
Pulmonary Lecture 5: 

Learning objectives 

 

At the end of the lecture, you should be able to: 
- Explain Fick’s and Graham’s law 
- Describe diffusion and perfusion limited gas transfer 
- Describe oxygen uptake along the pulmonary capillary 
- Explain the properties of the pulmonary circulation 
- Define pulmonary vascular resistance (PVR) 
- Describe how pulmonary perfusion / PVR is regulated 
- Explain the distribution of pulmonary blood flow and the different perfusion zones 
- Describe factors that influence lung fluid balance 
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Transfer of gas follows basic gas diffusion laws. 
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Uptake of nitrous oxide (N2O), CO, and O2 in blood relative to their partial pressures and the 
transit time of the red blood cell in the capillary. 

 
For gases that are perfusion limited 
(N2O and O2), their partial pressures 
have equilibrated with alveolar 
pressure before exiting the capillary. 

 
In contrast, the partial pressure of CO, 
a gas that is diffusion limited, does not 
reach equilibrium with alveolar 
pressure. 

 
O2 and CO2: normal transfer is 
perfusion limited. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Oxygen uptake along the pulmonary capillary 
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At low alveolar PO2, such as in high altitude, however, severe exercise can lead to diffusion 
impairment of oxygen transfer in healthy individuals. 

 

Pulmonary perfusion 
 

Schematic representation of the 
phasic and mean pressures 
within the systemic and 
pulmonary circulations in a 
normal, resting human adult lying 
supine. The numbers are 
millimeters of mercury (mmHg) 
for easy comparison. The driving 
pressure in the systemic circuit is 
Pa - Pra = 90 - 3 = 87 mm Hg, 
whereas the driving pressure in 
the pulmonary circuit is Ppa - Pla 
= 14 - 8 = 6 mmHg. Cardiac 
output must be the same in both 
circuits in the steady state 
because they are in series. The 
resistance to flow through the 
lungs is less than 10% that of the 
rest of the body. 

 
Pulmonary arteries: 

- the only arteries that carry 
deoxygenated blood. 

- Thin wall. Minimal smooth 
muscle 

- 7 x more compliant than 
systemic arteries 

- easily distensible 
- low pressure circulation 
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Pressures around pulmonary vessels: 
 

- During inspiration from FRC to TLC, extra-alveolar blood vessels are pulled open by 
radial forces of surrounding parenchyma. 

- Alveolar vessels are exposed to alveolar pressure and are compressed if this increases. 

FRC: Functional residual capacity. TLC: Total lung capacity. 
 
 

Factors influencing lung perfusion: 
 

- Pulmonary vascular resistance (PVR) 
- Gravity 
- Alveolar pressure 
- Arterial-venous pressure gradient 

 

PPA= Pressure in pulmonary artery 
 

 

The lung responds to an increase in vascular 
pressure with a decrease in pulmonary 
vascular resistance (PVR). 

 
This behavior can be explained by recruitment of 
alveolar capillaries that are closed or not 
perfused under normal conditions and by 
distension of perfused capillaries (recruitment 
and distension). 

 
PLA= Pressure in left 
atrium 
Q = Blood flow / cardiac 
output 
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PVR changes with changes in lung volume. 
 

Schematic representation of the effects of changes in vital capacity (lung volume) on total 
pulmonary vascular resistance and the contributions by alveolar and extra-alveolar vessels. 

 
During inflation from residual volume (RV) to total lung capacity (TLC), resistance to blood flow 
through alveolar vessels increases, whereas resistance through extra-alveolar vessels 
decreases. Thus, changes in total pulmonary vascular resistance form a U-shaped curve during 
lung inflation, with the nadir at FRC. 

 

 

Distribution of pulmonary blood flow 
 

Like the distribution of inspired air into the vertical lung is not uniform, so is the distribution of 
pulmonary blood flow to the lung non-uniform. 
Theoretically, three zones are distinguished according to blood flow with the highest flow being 
in the base (zone 3) and the lowest flow being in the apex (zone 1). 

 
There are two reasons for blood flow to be much higher in the lung base than apex. First, there 
is more lung tissue (more capillaries) at the base than apex due to the triangular shape of the 
vertical lung. Second, since blood is much more massive than air, gravity pulls blood into the 
base of the lung more easily. 

 
Blood Flow Zones of the Vertical Lung 
For blood to flow through the lung, the right ventricle must supply sufficient pressure to overcome 
pulmonary vascular resistance as well as gravitational forces to push blood “up hill.” There are 
three flow zones (1-3). 
The upper boundary between zones 1 and 2 is demarcated by the pressure in the pulmonary 
artery (Pa). 
The lower boundary between zones 2 and 3 is demarcated by the pressure in the pulmonary 
vein (PV). 
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Zone 1 is defined as the “no-flow zone” in the apex of the lung. 
No blood can reach this region because the right ventricle is not that strong. Another way of 
stating this that both pulmonary arterial and pulmonary venous pressures are subatmospheric. 
This is a pathological situation, of course, due to a low right ventricular cardiac output and 
hypotension in the pulmonary circuit. The normal lung has no zone 1 blood flow because the 
pulmonary arterial pressure pushed the boundary between zone 2 and zone 1 several 
centimeters above the shoulders. However, zone 1 may exist at very low blood pressures, such 
as shock. 

 
Zone 2 is defined as the “waterfall zone” in the middle/top of the lung. 
Blood can flow through this region because pulmonary arterial pressure exceeds atmospheric 
pressure, but the blood “falls down” through the capillaries since the pulmonary venous pressure 
is subatmospheric. The flow in this zone functions like a Starling resistor where the alveolar 
pressure controls the flow, not the pressure gradient between the pulmonary artery and vein. 
For this reason it is also known as a “compressive flow” since the alveolar pressure in this zone 
compresses the vessels and increases their vascular resistance. 

 
Zone 3 is defined as the “normal zone” or “continuous flow” at the base of the lung. 
Here, both pulmonary arterial and venous pressure are above atmospheric pressure and 
alveolar pressure has no effect on the vascular resistance. 

 
 

Control of pulmonary perfusion: 
 

- Hypoxic vasoconstriction 
o Determined by PO2 in alveolar gas, but not by arterial PO2 
o Shifts blood from hypoxic areas to well-perfused areas 

- Local vasoconstrictors/vasodilators 
o Effects are usually short lived and important only in pathological conditions 
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Lung Fluid Balance 
 

Water balance inside and outside the lung depends upon Starling forces (hydrostatic and oncotic 
pressures) on either side of the capillary. Plasma water is filtered from pulmonary capillaries into 
alveolar walls and is eventually picked up by lymphatic, but excessive filtration leads to 
engorgement of the alveolar walls and even 
alveolar flooding (internal drowning). Plasma 
water is filtered from systemic capillaries into 
the pleural space and is eventually picked up 
by lymphatic vessels, but excessive filtration 
leads to engorgement of the pleural space 
resulting in pleural effusions at the expense of 
loss of lung volume (decreased FRC). 

 
Factors influencing lung fluid balance. 
Starling's equation summarizes the balance of 
forces favoring fluid flux into or out of the 
pulmonary vessels. Normally there is a net flux 
of fluid out of the vessels into the interstitium, 
which is drained from the interstitial space by 
the lymphatic system. 

 
If drainage rates are exceeded, insterstitial 
and alveolar lung edema develop. 
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Key concepts 
- Gas diffusion follows basic gas laws. Diffusion is proportional to the 

surface area and the pressure gradient, and inversely proportional to 
the thickness of the sheet. 

 
- Oxygen and carbon dioxide transfer is normally perfusion limited, but 

diffusion limitation for oxygen may occur under extreme conditions 
(alveolar hypoxia and exercise) and with thickening of the blood-gas 
barrier. 

 
- Diffusion limitation for oxygen and carbon dioxide would occur if the 

erythrocyte spends less than 0.25 s in the capillary bed. 
 

- Pressures in the pulmonary circulation are much lower than in the 
systemic circulation; capillaries are exposed to alveolar pressure. 

 
- Pulmonary vascular resistance (PVR) is low and falls even more when 

cardiac output increases (recruitment and distension). PVR increases at 
very low and high lung volumes. 

 
- Blood flow is unevenly distributed in the upright lung, with higher flow 

at the base than at the apex (gravity). If capillary pressure is less than 
alveolar pressure at the top, capillaries collapse and blood flow stops 
(zone 1). 

 
- Hypoxic pulmonary vasoconstriction shifts blood from poorly ventilated 

areas to well ventilated areas and is important at birth. 
 

- Fluid movement across the capillary is governed by Starling forces; if 
drainage rate exceeds maximal lymphatic flow, edema develops. 
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