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Summary

Of all the bodily functions performed during exercise, respiration appears to be one of
the most highly regulated and optimized. The amount of work performed by respiratory
muscles to supply air for the exercising body can be considered to be a large part of the
body’s overhead. Respiratory work, which accounts for 1% to 2% of the total body
oxygen expenditure during rest, may rise to as much as 10% or higher during exercise.
This represents oxygen that is unavailable to the skeletal muscles for performing useful
work. It appears reasonable, therefore, that neural mechanisms regulating respiration
would aim to minimize the work of respiration. Simultaneous adjustments in airflow
pattern, respiration rate, and respiratory mechanics appear to be directed toward
minimizing oxygen expenditure of the respiratory overhead.

Respiratory ventilation during rest is subject to a high degree of voluntary control. In
exercise, this does not appear to be true. Except for specialized sports such as swimming
(where breathing must be synchronized to gulp air, not water) and weight lifting (where
breath holding is practiced to increase torso rigidity), respiration during exercise appears
to be very highly deterministic; conscious control is difficult and is usually not brought
to bear. We thus find that models to predict respiratory responses usually match
experimental findings very well. Even when external events such as stepping during
running and pedaling during bicycling tend to synchronize breathing, many respiratory
parameters can be predicted.

The increase in ventilation during exercise is driven by the same requirements as the
cardiac response, the need to avoid an acidic shift in the pH of the blood. Aerobic
metabolism produces CO,, which can directly and indirectly affect pH. Additional
metabolic acidosis accompanies lactic acid formation. Ventilation must therefore
increase to eliminate metabolic CO, and transform lactic acid into glucose. A failure to
do so results in respiratory acidosis of the blood and body fluids (Wasserman et al.,
1999).
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1. Introduction: Respiratory Mechanics

Respiratory mechanics, perhaps more than the mechanics of other physiological
systems, is an extremely complicated topic. The respiratory system functions to bring
air to the blood (Figure 1). It also functions to maintain thermal equilibrium and acid-
base balance of the blood. Furthermore, flow in the respiratory system is bidirectional
rather than unidirectional. Even while its primary function of air movement is occurring,
there are gaseous fluid mechanics, physical diffusion, gas-to-liquid mass transport,
muscular movement, and neural integration to consider. Although it can be argued that
many of the same processes occur in the cardiovascular system, for instance, respiratory
responses do not occur spontaneously without central nervous system control, as they
can in the cardiovascular system.

Mechanical properties of the respiratory system are best understood by first reviewing
respiratory anatomy. Following that, it is clearer how various mechanical models are
formulated to account for structural considerations.
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Figure 1. Gas moves by convection in the airways and by diffusion from the alveoli into
blood. The bronchial circulation serves metabolic needs of lung tissue.

2. Respiratory Anatomy

The respiratory system consists of the lungs, conducting airways, pulmonary
vasculature, respiratory muscles, and surrounding tissues and structures (Figure 2). Each
of these is discussed to show the ways in which it influences respiratory responses.

2.1. Lungs

There are two lungs in the human chest; the right lung is composed of three incomplete
divisions called lobes and the left lung has two. The right lung accounts for 55% of total
gas volume and the left lung accounts for 45% (Figure 2). Lung tissue is spongy due to
the very small (200 to 300x10° m diameter in normal lungs at rest) gas-filled cavities
called alveoli, which are the ultimate structures for gas exchange. There are 250 million
to 350 million alveoli in the adult lung, with a total alveolar surface area of 50 to 100
m?, depending on the degree of lung inflation (Hildebrandt and Young, 1965).

©Encyclopedia Life Support Systems (EOLSS) 178



BIOMECHANICS - Fluid Biomechanics and Respiration — Arthur T. Johnson

Airways

Alveolar
Space

Intrapleural
Space

Abdominal Diaphragm
Figure 2. Schematic representation of the respiratory system.

Ochs et al. (2004) have measured the number of alveoli in the human lung as 480
million, ranging from 274 million to 790 million. Alveolar number was closely related
to total lung volume because the mean volume of a single alveolus does not vary much
from 4.2x10™* m3. Because alveolar size is determined mostly by diffusion of oxygen
and

CO,, need for higher levels of gas exchange is met with greater number of alveoli and
larger lung sizes. There is, however, a vertical gradient in alveolar size in the lung;
gravity pulls on the lung and makes lower alveoli larger (Macklem, 2004).

The lungs are both enclosed in a membrane called the pleura. This membrane is in
intimate contact with lung tissue, and intrapleural pressure is often taken to be the
driving pressure for lung volume changes.

2.2. Conducting Airways

Air is transported from the atmosphere to the alveoli beginning with the oral and nasal
cavities, and through the pharynx (in the throat) past the glottal opening, into the
trachea, or the windpipe. The larynx, or the voice box, at the entrance to the trachea, is
the most distal structure of the passages solely for conduction of air. The adult trachea is
a fibromuscular tube 10 to 12 cm in length and 1.4 to 2.0 cm in diameter (Sackner,
1976). At a location called the carina, the trachea terminates and divides into the left
and right bronchi. Each bronchus has a discontinuous cartilaginous support in its wall
(Astrand and Rodahl, 1970). Muscle fibers capable of controlling airway diameter are
incorporated into the walls of the bronchi, as well as in the air passages closer to the
alveoli. The general tendency of airways closer to the alveoli is to be less rigid and more
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controllable by muscle fibers. Smooth muscle is present throughout the respiratory
bronchioles and the alveolar ducts but is absent in the last alveolar duct, which
terminates into one to several alveoli (Sackner, 1976). The alveolar walls are shared by
other alveoli and are composed of highly pliable and collapsible squamous epithelium
cells.

The bronchi subdivide into subbronchi, which further subdivide into bronchioles, which
further subdivide, and so on, until finally reaching the alveolar level. The Weibel (1963)
model is commonly accepted as one geometrical arrangement of air passages (another
more complicated asymmetrical model is described in Yeates and Aspin, 1978). In the
Weibel model, each airway is considered to branch into two subairways. In the adult
human, there are considered to be 23 such branchings, or generations, beginning at the
trachea and ending in the alveoli.

Dichotomous branching is considered to occur only through the first 16 generations,
which is called the conductive zone because these airways serve to conduct air to and
from the lungs. After the 16th generation, branching proceeds irregularly dichotomously
or trichotomously for three generations. A limited amount of respiratory gas exchange
occurs in this transition zone. In the respiration zone, generations 20 to 23, most gas
exchange occurs.

Movement of gases in the respiratory airways occurs mainly by bulk flow (convection)
throughout the region from the mouth and nose to the 15th generation. Beyond the 15th
generation, gas diffusion is relatively more important (Pedley et al., 1977; Sackner,
1976). With the low gas velocities that occur in diffusion, dimensions of the space over
which diffusion occurs (alveolar space) must be small for adequate oxygen delivery to
the walls; smaller alveoli are more efficient in the transfer of gas than larger ones. Thus,
animals with higher levels of oxygen consumption are found to have smaller diameter
alveoli compared with animals with lower levels of oxygen consumption.

2.3. Alveoli
Alveoli are the structures through which gases diffuse to and from the body.

One would expect, then, that alveolar walls would be extremely thin for gas exchange
efficiency, and that is found to be the case. Total tissue thickness between the inside of
the alveolus and the pulmonary capillary blood plasma is only ~ 0.4x10° m. From the
relative dimensions, it is apparent that the principal barrier to diffusion is not the
alveolar membrane but the plasma and the red blood cell (Hildebrandt and Young,
1965).

Molecular diffusion within the alveolar volume is responsible for mixing of the
enclosed gas. Due to the small alveolar dimensions, complete mixing probably occurs in
less than 10 ms (Astrand and Rodahl, 1970), fast enough that the alveolar mixing time
does not limit gaseous diffusion to or from the blood.

Of particular importance to proper alveolar operation is a thin surface coating of
surfactant. Without this material, large alveoli would tend to enlarge and small alveoli
would collapse. From the law of Laplace, for spherical bubbles,
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p=2rAr/r (1)

where p is the gas pressure inside the bubble measured in cm H,O; 7 is the surface
tension in cm H,O; r is the bubble radius in cm; Ar is the wall thickness in cm.

Large spherical bubbles (r large) have small internal pressures. Smaller bubbles have
larger internal pressures. Connect the two bubbles together, and the contents of the
smaller bubble are driven into the larger one. If we generalize this instability to the lung,
it is not hard to imagine the lung composed of one large, expanded alveolus and many
small, collapsed alveoli. Surfactant, which acts like a detergent, changes the stress—
strain relationship of the alveolar wall and stabilizes the lung (Notter and Finkelstein,
1984).

Lung surfactant is spread one molecule thick over the surface of lung airspaces. When
these air spaces contract, as during exhalation, these molecules are forced together and
some are forced off the surface. When the surface again expands during inhalation, old
surfactant molecules do not spread very rapidly onto the surface. Newly secreted
surfactant is required to replace gaps in the old surfactant, and it does so by rapid
spreading. Previously used surfactant is expelled from the lung. When the need for new
surfactant exceeds the rate of supply, as in premature infants whose lungs have not
matured, the mechanisms for surfactant production, lung injury can occur (Tierney,
2003).

2.4. Pulmonary Circulation

The pulmonary circulation is relatively low in pressure (Fung and Sobin, 1977). Due to
this, pulmonary blood vessels, especially capillaries and venules, are very thin walled
and flexible. Unlike systemic capillaries, pulmonary capillaries increase in diameter
with any increase in blood pressure or decrease in alveolar pressure. Flow, therefore, is
significantly influenced by elastic deformation.

Pulmonary circulation is largely unaffected by neural and chemical control (Fung and
Sobin, 1977). It responds promptly to hypoxia, however. A Kkey anatomical
consideration is that pulmonary capillaries within alveolar walls are exposed to alveolar
air on both sides, because alveolar walls separate adjacent alveoli.

The pressure-reduction function performed by the systemic arterioles is not matched by
the pulmonary arterioles. Therefore, pulmonary vessels, including capillaries and
venules, exhibit blood pressures that vary ~30% to 50% from systole to diastole (Fung
and Sobin, 1977). There is also a high-pressure systemic blood delivery system to the
bronchi that is completely independent of the pulmonary low-pressure (=35 cm H;0)
circulation in healthy individuals (Fung and Sobin, 1977). In diseased states, however,
bronchial arteries are reported to enlarge when pulmonary blood flow is reduced, and
some arteriovenous shunts become prominent (Fung and Sobin, 1977).

Pulmonary arterial blood is oxygen poor and CO; rich. It exchanges excess CO, for
oxygen in the pulmonary capillaries, which are in close contact with alveolar walls.
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CO, diffusion is so rapid that CO, partial pressure in the blood is equilibrated to that in
the alveolus by 100 msec after the blood enters the capillary and oxygen equilibrium is
reached by 500 msec (Astrand and Rodahl, 1970). At rest, the transit time for blood in
the pulmonary capillaries is about 1sec, but can become as small as 0.2 sec during
exercise.

At rest, pulmonary venous blood returns to the heart nearly 97% saturated with oxygen.
During exercise, hemoglobin saturation may be limited because blood transit time is not
long enough.

2.5. Respiratory Muscles

The lungs fill because of a rhythmic expansion of the chest wall. The action is indirect
in that no muscle acts directly on the lung.

The diaphragm is the muscular mass accounting for 75% of the expansion of the chest
cavity (Ganong, 1963). The diaphragm is attached around the bottom of the thoracic
cage, arches over the liver, and moves downward like a piston when it contracts
(Ganong, 1963). The external intercostal muscles are positioned between the ribs and
aid inspiration by moving the ribs up and forward. This, then, increases the volume of
the thorax. Other muscles are important in the maintenance of thoracic shape during
breathing.

Quiet expiration is usually considered to be passive; pressure to force air from the lungs
comes from elastic expansion of the lungs and the chest wall. Actually, there is evidence
(Mcllroy et al., 1963; Hamal&ainen and Viljanen, 1978; Loring and Mead, 1982) that
even quiet expiration is not entirely passive. Sometimes, too, inspiratory muscle activity
continues through the early part of expiration. During moderate to severe exercise, the
abdominal and the internal intercostal muscles are very important in forcing air from the
lungs much more quickly than it would be otherwise.

Inspiration requires intimate contact between lung tissues, pleural tissues (the pleura is
the membrane surrounding the lungs), and chest wall and diaphragm. This contact is
maintained by reduced intrathoracic pressure (which tends toward negative values
during inspiration). Any accumulation of gas in the intrapleural space in the thorax,
which would ruin tissue-to-tissue contact, is absorbed into the pulmonary circulation
because pulmonary venous total gas pressure is normally subatmospheric (Astrand and
Rodahl, 1970).

The diaphragm is the most important respiratory muscle in developing the muscle
pressure required to move air into the lungs. Its shape is largely determined because it
separates the air-filled, spongy, and easily deformed lung material from the largely
liquid abdominal contents. Due to the difference in height of the liquid in the abdomen
across the dome shape assumed by the diaphragm, there is a significant vertical
hydrostatic pressure gradient in the abdomen and a consequent difference in
transdiaphragmatic pressure over the surface of the diaphragm (Whitelaw et al., 1983).
Diaphragm tension should be able to be determined from its shape by the law of
Laplace (Equation 1).
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As the lungs fill, they become stiffer. The diaphragm must be able to produce higher
pressures to move air into filled lungs. Normally, this would run counter to the muscular
length—tension relationship, which indicates higher muscular tensions for longer
lengths. In any case, muscular efficiencies would be expected to change during the
respiratory cycle, and muscle pressures exerted on the lungs would be expected to vary
with position.

3. Lung Volumes and Gas Exchange

Of primary importance to lung functioning is the movement and mixing of gases within
the respiratory system. Depending on the anatomical level under consideration, gas
movement is determined mainly by diffusion or convection. This discussion begins with
determinants of convective gaseous processes, that is, the lung volumes that change
from rest to exercise.

3.1. Lung Volumes

Without the thoracic musculature and rib cage, the barely inflated lungs would occupy a
much smaller space than they occupy in situ. However, the thoracic cage expands them
and holds them open. Conversely, the lungs exert an influence on the thorax, holding it
smaller than should be the case without the lungs. Because the lungs and the thorax are
connected by tissue, the volume occupied by both together is between the extremes
represented by relaxed lungs alone and thoracic cavity alone. The resting volume V, is
the volume occupied by the lungs with glottis open (the glottis is the opening between
the vocal cords in the larynx), muscles relaxed, and with no elastic tendency to become
larger or smaller.

Functional residual capacity (FRC) is often taken to be the same as the resting volume.

There is a small difference between resting volume and FRC because FRC is measured
while the subject breathes, whereas resting volume is measured with no breathing. FRC
is properly defined only at end expiration at rest and not during exercise.

Tidal volume V; is the amount of air exhaled at each breath. Some people define tidal

volume as the quantity of air inhaled during each breath. The two volumes are not the
same due to the different temperatures of the inhaled and exhaled air, and, to a lesser
extent, due to water vapor addition and different gas composition of exhaled air. Inhaled
volume is somewhat easier to measure because higher resting flow rates are usually
incurred. Tidal volume increases as the severity of exercise increases. Dividing V; by
respiratory period (the time between identical points of successive breaths), T, gives
the minute volume Vg, or the amount of air that would be exhaled per unit time if

exhalation could be sustained. Sometimes Vg, is measured as accumulated exhaled air
for 1 min.

Lung volumes greater than the resting volume are achieved during inspiration.
Maximum inspiration is represented by inspiratory reserve volume (IRV). IRV is the
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maximum additional volume that can be accommodated by the lung at the end of
inspiration.

Lung volumes less than the resting volume do not normally occur at rest but do occur
during exhalation while exercising (when exhalation is active). Maximum additional
expiration, as measured from lung volume at the end of expiration, is called expiratory
reserve volume (ERV).

A small amount of air remains in the lung at maximum expiratory effort. This is the
residual volume (RV), sometimes called the closing volume of the lung.

Vital capacity (VC) is the sum of ERV, IRV, and V; . Total lung capacity (TLC) is the
sum of VC and RV. These volumes are illustrated in Figure 3.

REST EXERCISE

LUNG VOLUME

TIME

Figure 3. Representation of lung volume definitions (Johnson, 2007). Symbols are
defined in the text.

Tidal volume ventilates both the active (alveolar) regions, composed of alveolar
ventilation volume VA, and inactive regions of the lung, called dead volume V, or dead

space. Alveolar ventilation volume consists of air that diffuses to and from the
pulmonary circulation. Respiratory dead volume is air that does not take part in gas
exchange. Not all air that reaches the alveoli interacts with gases in the blood, and thus
there is a portion of the total dead volume known as alveolar dead volume. The volume
occupied by the respiratory system, exclusive of the alveoli, is normally called anatomic
dead volume. The volume of gas not equilibrating with the blood is called physiological
dead volume. Normally, anatomical and physiological dead volumes are nearly
identical, but during certain diseases, when portions of the lung are unperfused by
blood, they can differ significantly.
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