Biophysics of respiration
The text under the slides was written by
Zsolt Bacsó

2019

This instructional material was prepared for the biophysics lectures held by the

Department of Biophysics and Cell Biology
Faculty of Medicine
University of Debrecen
Hungary
https://biophys.med.unideb.hu

Slide 1

Title slide.

2

Slide 2

Aims of the presentation.
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Slide 3

The main function of the lungs and airways is to provide oxygen to tissues and to remove carbon
dioxide. The airways, in the meantime, filter out airborne particles, the air is thermostated to
the body temperature and humidified. Under appropriate conditions, the lungs can, by activating
the immune system, block the infectious effects of viruses and bacteria that have entered the
lungs by air.
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The airways, which start parallel with the nose and sinuses and the oral cavity, enter the trachea
through the pharynx and larynx. Then, with a specified number of approximately 23 through 29
regular bifurcations, pass from the main bronchi through a system of decreasingly sized bronchi
and bronchioles into end cavities: the alveolar sacs (alveolus in single). The number of alveoli is
determined by the number of bifurcations (about 223 - 229= about 8-500 million).
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When, at a given branch number, the total cross-section of airways is measured, their area (A1,
A2) is increasing gradually as the branch number increases. Therefore, in accordance with the
continuity equation, the velocity of gases (v1, v2) in the airway conduits is initially high and then
decreasing progressively.
When breathing at rest, airflow is slow and laminar, therefore it is silent with normal
auscultation sounds even in the large airways.
Under the exercise, breathing requires a much faster airflow. In these cases, or in the event of a
general or local narrowing of the airways, the airflow becomes turbulent and accordingly noisier.
Wheezing, whistling, or crackling are abnormal lung auscultation findings characteristic of
respective diseases.
In the case of turbulent airflow, airway resistance also increases significantly.
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The lung breathing exercise is based on the variable volume of the chest and thoracic cavity,
which increases upon inhalation and returns to its baseline state upon exhalation.
Volume increase upon inhalation is achieved by:
1) The ribs are raised from a sagging state, whereby the chest wall moves outward increasing
the volume of the chest. The outward movement of the rib end follows the action of the
wheelbarrow type single-arm lever, which is raised by the intercostal muscles.
2) The diaphragm contracts and moves downward, which contributes to the expansion of the
chest cavity.
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The volume of the thoracic cavity increases upon inhalation, which results in an increase in lung
volume. Increased lung volume, according to Boyle's law (pV = constant, where p: pressure and
V: volume), results in reduced lung gas pressure. This causes a pressure difference between the
outside world and the inside of the lungs, which causes air to flow through the airways into the
lungs.
The details of the processes are described in more detail in the so-called balloon lung model. In
the balloon lung model, the lungs are two balloons inside a glass bottle with a rubber membrane
bottom. The rubber membrane models the diaphragm and the bottle the chest. The inside of the
balloons communicates only with the outside world via a rigid straw connected to the mouth of
balloons via a perforated plug in the mouth of the bottle. The perforated plug hermetically seals
the inside of the bottle from the outside. The straw represents the respiratory tract.
Outside the bottle is the extrapulmonary space at constant atmospheric pressure (yellow). The
inside of the bottle (outside the balloons) corresponds to the apparent intrapleural space (blue),
the pressure of which changes similar to the pulmonary pressure but slightly before it. The
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inside of the balloons corresponds to the intrapulmonary space of the lungs (red), where the
pressure drops below atmospheric pressure all along with inhalation. During exhalation, it goes
above the atmospheric pressure.
Breathing is triggered by a drop in the intrapleural pressure, which causes an increase in the
transmural pressure (∆𝒑tm, green). Transmural pressure is the difference between
intrapulmonary and intrapleural pressures. When inhaled, the chest volume increases (in the
balloon lung model, pulling down the rubber membrane generating negative pressure here) and
the pressure in the intrapleural space decreases. This causes passive follower movement of the
lung covering pleura, which causes the lungs to expand and drop off the intrapulmonary
pressure. This produces a transpulmonary pressure change, which causes the inflow of air
through the airways (∆𝒑pulm, brown: the difference between the intrapulmonary and atmospheric
pressures.)
The transmural pressure difference is a positive value (∆𝒑tm = intrapulmonary pressure –
intrapleural pressure), which is proportional to the respiratory driving force.
It is interesting, and medically important, that at rest the pressure of the intrapleural space is
negative, i.e., it is under the external atmospheric pressure (see slide for details). This carries the
possibility of developing pneumothorax in the event of an accidental puncture of the chest wall.
This creates a life-threatening condition by the inflow of atmospheric air into the intrapleural
space and thus the interruption of further breathing.
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In the lungs, the gas exchange (entering of oxygen into the blood and carbon dioxide into the air)
occurs at the level of the alveoli. During this process, oxygen first gets dissolved (from the
alveolar air, which is filtered, warmed and saturated by water in the airways) in an aqueous
medium that covers the surface of alveolar cells. Oxygen then diffuses through the alveolar cell,
then via the extracellular matrix between the cells, and finally enters the blood through the
endothelial cell of the capillary vessel (red arrow in the figure). Here, oxygen enters a red blood
cell (RBC) through its membrane, where it is chemically bound to hemoglobin.

10

Slide 9

The first step in the gas exchange is the dissolution of oxygen into the alveolar aqueous phase
(which can be modeled by dissolving in water). The concentration of oxygen in the aqueous
phase (c) is directly proportional to the pressure of the gas over the aqueous medium (p). The
proportionality factor (H) is specific to the material pair (oxygen-water). This is described by
Henry's law, c=Hp. Because the same equilibrium process can be used to describe the passage of
gases from a liquid to a gas phase (only in the reverse direction), Henry's law can also be applied
to the release of carbon dioxide. There is a significant difference (26-fold) in the water solubility
of oxygen and carbon dioxide in favor of carbon dioxide. This explains mainly the almost 30-fold
more efficient gas exchange of carbon dioxide.
Next, oxygen dissolved in water (the liquid compartment of tissues can be considered as it would
be water) passes through the tissue barrier to the hemoglobin in the red blood cells (RBCs) by
diffusion. The diffusion part of this process is described by Fick's I. law, according to which the
rate of the diffusional flux (IV) of gases is directly proportional to the concentration gradient (Δ𝑐
/ Δ𝑥) and the diffusion surface (A), while the proportionality factor is the gas specific diffusion
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constant (D). Thus, the efficiency of the pulmonary gas exchange is characterized by the amount
of diffusional flow that can occur between the alveoli and the RBCs. Therefore, the lung alveolar
surface (A = 50-100 m2) is extremely large and the thickness of the tissue barrier, (x = 3x10-71x10-6 m) leading through the two cells separating the alveolar space from the capillaries via an
extracellular layer, is extremely small.
The diffusion constant is inversely related to the mass of the particles. This is different for oxygen
and carbon dioxide (m = 32 for oxygen and m = 44 for carbon dioxide). Graham's law states that
the diffusion constant of oxygen is higher so that in an aqueous medium, the oxygen transport
time through the tissue barrier is shorter than that of carbon dioxide. However, if we substitute
both the solubility described by Henry's law and the mass dependency described by Graham's
law in Fick’s I., we find that the solubility of carbon dioxide has a greater effect on the flow of
gases than the effect of the mass of oxygen.
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The diffusion of gas from the alveolus to the inside of the capillary requires t1 time, which is the
diffusion time of the gas. Under normal circumstances, this is approximately t1 ≈ 10-1000 x 10-6
seconds, that is, a maximum of 1 millisecond (msec). Blood flow through the alveolar-capillary
takes t2 time, which is called the perfusion time. In healthy individuals, the RBC passes through
the capillary of a single lung alveolar sac in approximately 1 second (s), so the normal perfusion
time is t2 ≈ 1 s. In the case of a disease, these values may vary, distinguishing perfusion-restricted
and diffusion-limited gas exchange, according to the time required for perfusion or diffusion for
the gas exchange. Under normal circumstances, O2 gas exchange is perfusion limited, that is, if
we want to improve it, we can most effectively do this by increasing blood flow (perfusion).
The figure at right shows how the driving force for oxygen diffusion in alveolus changes as an RBC
progresses within the capillary (O2, Normal). Thus, the driving force is the difference between the
gas pressure in the alveolus (p1) and the gas pressure in the RBC (p 2). For oxygen, since
hemoglobin has a high affinity to oxygen, this pressure (p2) in the venous blood is not zero (the
oxygen saturation of the venous blood is about 50%, which is proportional to the pressure of the
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gas measured in the blood). Due to the high alveolar oxygen pressure and the very thin tissue
barrier, oxygen reaches the hemoglobin of the RBC very rapidly within one-third of the total
perfusion time. (The alveolar pressure (p1): 100%, dashed line, which represents the percentage
of the alveolar oxygen saturation and is proportional to the pressure of the alveolar gas).
Under pathological conditions (pulmonary edema), the diffusion distance (x) is greatly increased
due to the accumulation of fluid in the extracellular space between the lung cells and/or the
accumulation of fluid in the alveoli. This greatly increases the time of gas diffusion (since the time
required for diffusion is the square of diffusion distance), i.e. under abnormal conditions, the
exchange of oxygen becomes diffusion-limited (O2, Abnormal).
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Breathing is always needed, so it does matter how much energy your body harnessed for this
process. Therefore, the lung's mechanical resistance to respiration is important.
To deal with this, physiologists have introduced the concept of inverse behavior, lung compliance.
This is inversely proportional to the mechanical resistance of lungs, thus it measures the ability
of the lungs to expand. Lung compliance is the volume increase of lungs for a unit change in
pressure. It can also be used to quantify the dilatation of other hollow organs. Increasing the
internal pressure indicates a tendency to increase the volume of objects. This can be measured
using the lung model system on the right.
Separately, the chest wall and lungs also have some mechanical resistance. Because the chest
and lungs form a single mechanical unit, the sum of the resistances of the two gives the total
mechanical resistance of the system. As compliance is inversely related to the mechanical
resistance, compliance values for the respiratory system as a whole are reciprocally summed.
The actual volume of the lungs is determined by the transmural pressure and the expandability
of the lungs and chest wall.
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Compliance is thus a change in volume per unit pressure change, which can be given for the
lungs in a practical unit of about 200 ml/cm of water. Compliance can be calculated from the
slope of the pulmonary volume-pressure curve, which makes a closed-loop during a whole
breathing cycle. Compliance varies with the lung volume changes and the path of the curve
follows different routes for inspiration and exhalation. This hysteresis is the effect of the
surfactant release during inhalation (see later).
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The thoracic wall and the lungs are also flexible structures. The elasticity of the chest wall is
supported by the passive tensions on the bony frame and the muscles that can be actively
operated. At rest, the chest wall resembles a tucked-in spring that stretches the lungs outward.
In the opposite direction, the elasticity due to the structure of the lung tissue provides an elastic
force. This elasticity is the effect of the lung connective tissue structure, which has a regular
arrangement of extracellular elastic and collagenous fibers radially organized around the alveoli.
The radially outward forces of the chest wall open the alveoli to the inflowing air and balance the
central forces acting on the lungs. In contrast to the forces that open the alveoli, the most
significant other effect of closing and reducing the respiratory surface is the surface tension in
the lungs, which acts at the boundary between the alveolar fluid layer and the alveolar air. The
consequence of these opposite forces is the outward stretching of the intrapleural space, hence
the intrapleural (ppl) negative pressure, that is, the pressure in the intrapleural space is lower
than the normal atmospheric pressure.
If the fluid covering the alveoli were pure water, it would exert a greater inward force on it, causing
the lungs to close (so the breathing surface would be reduced) and we would suffocate. To avoid
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this effect, the lung produces a surfactant, which minimizes surface tension, thereby reducing
the closing force.
Filling the interior of the lung model for compliance measurement with water will exclude air
from the lungs, eliminating the fluid-air interface and disabling surface tension. This is shown on
the right. A much steeper compliance curve without hysteresis appears to the left of the
compliance curve of the normal inhalation and expiratory cycle. A steeper compliance curve
means increased compliance, meaning that the lung expansiveness increases, therefore
breathing resistance are reduced. In the absence of surface tension, when there is no gas in the
lungs, it seems paradoxically easier to perform respiratory movements.
Thus, a lung with reduced surface tension can operate with less energy.
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But what is surface tension?
The ability of the surface of liquids to contract. It is the result of the fact that cohesive forces
(molecular level attracting forces acting between the neighboring identical molecules) lead to
equilibrium inside the liquid but not at the surface. The particles on the surface of the liquid are
drawn by the deeper liquid particles towards the inside of the liquid, in accordance with the
vector shown in the top left. Such a net force does not appear inside the liquid because there the
forces balance each other.
The surface molecules of liquids have extra potential energy relative to the molecules inside the
liquid so that the fluids tend to create a minimal surface.
Surface tension () is the energy or labor required to increase the surface area of a liquid by a
unit surface area. Its unit is: [J / m²] = [N / m]. This is the reason behind capillarity.
This explains an easy-to-do laboratory test, the Hay Sulfur Powder Test, which has long been used
to detect bile acids with surfactant properties in the urine. Sulfur powder is a powder with
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hydrophobic properties that floats on the surface of water or urine due to the surface tension. If
the urine contains bile acids, its surface tension is reduced and the sulfur powder sinks.
Surface tension is also the basis of capillarity. For example, surface tension draws water up in a
narrow glass tube, if the tube is made from a wetting (hydrophilic) material like glass. This
phenomenon also called capillary action. Wetting or moisturizing means that the adhesive forces
(molecular level attracting forces acting between different neighboring molecules) between the
glass wall and the water molecules are stronger than the cohesion forces between the molecules
of water. Thus, the glass-water adhesive forces begin to raise the water molecules in contact with
the wall of the tube, which in turn follows their counterparts due to the cohesive forces between
them. This causes the water level in the capillary to rise until the forces of glass-water adhesion
and water-water cohesion are balanced with the weight of the water raised. If the tube is small
in diameter, the rise in the water level is spectacular. Of the forces acting here, although the glasswater adhesion forces are not known, water-water cohesion is actually the surface tension of
water. Thus, the force from gravity (𝜌𝑔ℎ𝑟2𝜋) is balanced by the force from the surface tension
(2𝑟𝜋), a value which is proportional to the circumference of the tube (r: radius of the capillary,
: surface tension of water, 𝜌: density of water, g: acceleration of gravity, h: height of elevated
water).
In the same way, a non-wetting (hydrophobic; adhesion less than cohesion) but a dense body,
which has a large surface, may remain on the surface of the water (e.g. paper clip, metal plate,
razor blade).
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The size of the alveoli also influences their opening.
The smaller an alveolus, the harder it is to open and it collapses more easily. When two different
sized alveoli come into contact with each other, the smaller one closes and the larger one opens.
This is explained by Laplace's law and is well illustrated by the behavior of the mineral water
bubbles enclosed in the bottle. Unlocking the cap of a bottle will reduce inside pressure and
increase the size of the bubble.
Laplace’s law measures the pressure of a bubble in water using surface tension and the radius
of the bubble. Namely, the pressure in the bubble equilibrates with the contractile force of the
surface tension, more precisely the force exerted by the pressure balances with the radial
component of the surface tension force, the magnitude of which is inversely proportional to
the radius of the sphere.
The surface tension tends to reduce the size of such a bubble, while the pressure of the gas
inside it increases bubble size. Thus, the smaller the radius of the bubble, the greater the
pressure within it (or less surface tension at the same pressure). When a smaller bubble comes
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in contact with a larger bubble, air flows from the higher pressure to the lower, causing the larger
one to expand while the smaller one collapses.
Applying Laplace's law to the soap bubble, the surface tension has to be counted twice, since the
surface where the surface tension acts are doubled. There is a gas-liquid boundary layer inside
and outside the soap bubble.
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The cells of the lung produce a detergent-like material to reduce the force required to open
alveoli and the energy used for breathing.
This so-called surfactant consists mainly of phospholipids (DPPC – dipalmitoyl-phosphatidylcholine), the charged end of which is immersed in the aqueous portion of the air-liquid
interface, while the hydrophobic portion is turned toward the air. This reduces the direct
contact between water molecules and air, significantly reducing the surface tension and the
evaporation of liquid. In addition, specific proteins e.g. various lipoproteins are also part of the
lung surfactant, which facilitates the delivery of phospholipids as "half-membranes" to the
interface.
The site of surfactant production is the thicker type II. alveolar cell of the lung. Cells secrete
surfactant as a function of local lung circulation and respiration, which provide appropriate
substance transportation to the secretion.
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Surfactant reduces surface tension, thereby reducing lung mechanical resistance, thus
increasing the compliance. Surfactant increases lung opening by using smaller alveoli as well.
This significantly reduces respiratory work.
When surfactant molecules get concentrated at the liquid-gas interface and the molecules get
close to each other at the surface of alveoli, since they have smaller cohesion than the water
molecules, thus DPPC molecules facilitate less the collapse of alveoli.
This way, the surfactant helps keep alveoli dry, preventing the entering of fluids from the blood.
In the absence of surfactants, the high surface tension would draw the walls of alveoli, which
would collapse and close. This causes greater negative pressure in the cells, which exceeds the
colloid osmotic suction of the blood (COP – negative colloid osmotic pressure) balancing with it.
Thus, more fluid is filtered out from the blood vessels into the tissues and alveoli.
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The work of the gases is calculated by multiplying pressure and volume change. If we take the
pressure-volume graph, we calculate work as the area under the pV curve.
We follow the same procedure for constructing the compliance curve but use a volume-pressure
graph (i.e. the p and V axes are reversed). Thus, the area under the pV curve gives the value of
the work in the direction of the "Y" axis, as opposed to the classic plotting, where the work is
projected on the "X" axis. Note that the horizontal axis of the compliance curve has negative
intrapleural pressure, but is plotted to the right. (Or simply depict transmural pressure on the Xaxis, which is always positive; except for forced exhalation, where it can be negative.)
The work done during the respiratory cycle is made up of two components. 1) Work against the
elastic forces. It is stored in the form of elastic energy during the inhalation. When you exhale,
the energy stored within the tissues is regained.
2) Work against the friction forces. This part of the energy dissipates in the form of heat between
the tissues.
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In diseases, the efficiency of respiratory work may be impaired. From this point of view, we
distinguish two major groups of diseases, the so-called restrictive and the obstructive pulmonary
diseases.
In a restrictive case, often associated with aging, elastic fibers are lost, causing the lung tissue to
lose its elasticity. The lungs become stiffer and compliance is reduced. This modifies the normal
compliance curve by stretching it because reduced elasticity and stiffer lungs require higher
static transmural pressure and increase respiratory work according to the red area.
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In obstructive pulmonary diseases, the delivery of air to the lungs is difficult due to narrowing
of the airways. This bends the normal compliance curve. In this case, airway resistance increases,
which requires greater dynamic transmural pressure, but the static pressure does not change. On
the whole, the respiratory work is also increased, according to the red area shown in the figure.
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Due to the structure of the lungs, the total cross-section of the airways gradually decreases. This
will determine the air flow rate according to the continuity equation.
The function of the intercostal muscles and diaphragm provides breathing-related pressure
changes that can be followed using the balloon lung model. Here, the drop in pressure inside the
glass corresponds to the drop of the intrapleural pressure, which will provide the transmural
pressure difference for inhalation.
Gas exchange takes place through the alveolar and capillary cells and the extracellular space
between them. Its speed is determined by the solubility of the gases, their partial pressure in the
air, the diffusion of the gases, their chemical reaction in the blood and the rate of blood flow.
Compliance is the expansiveness of the lungs, which is mainly determined by the elasticity of the
respiratory tract tissues and the surface tension of the alveoli.
Surface tension is derived from cohesive forces between particles. Cohesive forces hold similar
particles together and are in equilibrium inside fluids. At the gas-fluid boundary equilibrium lacks
by the lack of cohesion towards the gas. As a result, surface particles of the fluid are attracted
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toward the center of the liquid perpendicular to the surface of the liquid and surface liquid
molecules have additional potential energy. Opening the alveolar system requires a significant
amount of energy at the first breath due to the surface tension. This results an increase in the
potential energy at the surface of fluid molecules.
This potential energy is reduced by the surfactant, helping to open lungs in the first breath.
According to Laplace's law, opening of the smaller alveoli requires more pressure and they also
collapse easier. In the absence of surfactant, the suction effect from the alveoli is enhanced due
to the higher surface tension.
The breath work from the compliance curve consists of two components: conservative elastic
forces and dissipative frictional forces. Depending on the pathologically elevated conservative or
dissipative forces, we are talking about restrictive or obstructive pulmonary disease.
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