3, and then, dissociates into H+ and 

bicarbonate ion (HCO3¯); again both in plasma 

and inside RBCs. The rate of hydration of CO2 

is a very slow one; however, inside the RBCs, 

the presence of the enzyme carbonic 

anhydrase (CA) accelerates the rate of 

association with water. Thus, the amount of 

CO2 transported in the form of bicarbonate ion 

by the RBC is greater than by the plasma 
 Also, binding of Hb, the main constituent of 

the RBC, as a buffer with H+ ion will help to 

take up more H+. This would also shift the 

reaction towards the right, and more CO2 

would be transported inside the RBC 

 

 



Since the rise in the HCO3¯ content of the RBC is much 

greater than that in plasma, as the blood passes through 

the capillaries, about 70% of the HCO3¯ formed in 

RBCs enters the plasma. And as the RBC membrane is 

freely permeable to negatively charged ions but 

relatively impermeable to positively charged ions, the 

diffusion of the negatively charged HCO3¯ anion into the 

plasma will result in more positive charges inside the 

RBCs, leading to the diffusion of the most abundant 

negatively charged anion in plasma (chloride ion; Cl¯) 

into the RBC (chloride shift). Because of the chloride 

shift, the Cl¯ content of the RBCs in the venous blood is, 

therefore, significantly greater than in arterial blood. 

Consequently, the RBC takes up water and increase in 

size. For this reason, the hematocrit (PCV) of the 

venous blood is normally 3% greater than the arterial 

blood. 

 





3. Some of the CO2 in the RBCs react with the amino 

groups of proteins, principally Hb, to form carbamino 

compounds. Even in plasma, small amounts of 

carbamino-compounds are formed.  

As a summary, each deciliter of arterial blood carries 

approximately (49mL) of CO2. At the tissue level, 

(3.7mL) of CO2 per deciliter of blood is added. The pH 

of the blood drops from (7.4− 7.36). Conversely, in the 

lungs the processes are reversed, and the (3.7mL) of 

CO2 is discharged into the alveoli. In this fashion, 

(200mL) of CO2/ minute at rest and much larger 

amount during exercise, are transported from the 

tissues to the lungs and excreted. 
 



Regulation of Respiration 

 
Spontaneous respiration is produced by rhythmic discharges 

from the brain of motor neurons that innervate the respiratory 

muscles. These higher centers are regulated by alterations in 

arterial PO2, PCO2 and H+ concentration. This chemical control 

is supplemented by a number of nonchemical influences. 

 

Neural Control of Breathing: 
voluntary control is located in the cerebral cortex and send 

impulses to the respiratory motor neurons via the 

corticospinal tracts.  

 

automatic control.  
located in the medulla and pons, and efferent (motor) output from this 

system to the respiratory motor neurons is located in the white matter of 

the spinal cord between the lateral and ventral corticospinal tracts. 
  



respiratory center  (pace maker cells). The rhythmicity 
center. The respiratory rhythm is generated by a loose 

aggregation of neurons in the ventrolateral region of the 

medulla oblongata, which forms for the control of 

automatic breathing. 

 

The apneostic center. appears to promote inspiration by 

stimulating the I neurons in the medulla. inhibit inspiratory 

discharge. 

The activity of the medullary rhythmicity center may be 

influenced by centers in the pons. 

 

pneumotaxic center  seems to antagonize the apneustic 

center and inhibit inspiration modify inspiration, and allow 

for smooth transition between inspiration and expiration 

 



Chemical Control of Breathing 

 
The effects of variations in blood chemistry on ventilation 

are mediated via respiratory chemoreceptors. These are the 

carotid and aortic bodies (peripheral chemoreceptors), as 

well as, collections of cells in the medulla (central 

chemoreceptors) that are sensitive to changes in the 

chemistry of blood. 

The chemical regulatory mechanisms adjust ventilation in 

such a way that the alveolar PCO2 is held constant and 

variations in H+ concentrations are opposed; while PO2 is 

raised only when falling to a potentially dangerous level. 

Respiratory minute volume is adjusted to be 

proportionate to the metabolic rate, with CO2 (and not 

O2) comprising the link between ventilation and 

metabolism. 

 



Non-Chemical Influences on Respiration 
 

Responses Mediated by Receptors in the Airways and Lungs: 
 

Receptors in the airways and lungs are innervated by myelinated and 

unmyelinated vagal fibers: 

 

Myelinated vagal fiber receptors: 

 

Unmyelinated vagal fiber receptors: 

 

Those are present close to the pulmonary vessels. They are 

stimulated by lung hyperinflation and by intravenous or 

intracardiac administration of chemicals. They produce apnoea 

(respiratory arrest) followed by rapid breathing, bradycardia 

and hypotension (pulmonary chemoreflex). 
 





Afferents from “Higher Centers” 
 
 Afferents from the Limbic system and 

hypothalamus to the respiratory neurons in the brain 

stem are responsible for the effect of pain and 

emotional stimuli on respiration.  

 

Afferents from Proprioceptors: 
 
 Impulses from proprioceptors in the muscles, 

tendons and joints stimulate the inspiratory neurons via 

afferent pathways during active or passive movements, 

which probably help to increase ventilation during 

exercise. 
 



Role of the Respiratory system in Acid-Base 

Regulation 
 

Precise regulation of H+ ion concentration is essential, because 

it influences the activities of almost all enzymes that are 

important for cellular functions. 

 

There are three primary systems that regulate H+ ion 

concentration; hence the pH, in body fluids: 
 

1. The chemical acid-base buffer systems (like 

bicarbonate ion, proteins …etc). 

2. The renal system where kidneys excrete either 

alkaline or acidic urine. 

3. The respiratory system, which regulates the 

removal of CO2 from the ECF 



metabolic (non-respiratory) acidosis 
 

as a result of buffering excess abnormal amount of H+ ion 

through the bicarbonate buffer system, the above chemical 

equation would be shifted to the left, CO2 level would increase 

and (HCO3¯) level would decrease leading to a decrease in 

(HCO3¯/ CO2) ratio; hence of pH (acidosis). Example is the 

accumulation of acid ketone bodies in the circulation in DM. 
 

This hyperventilation blows off CO2 and decreases alveolar 

PCO2 (PACO2), thus it would produce a compensatory fall in 

blood [H+] and the ratio of (HCO3¯/ CO2) and pH would return 

back towards normal. In cases other than renal failure, renal 

system would participate in acid-base correction by secreting 

excess H+ ions and replenishing bicarbonate body stores, 

correcting the (HCO3¯/ CO2) ratio. 



metabolic (non-respiratory) alkalosis 
 

 is less common than metabolic acidosis. An example is loss 

of acids from the body as in severe protracted vomiting with 

loss of HCl, which would result in an increase in (HCO3¯/ 

CO2) ratio and, hence, the pH. In this case, the body 

compensatory mechanism is through the respiratory system 

where ventilation is depressed causing a rise in arterial PCO2 

and [H+] 

This effect has a limited capacity, since an increase in PCO2 

has a strong stimulus for the production of respiration. On 

the other hand, the renal system would participate in the 

compensatory mechanism, through decreasing both the 

formation and reabsorption of HCO3¯ ion, and increasing 

their loss in urine, returning the (HCO3¯/ CO2) ratio and, 

hence, the pH back towards normal 



Respiratory alkalosis 

If there is an increase in ventilation that is not secondary to a 

rise in arterial [H+], PCO2 would drop causing a decrease in [H+] 

below normal. The ratio of (HCO3¯/ CO2) and the pH would 

increase. A good example, are people who are living at high 

altitude.  

 

 

Respiratory acidosis 

While hypoventilation that is not secondary to a drop in [H+], as 

in failure of the respiratory system to eliminate CO2, would result 

in an increase in CO2 level in blood. (HCO3¯/ CO2) ratio would 

decrease. The body compensatory mechanisms for both is 

through the renal system.  


