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move at about the speed of sound. Each molecule collides about 101
times each second with neighboring molecules, in the process wandering
about in a random manner. The most probable distance D a molecule will
travel from its origin after N collisions is D = A\\/N, where A is the mean
free path, or the average distance between collisions. In air A is about 107
m; in tissue A is about 107! m (see Example 7.1.

Example 7.1

What is the typical value of D in air and in tissue for an 0, molecule after 1
sec if N = 10" in air and N = 10" in tissue? :

In air D = 1077 (10'9*2 = 102 m.
In tissue D = 101 (102)V2 = 10~5 m.

Diffusion depends-on the speed of the molecules; it is more rapid if the
molecules ‘are light and it increases with temperature. Since N is pro-
portional to the diffusion time Az (i.e., N « Ar), we can write that D <\ At
or At < D? If D = 10 mm after 1 sec, it will take that molecule 100 sec on
the average to diffuse 100 mm. In the lungs the distance to be traveled in
air is usually a small fraction of a millimeter, and diffusion takes place in a
fraction of a second. The diffusion of O, and CO, in tissue is about 10,000
times slower than it is in air, but the tissue thickness the molecules must
diffuse through in the lungs is very small (~0.4 pm) and diffusion through
the alveolar wall takes place in much less than 1 sec. We discuss diffusion
m tissues more in Chapter 8. :

To understand the behavior of gases in the lungs it is necessary to
review Dalton’s law of partial pressures. This law says that if you have a
mixture of several gases, each gas makes its own contribution to the total
pressure as though it were all alone. Consider a closed liter container of
dry air at atmospheric pressure (760 mm Hg). If you removed all the
molecules except O, from the container the pressure would drop to about
150 mm Hg (i.e., 20% of 760 mm Hg). This is the partial pressure of
exygen pO,. If only the N, molecules were left, the pressure would be
about 80% of 760 mm Hg or about 610 mm Hg. Figure 7.4 schematically
shows this imaginary experiment. The partial pressure of water vapor in
ar depends on the humidity. In typical Toom air the partial pressure of
water vapor is 15 to 20 mm Hg; in the lungs at 37°C and 100% relative
Bemidity the partial pressure of water vapor is 47 mm Hg.

Consider what happens in a closed container of blood and O,. Some O,
molecules collide with blood and are dissolved. After a while the number
of O, molecules that are escaping from the blood each second is the same
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1 liter O,

P = 150 mm Hg

1 liter dry air
P = 760 mm Hg
0, =150 mm Hg
pN, =610 mm Hg

Magic pump that
separates O, and N,

1 liter N,

P = 610 mm Hg

Figure 7.4. A schematic iliustration of Dalton’s law of partial pressures. A liter of air
at 760 mm Hg pressure can be thought of as a mixture of 1 liter of O2 at a pressure of
150 mm Hg and 1 liter of N2 at a pressure of 610 mm Hg.

as the number that are entering it. The blood then has a pO, equal to that
of the O, in contact with it. If the pO, in the gas phase is doubled, the
amount of O, dissolved in the blood will also double. This proportionality
is Henry’s law of solubility of gases. '
The amount of gas dissolved in blood varies greatly from one gas to
another. Oxygen is not very soluble in blood or water. At body tempera-
ture 1 liter of blood plasma at a pO, of 100 mm Hg will hold only about 2.5
cm?® of O, at normal temperature and pressure (NTP). AtapCO, of 40 mm
Hg it will hold about 25 cm? of CO, in solution. If the body had to depend
on dissolved O, in the plasma to supply O, to the cells the heart would
have to pump 140 liters of blood per minute at rest instead of the 6
liters/min it actually pumps. As we discuss shortly there is a more efficient
method of transporting O, and CO, that involves the red blood cells.
The different solubilities of O, and CO, in tissue affect the transport of
these gases across the alveolar wall. A molecule of O, diffuses faster than
a molecule of CO, because of its smaller mass. However, because of the
greater number of CO, molecules in solution, the transport of CO, is more
efficient than the transport of O,. If a disease causes the alveolar wall to
thicken, the transport of O, is hindered more than the transport of CO,.
The mixture of gases in the alveoli is not the same as the mixture of
gases in ordinary air. The lungs.are not emptied during expiration. During
normal breathing the lungs retain about 30% of their volume at the end of
each expiration. This is called the functional residual capacity (FRC). At
each breath about 500 cm? of fresh air (pO, of 150 mm Hg) mixes with
about 2000 cm3-of stale air in the lungs to result in alveolar air with a pO,
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of about 100 mm Hg. The pCQ, in the alveoli is about 40 mm Hg. Expired
air includes about 150 cm? of relatively fresh air from the trachea that was
not in contact with alveolar surfaces, so expired air has a slightly higher
PO, and a lower pCO, than alveolar air (Table 7.1). The ratio of CO,
output to O, intake is called the respiratory exchange ratio or respiratory
quotient R (see Chapter 5). R is usually slightly less than 1.

Nitrogen from the air does not play any known role in body function. It
is dissolved in the blood at its partial pressure. A deep-sea diver breathes
air at a much higher pressure underwater than when he is at sea level; the
increased partial pressure of N, causes more N, to be dissolved in his
blood and tissues. If the diver surfaces too rapidly some of the N, forms
bubbles in his joints causing the serious problem of “‘bends’’ (see Chapter
6).

During normal breathing the fresh supply of air does not enter the
alveoli which are still filled with stale air from previous breaths. Because
of its higher concentration, the fresh O, rapidly diffuses through the stale
air 10 reach the surface of the alveoli. The O, is dissolved in the moist
alveolar wall and diffuses through into the capillary blood until the pO, in
the blood is equal to that in the alveoli. This process takes less than 0.5
sec (Fig. 7.5). Meanwhile the CO, in the blood diffuses even more rapidly
mto the gas in the alveoli until the pCO; in the blood is the same as in the
alveolar gas. '

As mentioned earlier, the blood can carry very little O, in solution.
Most of the O, for the cells is carried in chemical combination with the
hemoglobin (Hb) in the red blood cells. A liter of blood can carry about
200 cm® of O, at NTP by this means while it can carry only 2.5 cm® of O, in
solution. Since most of the O, is not. in solution, the law of diffusion is
altered. The O, will combine with or separate from the Hb in a way that
depends on the dissociation curve (Fig. 7.6). The Hb leaving the lungs is
about 97% saturated with O, at a pO, of about 100 mm Hg. The pO, has to
drop by about 50% before the O, load of the blood is noticeably reduced.

When the blood reaches the cells and their low PO, environment, the O,

Table 7.1. The Percentages and Partial Pressures of O, and CO, in Inspired,
Alveclar, and Expired Air®

pO, pCO,
% O, (mm Hg) % CO, (mm Hg)
Imspired air 20.9 150 0.04 0.3
Alveolar air 14.0 100 5.6 40
Expired air 16.3 116 . 4.5 32

—

“Rtis assumed that the inspired air is dry and the expired air is saturated, pH,O = 47 mm Hg.





image10.png
128 The Physics of the Lungs and Breathing

160

p O, in air

120 £ 0, in alveoli

pdz {mm Hg)
©
S)

Venous blood {(resting)

Venous blood (exercising)

0 i

0 0.5

1.0

Time (sec)

Figure 7.5. The pO: of the biood in a pulmonary capillary rises rapidly to the level of
the pOz in the alveoli as the red blood cells move through the capillary (dashed line).
Even during heavy exercise (solid line) the red blood cells are rapidly replenished
with Oz2.

is dissociated from the Hb and diffuses into the cells. Not all the O, leaves
the Hb; the amount leaving depends on the pO, of the tissues. Under
resting conditions the venous blood returns to the heart with about 75% of
its load of O,. The O, is retained in the blood because it is not needed in
the tissues. During heavy physical labor or exercise the situation in active
muscle changes drastically. The pO, in the working muscles drops rapidly
causing more O, to be dissociated from the Hb and to diffuse into the
muscles. In addition the body can increase the blood flow to working
muscles by a factor of 3. Working muscles can obtain 10 times more O,
than they consume at rest. For normal people the limiting factor in
exercise is not the amount of blood pumped by the heart per minute
(cardiac output) or the amount of O, supplied to the blood by the lungs,
but the speed at which O, is transferred to the working muscles.

The dissociation of O, from Hb also depends on the pCO,, the pH
(acidity), and the temperature.-During exercise the pCO,, the acidity, and
the temperature in working muscles all increase; these increases all shift
the curve of Fig. 7.6 to the right and permit the Hb to give up more of its
0.,. All these factors thus increase the O, to the working muscles. In the
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Figure 7.6. The percent O: saturation of the blood as a function of pO2z in the alveoli.
At 100% saturation 1 liter of blood can transport 200 ml of O» at NTP. This curve is
affected by the temperature, the pCOz, and the pH.

lungs the decrease of pCO, due to rapid breathing permits Hb to bind
more O,.

Carbon dioxide is not transported from the tissues by simple diffusion
either. (If you are interested in the details see the bibliography at the end
of this chapter.) Most of the CO, remains in the blood after it has left the
lungs (pCO, =40 mm Hg). The CO, level in the blood is maintained fairly
constant by the breathing rate. Excessively rapid breathing (hyperventila-
tion) can lower the pCQ, in the blood (hypocapnia); this causes mental
disturbances and fainting.

In carbon monoxide (CO) poisoning the CO molecules attach very
securely to the Hb at places normally used by the O,. They attach about
250 times more tightly than O, and do not easily dissociate into the
tissues. In addition to using places normally used to transport O,, the CO
inhibits the release of O, from Hb, so even a small amount of CO can
sertously reduce the O, to the tissues. Cigarette smokers breathe in about
250 cm?® of CO from each pack, and it is also commonly inhaled by people
driving in heavy traffic. Carbon monoxide can cause death by starving the
tissues of O,. Normally the dissolved O, in the blood is of no significance,
but if a CO victim is placed in a hyperbaric O, chamber with an absolute
pressure of 3 atm of pure O,, the pO, increases by a factor of 15. The
dissolved O, in the blood can then supply minimal body needs (see
Chapter 6). This therapy cannot be maintained very long because O,
poisoning can result. Continued use of 1 atm of pure O, can cause swelling
(edema) of the lung tissues, which reduces O, to the blood and ironically
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results in death from a lack of O, (anoxia). Safe levels of pO,in “‘air’” are
those below 0.5 atm (~380 mm Hg pOy,) (see Fig. 6.8).

7.3. MEASUREMENT OF LUNG VOLUMES

A relatively simple instrument, the spirometer (Fig. 7.7), is used to mea-
sure airflow into and out of the lungs and record it on a graph of volume
versus time. Figure 7.8 shows a typical recording for an adult under
various breathing conditions. During normal breathing at rest we inhale
about 500 cm?3 of air with each breath. This is referred to as the tidal
volume at rest. At both the beginning and end of a normal breath there is
considerable reserve. At the end of a normal inspiration it is possible with
some effort to further fill your lungs with air. The additional air taken in is
called the inspiratory reserve volume. Similarly, at the end of a normal
expiration you can force more air out of your lungs. This additional
expired air is called the expiratory reserve volume. The air remaining in
the lungs after a normal expiration is called the functional residual capac-
ity (FRC). It is this stale air that mixes with the fresh air of the next
breath. During heavy exercise, the tidal volume is considerably larger.
You have a fair idea of your lung capacity if you have ever blown up a
paper sack or an air mattress. If a person breathes in as deeply as possible
(a in Fig. 7.8) and then exhales as much as possible (b in Fig. 7.8), the
volume of air exhaled is his vital capacity. However, his lungs will still
contain some air—the residual volume, which is about 1 liter for an adult.
The residual volume can be determined by having the subject breathe in a
known volume of an inert gas such as helium and then measuring the
fraction of helium in the expired gas. Since the helium and air will mix
thoroughly during a single breath, this dilution technique is quite accu-
rate.

A number of clinical tests can be made with the spirometer. The amount
of air breathed in 1 min is called the respiratory minute volume. The
maximum volume of air that can'be breathed in 15 sec is called the
maximum voluntary ventilation and is a useful clinical quantity. The
maximum rate of expiration after a maximum inspiration is a useful test
for emphysema and other obstructive airway diseases. In some cases the
fiow rate decreases with excessive expiratory effort. A normal person can
expire about 70% of his vital capacity in 0.5 sec, 85% in 1.0 sec, 94% in 2.0
sec, and 97% in 3.0 sec. Normal peak flow rates are 350 to 500 liters/min.
The velocity of the expired air can be impressive; if a person coughs or
sneezes hard without covering his mouth, the velocity of the air in his
trachea can reach Mach 1—the velocity of sound in air! This high velocity
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Figure 7.7. The spirometer is used to measure various quantities of puimonary
fmnction. The airflow in and out of the lungs is recorded on a rotating chart. (a) A
cyoss-section of a spirometer showing how water is'used as an air-tight seal to keep
air within the counterbalanced drum. (b) One of the authors (JRC) producing the

graph shown in Fig. 7.8. The nose clamp forces all air to flow through the mouth.
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Figure 7.8. A tracing made using the apparatus shown in Fig. 7.7b. It shows the
various volumes and capacities of the lungs. Note that during the maximum expira-
tion the outflow is rapid at first; the last 5% takes longer than the first 95%.

can cause partial collapse of the airways because of the Bernoulli effect.
In coughing to dislodge a foreign object this partial collapse increases the
air velocity and increases the force on the foreign object.

Not all of the air we inspire adds 0, to the blood. The volume of the
trachea and bronchi is called the anatomic dead space since air in this
space is not exposed to the blood in the pulmonary capillaries. Typically
the anatomic dead space is about 150 cm?®. In addition, in some diseases
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some of the alveolar capillaries are not perfused with blood and the O, is
not absorbed in these alveoli. This unused volume is called physiologic or
alveolar dead space. Air in the dead space does not provide any O, to the
body. The air in the anatomic dead space after an expiration is taken back
into the lungs during the next inspiration. If you increase your dead space
by breathing through a long tube, you will recycle more of your own

breath. If the tube has a volume equal to your vital capacity you obviously
will get no new air and will suffocate. )

7.4. PRESSURE-AIRFLOW-VOLUME RELATIONSHIPS OF THE
LUNGS

The pressure, airflow, -and volume relationships of the lungs during tidal
breathing for a normal subject and for a patient with a narrowed airway
are shown in Fig. 7.9. The pressure difference needed to cause air to flow .

o

o

Intrapulmonary
pressure (cm H,0)

I
o

s
[=}

Flow rate
(liters/min)
(=}

—-10

W

Lung volume ({liters)

N

Inspiration Expiration

Time —o-

Figure 7.9.. Typical pressures (a), flow rates (b), and lung volumes (c) during quiet
respiration for a normal individual (solid line) and a patient with a narrowed airway

(dashed line). Note the increased pressure and decreased flow rates during expira-
Sion due to the narrowed airway.
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into or out of the lungs of a healthy individual is quite small. Note that the
pressure difference (Fig. 7.9a) is only a few centimeters of water for a
normal individual. Figure 7.95 shows the rate of airflow into and out of the
lungs in liters per minute, and Fig. 7.9c shows the lung volume during the
breathing cycle.

Since the esophagus passes through the chest, it reflects the pressure
between the lungs and chest wall (intrapleural or intrathoracic space). Itis
possible to measure the pressure in the esophagus with a pressure gauge.
This pressure is normally negative (~ —10 mm Hg) due to the elasticity of
the lungs (see Section 7.6). In Fig. 7.10, the intrathoracic pressure (meas-
ured in the esophagus) is plotted versus the tidal lung volume during
respiration. Figure 7.11 shows the pressure-volume curves for three dif-
ferent breathing rates—slow, moderate, and fast.

The lungs and chest wall are normally coupled together. The behavior
of the system is the result of the combination of the physical characteris-
tics of the two. Figure 7.12 shows curves of volume versus pressure for
the chest wall and lungs separately and for the two together. The volume
is given as a percentage of the vital capacity. If the chest wall were free of
its interaction with the lungs it would have a volume of about two-thirds of
the total vital capacity. The lungs by themselves would collapse and have

No air flow

Expiration

Lung volume {liters)

inspiration

No air flow

0 -5 —10 -18
Intrathoracic pressure (cm H;0)

Figure 7.10. The intrathoracic pressure plotied versus the lung volume during
respiration for a larger than average tidal volume. (Adapted from Hildebrandt, J., and
Young, A.C., in T.C. Ruch and H.D. Patton (Eds.), Physiology and Biophysics, 19th ed,,
© W.B. Saunders Company, Philadelphia, 1965, p. 754.)
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Figure 7.11. The P-V curves for three
different breathing rates: (a) very slow
breathing of about 3 breaths/min: (b)
about 40 breaths/min; and (¢c) maximum
breathing rate of about 150 breaths/
min. (Adapted from Hildebrandt, J., and
Young, A.C,, in T.C. Ruch and H.D. Pat-
ton (Eds.), Physiology and Biophysics,
20 10 0 —10 -20 19th ed., © W.B. Saunders Company,

" Intrathoracic pressure {cm H,0) Philadelphia, 1965, p. 754.) ’

Inspired volume

essentially no air volume. Together the lungs and chest wall come to a
relaxation volume (FRC) at about 30% of -vital capacity.

The combined curve in Fig. 7.12 shows the pressure-volume relation-
ship obtained by filling the lungs to known percentages of the vital capac-
ity. The pressure is measured in the mouth (and lungs) with the nose and
mouth closed and the breathing muscles relaxed. For example, at about
60% of vital capacity, the relaxation pressure is 10 cm H,O. Since the

100

T L 1

75
Chest and lungs

combined

% vital capacity
5]
=]
T 7
|

25

L
—20 -10 0 10 20

Pressure {cm H,0)

Figure 7.12. The P-V curves for the chest alone, the lungs alone, and the chest and
Blangs combined. The combined curve is the relaxation curve of Fig. 7.13. The slope of
e combined curve AV/AP gives the compliance of the lung-chest system. If the vital
€apacity is 5 liters, AV/AP = 0.2 liter/cm H20. (Adapted from Hildebrandt, J., and
Young, A.C., in T.C. Ruch and H.D. Patton (Eds.), Physiology and Biophysics, 19th ed.,
€ W.B. Saunders Company, Philadelphia, 1965, p. 749.)
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chest wall is at equilibrium at this volume, this pressure is produced by
the elastic properties of the lung. When the same relaxation mea-
surements are made after a forced exhalation the negative pressure values
of Fig. 7.12 are obtained.

The relaxation pressure curve is again plotted as a function of the vital
capacity in Fig. 7.13. In addition, two other related curves are shown. All
of these pressures are measured in the mouth with the nose and mouth
closed. Exhaling with the greatest force gives the maximum expiratory
effort curve. Inhaling with maximum effort gives the maximum inspira-
tory effort curve. Forced expiratory effort after a maximuim inspiration
(100% of vital capacity) compresses. the gas according to Boyle’s law, PV
= constant. The dashed lines a and b show the theoretical curves for the
pressure-volume relationship of an ideal gas (PV = constant) at 0% and
100% of vital capacity. ’

Compliance is an important physical characteristic of the lungs. Com-
pliance is the change in volume produced by a small change in pressure,
that is,.AV/AP (see Fig. 7.12). Compliance is usually given in liters per
centimeter of water. Compliance in normal adults is in the range of 0.18 to
0.27 liter/em H,0. It is generally about 25% greater in men over age 60
than in younger men. There is little change in women with age.

Maximum
100 inspiratory
effort
Fy
§ 75
g Relaxation
5 curve
s 50
® Maximum
expiratory
25 . effort

-120 -90 —60 30 0 30 60 80
Mouth pressure {cm H,0)

120

Figure 7.13. P-V curves obtained with a pressure gauge in the mouth. The center
curve is for the lung-chest system shown in Fig. 7.12. The curve on the right is the
maximum pressure obtained when the subject blows as hard as possible on the
gauge. The curve on the left is obtained by maximum suction. The dashed curves a
and b are the theoretical curves for Boyle’s law PV = constant. (Adapted from
Hildebrandt, J., and Young, A.C., in T.C. Ruch and H.D. Patton (Eds.), Physiology and
Biophysics, 19th ed., © W.B. Saunders Company, Philadelphia, 1965, p. 738, after
Rahn et al., Amer. J. Physiol., 146, 1946, pp. 161-178.)
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A stiff (fibrotic) lung has a small change in volume for a large pressure
change and thus it has a low compliance. A flabby lung has a large change
in volume for a small change in pressure and has a large compliance.
Infants with respiratory distress syndrome (see Section 7.5) have lungs
with low compliance. In some diseases, such as emphysema, the com-
pliance increases (see Section 7.9). : ’

During tidal breathing, the P-V curve forms a closed loop like those
shown in Fig. 7.14. The cycles flow clockwise on the loops. The middle -
loop represents typical tidal breathing at normal pressure. Loop b repre-
sents positive pressure breathing where the air supply pressure is about 30
cm H,0 greater than the pressure on the chest wall. Positive pressure
breathing is-often used therapeutically in resuscitation and in relief of
obstructive airway disease. For positive pressure breathing the inspira-
tory muscles are not used but the eéxpiratory muscles are. Loop ¢ in Fig.
7.14 represents negative pressure breathing. This can occur when a per-
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% vital capacity
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Figure 7.14. P-V curves for tidal breathing under three conditions: (a) normal breath- -
ing where the pressure in the mouth is the same as on the skin, (b) positive
Pressure breathing with a tight-fitting face mask where the breathing muscles must
work to expire, and (c) snorkel (underwater) breathing where the pressure on the
chest is greater than in the mouth and the inspiratory muscles are under continuous
tension. (Adapted from Hildebrandt, J., and Young, A.C., in T.C. Ruch and H.D. Patton
(Eds.), Physiology and Biophysics, 19th ed., © W.B. Saunders Company, Philadel-
phia, 1965, p. 739, after Rahn et al., Amer. J. Physiol., 145, 1946, pp. 161-178.)
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son is underwater and breathing through a tube to the surface (snorkel
breathing). In this case the inspiratory muscles never completely relax.

7.5. PHYSICS OF THE ALVEOLI

The alveoli are physically like millions of small interconnected bubbles.
They have a natural tendency to get smaller due to the surface tension of a
unique fluid lining. This lining, called surfactant, is necessary for the lung
to function properly. The absence of surfactant in the lungs of some
newborn infants, especially prematures, is the cause of the idiopathic*
respiratory distress syndrome (RDS), sometimes called hyaline mem-
brane disease. This disease accounts for thousands of infant deaths each
year in the United States; it kills more babies than any other disease.

To understand the physics of the alveoli we have 1o understand the
physics of bubbles. The pressure inside a bubble is inversely proportional
to the radius and directly proportional to the surface tension y. The exact
relation is P = 4 /R, a form of Laplace’s law. Consider soap bubbles on
the ends of a tube with a valve separating them as shown in Fig. 7.15a.
What happens when the valve is opened to connect them? Because the
smaller one has a higher internal pressure it will empty its air into the
larger one until the radii of curvature of the large bubble and of the
remainder of the small bubble are the same (Fig. 7. 15b). Although alveoli
are not exactly the same as soap bubbles there is a tendency for the
smaller alveoli to collapse. The condition that results when a sizable
number collapse is called atelectasis. The reason most alveoli don't
collapse is related to the unique surface tension properties of surfactant.

The surface tension of a fluid can be found by measuring how much
force is necessary to pull a loop of wire from a clean liquid surface (Fig.
7.16). The surface tension of a water-air interface is 72 dynes/cm; that of a
plasma-air interface is about 40 to 50 dynes/cm; those of detergent so-
lutions in air are from 25 to 45 dynes/cm. A qualitative measure of surface
tension is to note how long small bubbles of a liquid survive. The lower
the surface tension, the longer they last. In 1955 it was noted that bubbles
expressed from the lung were very stable, lasting for hours. It was
concluded that they must have a very low surface tension.

The surface tension of the surfactant that lines the alveoli of healthy
individuals plays a major role in lung function. The surface tension of the
surfactant is not constant. Figure 7.17b shows the surface tension of a film
of normal lung extract containing surfactant. Note the large decrease of y

*[diopathic is a useful word—it means of unknown origin.
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(a) ®)

Figure 7.15. The pressure inside a soap bubble depends on its radius. (a) When the
valve between the two bubbles is closed, the pressure is greater in the smaller

bubble (P = 4y/R). (b) When the valve is opened, the smaller bubble empties into the
larger, leaving a spherical cap with the same radius as the new large bubble.

as the area decreases. This characteristic causes the surface tension of the
alveoli to decrease as the alveoli decrease in size during expiration. For
each alveolus there is a size at which the surface tension decreases
sufficiently fast that.the pressure starts to drop instead of continuing to
increase, and this causes the alveolus to stabilize at about one-fourth its
maximum size. Alveoli not covered with surfactant, such as those of
infants with RDS, collapse like small bubbles, and quite a large pressure is
needed to reopen them. An infant with RDS may not have the energy to
breathe with its low compliance lungs.

The P-V curves for an excised human lung are shown in Fig. 7.18. If the

lung is completely collapsed, a considerable pressure is needed to start its
inflation, similar to the extra effort needed to start blowing up a rubber

F

Figure 7.16. The surface tension of a liquid can be measuréd byl determining the
force needed to pull a wire loop from a clean liquid surface.
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Figure 7.17. Surface tension as a function of film area. (A) A schematic representa-
tion of the apparatus used to measure the surface tension of a film. The tray is filled
to the top with fluid, a film of the material to be studied is spread on the surface, a
movable barrier is used to compress the film, and a hanging plate balance continu-
ously records the surface tension y. (B) Graph of surface tension of a lung extract
containing surfactant. Note the large decrease in surface tension as the area de-
creases and the different curve obtained as the area increases. The vertical line at

about 70 dynes/cm shows that the surface tension of water is constant with changes
in area. (From Hildebrandt, J., and Young, A.C,, in T.C. Ruch and H.D. Patton (Eds.),

Physiology and Biophysics, 19th ed., © W.B. Saunders Company, Philadelphia, 1965, -
p. 744. Reprinted by permission.)

balloon. From this point the lung inflates rather easily until it is close to its
" maximum size. The pressure curve during deflation looks quite different.
When the pressure has dropped to zero the lung still retains some air.
Much less pressure is needed to then reinflate the lung, although reinfla-
tion will not follow the deflation curve. A cyclical process in which
different curves are followed on the two halves of the cycle is said to show
hysteresis. The area inside the loop is proportional to the energy lost as
heat during the cycle. During normal tidal breathing the hysteresis loop is
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Figure 7.18. Typical P-V curve for an excised human lung. More pressure is re-
quired for the initial inflation (lower curve) than for reinflation (dashed curve).

quite small, like curve a on the normal P-V curve in Fig. 7.19. If tidal
breathing continues unchanged some of the alveoli collapse, and the
hysteresis loop becomes slightly larger and shifts toward higher pressure
as shown by curve b. A deep breath reopens the alveoli, and the curve
shifts back to a. We take such a deep breath occasionally without being
aware of it (a sigh). During surgery an anesthesiologist will occasionally
force a large- volume of gas into a patient’s lungs to reopen collapsed
alveoli. Taping the chest prevents a patient from taking a deep breath and
some of his lung space is likely to be lost by collapsed alveoli, or atelec-
tasis.

The P-V curve for a lung suffering from a lack of surfactant (RDS) is
also shown in Fig. 7.19; the hysteresis loop is shifted to the right and a
large pressure must be maintained to keep the lung inflated.. Note the
lower compliance (AV/AP) of this lung. The P-V curve of a patient with
severe emphysema is also shown in Fig. 7.19; note the increased com-
pliance, the larger residual volume, and the large area inside the hys-
teresis loop.

7.6. THE BREATHING MECHANISM

Breathing is normally under unconscious control. Although the rate of
breathing can be changed at will, a person is unaware of his breathing
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Figure 7.19. P-V curves for a normal subject and for patients with emphysema and
RDS. The solid lines are static values. The pressure is relative to the intrathoracic
pressure. RV is the residual volume. Notice the increased FRC and RV for em-
physema. The dashed lines represent the hysteresis loops during tidal breathing.
Curve a gradually shifts to become curve b as atelectasis and surfactant changes
occur. A deep breath shifts curve b back to curve a as the collapsed alveoli are
forced open again. (Adapted from Hildebrandt, J., and Young, A.C., in T.C. Ruch and
H.D. Patton (Eds.), Physiology and Biophysics, 19th ed., © W.B. Saunders Company,

Philadelphia, 1965, pp. 740 and 758.)

most of the time unless he is suffering from asthma or emphysema. The
physiological control of breathing depends on many factors, but the pH in
the respiratory center of the brain exerts primary control.

If a lung were removed from the chest all the air would be squeezed
from it and it would collapse to about one-third of its size much as a
balloon collapses when air is let out of it. The lung can be thought of as
millions of small balloons, all trying to collapse. The lungs don’t normally
collapse because they are in an airtight container—the chest. As the
diaphragm and rib cage move the lungs stay in contact with them. Two
forces keep the lungs from collapsing: (1) surface tension between the
Jungs and the chest wall and (2) air pressure inside the lungs. The surface
tension force is similar to that between two pieces of cellophane or saran
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wrap stuck together. If the lungs overcame this force and pulled away
from the chest wall a vacuum would be created since air cannot reach the
intrapleural space. Since the air inside the lungs is at-atmospheric pres-
sure (~10% N/m? or ~14.5 1b/in.?) it would push the lungs back in contact
with the chest wall. There is normally a negative pressure of 5 to 10 mm
Hg in the intrapleural space.

Various muscles are involved in breathing. Intercostal muscles in the
chest wall cause the chest to expand when they contract. Other muscles
between the neck and chest can also contract to expand the chest. Nor-
mally most breathing is done by contracting the diaphragm muscles; these
pull the diaphragm down, expanding the lungs. When we inspire, we pull
the diaphragm down as shown schematically by the arrow in Fig. 7.20b.
This produces a slight negative pressure in the lungs and air flows in.
When we expire, we relax the diaphragm muscles, the elastic forces in the
lungs cause the diaphragm to return to its neutral position, and air flows
out of the lungs without any active muscular effort. If the diaphragm
muscles are paralyzed the muscles in the chest wall are used for
breathing.

If the chest wall is punctured as shown schematically by the open valve
in Fig. 7.20c¢ the lung collapses, the diaphragm lowers, and the chest wall
expands. This condition is known as a pneumothorax (literally, air-chest). -
Occasionally it is medically desirable to collapse one lung to allow it to

1 |

l l 77777

2
ST,
, 2
Force
(a) (2] (c)

E'ﬁlre‘ 7.20. A simple model of the mechanisms of breathing (a) during expiration,'_

ﬂ during inspiration, and (c} during pneumothorax.
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“rest.”’ Since each lung is in its own sealed compartment it is possible to
collapse one lung only as shown in Fig. 7.21. This is done rather simply by
inserting a hollow needle between the ribs (an intercostal puncture) and
allowing air to flow into the intrathoracic space. The air trapped in the
space is gradually absorbed by the tissues, and the lung expands to normal
over a period of a few weeks. Sometimes 2 lung collapses spontaneously
with no known cause. This condition of spontaneous pneumothorax is
moderately common in college-age students. As in the medical procedure,
the lung returns to normal as the air is absorbed into the surrounding

Since both the lung and chest wall are elastic, we can represent them
with springs (Fig. 7.22). Under normal conditions they are coupled to-
gether: the “‘lung” springs are stretched and the “‘chest’” springs are
compressed (Fig. 7.22a). During a pneumothorax, the lungs and chest are
independent and the springs representing them go to their relaxed posi-

Collapsed fung

Diaphragm Heart

Figure 7.21. A right pneumothorax is produced by letting in air between the chest
wall and the lung. The shaded area shows the outline of the collapsed lung.
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Figure 7.22. (a) A spring model for the lungs. The arrows show the direction of the

spring forces. Normally the lung and chest wall are coupled together. (b) During a
severe pneumothorax, the springs go to their relaxed positions—the chest enlarges

and the lung collapses.

tions as indicated in Fig. 7.22b. The lung collapses, and the chest wall
enlarges.

The intrathoracic space is not always at negative pressure. If you close
your windpipe and forcefully try to expire, the intrathoracic pressure can
become quite high. This is called a Valsalva maneuver. A person does this
when he blows up a stiff balloon. Under more physiological conditions he
does this just before coughing or sneezing and during the stress of defeca-
tion or vomiting. Increasing the pressure in the chest compresses the main
vein (vena cava) carrying blood back to the heart and reduces the volume
of blood pumped by the heart. The normal negative pressure in the chest
helps keep the vena cava open. The blood pressure in the venacava is only

0.5 cm H,O near the heart.

7.7. AIRWAY RESISTANCE

We can breathe in more rapidly than we can breathe out. During inspira-
tion the forces on the airways tend to open them further; during expiration
the forces tend to close the airways and thus restrict airflow. For a given
lung volume, the expiratory flow rate reaches a maximum and remains
constant; it might even decrease slightly with increased expiratory force.
Patients with obstructive airway disease such as asthma or emphysema
find that an increased effort to breathe out decreases the flow rate consid-
erably. These patients unconsciously find some relief by retaining a large
amount of air in the lungs, thus keeping their airways as large as possible.
They can often inspire at near normal rates so they breathe in rapidly to
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allow more time for expiration. The pulmonary physics of emphysema is
discussed in Section 7.9.

The flow of air irr the lungs is analogous to the flow of current in an
electrical circuit. “*Ohm’s law™" for air flow looks like Ohm’s law for
electrical circuits, with voltage replaced by pressure difference AP and
current replaced by the rate of air flow AV/Ar or V. Airway resistance R, is
the ratio of AP to V. Airway resistance is given in units of pressure per unit
flow rate, commonly cm H,Of(liter/sec). In typical adults R, = 3.3 cm
H,O (liter/sec). R, depends on the dimensions of the tube and the vis-
cosity of the gas. The situation is complicated by the complexity of the
airways. Most of the resistance is in the upper airway passages. The nasal
area accounts for about half of R,, and another 20% is due to the other
upper airways. In normal subjects less than 10% of R, is in the terminal
airways. Thus diseases that affect the terminal airways (bronchioles and
alveoli) do not appreciably affect the airway resistance until they are far
advanced.

The time constant of the lungs is related to the airway resistance R, and
the compliance C. Remember that compliance is AV/AP (Section 7.4). The
product R,C is the time constant for the lung. This is analogous to the time
constant RC’ for a capacitor C’ to discharge through a resistance R in an
electrical circuit. The time constant of the lung is complicated since many
parts of the lung are interconnected. If one part of the lung has a larger
time constant than other parts, it will not getits share of the air and that

part of the lung will be poorly ventilated.

7.8. WORK OF BREATHING

The amount of work done in normal breathing accounts for a small
fraction of the total energy consumed by the body (~2% at rest). The
primary work of breathing can be thought of as the work done in stretch-
ing the springs representing the lung-chest wall-diaphragm system (Fig.
7.23a), which is proportional to the shaded area in Fig. 7.23b; however,
this is an oversimplification of the work of breathing. A better model is
shown in Fig. 7.24. The resistance of the tissues and the resistance of the
gas flow produce heat; these can be represented as a dashpot (R). The
_springiness of the lung-chest system is represented by the spring C. The
inertia I of the mass of the lungs and chest wall must also be overcome; at
nofmal breathing rates, the inertia can be neglected, but at maximum
breathing rates (over 100 breaths/min) it is a significant factor. The work
of breathing is shown by the total shaded area in Fig. 7.24b; the darker
shaded area represents the work against the spring C and the lighter area
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Figure 7.23. A model of the work of breathing. (a) Position of the springs at ends of
breathing cycle. (b) The shaded area represents the work done in stretching the
springs a distance x.

represents the work against the resistance. During normal breathing, no
work is done during expiration; the muscles relax and the springs *‘snap
back’ to expel the air, dissipating the energy in the dashpot R. During
strenuous exercise muscles are used to expel air. The work of breathing
during heavy exercise may amount to 25% of the body’s total energy
consumption.

Rapid shallow breathing and slow deep breathing are both less efficient
than the normal rate. Most animals adjust their breathing rates at rest to
use minimum power. At low breathing rates most of the work is done
against the elastic forces of the lung and chest (darker area in Fig. 7.24b):

SO,
A 0.'..0
2R AL

Pressure

(5)

Figure 7.24. (a) A better model of the work of breathing: C represents the springs of
the lung-chest-diaphragm system, R is the resistance to tissue motion and gas flow, /
is the inertia of the moving parts, P is the pressure, and M represents the breathing
muscles. (b) Work done: the cross-hatched shaded area represents the work against
the spring C, and the dotted area represents the work against the resistance R.
(Adapted from Hildebrandt, J., and Young, A.C., in T.C. Ruch and H.D. Patton (Eds.),
Physiology and Biophysics, 19th ed., © W.B. Saunders Company, Philadelphia, 1965,

p. 755.)
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Figure 7.25. Curves of Oz consumption rate of the respiratory muscles for a normal

subject and for a subject with severe emphysema. (Adapted from E.J.M. Campbell,
E.K. WesHake, and R.M. Cherniak, J. Appl. Physiol. 11: 303-308, 1957—Fig. 3)

at fast breathing rates the work against the resistive forces (lighter area in
Fig. 7.24b) increases. »

Another way to determine the work done in breathing is to measure the
extra O, consumed as the breathing rate is increased under resting condi-
tions. The amount of O, consumed is directly related to the calories of
food “burned’’ (see Chapter 5). We assume that the additional O, is used
in the respiratory muscles. Figure 7.25 shows a typical curve for a normal
subject and the curve for a patient with severe emphysema. The latter
may use more O, in the work of breathing at a faster rate than is provided
by his increased ventilation; the amount of O, in his general circulation
thus falls. :

If we compare the energy used in breathing obtained by the O, con-
sumption method to the calculated work done using the model shown in
Fig. 7.24, we can estimate the efficiency of the breathing mechanism.
Because of many uncertainties, the efficiency estimates range from 5 to

10%.

7.9. PHYSICS OF SOME COMMON LUNG DISEASES

Diseases of the lungs account for a large percentage of man’s medical
problems. It is estimated that 15% of the people in the United States over
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age 40 have detectable lung disease. Many of these diseases can be
understood in terms of physical changes in the lungs. This does not, of
course, mean that a physicist can cure them. The physical aspects of some
common lung diseases are discussed in this section. The physics of RDS
in infants is discussed in Section 7.5.

At rest, only a small fraction of the lungs’ capacity is used. Thus a lung
disease that reduces the capacity often does not produce noticeable symp-
toms in its early stages.. When the symptoms are noticeable, the disease is
fairly well advanced. Many lung function tests force the breathing mech-
anism to its limits and thus allow detection of changes that are not ordinar-
ily apparent. There are some simple lung tests that should be included in
every health check-up. : '

In emphysema the divisions between the alveoli break down, producing
larger lung spaces. This destruction of lung tissue reduces the springiness
of the lungs. The lungs become more compliant—a small change in-pres-
sure produces a larger than normal change in the volume. While at first
glance this would appear to make it easier to breathe, the opposite is true.
Much of the work of breathing is done in overcoming the resistance of the
airways. In emphysema the airway resistance increases greatly.

Figure 7.26. will help you understand the physics of emphysema. You
can think of the elasticity of the tissues in the normal lung as millions of

little interconnected springs (Fig. 7.26a). These *‘springs” tend to col-
lapse the lung and produce the force that pulls on the chest wall. They also

: Figure 7.26. Spring models of (a) a normal lung and (b) a lung with severe em-
5 physema. Note the reduced number and strength of the springs in the model for
emphysema. The resulting expansion of the chest wall-and narrowing of the major
airways causes an increase in airway resistance.
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pull on the walls of the airways; this-keeps the airways open and helps
reduce airway resistance during expiration.

The situation in severe emphysema is shown in Fig. 7.26b. The number
of working *‘springs’’ has been greatly reduced, and those present are
much weaker than normal. This produces two important changes: (1) the
lung becomes flabby and expands as the reduced tension allows the chest
wall to expand almost to the resting volume of the chest wall without the
lung—about 60% of vital capacity (Fig. 7.12); and (2) the tissues do not
pull very hard on the airways, permitting the narrowed airways to col-
lapse easily during expiration. This increased airway resistance is the
major symptom of severe emphysema. The increased size of the lungs
increases the FRC, and the residual volume (Fig. 7.19). The chest is
overinflated, and the posture is affected: someone with the disease ap-
pears barrel-chested. Since a person who has emphysema is unable to
blow out a candle, it is simple to test for the disease. Emphysema occurs
occasionally in nonsmokers, but the recent large increase in the disease
has been primarily among heavy smokers.

In asthma, another common obstructive disease, the basic problem is
also expiratory difficulty due to increased airway resistance. Some of this
resistance is apparently due to swelling (edema) and mucus in the smaller
airways, but much of it is due to contraction of the smooth muscle around
the large airways. Lung compliance is essentially normal, but the FRC
may be higher than normal since the patient often starts to inspire before
completing a normal expiration.

In fibrosis of the lungs the membranes between the alveoli thicken. This
has two marked effects: (1) the compliance of the lung decreases, and (2)
the diffusion of O, into the pulmonary capillaries decreases. The expira-
tory resistance is essentially normal. A person with the disease will have
labored and even painful breathing (dyspnea) or shortness of breath
during exercise. Fibrosis of the lungs can occur if the lungs have been
irradiated (e.g., in the treatment of cancer), although this is not the only
cause. :
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REVIEW QUESTIONS

1.

2.

10.

11

12

List five functions of the breathing mechanism in addition to gas
exchange.
Calculate the number of O, molecules absorbed from a typical breath
of 500 cm?®. Assume the O, in the air is reduced from 20% to 16% as
measured at the mouth.
. Ifthere are 3 x 10%alveoliinalung witha functional residual capacity
of 2.5 liters, calculate the average volume of an alveolus.
Explain qualitatively why the air in the lungs has a pO, of only about
100 mm Hg while the pO, in ordinary air is about 150 mm Hg.
. (a) What are the factors that determine how deep you can swim while
breathing through a snorkel to the surface?
(b) Estimate the maximum depth at which you could use a snorkel
from Fig. 7.13.
_ If the thickness of the alveolar walls doubled, by what factor would
the diffusion time for O, to reach the blood change?
In Morochocha, Peru, the atmospheric pressure is 447 mm Hg. Find -
the pO, and pN, that people in this village inhale.
A person’s lung volumes were measured and the following results
were obtained: vital capacity, 5 liters; residual volume, 1.0 liter; and
expiratory reserve volume, 1.5 liters. Find the functional residual
capacity.
A person inspired maximally and then began breathing from an ex- .
pandable bag containing 2 liters of 40% helium gas. After a few
breaths, the helium concentration in the bag was 10%. What was this
person’s total lung capacity?
The compliance of a normal adult lung is about 0.2 liter/cm H,0.
What is the compliance in m%Nm~*? _
.IfR,=3cm H,O/(liter/sec), what air flow rate V would occur at an
expiratory pressure of 100 mm Hg? .
. In a patient with severe emphysema, which of the following are above
fiormal and which are below normal?
" (a) Airway resistance
(b) Inspiratory reserve volume
(¢) Functional residual capacity
(d) Vital capacity
(e) Compliance
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CHAPTER 7

7.2 22.4 liters contains 6 X 102 molecules
4% of 500 cm? = 20 cm® = 0.02 liter

0.020 e
( 25 4 )6 x 102 =5 x 1020 O, molecules

7.3 2500 cm? 8.3 x 10~% cm®

3 x 10° alveoli alveoli

7.5 (a) The negative pressure produced by a maximum inspiratory
effort and the volume of the snorkel tube, which should be as -

small as practical
(b) About 90 cm

7.6 At « D?; therefore, At = 2* = 4 times longer
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7.10

7.11

pO, = 20% of 447 mm Hg = 89 mm Hg

PN, = 80% of 447 mm Hg.= 358 mm Hg

FRC = residual volume + expiratory reserve volume = 1.0 + 1.5 =
2.5 liters

40% of 2 litérs is 0.8 liter He. Let x liters equal total lung capacity,
then 10% of (x. + 2) must also be 0.8 liter, thatis, 0.1 (x + 2) =
or x = 6 liters:” -

1 m® = 103 liters and 1 cm H,0 = 980 dynes/cm? = 980 x 10¢
dynes/m?® = 98 N/m?

Thus 0.2 liter _ 0.2 x 103m3 _ 2 x 10~ m?N m-2
cm H,O 98 N/m?
R, = AP/V; V = APIR,; R, = 3 cm H,0/(liter/sec)
100 mm Hg = 1360 mm H,0O
136

V= 5 = = 45.3 liters/sec
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CHAPTER 7

The Physics of the Lungs and
Breathing

The body is in many ways a machine—a very remarkable machine. It
must have a source of energy, a method of converting the energy into
electrical and mechanical forms, and a way of disposing of the by-
products. In an automobile the source of energy is gasoline; it is combined
with air and burned in the cylinders to produce kinetic energy to drive the
wheels, and its by-products of noxious gases and heat are disposed of
through the exhaust and radiator. In the body the source of energy is food;
it is processed in the digestive system and then combined with O, in the
cells of the body to release energy. Its by-products are disposed of by four
routes: (1) the nondigestible components are eliminated as feces (releasing
only a small amount of noxious gases), (2) water and other by-products
are carried away in the urine, (3) almost 0.5 kg of CO, is disposed of via
the lungs each day, and (4) heat is dissipated from the body’s surface.

The human ‘‘machine™ really consists of billions of very small
“engines’’—the living cells of the body. Each of these miniature engines
must be provided with fuel, O,, and a method of getting rid of the
by-products. The blood and its vessels (cardiovascular system) serve as
the transport system for these engines. The lungs (pulmonary system)
serve as the supplier of O, and the disposer of the main by-product—CO,.
The blood takes the O, to the tissues and removes the CO, from the
tissues; it must come in close contact with the air in the lungs in order to
exchange its load of CO, for a fresh load of O, (Fig. 7.1). The details of
this process are discussed in Section 7.2. .

Because of the close cooperation and interactions between the car-
diovascular and pulmonary systems, the actions of one system often

119
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Figure 7.1. The major channels for air and blood in the respiratory system. The

diagram illustrates schematically the exchange of Oz and CO2 between the airin an
alveolus and the blood. (From Guyton, A.C., Function of the Human Body, 3rd ed,,

®© W.B. Saunders Company, Philadelphia, 1969, p. 222. Reprinted by permission.)

affect the other. For example, during breathing the pressure on the major
veins in the chest affects the return of blood to the heart. Often a disease
of the lungs will produce heart symptoms and vice versa.
" The lungs perform other physiologic functions in addition to exchanging
0, and CO,. One primary function is keeping the pH (acidity) of the blood
constant. The lungs play a secondary role in the heat exchange (see
Chapter 5) and fluid balance of the body by warming and moisturizing the
air we breathe in (inspire). Our breathing mechanisms provide a con-
trolled flow of air for talking, coughing, sneezing, sighing, sobbing, laugh-
ing, sniffing, and yawning. In addition, blocking the air passage generates
increased pressure for defecating and vomiting.

An important function of the breathing apparatus is voice production.
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Breathing patterns are markedly different during conversation. Sirce the:
voice is produced by a controlled outflow of air from the lungs a person
inhales rapidly and more deeply before speaking in order to have more
time, to produce voice sounds. The inhalation time is typically less than
20% of the breath cycle, and the amount inhaled is usually more than
twice the usual volume. A singer (especially an opera singer) inhales even
more air in a short period of time to further minimize the inhalation part of
the cycle. The airway resistance produced by the vocal cords causes a
sizable pressure increase in the trachea. Thus the work involved in speak-
ing and singing is considerably greater than the work of normal breathing.
However, relatively little of the increased work goes into sound energy.
The voice typically has a power of less than 1 mW. Voice production is
discussed in Chapter 12.

We breathe about 6 liters of air per minute. (This is also about the
volume of blood the heart pumps each minute.} Men breathe about 12
times per minute at rest, women breathe about 20 times per minute, and
infants breathe about 60 times per minute. We discuss in Section 7.6 the
phy51cal factors that affect the breathing rate.

The air we inspire is about 80% N, and 20% O,. Explred air is about
80% N,, 16% O,,* and 4% CO,. We breathe about 10 kg (22 Ib) of air each
day. Of this the lungs absorb about 400 liters (~0.5 kg) of O, and release a
slightly smaller amount of CO,. We also saturate the air we breathe with
water. When we breathe in dry air, our expired air carries away about 0.5
kg of water each day. (This moisture can be used to clean glasses.) In cold
weather some of this moisture condenses and we see our breath.’

The air we breathe contains dust, smoke, air-borne bacteria, noxious
gases, and so forth, which come into close contact with the blood. The
large convoluted surfaces of the lungs with a surface area of about 80 m?
have a greater exposure to the environment than any other part of the
body including the skin. It is perhaps surprising we don’t have more
diseases of the lungs. The importance of clean air is obvious.

Each time we breathe, about 1022 molecules of air enter our lungs.
Remember that 22.4 liters of air contain about 6 x 10% molecules—
Avogadro’s number. The total number of molecules in the earth’s atmos-
phere is about 10%. We thus take in 1/10% of all the earth’s air each time
we breathe; in other words, for each molecule we breathe there are 10%
more in the earth’s atmosphere. The earth’s atmosphere is in constant
motion, and over a period of centuries there has been thorough mixing of
the gases. As a result, each 0.5 liter of air (10% molecules) contains on the

*This relatively high percentage of O, is the reason that mouth-to-mouth resuscitétidn is
practical and that blowing on a campfire helps get it started. '
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average one molecule that was present in any 0.5 liter of air centuries ago.
An interesting way to think of this is that on the average each of our
breaths contains one air molecule that was breathed by Christ in any one
of his breaths. Of course, this is true for any famous, infamous, or
unknown person who lived many years ago.

7.1. THE AIRWAYS

The principal air passages into the lungs are shown in Fig..7.2. Air
normally enters the body through the nose where it is warmed (if neces-
sary), filtered, and moisturized. The moist surfaces and the hairs in the
nose trap dust particles, bugs, and so forth. During heavy exercise, such
as jogging, air is breathed in through the mouth and bypasses this filter
system. The air then passes through the windpipe (trachea). The trachea
divides in two (bifurcates) to furnish air to each lung through the bronchi.

./“\J = Nose and

mouth

Aiveoli

Trachéa

Bronchiole

Bronchus

Figure 7.2. A schematic diagram showing the principal air passages into the lungs.
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Figure 7.3. The structure of the alveoli.

Each bronchus divides and redivides about 15 more times; the resulting
terminal bronchioles supply air to millions of small sacs called alveoli.*
The alveoli, which are like small interconnected bubbles (Fig. 7.3), are
about 0.2 mm in diameter (a sheet of paper is ~0.1 mm thick) and have
walls only 0.4 pm thick. They expand and contract during breathing; they
are “‘where the action is”’ in the exchange of O, and CO,. Each alveolus is
surrounded by blood so that O, can diffuse from the alveolus into the red
blood cells and €O, can diffuse from the blood into the air in the alveolus.
At birth the lungs have about 30 million alveoli; by age 8 the number of
alveoli has increased to about 300 million. Beyond this age the number
stays relatively constant, but the alveoli increase in diameter. The alveoli
play such an important role in breathing that we will discuss the physics of
the alveoli in more detail in Section 7.5.

In addition to serving as the transport system for the air, the airways
remove the dust particles that stick to.the moist lining of the various air
passages. The body has two mechanisms for clearing the airways of
foreign particles. Large chunks are removed by coughing. Small particles
are carried upward toward the mouth by millions of small hairs, or cilia.
The cilia, which are only about 0.1 mm long, have a waving motion that
moves mucus carrying dust and other small particles up the major air-
ways. Each of the cilia vibrates about 1000 times a minute. The mucus
moves at about 1 to 2 cm/min (~ 1 mile/week!). You can think of the cilia as
an escalator system for the trachea. It takes about 30 min for a particle of
dust to be cleared out of the bronchi and trachea into the throat where it is
expelled or swallowed.

7.2. HOW THE BLOOD AND LUNGS INTERACT

The primary purpoées of breathing are to bring a fresh supply of O, to the
blood in-the lungs and to dispose of the CO,. In this section we will try to

*Pronounced al-ve’-o-li.
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help you understand the physics involved in the exchange of gas between
the lungs and the blood. '

Blood is pumped from the heart to the lungs under relatively low
pressure. The average peak blood pressure in the main pulmonary artery
carrying blood to the lungs is only about 20 mm Hg or about 15% of the
pressure in the main body circulation. The lungs offer little resistance to
the flow of blood. On the average, about one fifth (~1 liter) of the body’s
blood supply is in the lungs, but only about 70 ml of that blood is in the
capillaries of the lungs getting 0, at any one time. Since blood is in the
pulmonary capillaries for less than 1 sec, the lungs must be well designed
for gas exchange; the alveoli of the lungs have extremely thin walls and
are surrounded by the blood in the pulmonary capillary system. The
surface area between air and blood in the lungs is about 80 m? (about
one-half the area of a tennis court). If the 70 mi} of blood in the pulmonary
capillaries were spread over a surface area of 80 m? the resulting layer of
blood would be only about 1 um thick, less than the thickness of a single

red bload cell.
Two general processes are involved in gas exchange in the lungs: ¢))]

getting the blood to the pulmonary capillary bed (perfusion) and (2) getting
the air to the alveolar surfaces (ventilation). If either process fails the
blood will not be properly oxygenated.

There are three types of ventilation-perfusion areas in the lungs: (1)
areas with good ventilation and good perfusion, (2) those with good
ventilation and poor perfusion, and (3) those with poor ventilation and
good perfusion. In a normal lung the first type accounts for over 90% of
the total volume. If the blood flow to part of a lung is blocked by a clot (a
pulmonary embolism) that volume will have poor perfusion. If air pas-
sages in the lungs are obstructed as in pneumonia, the involved area will
have poor ventilation. Many pulmonary diseases cause reductions in
perfusion or in ventilation.

The transfer of O, and CO, into and out of the blood is controlled by the
physical law of diffusion. All molecules are continually in motion. In
gases and liquids, and to a certain extent even in solids, the molecules do
not remain in one location. For example, if you could identify a group of
molecules in a room (e.g., from a drop of perfume) in a few minutes you
would find that these molecules had moved (diffused) throughout the
room. Molecules of a particular type diffuse from a region Gf higher
concentration to a region of lower concentration until the concentration is
uniform. In the lungs we are concerned with diffusion in both gas and
liquids. In the O, and CO, exchange in the tissues we are concerned only
with diffusion in liquids. The molecules in a gas at room temperature




