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chapter 1: physiology of ventilation and gas exchange
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Figure 1.5 Absolute pressures along the airway during inspiration (blue) and expiration (green). During inspiration (blue) there is a
pressure gradient between the proximal airway that is at atmospheric pressure at the mouth and the pleural space that is reversed
during expiration.

out of the lung during normal breathing, a fac-

tor to be considered when comparison is made

with mechanical modes of ventilation. Of course,

much higher pressures can be achieved. Strain-

ing against a closed glottis, for example, can raise

alveolar pressure to 190 cm H2O, while maximal

inspiratory effort can reduce pressure to as low as

−140 cm H2O.

Transmural pressure is defined as the difference

between thepressure in thepleural cavity and that in

the alveolus (Figure 1.5). To remain open, alveolar

pressure must be greater than that of the surround-

ing tissue. During inspiration, intra-pleural pres-

sure falls to a greater degree than alveolar pressure,

and the transmural pressure gradient thus increases.

Over the range of a normal breath, the relationship

between transmural pressure gradient and lung vol-

ume is almost linear. This relationshipholds true for

the alveoli, but the lower down in the lung the alve-

oli are, themore the distending transmural pressure

gradient is counteracted by the weight of lung tissue

compressing the alveolus from above. For this rea-

son, dependent alveoli tend to have a smaller radius

and are more likely to collapse.

The ‘expandability’ of the lung is known as its

compliance. A high compliancemeans that the lung

expands easily. The compliance of the normal res-

piratory system (lungs and thoracic cage) in upright

humans is about 130 mL.cm H2O−1, while that of

the lungs alone is roughly twice that value, demon-

strating that half of the work of breathing during

health simply goes into expanding the rib cage.

When a positive pressure is applied to the respira-

tory system, such as during positive pressure venti-

lation, gas immediately starts to flow into the lungs,

which then expand. However, while gas is flowing,
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Figure 1.6 Two-compartment model of static and dynamic compliance.

A: In this model the ventilator is represented by the syringe, which is attached to the two-compartment lung model that consists of
a low-compliance proximal chamber (the proximal airways) separated from a high-compliance distal chamber (the alveoli) by a
fixed resistance. Prior to the onset of gas delivery (inspiration), the whole system is at the same pressure: P0.

B: Gas is delivered to the lung model with a moderate increase in gas pressure in the syringe (the ventilator) and proximal
chamber (the large airways) but with only a small increase in pressure in the distal chamber (the alveoli) as gas seeps through the
resistance. Compliance measured just prior to the end of inspiration would be given by V/P1.

C: Without the delivery of any further gas from the ventilator, the volume of the distal chamber continues to increase until the
pressure in both chambers becomes the same. As gas redistributes from the high-pressure proximal chamber to the low-pressure
distal chamber, the gas also expands slightly. At equilibrium, the compliance is given by V/P2, which is larger than that calculated
in B because P2 < P1.

the proximal airway pressure must be higher than

alveolar pressure,5 and the steepness of this pres-

sure gradient will depend on the resistance to gas

flow. Therefore, during inflation the ratio of vol-

ume change to inflating pressure (knownas dynamic

compliance) is lowered by the effect of resistance

5 Otherwise gas would not flow.

to gas flow (Figure 1.6). At the end of inspiration,

the proximal airway pressure immediately falls as

gas delivery ceases (and with it, the resistive con-

tribution to airway pressure) and then falls a little

further as gas is redistributed from low-compliance

proximal airways to high-compliance alveoli. There

is also an associated small increase in total lung vol-

ume. The percentage of total change in lung volume

8
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Figure 1.7 A pressure and time profile during volume-targeted
constant flow mechanical ventilation.

For a delivered tidal volume of V mL, dynamic compliance is
given by V/Ppeak and static compliance is given by V/Pplat. The
difference between Ppeak and Pplat-i is due to airways
resistance, while the difference between Pplat-i and Pplat is due
to inter-alveolar gas redistribution (pendelluft) and hysteresis.

when held at a set pressure is known as the lung’s

static compliance. Put another way, if a set volume

of air is used to inflate a lung, pressure will rise

accordingly, but (with lung volume held) will then

gradually fall by some 25% or so (Figure 1.7). This

effect is one of the contributing factors to a phe-

nomenon known as hysteresis in which the lung

traces a different path on an expiratory plot of lung

pressure (x-axis) against volume (y-axis) than it

does during inflation (Figure 1.8). Other contrib-

utors to hysteresis include the opening of previ-

ously collapsed alveoli during inflation,6 displace-

ment of lung blood at higher lung volumes, ‘stress

relaxation’ of lung elastic fibres, and perhaps most

importantly, the surface-area-dependent effect of

surfactant in reducing surface tension. In practice,

what this means is that at any given inflation pres-

sure, lung volume will be greater during expiration

than inspiration because the lungs are resistant to

accepting a new higher volume, and then resistant

to giving it up again.

6 Commonly referred to as alveolar ‘recruitment’.
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Figure 1.8 Inspiratory and expiratory volume/pressure loop
during positive pressure inflation showing the phenomenon of
hysteresis.

During inspiration (blue) of the lung, both pressure (x-axis)
and volume (y-axis) increase, but this is non-linear. During
expiration, the volume/pressure curve traces a different path.
The area subtended by the inspiratory and expiratory paths
represents the energy consumed by hysteresis.

LUNG VOLUMES

Total lung capacity (TLC) is the volume of intrapul-

monary gas at the end of a maximal inspiration.

Functional residual capacity (FRC) is the volume

remaining in the lungs at the end of normal expi-

ration that rises with body size (as determined by

height) and on assumption of the upright pos-

ture. In mechanically ventilated subjects, FRC is

also known as the end-expiratory lung volume

(EELV). FRC is reducedwhen the lung is extrinsically

compressed (from pleural fluid or abdominal dis-

tension), when lung elastic recoil is increased, or

when the lungs are fibrosed.

Gas exchange
OXYGEN UPTAKE

Oxygenation is accomplished through the diffu-

sion of oxygen down its partial pressure gradient

(Box 1.1) from the alveolus, across the alveolar

epithelium, and thence across the closely apposed

capillary endothelium to the capillary blood, a

distance of<0.3µm.The capacity to transfer oxygen

from alveolus to red blood cell is determined by

(1) the surface area for diffusion and (2) the ratio

9



chapter 1: physiology of ventilation and gas exchange

Box 1.1 Diffusion and partial
pressures

Diffusion describes the passive movement of a

substance from an area of high concentration to

one of low concentration. Diffusion also applies to

gases, but in this case the motive force is the

differential partial pressure of the gas. Partial

pressure simply refers to the proportion of the total

gas pressure that is attributable to the gas in

question. As an example, if you have a 1-litre flask

containing 800 mL of helium and 200 mL of oxygen

at atmospheric pressure (101 kPa), the partial

pressure of oxygen in the flask will be

200

800 + 200
× 101 = 20.2 kPa.

between the speedofdiffusionand the alveolar con-

tact time, which is the length of time the red cell

remains in contact with the alveolus (Figure 1.9).

The speed of diffusion is determined by the par-

tial pressure gradient of oxygen between alveolar

gas and capillary blood, the thickness of the bar-

rier between alveolus and capillary, and the sol-

ubility of oxygen in this barrier. Because there

are no factors that influence oxygen’s solubility

under physiological conditions, the only sources

of variation in the speed of diffusion are the par-

tial pressure gradient of oxygen and the barrier

thickness.

The partial pressure of oxygen in alveolar gas

is not the same as the partial pressure of oxy-

gen in inspired gas because alveolar gas contains

two other constituents: carbon dioxide and water

vapour. Therefore, breathing air at sea level, the

alveolus contains four gases: nitrogen, oxygen, car-

bon dioxide and water vapour. The total pressure

of these gases must equal atmospheric pressure

(101 kPa):

P AN2
+ P AO2

+ P AC O2
+ P AH2O = 101kPa. (1.2)
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Figure 1.9 Factors that determine the capacity to transfer
oxygen from alveolar gas to capillary blood. Oxygen diffusion
(blue arrow) proceeds from alveolar gas (shown on the left) to
capillary blood (shown on the right) across the intervening
barrier of the alveolar epithelium and capillary endothelium,
with capillary blood shown flowing away from the observer
(red arrow). The capacity to transfer oxygen to red blood cells
depends on the surface area for diffusion, and the ratio
between the speed of diffusion and the length of time that the
red cells spend in contact with the alveolus (referred to as the
‘contact time’).

The speed of diffusion is determined by the (1) initial partial
pressure gradient of oxygen between alveolar gas and
capillary blood; (2) the thickness of the barrier constituted by
the alveolar epithelium, capillary endothelium and any other
intervening tissue; and (3) the solubility of oxygen in this
barrier.

The contact time is inversely proportional to the cardiac output
and at rest is normally 0.75 seconds. Breathing air at sea level,
red cells passing the alveolus are normally fully saturated after
only 0.25 seconds, leaving a ‘reserve’ of 0.5 seconds. Diffusion
limitation to oxygen transfer is therefore only seen with
conditions that reduce the speed of diffusion (low alveolar
partial pressure of oxygen or increased barrier thickness),
reduce the contact time, or both. In trained athletes at
maximum exertion the contact time falls to just over 0.25
seconds.
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chapter 1: physiology of ventilation and gas exchange

The saturated vapour pressure of water at body

temperature is 6.3 kPa, leaving 94.7 kPa of pressure

for nitrogen, oxygen and carbon dioxide. Because

nitrogen is not exchanged in the alveoli, it continues

to occupy 79% of the remaining gas mixture, and

so has an alveolar partial pressure of 74.8 kPa. This

leaves the remaining19.9kPa foroxygenandcarbon

dioxide:

P AO2
+ P AC O2

= 94.7 − 74.8 = 19.9 kPa. (1.3)

Alveolar carbon dioxide diffuses from mixed

venousblood into the alveolusuntil thepartial pres-

sures in the two compartments are the same. The

partial pressure of carbon dioxide in arterial blood,

about 4.5 kPa, therefore serves as a good estimate

of the partial pressure of alveolar carbon dioxide.

However, because the metabolism of fats produces

less carbon dioxide than the metabolism of carbo-

hydrate per unit volume of oxygen consumed, the

alveolar partial pressure of carbon dioxide must be

corrected for the respiratory quotient (RQ) when

substituted into Equation 1.3:

P AO2
+ P AC O2

RQ
= 19.9 kPa

⇒ P AO2
+ 4.5

0.8
= 19.9 kPa

⇒ P AO2
= 19.9 − 5.625 = 14.275 kPa

In general, therefore, the partial pressure of alveolar

oxygen is given by the equation:

PAO2
= [

FIO2
×(Pb − 6.3)

] − PaCO2

0.8
. (1.4)

When FiO2 is the fractional concentration of oxy-

gen in the inspired air, Pb is the barometric (atmo-

spheric) pressure, and PaCO2 is the arterial partial

pressure of carbon dioxide, all measured in kPa.

Oxygen partial pressure in mixed venous blood

is roughly 5.3 kPa and, as calculated above, in

alveolar gas is about 14.3 kPa. A diffusion gradi-

ent of about 8 kPa thus drives oxygen across the

alveolar surface and into the blood under normal

conditions.

The thickness of the diffusion barrier between

the alveolus and the capillary is largely determined

by the combined thickness of the alveolar epithe-

lium and capillary endothelium, which is usually

less than 0.3 µm. Increases in barrier thickness can

be caused by the accumulation of fluid in the space

between these two layers of cells, or by the accumu-

lationof othermaterial such as collagen (lung fibro-

sis) or malignant cells (carcinomatosis). Increased

barrier thickness can also be caused by the accu-

mulation of material on the alveolar surface itself,

including fluid (pulmonary oedema), blood, pus or

protein.

As the blood transits the capillary, it absorbs

increasing amounts of oxygen, and the gradient-

driving diffusion falls. However, haemoglobin’s

affinity for oxygen has unique characteristics

(Figure 1.10), and blood oxygen tension nearly

matches alveolar by the time that only a third

of the capillary has been transited, which occurs

in about 0.25 seconds at rest. The alveolar con-

tact time is inversely proportional to cardiac out-

put, and in trained athletes can fall to as lit-

tle as 0.25 seconds, the time normally required

for full saturation. Under these conditions, small

decreases in the speed of diffusion, such as by exer-

cising at altitude, can result in significant arterial

desaturation.

Even when all the blood leaving the alveoli has

an oxygen partial pressure that is the same as the

alveolar partial pressure, the partial pressure of

oxygen in arterial blood leaving the left ventricle is

slightly lower because of the presence of an anatom-

ical shunt. This shunt is caused by the dilution of

arterialized blood that has come from the alveoli by

true venous blood that drains into the pulmonary

veins from the bronchial circulation (supplying the

airways rather than alveoli) or from the left ven-

tricular endocardium via the tiny thebesian veins.

Such effects are normally only minor, causing a fall

in anticipated arterial partial pressure of oxygen of

just 0.5 to 0.8 kPa.

11
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Figure 1.10 Intermolecular co-operation and the oxy-haemoglobin dissociation curve. A haemoglobin molecule consists of four
chains, each with one binding site for molecular oxygen (O2). When a molecule of oxygen occupies its binding site on any one of
the chains, it provokes a change in the shape of that chain which increases the affinity of its neighbouring chain for oxygen (shown
here in amber), making it easier for that chain to bind oxygen. This intermolecular co-operation accounts for the non-linear
relationship between haemoglobin oxygen saturation and oxygen partial pressure, often referred to as the ‘oxy-haemoglobin
dissociation curve’ (shown on the right). Haemoglobin’s affinity for oxygen can be either increased (blue interrupted line) or
decreased (pink interrupted line) by other factors, effects which are often referred to as ‘left-shift’ or ‘right-shift’, respectively.
Increased temperature and acidosis decrease haemoglobin’s affinity for oxygen (right-shift), while decreased temperature and
alkalosis do the reverse. Fetal variants of haemoglobin bind oxygen with greater affinity than do adult variants, making it possible
for oxygen to be transferred from maternal to fetal haemoglobin in the placenta.

Causes of low arterial partial pressure
of oxygen
As described previously, the arterial partial pressure

of oxygen is derived from the mixture in the left

side of the heart of blood having a range of partial

pressures of oxygen, depending on its source. Blood

leaving normally ventilated alveoli with optimal oxy-

gen transfer will have a partial pressure of oxygen

that is determined by the alveolar partial pressure of

oxygen, as shown in Equation (1.4) above. This tells

us that under these conditions, the principal vari-

ables involved in determining PO2 are (1) the frac-

tional concentration of oxygen in the inspired gas

(FiO2), (2) the barometric pressure of the inspired

gas and (3) the alveolar partial pressure of carbon

dioxide.
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Figure 1.11 A fall in barometric pressure with increasing altitude.

The barometric (atmospheric) pressure falls non-linearly with increasing altitude. The highest permanent human habitation is
believed to be La Rinconada, Peru, at 16 700 feet (5100 metres).

FiO2. Low fractional concentration of inspired

oxygen is not usually a problem in patients receiv-

ing mechanical ventilation, though it did cause the

death of a child in the UK as recently as 2001 when

theywere ventilatedwithahypoxic gasmixture from

an old anaesthetic machine. Modern anaesthetic

machines and intensive care ventilators aredesigned

to be incapable of delivering hypoxic gas mixtures,

though old machines which can do so remain in

use in many countries.

Barometric pressure. Low barometric pressure is

never a problem in Europe except during aerial

transport (see Chapter 16), but in other parts of the

world this may be a significant factor (Figure 1.11).

13



chapter 1: physiology of ventilation and gas exchange

Hypoventilation. If oxygen consumption inperiph-

eral tissues remains constant, so toomust the quan-

tity of oxygen extracted from the alveolus. In pro-

foundhypoventilation, the amount of oxygen being

delivered to the alveolus will fall, as will the ratio

of delivery to extraction. As a result, alveolar (and

thus arterial) partial pressure of oxygen will fall.

This phenomenon will be compounded by a rise

in alveolar carbon dioxide tension due to failure

of clearance, which will cause a further fall in

alveolar PO2 .

Diffusion limitation. The three factors above have

all assumed optimal oxygen transfer between alveo-

lar gas and capillary blood, but as discussed above,

this assumes a normal ratio between the speed of

diffusion and the alveolar contact time. A reduction

of contact time (with an increase in cardiac output)

or reduction in the speed of diffusion caused by an

increased diffusion distance can also cause a low

arterial partial pressure of oxygen.

Besides the normal ‘anatomical’shunts that con-

tribute venous blood to the arterial pool described

above, two other sources of shunt can contribute

to arterial hypoxaemia: pathological and alveolar

shunts.

Pathological shunts. These are caused by abnor-

mal connections between the right and left sides

of the heart, allowing venous blood to join arterial

blood in the left ventricle without passing through

the lungs. When arising during fetal development,

these shunts are usually situated within the heart

itself and are caused by failure in the development

of midline structures such as the septa between the

atria or ventricles.

Similar defects can occasionally arise in adult-

hood following infarction of the septal tissue or as

a consequence of cardiac trauma. Even less com-

monly, a right-to-left shunt can arise in adult-

hood when either surgery or pulmonary disease

allows blood to pass through a patent foramen

ovale. Congenital intra-pulmonary shunts are rare

and are usually associated with massive intra-

pulmonary arterio-venous malformations. Intra-

pulmonary shunts acquired in adulthood are also

very uncommon, but can occur in patients with

severe liver disease.

Alveolar shunts. So far, the discussion has assumed

that blood draining from the alveoli has come from

alveoli with completely normal ventilation and per-

fusion, and is therefore optimally oxygenated. In

reality, both alveolar ventilation and perfusion can

range from normal to none (Figure 1.12). Thus at

one end of the spectrum there are alveoli with nor-

mal ventilation but no perfusion (so-called ‘dead

space’), and at the other end there are alveoli with

normal perfusion but no ventilation (a so-called

‘true shunt’). With respect to oxygenation, it is the

perfused units with markedly reduced or absent venti-

lation which are important, as these act as ‘shunts’

throughwhich blood can travel from systemic veins

to systemic arteries without becoming oxygenated.

The impact of a shunt on arterial haemoglobin oxy-

gen saturation is directly proportional to the size of

the shunt in terms of blood flow. So, for example, if

80% of pulmonary venous blood comes from ven-

tilated alveoli with an SaO2 of 98% and 20% comes

from non-ventilated alveoli with an SaO2 of 75%,

the resulting SaO2 is calculated as

(0.8 × 98) + (0.2 × 75) = 93.4%. (1.5)

This calculation allows the size of the shunt to

be estimated (Box 1.2). It is also worth noting that

because the blood coming from ventilated alveoli

has almost the same PO2 as alveolar gas, there is

almost no capacity for these alveoli to absorb addi-

tional oxygen in order to compensate for blood

coming from alveoli that are poorly ventilated (low

V̇
/
Q̇) or not ventilated at all (a true shunt). In con-

trast, venous blood only loses 10 to 15% of its car-

bon dioxide content in passing through ventilated

alveoli. In this case, failure to clear carbon dioxide

from blood passing through unventilated alveoli is

easily compensatedby an increase in carbondioxide

elimination from blood passing through ventilated

14
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Figure 1.12 Spectrum of alveolar ventilation (V̇) to alveolar perfusion (Q̇).

The graph on the left represents the possible relationship between ventilation on the y-axis and perfusion on the x-axis for
pulmonary alveoli and for convenience identifies five colour-coded zones. These range from alveoli with normal perfusion but little
or no perfusion (blue), through those with normal perfusion and normal perfusion (blue-green), to those with little or no perfusion
but normal ventilation (green). Using the same colour-code, the distribution of these V/Q ratios is shown on the right for a subject
with normal lungs (bottom), a patient with a small pulmonary embolus (middle) and a patient with severe hypoxaemic respiratory
failure (top).

alveoli. This explains why patients with acute lung

disorders develop arterial hypoxaemia long before

developing hypercarbia, if indeed they ever do.

Even in healthy lungs without alveoli that are

either unventilated or unperfused, there is a nat-

ural variation in ventilation and perfusion due to

the effects of gravity.

Ventilation inequality. Prior to the onset of inspi-

ration, alveoli will have varying end-expiratory vol-

umesdependingon the local trans-pulmonarypres-

sure. Because of the weight of the lung parenchyma

and the blood contained within it, the pleural pres-

sure becomes progressively less negative in a verti-

cal gradient from top to bottom.7 Consequently the

7 This applies whatever the position of the subject – erect,
supine, prone or lying on one side.

trans-pulmonary pressure, which is the difference

between alveolar and pleural pressure, also declines

in a vertical gradient from top to bottom. Alveoli in

the lowest part of the lung will therefore have the

smallest end-expiratory volume,while alveoli in the

highest part of the lung will have the largest end-

expiratory volume. The relationshipwe see between

pressure and volume for thewhole lung also applies

to each alveolus. This means that at the start of

inspiration there is a vertical compliance gradient,

with themost compliant alveoli above and the least

compliant below, which means that for a small

change in pleural pressure the alveoli above will

increase in volume themost, while those at the bot-

tom will increase the least. In the middle of inspi-

ration, with each alveolus having moved up its own

volume/pressure curve, the alveoli at the top of the

15
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Box 1.2 How to estimate total shunt

Total shunt assumes that arterial blood is composed

of a mixture of blood from only two sources, blood

from ‘perfect’ alveoli and shunted blood never

exposed to alveolar oxygen. If CaO2 is the oxygen

content of arterial blood, Cv̄O2 is the oxygen

content of mixed venous blood and Cc′O2 is the

oxygen content in end-capillary blood from ‘perfect’

alveoli, which can be estimated from Equation 1.4

and the oxy-haemoglobin dissociation curve

(Figure 6.1), then

CaO2 = x
(
Cc′

O2

) + y (Cv̄O2 )

where x + y = 1.

This equation can be re-arranged and solved for x:

x = Cc′
O2

− CaO2

Cc′
O2

− Cv̄O2

(1.6)

With a patient breathing 40% oxygen at sea level, a

PaO2 of 8 kPa, SaO2 of 90.6%, PaCO2 of 6.4 kPa,

mixed venous PO2 of 5.2 kPa and mixed venous SO2

of 73.6%, we calculate the shunt as follows.

First, we calculate the alveolar partial pressure of

oxygen from Equation 1.4:

P AO2 = [F IO2 × (Pb − 6.3)] − P aCO2

0.8

P AO2 = [0.4 × (101.325 − 6.3)] − 6.4

0.8
= 30.

From the oxy-haemoglobin dissociation curve, the

estimated saturation of this blood would be 99.9%,

and therefore the oxygen content (Equation 6.5)

would be

Cc′
O2

= (15 × 1.34 × 0.999)

+ (0.0225 × 30) = 20.75.

Then we substitute this value, and the other

calculated values, into Equation 1.6:

y = 20.75 − 18.39

20.75 − 14.91
= 0.404

This, based on the assumptions outlined above,

puts the shunt in this case at 40.4%.

lung are now less compliant, while the alve-

oli below are more compliant. Consequently, in

this phase of inspiration the same small change

in pleural pressure now causes a much smaller

increase in alveolar volume in alveoli above and

a much larger increase in alveolar volume in alve-

oli below. Finally, at the end of inspiration, the

very lowest alveoli start to become more com-

pliant and undergo the largest volume change

(Figure 1.13).

Perfusion. Blood flow also varies in different

regions of the lung. In the upper regions (zone 1),8

alveolar pressure exceeds arterial pressure and units

receive no perfusion (Figure 1.14). In the mid-

lung (zone 2), arterial pressure exceeds alveolar,

and both are greater than venous pressure. Flow

will thus depend on the degree of compression

of the pulmonary capillaries by alveolar pressure.

The greater the arterial pressure, the wider open

the vessels are held, and flow increases. In the

lowest parts of the lung (zone 3), both venous

and arterial pressure exceed alveolar pressure. The

vessel between artery and vein will thus be held

wide open, and flow will relate to the A-V pressure

difference.

Meanwhile, a number of factors can also cause

variation in perfusion. On a macroscopic scale,

blood flow turns out to be relatively homogeneous

throughout the lung, but will always tend to be

greater per unit lung volume in the more depen-

dent part of the lung. This, of course, tends to lead to

better ventilation–perfusionmatching during spon-

taneous ventilation as dependent areas also tend to

be better ventilated. On a smaller scale, microvascu-

lar or macrovascular thrombotic occlusion of ves-

sels, or vasoconstriction as a response to regional

hypoxiaor to endothelial dysfunction,mayall cause

regional falls in blood flow.

8 These are sometimes referred to as West’s zones after Professor
John West of the University of California, San Diego, who first
described them.
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Figure 1.13 Vertical ventilation inequality.

A: Prior to the onset of inspiration, alveoli in different parts of the lung are on different parts of the volume/pressure curve because
of the vertical gradient of trans-pulmonary pressure. Alveoli in the highest part of the lung (red), exposed to the largest
trans-pulmonary pressure, have the biggest resting volume, with alveoli below (yellow and green) having progressively smaller
volumes. At the beginning of inspiration, and following a modest increase in trans-pulmonary pressure, which is the same for all
alveoli, the alveoli undergo a volume change that is determined by their position on the volume/pressure curve. Poorly compliant
alveoli at the bottom (green) and middle (yellow) of the lung undergo small or moderate increases in volume, while alveoli near
the top (red) undergo a significant increase in volume.

B: As inspiration progresses, the compliance of alveoli near the top of the lungs starts to fall, while the compliance of alveoli below
starts to increase. Now with a uniform increase in trans-pulmonary pressure, alveoli near the top increase by only a small amount,
while alveoli in the middle undergo a much larger increase in volume.

C: Towards the end of inspiration, the compliance of the lowest alveoli now starts to increase while the compliance of alveoli near
the top continues to decrease. Now the largest volume changes are in the middle and lower parts of the lung, with only very
modest increases in lung volume at the top.

Together, regional differences in the ventilation

and perfusion of lung units will lead to some varia-

tion in V̇
/
Q̇ across these units, with values being

higher towards the apex, and lower towards the

bases. However, the fact that nearly all perfused

lung units are also ventilated means that there is

no significant alveolar shunt, and arterial oxygen

tension, when allowing for anatomical shunt, is

close to that predicted of a ‘perfect lung’. While

V̇
/
Q̇ matching may prove near ideal and homoge-

neous across lung units in health, this is not the

case in disease. Here, vascular occlusion, vasocon-

striction, endothelial dysfunction and vessel com-

pression by greatly expanded alveolar units may

all cause marked inhomogeneity in V̇
/
Q̇ matching.

This may cause marked hypoxaemia. Strategies for

improving oxygenation are discussed in Chapter 3.

Carbon dioxide clearance
Like oxygen, carbon dioxide, which is continually

produced in the tissues and in the lungs, diffuses

down a partial pressure gradient but in the opposite

direction, from pulmonary arterial blood to alveo-

lar gas. As with oxygen, the blood leaving the alve-

olus will have the same partial pressure of carbon

dioxide as the alveolar gas. In the absence of alve-

olar ventilation, carbon dioxide accumulates in the

blood, with a concentration rising by the rate of

production divided by the volume of distribution.

To prevent the accumulation of carbon dioxide and

maintain a steady arterial concentration, alveolar

clearance of carbon dioxide must match systemic

production. So, for example, if the body is produc-

ing 200mL.min−1 of carbon dioxide, alveolar venti-

lation must also eliminate 200 mL.min−1of carbon
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Box 1.3 Calculation of total dead
space

As dead space, by definition, does not contribute to

the elimination of carbon dioxide, its volume in

proportion to the tidal volume can be calculated

because we know that

CO2 eliminated in alveolar gas

= CO2 eliminated in mixed expired gas.

In other words

P ACO2 × V̇ A = PĒCO2 × V̇ T

which can be rearranged as follows:

P ACO2 × V̇ A = PĒCO2 × V̇ T

P ACO2

PĒCO2

= V̇ T

V̇ A
,

but

V̇ T = V̇ A + V̇ D

so

V̇ D

V̇ T
= P ACO2 − PĒCO2

P ACO2

.

However, because we can assume that the arterial

partial pressure of carbon dioxide is a reasonable

approximation to the alveolar partial pressure of

carbon dioxide, this becomes

V̇ D

V̇ T
= P aCO2 − PĒCO2

P aCO2

. (1.7)

dioxide, and the volume of alveolar gas used to do

this determines the alveolar concentration of car-

bon dioxide as well as the arterial partial pressure

of carbon dioxide (Figure 1.15):

CO2 Production(mL/min)
Alveolar ventilation(mL/min)

×101.325 = P AO2
≈ PaO2 . (1.8)

However, not all of the inspired gas contributes

Capillary in-flow Capillary out-flow
Alveolus

Capillary in-flow Capillary out-flow
Alveolus

Capillary in-flow Capillary out-flow
Alveolus

A

B

C

Figure 1.14 West’s zones.

A: Zone 1. Vertically, at the top of the lung, end-inspiratory
alveolar pressure exceeds both pulmonary arteriolar pressure
(capillary in-flow) and pulmonary venular (capillary out-flow)
pressures, and trans-capillary blood flow only occurs during
end-expiration and early inspiration.

B: Zone 2. In the middle of the lung, pulmonary arteriolar
pressure (capillary in-flow) is greater than end-inspiratory
alveolar pressure which is, in turn, greater than pulmonary
venular (capillary out-flow) pressure. Here trans-capillary blood
flow ceases near end-inspiration and resumes during early
expiration.

C: Zone 3. In the lung base, both pulmonary arteriolar pressure
(capillary in-flow) and pulmonary venular (capillary out-flow)
pressure are greater than end-inspiratory alveolar pressure and
therefore trans-capillary blood flow occurs throughout the
respiratory cycle.

to the alveolar ventilation. Some of the inspired gas

may ventilate alveoli that have no perfusion (that

is, physiological dead space), some will occupy

parts of the respiratory tract that do not

18



chapter 1: physiology of ventilation and gas exchange

0

5

10

15

20

25

-0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10 000A
lv

eo
la

r p
ar

ti
al

 p
re

ss
u

re
 o

f c
ar

b
o

n
 d

io
xi

d
e 

(k
Pa

)

Alveolar ventilation (mL. minute−1)

Figure 1.15 Alveolar ventilation and resulting alveolar partial pressure of carbon dioxide. The plot shows alveolar ventilation in
mL.min−1 (x-axis) and the resulting alveolar partial pressure of carbon dioxide in kPa (y-axis) in someone producing 200 mL.min−1

of carbon dioxide, with the normal range of alveolar partial pressure of carbon dioxide shaded in green (4.5 to 6 kPa).

participate in gas exchange9 (anatomical dead

space), and, in patients receiving respiratory sup-

port, some will occupy the airway interface (equip-

ment dead space). Because only the alveolar vol-

ume (Va) contributes to carbon dioxide clearance,

the tidal volume (Vt) required will be determined

by the size of the total dead space (Vd):

V T = V A + V DA + VDanat + VDeqpt (1.9)

but

V DA + V Danat + V Deqpt = V D;

therefore

V T = V A + V D. (1.10)

9 That is, the nose, mouth, pharynx, trachea, bronchi and all
the bronchial divisions down to the bronchioles.

Equation 1.10 applies to each breath, but expressed

as a rate, both sides of the equation must be multi-

plied by the respiratory rate:

f V T = f V A + f V D, (1.11)

subtracting f VD from both sides of the equation:

f V T − f V D = f V A (1.12)

but

f V A = V̇A

therefore

f V T − f V D = V̇ A (1.13)

f (V T − V D) = V̇ A. (1.14)

A number of important observations can be

made from these results. First, from Equation 1.8
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we can see that the greater the systemic production

of carbon dioxide, the greater the alveolar ventila-

tion required to maintain a constant arterial partial

pressure of carbon dioxide. Second, from Equation

1.13we can see that the greater the dead space (VD),

the greater must be either the tidal volume (VT)

or the respiratory rate (f) so that constant alveolar

minute ventilation will be maintained. The ratio of

dead space to minute ventilation can be estimated

from the PaCO2 and the partial pressure of carbon

dioxide in end-expiratory gas (see Box 1.3). Strate-

gies for improving carbon dioxide elimination are

discussed in Chapter 4.

SUMMARY
1. The airways must humidify inspired gases and

remove particulate pollution.

2. The lungs have a dual role in clearing carbon

dioxide and providing oxygen.

3. Lung compliance represents the ‘distensibility’

of the lung and alters in disease.

4. Compliance may also differ between lung

units.

5. Homogeneous and matching ventilation and

perfusion of all lung units would offer perfect

gas exchange.

6. There is a heterogeneity of ventilation/perfusion

matching in normal lungs, and this may worsen

in disease.

7. Poor V̇/Q̇ matching causes hypoxaemia and

may also increase the minute ventilation

required for carbon dioxide clearance.
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