
Mechanics of ventilation



LEARNING OBJECTIVES

1. PRESSURE CHANGES during ventilation

2. Muscles of respiration
Inspiration
Expiration



Pressure Changes and Airflow During Breathing

• The ventilatory pump consists of the lungs, chest wall, intercostal muscles, 
pleural lining, and diaphragm. The lungs are housed in an airtight thoracic 
cavity and are separated from the abdomen by a large dome-shaped 
skeletal muscle, the diaphragm.

• The thoracic cavity is made up of 12 pairs of ribs, the sternum, and internal 
and external intercostal muscles, which lie between the ribs.

• The rib cage is hinged to the vertebral column, allowing it to be raised and 
lowered during breathing. 

• The space between the lungs and chest wall is the pleural space, which 
contains a thin layer of fluid (about 10 Âµm thick), that functions, in part, 
as a lubricant so the lungs can slide against the chest wall.



Gas Flow and Pressure Gradients During
Ventilation

For air to flow through a tube or airway, a pressure gradient must exist (i.e., 
pressure at one end of the tube must be higher than pressure at the other end of 
the tube). 

Air will always flow from the high-pressure point to the low-pressure point.

Consider what happens during a normal quiet breath

During a spontaneous inspiration, the pressure in the alveoli becomes less than 
the pressure at the airway opening (i.e., the mouth and nose) and gas flows into 
the lungs.

Gas flows out of the lungs during exhalation because the pressure in the alveoli is 
higher than the pressure at the airway opening. 



Units of Pressure

Gas tensions are measured in mm Hg, but airflow and respiratory pressures are so small they 
are measured in centimeters of water pressure (cm H2O). A pressure of 1 cm H2O is equal to 
0.74 mm Hg (or 1 mm Hg = 1.36 cm H2O).

These pressures are referenced to atmospheric pressure, which is given a baseline value of 0.

(atmospheric pressure is 760 mm Hg or 1034 cm H2O at sea level, atmospheric pressure is designated as 0 cm H2O). 

• Changes in respiratory pressures during breathing are often expressed as relative pressure, a pressure 
relative to atmospheric pressure. For example, the pressure inside the alveoli can be ~-2 cm H2O 
during inspiration. 

• The minus sign indicates the pressure is subatmospheric, i.e. -2 cm below PB. Conversely, during 
expiration, the pressure inside the alveoli can be +3 cm H2O. This means the pressure is 3 cm H2O 
above PB. 



Changes in thoracic volume during the breathing cycle. A, At rest, during inspiration, the diaphragm contracts and pushes
the abdominal contents downward. The downward movement also pushes the rib cage outward. With deep and heavy 

breathing, the accessory muscles (the external intercostals and sternocleidomastoids) also contract and pull the rib cage
upward and outward. B, Expiration is passive during resting  conditions. The diaphragm relaxes and returns to its dome shape,
and the rib cage is lowered. During forced expiration, however, the internal intercostal muscles  contract and pull the rib cage 

downward and inward. The abdominal muscles also contract and help pull the rib cage downward, compressing thoracic volume.



Various pressures and pressure  gradients  of the respiratory system



Airway opening pressure (Pawo) [mouth pressure (PM) or airway pressure (Paw),  upper-
airway pressure, mask pressure, or proximal airway pressure]. 
Unless pressure is applied at the airway opening, Pawo is zero or atmospheric pressure.
A similar measurement is the pressure at the body surface (Pbs). 

Intrapleural pressure (Ppl) is the pressure in the potential space between the parietal and 
visceral pleurae. Ppl is normally about −5 cm H2O at the end of expiration during spontaneous 
breathing. It is about −10 cm H2O at the end of inspiration.

Alveolar pressure (PA or Palv) [ intrapulmonary pressure or lung pressure] Alveolar pressure 
normally changes as the intrapleural pressure changes. During spontaneous inspiration, PA is 
about −1 cm H2O, and during exhalation it is about +1 cm H2O.

Definition of Pressures and Gradients in the Lungs



Basic pressure gradients for normal ventilation

Transairway Pressure Pta = Paw − Palv.

• is the pressure difference between the airway opening and the alveolus: Pta is 
therefore the pressure gradient required to produce airflow in the conductive 
airways. 

• It represents the pressure that must be generated to overcome resistance to gas 
flow in the airways (i.e., airway resistance).

Transthoracic Pressure PTT or Ptt = Palv − Pbs

• is the pressure difference between the alveolar space or lung and the body’s surface.

• It represents the pressure required to expand or contract the lungs and the chest 
wall at the same time. 



Pleural relationships-lung & chestwall forces

Pleural Pressure
Lungs have a natural tendency to collapse

surface tension forces 2/3
elastic fibers 1/3

What keeps lungs against the chest wall?
Held against the chest wall by negative pleural pressure  “suction”

In quiet inspiration, the chest wall is tending to pull away from lungs and the intrapleural pressure becomes about -6 mmHg.
With forced inspiration, it can become -30 mmHg.



Basic pressure gradients for normal ventilation: 
Transpulmonary Pressure

Transpulmonary pressure (PL or PTP), or transalveolar pressure, is the pressure difference between 
the alveolar space and the pleural space (Ppl): PL = Palv − Ppl.

PL is the pressure required to maintain alveolar inflation and is therefore sometimes called the 
alveolar distending pressure.

All modes of ventilation increase PL during inspiration, either by decreasing Ppl (negative-pressure 
ventilators) or increasing Palv by increasing pressure at the upper airway (positive-pressure 
ventilators). 

During negative-pressure ventilation, the pressure at the body surface (Pbs) becomes negative, and 
this pressure is transmitted to the pleural space, resulting in an increase in transpulmonary pressure 
(PL). 

• During positive-pressure ventilation, the Pbs remains atmospheric, but the pressures at the upper 
airways (Pawo) and in the conductive airways (airway pressure, or Paw) become positive. Alveolar 
pressure (PA) then becomes positive, and transpulmonary pressure (PL) increases.

The term transmural pressure is often used to describe pleural pressure minus body surface 
pressure.



At the end of expiration, the respiratory muscles are relaxed , no airflow. 
alveolar  pressure is 0, Pleural pressure is -5 cm H2O, and transpulmonary
pressure is, therefore, 5 cm H2O [Ppl = 0 - (-5 cm H2O) = 5 cm H2O].

Inspiration: Pleural pressure goes from -5 to -8 cm H2O.
transpulmonary pressure increases, and the lungs inflate. The alveolar  
diameter increases and alveolar pressure decreases below atmospheric 
pressure. This produces a pressure difference between the mouth and 
alveoli, which causes air to rush into the alveoli. 
Airflow stops at the end of inspiration because alveolar pressure again 
equals atmospheric pressure.

Expiration: the inspiratory muscles relax, the rib cage drops, pleural 
pressure becomes less negative, transpulmonary pressure decreases, and 
the stretched lungs deflate. 
When alveolar diameter decreases during deflation, alveolar pressure 
becomes greater than atmospheric pressure and pushes air out of the 
lungs.
Airflow out of the lungs occurs until alveolar pressure equals atmospheric 
pressure.



Changes in lung volume, alveolar pressure, pleural pressure, and 
transpulmonary pressure during normal breathing.

Alveolar Pressure 
During inspiration:

Atmospheric pressure is > alveolar pressure (-1 mm Hg).
During expiration:

alveolar pressure (+1 mm Hg) is  > atmospheric pressure.



. The sequence during inspiration results in a fall in alveolar pressure causing air to flow into the lungs.

Airflow parallels alveolar pressure during breathing



The mechanics of spontaneous ventilation and the resulting pressure waves 

During inspiration, intrapleural pressure (Ppl) decreases to −10 cm H2O.
During exhalation, Ppl increases from ×10 to −5 cm H2O



Muscles of respiration

• The respiratory muscles are the only muscles, along with the heart, that have 
to work continuously, though intermittently, to sustain life. 

• They have to repetitively move a rather complex elastic structure, the thorax, 
to achieve the entry of air into the lungs and thence effect gas exchange.

• Their great number mandates that they should interact properly to perform 
their task despite their different anatomic location, geometric orientation, 
and motor innervation. 

• They should also be able to adapt to a variety of working conditions and 
respond to many different chemical and neural stimuli. 
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Thoracic Walls and Muscles of Respiration



Muscle groups and movements in respiration

• Muscles of larynx and pharynx: control upper airway resistance

• Diaphragm, ribcage, neck muscles, spinal muscles: for inspiration

• Muscles of abdomen, spine and ribcage: active expiration

• Many of these muscle groups have common origins and attachments such that their activity is complex and 
dependent both on each other and many nonrespiratory factors including posture, locomotion and voluntary 
activity



Diaphragm
• The floor of the thoracic cavity is closed by a thin musculotendinous sheet, the diaphragm, the most important inspiratory 

muscle, accounting for approximately 70% of minute ventilation in normal subjects, with motor innervation solely from the 
phrenic nerves (C3C5). The distance it moves ranges from 1.5 cm to as much as 7 cm with deep inspiration.   

• Muscle fibres within the diaphragm can reduce their length by up to 40% between residual volume and total lung capacity. 

• The diaphragm is anatomically unique among the skeletal muscles in that its fibers radiate from a central tendinous structure 
(the central tendon) to insert peripherally into skeletal structures. 

• The muscle of the diaphragm falls into two main components on the basis of its point of origin: the crural (vertebral) part 
and the costal (sternocostal) part. The crural part arises from the crura (strong, tapering tendons attached vertically to the 
anterolateral aspects of the bodies and intervertebral disks of the first three lumbar vertebrae on the right and two on the 
left) and the three aponeurotic arcuate ligaments. The costal part of the diaphragm arises from the xiphoid process and the 
lower end of the sternum and the costal cartilages of the lower six ribs.

• The shape of the relaxed diaphragm at the end of a normal expiration (functional residual capacity, FRC) is that of two 
domes joined by a saddle that runs from the sternum to the anterior surface of the spinal column .

• The crural fibers pass on either side of the esophagus and can compress it when they contract. The costal and crural portions 
are innervated by different parts of the phrenic nerve and can contract separately.

• For example, during vomiting and eructation, intra-abdominal pressure is increased by contraction of the costal fibers but 
the crural fibers remain relaxed, allowing material to pass from the stomach into the esophagus. 



• There are many ways by which diaphragm contraction may bring about an increase in lung 
volume. 

• These may be considered using a ‘piston in a cylinder’ analogy, the trunk representing the 
cylinder and the diaphragm the piston. 

1. Piston like behaviour: involving downward movement of the diaphragm simply by 
shortening the zone of apposition around the whole cylinder and leaving the dome 
shape unchanged. 

2. Non– pistonlike’ behaviour: An increase in the tension of the diaphragm dome reduces the 
curvature, thus expanding the lung. 

• This is likely to be less efficient than pistonlike behaviour because much of the muscle tension 
developed simply opposes the opposite side of the diaphragm rather than moving the 
diaphragm downwards, such that in theory, when the diaphragm becomes flat, further 
contraction will have no effect on lung volume. 

3. Piston  in an expanding cylinder: incorporates both types of behaviour and also includes 
expansion of the lower rib cage that occurs with  diaphragmatic contraction. 

• In the supine position, diaphragm action is a combination of all these above mechanisms as 
well as a change in shape involving a tilting and flattening of the diaphragm in the 
anteroposterior direction.



(A) Resting end-expiratory position.
(B) Inspiration with pure piston-like behaviour
(C) Inspiration with pure non–piston-like behaviour. 
(D) Combination of piston-like and non–piston-like behaviour in an expanding cylinder 

which equates most closely with inspiration in vivo. 
ZA, zone of apposition

Piston in a cylinder analogy of the mechanisms of diaphragm actions on the 
lung volume 



• Contraction of the diaphragm causes inflation of the lungs. 

• During inspiration, the diaphragm contracts, causing the thoracic cavity to expand and the 
lungs to inflate automatically. 

• This enlargement of the airtight thoracic cavity is accomplished in two ways. 

• First, when the diaphragm (which is attached to the lower ribs and sternum) contracts, the 
abdominal contents are pushed down, enlarging the thoracic cavity in the vertical plane. 

• Second, when the diaphragm descends and pushes down on the abdominal contents, it 
also pushes the rib cage outward, further enlarging the thoracic cavity. 

• The effectiveness of the diaphragm in changing thoracic volume is related to the strength 
of its contraction and its dome-shaped configuration when relaxed. 

• With a normal breath, the diaphragm moves only about 1 to 2 cm, but with forced 
inspiration, a total excursion of 10 to 12 cm can occur. 

• Obesity, pregnancy, and tight clothing around the abdominal wall can impede the 
effectiveness of the diaphragm in enlarging the thoracic cavity. 

• Damage to the phrenic nerves (the diaphragm is innervated by two phrenic nerves, one to 
each lateral half) can lead to paralysis of the diaphragm. When a phrenic nerve is 
damaged, that portion of the diaphragm moves up rather than down during inspiration.



Rib cage muscles

• The rib cage may be regarded as a cylinder with length governed primarily by the diaphragm and secondarily 
by flexion and extension of the spine. 

• The crosssectional area of the cylinder is governed by movement of the ribs. This movement involves mainly 
rotation of the neck of the rib about the axis of the costovertebral joints, such that elevation of the ribs in this 
way increases both the lateral and anteroposterior diameter of the rib cage. 



The Intercostal Muscles 

• The intercostal muscles are two thin layers of muscle fibers occupying each of the intercostal spaces. They are 
termed external and internal because of their surface relations, the external being superficial to the internal. 

• In 1749 mechanical considerations led Hamberger to suggest that the external intercostals were primarily 
inspiratory, and the internal intercostals primarily expiratory that has generally been confirmed by EMG. 

• The muscle fibers of the two layers run approximately at right angles to each other.

• The external group, runs in a caudal– ventral direction from their upper rib and are deficient anteriorly, and the 
less powerful internal group have fibres running caudal– dorsal from their upper rib and are deficient posteriorly. 
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Thoracic Volume

https://www.youtube.com/watch?v=V45Jywr4nhA



The “isolated” inspiratory action of the intercostal muscles in case of bilateral diaphragmatic paralysis: the inspiration is 
accomplished  by the rib cage muscles. As a result, the rib cage expands during inspiration, and the pleural pressure falls. 
Because the diaphragm is flaccid and no transdiaphragmatic pressure can be developed, the fall in pleural pressure is 
transmitted to the abdomen, causing an equal fall in the abdominal pressure. 
Hence the abdomen moves paradoxically inward during inspiration, opposing the inflation of the lung. 
This paradoxic motion is the cardinal sign of diaphragmatic paralysis on clinical examination and is present in the supine 
posture, during which the abdominal muscles remain relaxed during the entire respiratory cycle. This sign may be absent in the 
erect posture



The Scalenes

• Although initially considered as accessory muscles of inspiration, they are 
invariably active during inspiration.

• The scalenes are composed of three muscle bundles that run from the 
transverse processes of the lower five cervical vertebrae to the upper surface of 
the first two ribs. 

• They receive their neural supply mainly from the lower five cervical segments. 

• Their action is to increase (slightly) the anteroposterior diameter of the upper 
rib cage.

• Seated normal subjects cannot breathe without contracting the scalenes. 



Expiration

• At the end of a normal inspiration, the diaphragm relaxes, the rib cage drops, the 
thoracic volume decreases, and the lungs deflate.

• Normally, expiration is purely passive. With exercise or forced expiration, the 
expiratory muscles become active. These muscles include those of the abdominal 
wall and the internal intercostal muscles. 

• Contraction of the abdominal wall pushes the diaphragm upward into the chest, 
and the internal intercostal muscles pull the rib cage down, reducing thoracic 
volume. 

• These accessory respiratory muscles are necessary for such functions as coughing, 
straining, vomiting, and defecating. 

• The expiratory muscles are extremely important in endurance running and are one 
of the reasons competitive long-distance runners, as part of their training program, 
often do exercises to strengthen their abdominal and chest muscles.



The Abdominal Muscles 

• The abdominal muscles with respiratory activity are those constituting the ventrolateral wall of the abdomen (i.e., 
the rectus abdominis ventrally and the external oblique, internal oblique, and transverses abdominis laterally).

• They are innervated by the lower six thoracic nerves and the first lumbar nerve. 

• As they contract, they pull the abdominal wall inward, thus increasing the intra-abdominal pressure.

• This causes the diaphragm to move cranially into the thoracic cavity, increasing the pleural pressure and decreasing 
lung volume. Thus, their action is expiratory. 

• Expiration is usually a passive process but can become active when minute ventilation has to be increased (e.g., 
during exercise) or during respiratory distress.

• Expiratory muscle action is also essential during cough.

• In the supine position, the abdominal muscles are normally inactive during quiet breathing and become active only 
when the minute volume exceeds approximately 40 1/min, during substantial expiratory resistance, during 
phonation or when making expulsive efforts.

• When upright, their use in breathing is complicated by their role in the maintenance of posture.



Accessory Muscles 

Accessory muscles include the sternomastoids, extensors of the vertebral column, 
pectoralis minor, trapezius and the serrati muscles. 

These are silent in normal breathing in humans, but as ventilation increases the 
inspiratory muscles contract more vigorously and accessory muscles are recruited.

Sternocleidomastoids: 

1. displace the sternum cranially during inspiration,  expand the upper rib cage more in 
its anteroposterior diameter than in its transverse one, and  decrease the transverse 
diameter of the lower rib cage. 

2. are inactive at rest in normal subjects, being recruited only when the inspiratory 
muscle pump is abnormally loaded or when ventilation increases substantially. 



Quiet Inspiration

• Active process:

• Contraction of diaphragm, increases thoracic 
volume vertically.

• Parasternal and external intercostals contract, 
raising the ribs; increasing thoracic volume 
laterally.

• Pressure changes:

• Alveolar pressure changes from 0 to –3 mm 
Hg.

• Intrapleural pressure changes from –4 to –6 
mm Hg.

• Transpulmonary pressure = +3 mm Hg.

• Quiet expiration is a passive process.
After being stretched by contractions of the 
diaphragm and thoracic muscles; the diaphragm, 
thoracic muscles, thorax, and lungs recoil.
Decrease in lung volume raises the pressure within 
alveoli above atmosphere, and pushes air out.

• Pressure changes:
• Alveolar pressure changes from  –3 to +3 mm Hg.
• Intrapleural pressure changes from –6 to –3 mm 

Hg.
• Transpulmonary pressure = +6 mm Hg.

Quiet Expiration





Collapse of the lungs

• If the pleural space communicates with the atmosphere, i.e.  pleural P = atmospheric P, the 
lung will collapse

• Causes
• Puncture of the parietal pleura

• Sucking chest wound
• Erosion of visceral pleura
• Also if a major airway is blocked the air trapped distal to the block will be absorbed by the blood and that  

segment of the lung will collapse



• Cough Reflex:  The bronchi and trachea are so sensitive to light touch that slight amounts of foreign matter or other 
causes of irritation initiate the cough reflex. The larynx and carina  are especially sensitive, and the terminal bronchioles 
and even the alveoli are sensitive to corrosive chemical stimuli such as sulfur dioxide gas or chlorine gas. 

Afferent nerve impulses pass from the respiratory passages mainly through the vagus nerves to the medulla of the 
brain. There, an automatic sequence of events is triggered by the neuronal circuits of the medulla, causing the following 
effect:

1. Up to 2.5 liters of air are rapidly inspired.

2. The epiglottis closes, and the vocal cords shut tightly to entrap the air within the lungs.

3. The abdominal muscles contract forcefully, pushing against the diaphragm while other expiratory muscles, such as the 
internal intercostals, also contract forcefully. Consequently, the pressure in the lungs rises rapidly to as much as 100 
mm Hg or more.

4. The vocal cords and the epiglottis suddenly open widely, so that air under this high pressure in the lungs explodes 
outward. Indeed, sometimes this air is expelled at velocities ranging from 75 to 100 miles per hour. Importantly, the 
strong compression of the lungs collapses the bronchi and trachea by causing their noncartilaginous parts to 
invaginate inward, so the exploding air actually passes through bronchial and tracheal slits. 

5. The rapidly moving air usually carries with it any foreign matter that is present in the bronchi or trachea. 

• Sneeze Reflex: The sneeze reflex applies to the nasal passageways instead of the lower respiratory passages. The initiating 
stimulus of the sneeze reflex is irritation in the nasal passageways; the afferent impulses pass in the fifth cranial nerve to 
the medulla, where the reflex is triggered. A series of reactions similar to those for the cough reflex takes place, but the 
uvula is depressed, so large amounts of air pass rapidly through the nose, thus helping to clear the nasal passages of 
foreign matter. 



Resistance to Airflow in the Bronchial Tree

• . Under normal respiratory conditions, air flows through the respiratory passageways so 
easily that less than 1 centimeter of water pressure gradient from the alveoli to the 
atmosphere is sufficient to cause enough airflow for quiet breathing. 

• The greatest amount of resistance to airflow occurs not in the minute air passages of the 
terminal bronchioles but  in some of the larger bronchioles and bronchi near the 
trachea. 

• The reason for this high resistance is that there  are relatively few of these larger bronchi 
in comparison with the approximately 65,000 parallel terminal bronchioles, through 
each of which only a minute amount of air must pass.

• In some disease conditions, the smaller bronchioles play a far greater role in 
determining airflow resistance because of their small size and because they are easily 
occluded by (1) muscle contraction in their walls, (2) edema occurring in the walls, or (3) 
mucus collecting in the lumens of the bronchioles



Aspiration pneumonia

• In order for air to get into the conducting airway it must pass through the  
glottis,  defined as the area including and between the vocal folds within the 
larynx. 

• The abductor muscles in the larynx contract early in inspiration, pulling the 
vocal cords apart and opening the glottis. 

• During swallowing or gagging, a reflex contraction of the adductor muscles 
closes the glottis and prevents aspiration of food, fluid, or vomitus into the 
lungs.

• In unconscious or anesthetized patients, glottic closure may be incomplete 
and vomitus may enter the trachea, causing an inflammatory reaction in the 
lung



Pleural Fluid

• Thin layer of mucoid fluid
• provides lubrication

• transudate (interstitial fluid + protein)

• total amount is only a few ml’s

• Excess is removed by lymphatics
• mediastinum

• superior surface of diaphragm

• lateral surfaces of parietal pleural

• helps create negative pleural pressure


