
Pulmonary Lecture 2: 

Learning objectives 

. 

At the end of the lecture, you should be able to: 
- Explain how air flows in and out of the airways 
- Name and explain the function of the muscles of respiration 
- Explain lung volumes and capacities 
- Explain lung compliance 
- Describe lung – chest wall interactions 
- Explain lung pressures and pressure - volume relationships during a tidal volume breath 



LUNG MECHANICS - A 
 

 
 

Pressure changes according to B oyle’s law. 
 
 

 
 



Muscles of Respiration 
 
 
 

Intercostals: 

External = Inspiration  

Internal = Expiration 
Easy way to remember – the “E”s and “I”s don’t go together 



 Inspiration: 
 

 
 

Major inspiratory muscles are the diaphragm and the external intercostal muscles 
 

The diaphragm is innervated by the phrenic nerve 
 

– Accounts for ~75% of increase in thorax cavity volume: major inspiratory muscle 
– Stimulation causes muscle to flatten and move downward; enlarges the cavity in 

vertical direction 
 

The external intercostal muscles are innervated by intercostal nerves 
 

– Stimulation causes the ribs to move up and outward; enlarges the cavity in both 
lateral and anterior-posterior direction 

 
 

Accessory muscles of inspiration are used for forced inspiration: 
 

– Scalenus and sternocleidomastoid muscles: raise sternum and elevate ribs 1 
and 2. 

 
Muscles of inspiration can generate a maximal pressure of 80-90 mmHg. 



 

 Expiration: 

 
Mostly passive: 
Inspiratory muscles relax 

Diaphragm relaxation allows the muscle to assume its natural dome shape 
Intercostal muscles relax, causing the rib cage to fall down due to gravity 
Lungs deflate and thorax follows natural recoil 

 
Forced, active expiration requires contraction of expiratory muscles and is only used during 
active expiration, e.g. exercise. 

Abdominal muscles contraction increases abdominal pressure and pushes the 
diaphragm upward 
Internal intercostal muscles contraction flatten the rib cage by pulling the ribs 
downward and inward 
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Mechanism of action for intercostals 
Note that not all external intercostals are involved in inspiration and not all internal intercostals are involved in 
expiration. The Lectures also do not touch on the 3rd layer, which is the innermost intercostals, thought to 
primarily be involved in stabilizing ribcage during respiration.  
 
Relative to the anterior of the ribcage, the posterior of the ribcage is fixed, as it is coupled to the spine. The 
external intercostals run from superior/posterior (point A) to inferior/anterior (point B). When the muscle contracts, 
one of these points has to give (let’s assume we do not have isometric contraction for sake of this example). 
Because point A is fixed relative to point B, point B will be pulled toward point A. The only way for this to happen 
(without ripping the muscle or anchor point) is for the inferior rib to be pulled up and out toward the superior rib. As 
almost every rib is both a superior and inferior rib (remember scalene and sternocleidomastoid are pulling top ribs 
and sternum up), the entire cage will expand up and out. The opposite happens for the interior intercostals, which 
have a superior/anterior anchor and inferior/posterior anchor.  
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LUNG VOLUMES AND CAPACITIES 

 
Spirometry and Spirogram (“spiro”, greek “to breathe”) 

 

The various lung volumes and capacities. ERV, expiratory reserve volume; FRC, 
functional residual capacity; FVC, forced vital capacity; IC, inspiratory capacity; IRV, 
inspiratory reserve volume; RV, residual volume; TLC, total lung capacity; VC, vital 
capacity; VT, tidal volume. 

 
The air in the lungs is partitioned into four volumes (L) and four capacities (L). 
Note that capacities are always comprised of two or more lung volumes. 

 
The lung has four primary non-overlapping volumes: 

Tidal Volume (VT = 500 mL) 

Inspiratory Reserve Volume (IRV = 3000 mL) 

Expiratory Reserve Volume (ERV = 1200 mL) 

Residual Volume (RV = 1200 mL). 

 
- Tidal volume is the change in volume that occurs with cyclic breathing. 

 
- Inspiratory and Expiratory Reserve Volumes (IRV/ERV) are the volumes that can be 

in/exhaled in addition to the tidal volume, e.g. during forced inspiration/expiration. 
 

- Residual volume (RV) is the volume that remains in the lung even after forced 
expiration; RV cannot be measured with spirometry. 
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The lung has four secondary overlapping capacities: 

Inspiratory Capacity (IC = IRV + VT = 3500 mL) 

Functional Residual Capacity (FRC = ERV + RV = 2400 mL) 

Vital Capacity (VC = IRV + VT + ERV = 4600 mL) 

Total Lung Capacity (TLC = IRV + VT + ERV + RV = 5800 mL) 
 
 

- Vital capacity is the maximal amount of air that can be moved from deep expiration to 
deep inspiration. 

 
- Functional residual capacity (FRC) the volume of air in the lungs when all respiratory 

muscles are relaxed. FRC is best understood as the balance position of the lung-chest 
wall system. The lung pulls inward and the chest wall springs outward, both at equal 
force. FRC cannot be measured with a spirometer because RV is part of FRC. 

 
- Inspiratory capacity is the volume that can be inhaled after all respiratory muscles are 

relaxed (starting at FRC). 
 

- Total lung capacity (TLC) is the total volume of air held by the lung. TLC includes both 
alveolar volume and dead space volume and is scaled to the size of the person. TLC 
cannot be measured with a spirometer because RV is part of TLC. 

 

Measurements of FRC: 
 

A simple method to assess FRC 
is by helium dilution, but it may 
underestimate FRC because of 
mal-distribution of poorly 
ventilated lung regions in 
diseased lungs. 
The measurement of FRC by 
the helium dilution technique 
requires the measurement of 
helium (in oxygen) 
concentration (C1) within a 
spirometer system of known 
volume (V1). 
At the start of the procedure the 
patient relaxes to FRC volume 

(V2), but this lung air contains no helium. Then a valve is opened connecting the patient to the 
spirometer and the patient inhales and exhales to evenly distribute the helium throughout the 
lungs and spirometer. The test stops with the patient back at the position of FRC. 
The equilibrated helium concentration (C2) is measured from which the FRC can be computed. 
C1 x V1 = C2 x (V1 + FRC)  FRC = V1 x (C1 – C2) / C2. The larger the FRC of the patient, 
the more the initial helium concentration gets diluted. This is known as the dilution principle. FRC 
can also be measured by body plethysmography. 

Measurement of lung volume by helium dilution 
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STATIC LUNG COMPLIANCE 
 

Definition of Compliance: 
 

Compliance is defined by the ability of any structure (hollow or solid) to comply with deforming 
forces (e.g. filling a hollow structure with a fluid or stretching a solid structure with a force). 

 
Lung compliance (CL): 

 
- Measure of the elastic properties of the lung 

 
- Defined as change in lung volume per 1 cm H2O change in the distending pressure 

(L/cm H2O) 
 

- Lung volume is a curvilinear function of translung pressure (PL = Pinside lung – Poutside lung). 
Thus lung compliance depends on the volume of air within the lung. At lung volumes 
near FRC, compliance is maximized. Here normal lung compliance is 0.2 L/cm H2O. 
But at volumes way above FRC, the compliance is lower. 

 
Deflation pressure-volume (PV) curve. 
Because of hysteresis caused by surfactant, the deflation PV curve is used for measurements. 

 
 

Compliance at any point 
along this curve is the 
change in volume per 
change in pressure. From 
the curve it can be seen that 
lung compliance varies with 
lung volume. Compare the 
compliance at 1 versus 2. By 
convention, lung compliance 
is the change in pressure in 
going from FRC to FRC +1 
L. 
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Changes in Lung Compliance with Disease 
 

For the normal adult lung, absolute lung compliance is 0.2 L/cm H2O. The lung complies to 
distending pressures by increasing in volume. Inflation must overcome: 1) viscoelastic properties 
of the lung parenchyma by stretching elastic and collagen fiber matrices; 2) surface tension 
forces set up between the air/water interface on the alveolar epithelium. The presence of alveolar 
surfactant (synthesized and secreted from type II pneumocytes) decreases these surface 
tension forces, but not to zero. 
Disease processes can alter lung compliance. Typical deflation pressure volume curves for a 
normal lung, lung emphysema and fibrosis are shown below. 

 
 

Fibrosis/Emphysema pressure-volume curve. 
 
 

 
In emphysema Clung is higher than normal because during the progression of this disease (mainly 
attributed to first-hand or second-hand smoke) the elastin/collagen matrix of the alveolar septa 
get “eaten” away. Alveoli greatly expand in diameter but decrease in surface area. Consequently, 
the FRC increases (due to less lung recoil) and the intrapleural pressure becomes less negative 
(less pull of the lung on the chest wall). 

 
In fibrosis Clung is lower than normal because during the progression of this disease (wide- spread 
lung scarring due to chronic inflammatory processes, infections, environmental agents, etc.) the 
lung recruits fibrotic tissue that not only makes the lung stiffer (less compliant), but also thickens 
the diffusion pathway for gasses across the alveolocapillary membrane. Accordingly, the FRC 
decreases (due to more lung recoil) and the intrapleural pressure becomes more negative (more 
pull of the lung on the chest wall). 



1 
 

LUNG-CHEST WALL INTERACTIONS 
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Three Compliances of the Lung/Chest Wall System 
 

The pulmonary system has two mechanical parts, the lung and the chest wall. Each part has its 
own unique individual compliance (CL & CCW respectively). However, the lung and chest  wall 
function together as a unit as coupled though the serous fluid and intrapleural pressure. 
Consequently, the coupled system has its own compliance, the total compliance (CTOT). 

 
 

Relaxation pressure-volume curve of the lung, chest wall, and respiratory system. 
The curve for the respiratory system is the sum of the individual curves. 

 

The single compliance curve (solid line) for the coupled lung/chest wall system is called the 
relaxation pressure-volume curve. 

 
The relaxation pressure-volume curve consists of two components, the lung compliance curve 
and chest wall compliance curve (both shown as dashed lines). Whereas the equilibrium 
position for the lung/chest wall system resides at FRC (35% VC) where PRS = 0 cm H2O, the 
equilibrium position for the chest wall alone (no lung present) is above FRC (60-70% VC) at PW 
= 0 cm H2O. Conversely, the equilibrium position for the lung alone (no chest wall present) is 
below FRC (0% VC – RV) at PL = 0 cm H2O. 

 
At FRC, the lung pulls inward with a pressure of (+5-6 cm H2O) which is counterbalanced by 
the chest wall pulling outward with a pressure of (-5-6 cm H2O). These two pressures cancel 
each other, bringing the coupled system to its equilibrium volume of FRC. 
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Pulmonary transmural pressures at FRC – airways open to the atmosphere 
 

Absolute pressures in mmHg 
 
 

 

PA = alveolar pressure 
Ppl = pleural pressure 
PL = translung (transpulmonary) pressure 
PW = pressure across the chest wall 
Pb = barometric pressure = atmospheric pressure (Patm) 
Prs = pressure across respiratory system 
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Pressures in cm H2O relative to atmospheric pressure (= set to 0 mmHg) 
 
 
 

 
 

PA = alveolar pressure 
Ppl = pleural pressure 
PL = translung (transpulmonary) pressure 
PW = pressure across the chest wall 
Pb = barometric pressure = atmospheric pressure (Patm) 
Prs = pressure across respiratory system 
Pel = elastic recoil pressure of the lung 

 
Alveolar pressure is the sum of pleural pressure and elastic recoil pressure. 

Transpulmonary pressure is the difference between alveolar pressure and pleural pressure. 

Transmural pressure across chest wall is the difference between pleural pressure and 
atmospheric pressure. 

 
Pressure across the respiratory system is the difference between alveolar pressure and 
atmospheric pressure (= 0 mmHg when at rest at FRC and airways are open). 
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Pneumothorax – Air/gas in the pleural space, leading to a separation of lung and chest 
wall. 

 
 

Treatment 
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 Pressure volume relationships during a tidal volume breath 
 

During quiet breathing (12-15 
breaths/min) there are three 
phases: dynamic inspiration (2 
s); dynamic expiration (2 s); 
static pause (1 s). Dynamic 
phases when air is flowing (in or 
out of the lung) are easily 
recognized by changes in 
intrapleural pressure, alveolar 
pressure and lung volume.  The 
curves start at the end of the 
static pause. All respiratory 
variables of interest are stable 
and non-changing. The lung 
volume is held at FRC, airflow is 
0 L/sec, alveolar pressure is 
0 cm H2O, and intrapleural 
pressure is -5 cm H2O. 
During the dynamic inspiratory 
phase, the volume of the chest 
cavity increases, causing 
intrapleural pressure to become 
more negative. The alveolar 
space is expanded resulting in 
a fall in alveolar pressure below 
atmospheric pressure. This 
pressure gradient causes air to 
flow into the lungs (by negative 
suction) resulting in an increase 
of lung volume. 
At the end in inspiration, the 
intrapleural pressure is static at 
-8 cm H2O, alveolar pressure 
reequilibrates with the 
atmosphere at 0 cm H2O, 
inspiratory airflow ceases, and 
lung volume peaks at tidal 
volume above FRC. 
During the dynamic (passive) 
expiratory phase, the recoil 
forces of the lung passively pull 
the chest wall inward and the diaphragm up using the elastic forces stored within the lung 
structures. Intrapleural pressure becomes less negative, the alveoli are compressed, alveolar 
pressure exceeds atmospheric, air is pushed out of the lung as an expiratory air flow, and lung 
volume falls back to FRC. 



1 
 

Key concepts 
- Air flows in/out the airways through pressure gradients (Boyle) 

 
- Inspiration is active, but exhalation during rest is passive. The 

diaphragm is the most important muscle of respiration 
- 
- There are four primary, non-overlapping lung volumes. Lung capacities 

are comprised of 2 or more lung volumes. RV cannot be measured with 
spirometry. 

 
- Lung compliance is a measure of the elastic properties of the lung. The 

recoil pressure of the lung is attributable to its elastic properties and 
surfactant. The lung pressure – volume curve is non-linear and shows 
hysteresis. 

 
- Loss of elastic recoil of the lung occurs in emphysema (high 

compliance), whereas fibrosis leads to decreased compliance. 
 

- Lung volumes are determined by the balance between elastic recoil of 
the lung and properties of the chest wall/muscles. 
At FRC, inward recoil of the lung and outward recoil of the chest wall 
are balanced. 

 
- At points at no air-flow, the pressure across the respiratory system is 0 

(end inspiration and end exhalation). 
 

- During quiet breathing (tidal volume ventilation) pressure changes are 
small and intrapleural pressure is always below atmosphere. 
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