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Pulmonary 3:  

 

Learning objectives 
 

At the end of the lecture, you should be able to: 
- Describe lung compliance and how surfactant contributes 
- Describe pattern of gas flow through the airways 
- Explain airway resistance and factors affecting it 
- Explain how air flow measurements can be used as pulmonary function tests 
- Explain the concept of flow limitation / dynamic airway compression 
- Describe the components of respiratory work 
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Air flow can be describe by the 
 
 
Hagen- 

 

Dynamic properties of the lung / airflow in the airways 
 

Air flow at a given pressure gradient is determined by 
1. pattern of gas flow 
2. resistance to air flow by airways 

 
 

Pattern of gas flow 
 

 
Laminar flow can be described by the Hagen – Poiseuille equation: 

 

∆P = pressure gradient 
r = airway radius 
𝜂𝜂 = gas viscosity 
l = length of the airway 

 
 

Whether air flow becomes turbulent depends on the Reynolds number Re): 
 

Re = 2𝑟𝑟𝑣𝑣𝑑𝑑 
 

 

𝜂𝜂 

d = gas density 
v = average velocity 

 

Re > 2000, turbulences are likely to occur. 
 
 

Airway Resistance (R): 
 

𝑅𝑅 = ∆𝑃𝑃 
𝑉𝑉 

8𝜂𝜂𝑙𝑙 
 

 

𝜋𝜋𝑟𝑟4 

- Resistance is directly proportional to the airway length and gas viscosity. 

= 
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- Resistance is inversely proportional to airway radius to the fourth power. 
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Airflow down the airways: 
 

Air is inhaled at a rate of 
about 1L/s. In the trachea 
and the early airway 
generations (about 1-5), 
average velocity is very high 
and the diameter is large (Re 
> 2000); airflow is turbulent. 

 
Airflow becomes laminar in 
the higher airway 
generations and slows 
continuously until the 
respiratory bronchioles are 
reached. Here, gas transport 
occurs only via diffusion. 

 
 
 
 

Airway resistance 
 

In general, airway 
resistance is proportional to 
1/radius4 - the smaller the 
airway, the larger the 
resistance. However, as 
airways get smaller they 
also multiply in number by 
bifurcation as the 
generations get larger in 
number. This means that 
the resistance at any one 
generation of the airway 
system is really a parallel 
resistance: 
1/Rairway  = 1/(R1 + R2 + R3 
+ R4 + R5 + R6 + R7 + R8). 

 
The highest resistance is 
found at generation 4 within 
the medium sized bronchi 
of short length and frequent 
branching. Here the 
inspiratory airflow is highly 
non-laminar and turbulent 
which translates into higher 
than expected generational 
resistance. 
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Measurable resistances are found in the conducting zone (e.g. Generations 1 to 15-16). In the 
respiratory zone where the alveoli reside, the resistance is very low. In fact, it is possible to 
describe three types of inspiratory airflow profiles as air flows into the lung. The first flow type is 
turbulent (generations 0-9, the second flow type is laminar (generations 10-16), and the third 
flow type is diffusive (generations (17-23). Because oxygen and carbon dioxide move by 
diffusion in the respiratory zone, O2 diffuses continuously into and CO2 diffuses continuously out 
of the alveolocapillary blood independent of the timing of the respiratory cycle (e.g. inspiration 
vs. expiration vs. pause). 
The total airway resistance depends upon the summed resistances of each generation as well 
as the resistance of the nasal air passage ways. 
As the resistance in the upper airways is 50% of the total airway resistance, Rtot can be estimated 
to be 1.6 cm H2O/L/sec at FRC. This resistance comes from summing serial resistances in 
generations 1-16 (figure above) which comes to 0.8 cm H2O/L/sec and then doubling this number 
to account for the resistance of the upper airways. 

 
Factors influencing airway resistance 

 
Airway resistance (or airway conductance) is a function of lung volume. At low lung volumes 
when the entire lung and airways are shrunken down and much smaller, the total airway 
resistance is high (or airway conductance is low). At high lung volumes when the entire lung and 
airways are stretched out and much larger, the total airway resistance is low (or airway 
conductance is high). 
The explanation for the dependency of airway resistance on lung volume is linked to the principle 
of airway tethering (think of anchored stay lines which hold up a tent). In this case, negative 
intrapleural pressure is 
expressed only on the 
external surfaces of each 
lung lobe. The more 
negative the intrapleural 
pressure, the more the 
surface lung structures 
are stretched. But each 
lung unit (small airways to 
alveoli) and all connected 
(tethered) together 
through the lung 
parenchyma. That is, one 
outer alveolus pulls on its 
deeper neighbor who 
pulls on its deep neighbor, 
etc. 
One important 
consequence of this setup 
is that during inhalation 
from FRC to VT above 
FRC, the AWR decreases 
making it easier to inhale 
as the breath progresses. 
While sympathetic 
activation also leads to bronchodilation (= resistance decreases), vagal stimulation, smooth 
muscle contraction and mucus or edema increase airway resistance. 
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Measuring air flow – pulmonary function tests (PFT) 
 

Clinically it is important to test the mechanical properties of the pulmonary system, which can 
be performed by spirometry. 

 
 

 

Volume-Time Diagram showing FVC, 
FEV1/FVC 
and FEF25-25 

 
FVC = 
Forced vital capacity 

 
FEV1 = 
Forced expiratory volume in 1 s 

 
Ratio FEV1/FVC 
Normal: > 75% 

 
FEF (forced expiratory flow) 25-75 = 
Average midmaximal 
expiratory flow 

 
 

FEV1 is a measure of airway resistance. The 
smaller the FEV1 the higher the resistance to expiratory airflow (e.g. asthma), trapping the air 
within the lungs. 

 
The most important PFT measurement is the FEV1 / FVC ratio. This ratio normalizes the 
expired volume in the first second to the total volume exhaled in the test. Clinically, FEV1 / 
FVC ratios greater than 75% are considered normal. FEV1 / FVC ratios less than 75% are 
considered obstructive. 
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Flow-Volume Loop 
 

With a computer it is 
possible to continuously 
measure the flow rate and 
volume. The subject slowly 
inhales up to TLC and holds 
his breath. With the nose 
clipped (to avoid loss of air 
through the nasal air 
passages) the subject then 
forcefully exhales through a 
flow/volume sensor all the 
way down to RV. He again 
pauses to insure expiratory 
airflow is zero. Finally he 
forcefully inhales all the way 
up to TLC again. 

 

Flow is plotted on the 
vertical axis distinguishing 
expiratory flows at positive 
(+ L/sec upward), 
inspiratory flows as 
negative (– L/sec 
downward), and no flow as 
zero (0 L/sec middle). Lung 
volume is plotted on the 
horizontal axis with TLC to 
the left and RV to the right. 
The expiratory and 
inspiratory half cycles form 
a continuous loop. The 
most positive flow is 
identified as the peek expiratory flow rate (PEFR +9.5 L/sec) and the most negative flow is 
identified as the peek inspiratory flow rate (PIFR, -10 L/sec). 

 
During inspiration when lung volume increases: 

- Force of inspiratory muscles 
decreases 

- Lung recoil pressure increases 
- Airway resistance decreases 
- Max. inspiratory flow occurs half way 

between TLC and RV 
 

During expiration: 
- PEFR occurs early (first 20% of cycle) 
- Flow rate decreases towards RV = expiratory flow limitation. 
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The graph below shows flow volume loops during breathing with minimal, moderate and 
maximal effort. 

 
 

 
At high lung volumes (early expiration) airflow is effort dependent. 

 
At lower lung volumes (late expiration), airflow is limited and not dependent on breathing effort 
= Effort independent region 
– Flow is limited (= expiratory flow limitation). 
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Flow limitation is caused by the dynamic compression of airways when pressure outside 
airways > inside airways. 

 

 
 

Equal pressure point: 
 

Airflow becomes independent of total driving pressure 
Normal lung: equal pressure point in airways with cartilage 
Moves downward with smaller lung volume 
Altered in lung disease (obstruction), leading to premature airway closure (air trapping) 

 
 

Airflow in diseased lungs 
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Work of breathing 
 

The oxygen consumed by respiratory muscles is a small fraction of the oxygen flowing into the 
blood across the alveolar-capillary membrane. In severe exercise, this fraction can increase so 
far as to be inefficient in oxygenating the other working muscles of the body. That is, any 
increases in ventilation at this point simply go solely to those respiratory muscles moving the 
oxygen in the first place. 

 
There are two main components of respiratory work (oxygen consumption): 

- elastic work which includes work to overcome lung elastic recoil, work to expand the 
thoracic cage above the equilibrium volume of the chest wall, and work to displace 
abdominal organs. 

 
- work to overcome airflow resistance (major) and lobe-lobe viscous resistance (minor). 

 
 

Total respiratory work can 
be estimated by summing 
the elastic work with the 
flow-resistive work. 

 
Elastic work is proportional 
to the tidal volume and 
flow-resistive work is 
proportional to frequency of 
breathing. 

 
In order to deliver sufficient 
oxygen, elastic work can be 
increased (increase in tidal 
volume) or flow resistive 
work (frequency of 
breathing) can be 
increased. 

 
Thus, the combined work of 
breathing curve is U- 
shaped. 

 
The lowest work of 
breathing is required for the 
frequency-volume 
combination at a normal 
tidal volume ventilation. 
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Key concepts 
- Compliance is a measure of the elastic properties of the lung 

- Surfactant increases lung compliance 

- Restrictive lung diseases = lungs are difficult to inflate 
• Display reduced compliance & volumes (FRC, TLC, etc.) 

- Obstructive lung diseases = increased airway resistance 
• Display reduced flow (FEV1) 

- Airway resistance (AWR) and cross-sectional area are inversely 
proportional 

• Highest in early generations, decreases dramatically in 
respiratory zones 

- Air flow is laminar in small airways of the conducting zone, the 
resistance is inversely proportional to the 4th power of the radius 
(Hagen-Poiseuille) 

- AWR is highly dependent on the radius (remember it’s r^4) 
• Modulation of radius alters AWR and flow 

- Effort independent expiratory flow happens because pleural pressure 
increases AWR at low lung volumes  

• In individuals with COPD, equal pressure point is closer to 
alveolus 

- Work of breathing is minimal at normal tidal volume 
• Patients will adjust breathing to minimize work of breathing 
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