
RESPIRATORY GAS EXCHANGE





Alveolar PO2 = 105 mmHg;  Pulmonary artery PO2 = 40 mmHg
PO2 gradient across respiratory membrane

65 mmHg (105 mmHg – 40 mmHg)
Results in pulmonary vein PO2 ~100 mmHg



• According to Dalton’s law, in a gas mixture, the pressure exerted by each individual gas is independent 
of the pressures of other gases in the mixture.

• The partial pressure of a particular gas is equal to its fractional concentration times the total pressure 
of all the gases in the mixture.

• Atmospheric air  : 
Oxygen constitutes 20.93% of dry atmospheric air. At a standard barometric pressure of 760 mm Hg,                

PO2 = 0.2093  × 760 mm Hg =  159 mm Hg
Similarly , 

PCO2= 0.3 mm Hg
PN2= 600 mm Hg

Inspired Air: 

PIO2= FIO2 (PB-PH2O)= 0.2093 (760-47)= 149 mm Hg
PICO2= 0.3 mm Hg
PIN2= 564 mm Hg

Partial Pressures of Respiratory Gases



• 2.5 to 3 L of gas is already in the lungs at the FRC and the approximately 350 mL per breath enters the 
alveoli with every breath.

• About 250 mL of oxygen continuously diffuses from the alveoli into the pulmonary capillary blood per 
minute at rest and 200 mL of carbon dioxide diffuses from the mixed venous blood in the pulmonary 
capillaries into the alveoli per minute. 

• The PO2 and PCO2 of mixed venous blood are about 40 mm Hg and 45 to 46 mm Hg, respectively 

• The PO2 and PCO2 in the alveolar air are determined by the alveolar ventilation, the pulmonary capillary 
perfusion, the oxygen consumption, and the carbon dioxide production. 

• Alveolar ventilation is adjusted by the respiratory control center in the brain to keep mean arterial 
and alveolar PCO2 at about 40 mm Hg 

• Mean alveolar PO2 is about 104 mm Hg. 

Alveolar air at standard barometric pressure



• Expired air is a mixture of about 350 mL of alveolar air and 150 mL of air from the dead space. Therefore, the 
PO2 of mixed expired air is higher than alveolar PO2 and lower than the inspired PO2, or approximately 120 
mm Hg

• Similarly, the PCO2  of mixed expired air is much higher than the inspired PCO2 but lower than the alveolar  
PCO2, or about 27 mm Hg.

Mixed expired air at standard barometric pressure



• The alveolar PO2  increases by 2 to 4 mm Hg with each normal tidal inspiration and falls slowly until the next 
inspiration. 

• The alveolar PCO2  falls 2 to 4 mm Hg with each inspiration and increases slowly until the next inspiration. 
• In healthy people, alveolar PCO2 is in equilibrium with arterial PCO2 (PaCO2). 
• Thus, if alveolar ventilation is doubled (and carbon dioxide production is unchanged), then the alveolar and 

arterial PCO2 are reduced by one-half. If alveolar ventilation is cut in half, near 40 mm Hg, then alveolar and 
arterial PCO2 will double

The alveolar partial pressure of CO2 (PACO2) varies directly with the body’s production of CO2 (VCO2) and 
inversely with alveolar ventilation (V̇A)

PA=VCO2/V̇A   × k

As an example, given VCO2 of 200 ml/min and alveolar ventilation of 4.315 L/min, application of this formula 
yields a PACO2 of approximately 40 mm Hg

In

Alveolar Ventilation & Carbon Dioxide



where: FIO2 = Fraction of inspired O2 (expressed in decimals) PB = Barometric pressure (mm Hg) PH 2O = Water vapor tension. At BTPS, a value of 47 mm Hg is usually used. PACO2 = Alveolar PCO2 (mm Hg) RQ = Respiratory 
quotient, usually estimated at 0.8. 

PACO2 cannot simply be subtracted, like water vapor. Instead, the equation must be corrected for the difference between O2

and CO2 movement into and out of the alveoli, which is done by dividing the PACO2 by RQ or multiplying by 1.25. 
As PaCO2 nearly equals PACO2, PaCO2 can be substituted for PACO2. 

Q. If a patient is receiving an FIO2 of 0.40 on a day when the barometric pressure is 755 mm Hg , And if the PaCO2 is 55 mm Hg
Then the patient’s alveolar oxygen tension is

Alveolar Oxygen Tension: The alveolar air equation



Because inspired air contains virtually no CO2. The alveolar CO2 comes exclusively from metabolism.
V̇CO2 depends not only on how fast the tissues burn O2 but also on the kind of fuel they burn.
If the fuel is carbohydrate, then the tissues produce one molecule of CO2 for each O2 consumed . This ratio is termed the 

respiratory quotient (RQ):

RQ=V̇CO2/V̇O2

A typical fat-containing diet in industrialized nations produces an RQ of ~0.8, so that 8 molecules of CO2 replace 10 
molecules of O2 in the alveolar air. 
This 8-for-10 replacement has two consequences.
1. the volume of alveolar air falls slightly during gas exchange. Because the non-H2O pressure remains at 713 mm Hg, this 

volume contraction dilutes the O2. 
2. the volume of expired alveolar air is slightly less than the volume of inspired air.

Respiratory Quotient



Get ready for information about respiratory physiology



Pulmonary Diffusion Gradients

• For gas exchange to occur between the alveoli and pulmonary capillaries, a difference in partial pressures (P1 − P2) must 
exist. 

• In the normal lung, the alveolar PO2 averages approximately 100 mm Hg, whereas the mean PCO2 is approximately 40 mm 
Hg.

• The pressure gradient for O2 diffusion into the blood is approximately 60 mm Hg . 
• The pressure gradient for CO2 causes it to diffuse in the opposite direction, from the blood into the alveolus. This diffusion 

continues until capillary PCO2 equilibrates with the alveolar level, at approximately 40 mm Hg.
• Although the pressure gradient for CO2 is approximately one-tenth of the pressure gradient for O2, CO2 has little difficulty 

diffusing across the alveolar-capillary membrane. CO2 diffuses approximately 20 times faster across the alveolar-capillary 
membrane than O2 because of its much higher solubility in plasma.



• An erythrocyte spend an average of about 0.75 to 1.2 seconds inside the pulmonary capillaries 
at resting cardiac output. 

• This transit time= pulmonary capillary blood volume/ pulmonary blood flow . 

• Under normal resting conditions, the total transit time for blood to move through the alveolar-
capillary system is about 0.75 second.

• The diffusion of oxygen and carbon dioxide will continue until equilibrium is reached; this is 
usually accomplished in about 0.25 second. 

• Thus, the diffusion of oxygen and carbon dioxide is completed in about one-third of the time 
available.

• In the healthy lung, oxygen equilibrium usually occurs in the alveolar-capillary system during 
exercise in spite of the shortened transit time.



Cardiopulmonary Anatomy & 

Physiology:

Essentials for Respiratory Care, Fifth
Edition



If blood flow increases, such as during heavy exercise, capillary transit time can decrease to 0.25 second. 
Cardiopulmonary Anatomy & Physiology:

Essentials for Respiratory Care, Fifth
Edition





ALVEOLAR-ARTERIAL OXYGEN DIFFERENCE 

• The arterial PO2 is normally a few mm Hg less than the alveolar PO2. This normal alveolar-arterial 
oxygen difference, the (A-a)DO2, is caused by the normal anatomic shunt, some degree of 
ventilation-perfusion mismatch and diffusion limitation in some parts of the lung. 

• Of these, V/Q̇ ̇ mismatch is usually the most important, with a small contribution from shunts and 
very little from diffusion limitation. 

• The alveolar-arterial PO2 difference is normally about 5 to 15 mm Hg in a young healthy person 
breathing room air at sea level. It increases with age because of the progressive decrease in arterial 
PO2 that occurs with aging. 

• The normal alveolar-arterial PO2 difference increases by about 20 mm Hg between the ages of 20 
and 70.



Diffusion of Oxygen Across the Alveolar Wall
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Respiratory Unit 

• (also called “respiratory lobule”), is composed of a respiratory bronchiole, alveolar 
ducts, atria, and alveoli. 

• The alveolar walls are extremely thin, and between the alveoli is an almost solid 
network of interconnecting capillaries.

• Indeed, because of the extensiveness of the capillary plexus, the flow of blood in the 
alveolar wall has been described as a “sheet” of flowing blood.

• the alveolar gases are in very close proximity to the blood of the pulmonary 
capillaries. 

• gas exchange between the alveolar air and the pulmonary blood occurs through the 
membranes of all the terminal portions of the lungs, not merely in the alveoli. All 
these membranes are collectively known as the respiratory membrane, also called 
the pulmonary membrane. 



Respiratory membrane

The respiratory unit



Respiratory Membrane

1.  A layer of fluid lining the alveolus and containing surfactant that reduces the surface tension of the alveolar 

fluid

2. The alveolar epithelium composed of thin epithelial cells

3. An epithelial basement membrane 

4. A thin interstitial space between the alveolar epithelium and the capillary membrane

A capillary basement membrane that in many places fuses with the alveolar epithelial basement membrane

6. The capillary endothelial membrane

•Overall thickness of the respiratory membrane in some areas is as little as 0.2 -0.6 micrometer.

•The total quantity of blood in the capillaries of the lungs at any instant is 60 - 140 ml 

•The average diameter of the pulmonary capillaries is only about 5 μ, which means that red blood cells must 

squeeze through them.



Factors That Affect the Rate of Gas Diffusion Through the Respiratory Membrane

1. Thickness of membrane
Inc. in edema and fibrosis

2. Surface area of membrane
Dec. in removal of lung and emphysema

3. Diffusion coefficient of Gas in substance of membrane
Gas’ solubility 

4. Pressure difference
Difference between partial pressure of gas in alveoli and pressure of gas in pulmonary capillary blood

Diffusing capacity: Gas diffusion in the lungs can be described by the Fick law, which states that the volume 

of gas diffusing per minute ([V ]gas) across a  membrane is directly proportional to the membrane surface area 

(As), the diffusion coefficient of the gas (D), and the partial pressure difference of the gas and is  inversely 

proportional to membrane thickness (T) 

Diffusion coefficient D=solubility/ square root of MW of the gas



• Diffusing Capacity of the Respiratory Membrane

is defined as the volume of a gas that will diffuse through the membrane each minute for a partial pressure 

difference of 1 mmHg. 

• Diffusing Capacity for Oxygen. In the average young man, the diffusing capacity for oxygen under resting 

conditions averages 21 ml/min/mm Hg. In functional terms.

• What does this mean? The mean oxygen pressure difference across the respiratory membrane during normal, 

quiet breathing is about 11 mm Hg. 

Thus 11*21= 230 milliliters of oxygen diffusing through the respiratory membrane each minute; 

This is equal to the rate at which the resting body uses oxygen.

• Change in Oxygen Diffusing Capacity During Exercise.

• Increases in young men to a maximum of about 65 ml/min/ mm Hg, which is three times the diffusing capacity 

under resting conditions. (1) Opening up of many previously dormant pulmonary capillaries 

(2) A better match between the ventilation of the alveoli and the perfusion of the alveolar capillaries with 

blood, called the ventilation-perfusion ratio.



• Uptake of various substances during the 0.75 s they are in transit through a pulmonary capillary. N2O is not 

bound in blood, so its partial pressure in blood rises rapidly to its partial pressure in the alveoli. 

• CO is avidly taken up by red blood cells, so its partial pressure reaches only a fraction of its partial pressure in 

the alveoli.

• O2 is intermediate between the two. 

Diffusion Across the Alveolocapillary Membrane



PERFUSION-LIMITED GAS FLOW

Perfusion limited means that the transfer of gas across the alveolar wall is a function of the 
amount of blood that flows past the alveoli. 

Nitrous oxide (N2O) is an excellent gas to illustrate this concept. 
• A  trace amount of nitrous oxide (laughing gas), a common dental anesthetic, is breathed. 
• Nitrous oxide (N2O) is chosen because it diffuses across the alveolar-capillary membrane and 
dissolves in the blood but does not combine with hemoglobin. 

• Therefore, the partial pressure of N2O in the blood plasma rises very quickly and becomes 
equal  to that of the alveolar gas when the blood is only about one-tenth of the way through 
the alveolar-capillary system 

• Because there is no pressure gradient, no diffusion occurs after about 0.1 sec

• In order for the diffusion of N2O to resume, additional blood must enter the alveolar-capillary 
system. 



Nitrous oxide (N2O) quickly equilibrates with pulmonary blood. When equilibrium occurs, the diffusion of N2O stops. In order 
for the diffusion of N2O to resume, fresh blood (pulmonary artery blood) must enter the alveolar-capillary system. 

Perfusion limited flow



• Diffusion limited means that the movement of gas across the alveolar wall is a function of the integrity of the alveolar-
capillary membrane itself. 

• When CO moves across the alveolar wall and into the blood, it rapidly enters the red blood cells (RBCs) and tightly bInds
to hemoglobin. 

• When a gas is in chemical combination with hemoglobin, it no longer exerts a partial pressure. 

• No appreciable partial pressure of CO in the blood plasma at any time (i.e., stays constant), 
• Only the diffusion characteristics of the alveolar-capillary membrane, not the amount of blood flowing through the 

capillary, limit the diffusion of CO . 
• In essence, diffusion limited means that the structure of the alveolar-capillary membrane alone limits the rate of gas 

diffusion.

• This property makes CO an excellent gas for evaluating the lung’s ability to diffuse gases and is used in what is called the 
diffusion capacity of carbon monoxide (DLCO) test. 

• The DLCO test measures the amount of CO that moves across the alveolar-capillary membrane into the blood in a given 
time. 

• In essence, this test measures the physiologic effectiveness of the alveolar-capillary membrane. The normal diffusion 
capacity of CO is 25 mL/min/mm Hg. 

DIFFUSION-LIMITED GAS FLOW Carbon monoxide (CO)



Carbon monoxide (CO) rapidly bonds to hemoglobin and, thus, does not generate an appreciable partial pressure (PCO) in the 
plasma. As a result of this chemical relationship, blood flow (perfusion) does not limit the rate of CO diffusion. 
When the alveolar-capillary membrane is abnormal (e.g., in alveolar fibrosis), however, the rate of CO diffusion decreases. This 
phenomenon is called diffusion limited. 



• When oxygen diffuses across the alveolar wall and into the blood, it enters the RBCs and 
combines with hemoglobin but has lower avidity than carbon monoxide.

• Hemoglobin quickly becomes saturated with oxygen and O2 molecules in the plasma stop  
entering the RBCs. 

• This causes the partial pressure of oxygen in the plasma to increase. 
• PO2 in the capillary blood equals the partial pressure of oxygen in the alveolar gas when the 

blood is about one-third of the way through the capillary. 
• Beyond this point, the transfer of oxygen is perfusion limited. 
• perfusion limitation becomes significant when the patient has either a decreased cardiac 

output or a decreased Hb (anemia). 
• If diffusion properties of the lungs are impaired ,  the partial pressure of oxygen in the capillary 

blood never equals the partial pressure of the oxygen in the alveolar gas during the normal 
alveolar-capillary transit time. 

• Thus, under normal circumstances the diffusion of oxygen is perfusion limited, but under 
certain abnormal pulmonary conditions the transfer of oxygen may become diffusion 
limited.

HOW OXYGEN CAN BE EITHER PERFUSION OR DIFFUSION LIMITED



Under normal resting conditions, the diffusion of oxygen across the alveolar-capillary membrane stops when blood is about one-
third of the way through the capillary. This occurs because the partial pressure of oxygen in the capillary blood equals the partial 
pressure of oxygen in the alveolus (PAO2). Once oxygen equilibrium occurs between the alveolus and capillary blood, the 
diffusion of oxygen is perfusion limited. 



Transfer of Oxygen is Limited at Low Alveolar O2

Source: Pulmonary Physiology, The McGraw-Hill Companies, Inc., 2007

The low alveolar PO2 sets the upper limit for the 
end-capillary blood PO2. 
As the oxygen content of the arterial blood is 
decreased, the mixed venous PO2 is also 
depressed. 
The even greater decrease in the alveolar partial 
pressure of oxygen causes a decreased alveolar-
capillary partial pressure gradient, and the blood 
PO2 takes longer to equilibrate with the alveolar 
PO2.
Anormal person exerting himself at high altitude 
is subject to diffusion limitation of oxygen transfer.



Transfer of CO2    : transfer of CO2 diffusion or perfusion limited?

Source: Pulmonary Physiology, The McGraw-Hill Companies, Inc., 2007

The time course of carbon dioxide transfer from the pulmonary 
capillary blood to the alveolus .
In a normal person with a mixed venous partial pressure of 

carbon dioxide of 45 mm Hg and an alveolar partial pressure of 
carbon dioxide of 40 mm Hg, an equilibrium is reached in about 
0.25 of a second, or about the same time as that for oxygen. 

The diffusivity of carbon dioxide is about 20 times that of 
oxygen, but the partial pressure gradient is normally only about 
5 mm Hg for carbon dioxide, whereas it is about 60 mm Hg for 
oxygen. 

Carbon dioxide transfer is therefore normally perfusion-limited, 
although it may be diffusion-limited in a person with an 
abnormal alveolar-capillary barrier.



• The volume of gas per unit of time moving across the alveolar-capillary barrier 
is directly proportional to the area of the barrier, the diffusivity of the gas in the 
barrier, and the difference in concentration of the gas between the two sides of 
the barrier, but is inversely proportional to the barrier thickness.

• If the partial pressure of a gas in the plasma equilibrates with the alveolar 
partial pressure of the gas within the amount of time the blood is in the 
pulmonary capillary, its transfer is perfusion limited; if equilibration does not 
occur within the time the blood is in the capillary, its transfer is diffusion 
limited.



Fick’s Law

Vgas = volume of gas diffusing through 
the tissue barrier per time, in ml/min

A     =   surface area available for diffusion
D     =   diffusion coefficient of the gas (diffusivity)
T     =   thickness of the barrier
P1 – P2 =  partial pressure difference of the gas

The diffusion constant (D) noted in Fick’s law is determined by Henry’s law and Graham’s 
law.



Clinical Application of Fick’s Law

• Area (A) component

• Decreased alveolar surface area 

• Caused by alveolar collapse or alveolar fluid, which decreases ability of oxygen to enter the pulmonary 
capillary blood

• P1-P2 portion 

• Decreased alveolar oxygen pressure 

• Caused by high altitudes or alveolar hypoventilation, which reduces diffusion of oxygen into 
pulmonary capillary blood  

• Thickness (T) factor 

• Increased alveolar tissue thickness caused by alveolar fibrosis or alveolar edema reduces movement of 
oxygen across alveolar-capillary membranes

• Diffusion Coefficient.

• Different gases behave differently.



Henry’s Law

• Amount of a gas that dissolves in a liquid at a given temperature is proportional to the partial 
pressure of the gas.  

• The amount of gas that can be dissolved by 1 mL of a given liquid at standard pressure (760 
mm Hg) and specified temperature is known as the solubility coefficient of the liquid. 

• The solubility coefficient varies inversely with temperature (i.e., if the temperature rises, the 
solubility coefficient decreases in value).

Solubility of Gases in body temp 
O2    = 0.024
CO2 = 0.592
CO  = 0.018
N2   = 0.012
He   = 0.008

The unit of solubility coefficient is mL/mm Hg/mL H2O. 



Graham’s Law

• Rate of diffusion of a gas through a liquid is:
• Directly proportional to the solubility coefficient of the gas, and

• Inversely proportional to the square root of the gram-molecular weight (GMW) of the gas

Oxygen is the lighter gas, it moves faster than carbon dioxide



Graham’s and Henry’s Laws

• By combining Graham’s and Henry’s laws, the rates of diffusion of two gases are:
• Directly proportional to the ratio of their solubility coefficients, and
• Inversely proportional to the ratio of their gram-molecular weights

When the two laws are used to determine the relative rates of diffusion of carbon dioxide 
and oxygen, it can be seen that carbon dioxide diffuses about 20 times faster than oxygen.

To summarize, the diffusion constant (D) for a particular gas is directly proportional to the 
solubility coefficients (S) of the gas, and inversely proportional to the square root of the GMW 
of the gas



Measurement of Diffusing Capacity 

• The O2 diffusing capacity can be calculated from measurements of (1) alveolar PO2, (2) 
PO2 in the pulmonary capillary blood, and (3) the rate of O2 uptake by the blood. 

• To obviate the difficulties encountered in measuring oxygen diffusing capacity directly, 
carbon monoxide (CO) diffusing capacity is measured instead and then we can calculate 
the O2 diffusing capacity. 

• CO2 diffusing capacity is also difficult to measure as it diffuses through the respiratory 
membrane so rapidly that the average PCO2 in the pulmonary blood is not far different from 
the PCO2 in the alveoli—the average difference is less than 1 mm Hg—and with the 
available techniques, this difference is too small to be measured.

• To convert CO diffusing capacity to O2 diffusing capacity, the value is multiplied by a factor 
of 1.23 because the diffusion coefficient for O2 is 1.23 times that for CO. 

• The average diffusing capacity for CO in healthy young men at rest is 17 ml/min/mm Hg, 
and the diffusing capacity for O2 is 1.23 times this, or 21 ml/min/mm Hg.

• The Diffusion coefficient of carbon dioxide is slightly more than 20 times that of oxygen, so  
diffusing capacity for carbon dioxide is under resting conditions of about 400 to 450 
ml/min/ mm Hg and during exercise of about 1200 to 1300 ml/ min/mm Hg. 



DLCO or TLCO (diffusing capacity or transfer factor of the lung for (CO), is the extent to which oxygen passes from 

the lungs into the blood 

The principle of the CO method 

• A small amount of CO is breathed into the alveoli, and the partial pressure of the CO in the alveoli is measured 

from appropriate alveolar air samples. The CO pressure in the blood is essentially zero because hemoglobin 

combines with this gas so rapidly. 

• Therefore, the pressure difference of CO across the respiratory membrane is equal to its partial pressure in the 

alveolar air sample. 

• Then, by measuring the volume of CO absorbed in a short period and dividing this by the alveolar CO partial 

pressure, one can determine accurately the CO diffusing capacity. 

Generally DLCO is measured in "ml/min/mm Hg" and TLCO is measured in "ml/min/kPa".

• The normal resting value for Dlco depends on age, sex, and body size. 

• Dlco ranges from 20 to 30 mL/min/mm Hg and decreases with pulmonary edema or a loss of alveolar 

membrane (e.g., emphysema).

• It increases up to threefold during exercise because of capillary dilation and an increase in the number of active 

capillaries. 



Factors That Affect Measured DLCO



Clinical conditions that decrease the rate of gas diffusion. These conditions are known as 
diffusion-limited problems


