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Pulmonary Volumes and Capacities

Recording Changes in Pulmonary 
Volume—Spirometry

Pulmonary ventilation can be studied by recording the 
volume movement of air into and out of the lungs, a 
method called spirometry. A typical basic spirometer is 
shown in Figure 37-5. It consists of a drum inverted over 
a chamber of water, with the drum counterbalanced by 
a weight. In the drum is a breathing gas, usually air or 
oxygen; a tube connects the mouth with the gas cham-
ber. When one breathes into and out of the chamber, the 
drum rises and falls, and an appropriate recording is made 
on a moving sheet of paper.

Figure 37-6 shows a spirogram indicating changes in 
lung volume under different conditions of breathing. For 
ease in describing the events of pulmonary ventilation, 
the air in the lungs has been subdivided in this diagram 
into four volumes and four capacities, which are the aver-
age for a young adult man.

Pulmonary Volumes

To the left in Figure 37-6 are listed four pulmonary lung 
volumes that, when added together, equal the maximum 
volume to which the lungs can be expanded. The signifi-
cance of each of these volumes is the following:

1. The tidal volume is the volume of air inspired or 
expired with each normal breath; it amounts to about 
500 milliliters in the adult male.

2. The inspiratory reserve volume is the extra volume of 
air that can be inspired over and above the normal tidal 
volume when the person inspires with full force; it is 
usually equal to about 3000 milliliters.

3. The expiratory reserve volume is the maximum extra 
volume of air that can be expired by forceful expiration 
after the end of a normal tidal expiration; this normally 
amounts to about 1100 milliliters.

4. The residual volume is the volume of air remaining in 
the lungs after the most forceful expiration; this vol-
ume averages about 1200 milliliters.

Pulmonary Capacities

In describing events in the pulmonary cycle, it is some-
times desirable to consider two or more of the volumes 
together. Such combinations are called pulmonary capac-
ities. To the right in Figure 37-6 are listed the important 
pulmonary capacities, which can be described as follows:

1. The inspiratory capacity equals the tidal volume plus 
the inspiratory reserve volume. This is the amount of 
air (about 3500 milliliters) a person can breathe in, 
beginning at the normal expiratory level and distend-
ing the lungs to the maximum amount.

2. The functional residual capacity equals the expiratory 
reserve volume plus the residual volume. This is the 
amount of air that remains in the lungs at the end of 
normal expiration (about 2300 milliliters).

3. The vital capacity equals the inspiratory reserve vol-
ume plus the tidal volume plus the expiratory reserve 
volume. This is the maximum amount of air a person 
can expel from the lungs after first filling the lungs to 
their maximum extent and then expiring to the maxi-
mum extent (about 4600 milliliters).

4. The total lung capacity is the maximum volume to 
which the lungs can be expanded with the greatest 
possible effort (about 5800 milliliters); it is equal to the 
vital capacity plus the residual volume.

All pulmonary volumes and capacities are about 20 to 25 
percent less in women than in men, and they are greater in 
large and athletic people than in small and asthenic people.

Abbreviations and Symbols Used in Pulmonary 
Function Studies

Spirometry is only one of many measurement procedures 
that the pulmonary physician uses daily. Many of these 
measurement procedures depend heavily on mathematical 
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computations. To simplify these calculations, as well as the 
presentation of pulmonary function data, several abbrevi-
ations and symbols have become standardized. The more 
important of these are given in Table 37-1. Using these 
symbols, we present here a few simple algebraic exercises 
showing some of the interrelations among the pulmonary 
volumes and capacities; the student should think through 
and verify these interrelations.

VC = IRV + VT + ERV
VC = IC + ERV
TLC = VC + RV
TLC = IC + FRC
FRC = ERV + RV

Determination of Functional Residual Capacity, 
Residual Volume, and Total Lung Capacity—
Helium Dilution Method

The functional residual capacity (FRC), which is the vol-
ume of air that remains in the lungs at the end of each 
normal expiration, is important to lung function. Because 
its value changes markedly in some types of pulmonary 
disease, it is often desirable to measure this capacity. The 
spirometer cannot be used in a direct way to measure the 

functional residual capacity because the air in the residual 
volume of the lungs cannot be expired into the spirom-
eter, and this volume constitutes about one half of the 
functional residual capacity. To measure functional resid-
ual capacity, the spirometer must be used in an indirect 
manner, usually by means of a helium dilution method, 
as follows.

A spirometer of known volume is filled with air mixed 
with helium at a known concentration. Before breathing 
from the spirometer, the person expires normally. At the 
end of this expiration, the remaining volume in the lungs is 
equal to the functional residual capacity. At this point, the 
subject immediately begins to breathe from the spirometer, 
and the gases of the spirometer mix with the gases of the 
lungs. As a result, the helium becomes diluted by the func-
tional residual capacity gases, and the volume of the func-
tional residual capacity can be calculated from the degree 
of dilution of the helium, using the following formula:

FRC =
CiHe

CfHe
ViSpir

Ê
Ë

ˆ
¯−1

where FRC is functional residual capacity, CiHe is initial 
concentration of helium in the spirometer, CfHe is final 
concentration of helium in the spirometer, and ViSpir is ini-
tial volume of the spirometer.

V
T

tidal volume P
B

atmospheric pressure

FRC functional residual capacity Palv alveolar pressure

ERV expiratory reserve volume Ppl pleural pressure

RV residual volume Po
2

partial pressure of oxygen

IC inspiratory capacity Pco
2

partial pressure of carbon dioxide

IRV inspiratory reserve volume Pn
2

partial pressure of nitrogen

TLC total lung capacity Pao
2

partial pressure of oxygen in arterial blood

VC vital capacity Paco
2

partial pressure of carbon dioxide in arterial blood

Raw resistance of the airways to flow of air  
into the lung

Pao
2
 partial pressure of oxygen in alveolar gas 

C compliance Paco
2

partial pressure of carbon dioxide in alveolar gas

V
D

volume of dead space gas Pah
2
o partial pressure of water in alveolar gas

V
A

volume of alveolar gas R respiratory exchange ratio

V̇
I

inspired volume of ventilation per minute Q
.

cardiac output

V̇
E

expired volume of ventilation per minute   

V̇
s

shunt flow   

V̇
A

alveolar ventilation per minute Cao
2

concentration of oxygen in arterial blood

V̇ O
2

rate of oxygen uptake per minute Cv- o
2

concentration of oxygen in mixed venous blood

V̇ CO
2

amount of carbon dioxide eliminated per minute So
2

percentage saturation of hemoglobin with oxygen

V̇ CO rate of carbon monoxide uptake per minute Sao
2
 percentage saturation of hemoglobin with  

oxygen in arterial blood

DLO
2

diffusing capacity of the lungs for oxygen   

DL
CO

diffusing capacity of the lungs for carbon monoxide   

Table 37-1 Abbreviations and Symbols for Pulmonary Function
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Once the FRC has been determined, the residual vol-

ume (RV) can be determined by subtracting expiratory 
reserve volume (ERV), as measured by normal spirome-
try, from the FRC. Also, the total lung capacity (TLC) can 
be determined by adding the inspiratory capacity (IC) to 
the FRC. That is,

RV = FRC - ERV

and

TLC = FRC + IC

Minute Respiratory Volume Equals 
Respiratory Rate Times Tidal Volume

The minute respiratory volume is the total amount of new 
air moved into the respiratory passages each minute; this 
is equal to the tidal volume times the respiratory rate per 
minute. The normal tidal volume is about 500 milliliters, 
and the normal respiratory rate is about 12 breaths per 
minute. Therefore, the minute respiratory volume aver-
ages about 6 L/min. A person can live for a short period 
with a minute respiratory volume as low as 1.5 L/min and 
a respiratory rate of only 2 to 4 breaths per minute.

The respiratory rate occasionally rises to 40 to 50 per 
minute, and the tidal volume can become as great as the 
vital capacity, about 4600 milliliters in a young adult man. 
This can give a minute respiratory volume greater than 
200 L/min, or more than 30 times normal. Most people 
cannot sustain more than one half to two thirds of these 
values for longer than 1 minute.

Alveolar Ventilation

The ultimate importance of pulmonary ventilation is to 
continually renew the air in the gas exchange areas of the 
lungs, where air is in proximity to the pulmonary blood. 
These areas include the alveoli, alveolar sacs, alveolar 
ducts, and respiratory bronchioles. The rate at which new 
air reaches these areas is called alveolar ventilation.

“Dead Space” and Its Effect on Alveolar Ventilation

Some of the air a person breathes never reaches the gas 
exchange areas but simply fills respiratory passages where 
gas exchange does not occur, such as the nose, pharynx, 
and trachea. This air is called dead space air because it is 
not useful for gas exchange.

On expiration, the air in the dead space is expired first, 
before any of the air from the alveoli reaches the atmo-
sphere. Therefore, the dead space is very disadvantageous 
for removing the expiratory gases from the lungs.

Measurement of the Dead Space Volume. A simple method 
for measuring dead space volume is demonstrated by the 
graph in Figure 37-7. In making this measurement, the sub-
ject suddenly takes a deep breath of oxygen. This fills the 
entire dead space with pure oxygen. Some oxygen also mixes 

with the alveolar air but does not completely replace this air. 
Then the person expires through a rapidly recording nitrogen 
meter, which makes the record shown in the figure. The first 
portion of the expired air comes from the dead space regions 
of the respiratory passageways, where the air has been com-
pletely replaced by oxygen. Therefore, in the early part of the 
record, only oxygen appears, and the nitrogen concentration 
is zero. Then, when alveolar air begins to reach the nitrogen 
meter, the nitrogen concentration rises rapidly, because alve-
olar air containing large amounts of nitrogen begins to mix 
with the dead space air. After still more air has been expired, 
all the dead space air has been washed from the passages and 
only alveolar air remains. Therefore, the recorded nitrogen 
concentration reaches a plateau level equal to its concentra-
tion in the alveoli, as shown to the right in the figure. With 
a little thought, the student can see that the gray area repre-
sents the air that has no nitrogen in it; this area is a measure 
of the volume of dead space air. For exact quantification, the 
following equation is used:

VD =
Gray area × VE  

Pink area + Gray area

where VD is dead space air and VE is the total volume of 
expired air.

Let us assume, for instance, that the gray area on the 
graph is 30 square centimeters, the pink area is 70 square 
centimeters, and the total volume expired is 500 milliliters. 
The dead space would be

30

30 + 70
× 500 = 150 ml

Normal Dead Space Volume. The normal dead space air 
in a young adult man is about 150 milliliters. This increases 
slightly with age.

Anatomic Versus Physiologic Dead Space. The method 
just described for measuring the dead space measures the 
volume of all the space of the respiratory system other than 
the alveoli and their other closely related gas exchange areas; 
this space is called the anatomic dead space. On occasion, 
some of the alveoli themselves are nonfunctional or only 
partially functional because of absent or poor blood flow 
through the adjacent pulmonary capillaries. Therefore, from 
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Figure 37-7 Record of the changes in nitrogen concentration in 
the expired air after a single previous inspiration of pure oxygen. 
This record can be used to calculate dead space, as discussed in 
the text.
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a functional point of view, these alveoli must also be consid-
ered dead space. When the alveolar dead space is included in 
the total measurement of dead space, this is called the physi-
ologic dead space, in contradistinction to the anatomic dead 
space. In a normal person, the anatomic and physiologic 
dead spaces are nearly equal because all alveoli are functional 
in the normal lung, but in a person with partially functional 
or nonfunctional alveoli in some parts of the lungs, the phys-
iologic dead space may be as much as 10 times the volume 
of the anatomic dead space, or 1 to 2 liters. These problems 
are discussed further in Chapter 39 in relation to pulmonary 
gaseous exchange and in Chapter 42 in relation to certain 
pulmonary diseases.

Rate of Alveolar Ventilation

Alveolar ventilation per minute is the total volume of new 
air entering the alveoli and adjacent gas exchange areas each 
minute. It is equal to the respiratory rate times the amount 
of new air that enters these areas with each breath.

V
.

A
 = Freq ¥ (V

T
 - V

D
)

where V̇A is the volume of alveolar ventilation per min-
ute, Freq is the frequency of respiration per minute, VT 
is the tidal volume, and VD is the physiologic dead space 
volume.

Thus, with a normal tidal volume of 500 milliliters, 
a normal dead space of 150 milliliters, and a respiratory 
rate of 12 breaths per minute, alveolar ventilation equals 
12 × (500 − 150), or 4200 ml/min.

Alveolar ventilation is one of the major factors deter-
mining the concentrations of oxygen and carbon dioxide 
in the alveoli. Therefore, almost all discussions of gaseous 

exchange in the following chapters on the respiratory sys-
tem emphasize alveolar ventilation.

Functions of the Respiratory Passageways

Trachea, Bronchi, and Bronchioles
Figure 37-8 shows the respiratory system, demonstrating 
especially the respiratory passageways. The air is distributed 
to the lungs by way of the trachea, bronchi, and bronchioles.

One of the most important challenges in the respiratory 
passageways is to keep them open and allow easy passage of 
air to and from the alveoli. To keep the trachea from col-
lapsing, multiple cartilage rings extend about five sixths of 
the way around the trachea. In the walls of the bronchi, less 
extensive curved cartilage plates also maintain a reasonable 
amount of rigidity yet allow sufficient motion for the lungs 
to expand and contract. These plates become progressively 
less extensive in the later generations of bronchi and are gone 
in the bronchioles, which usually have diameters less than 
1.5 millimeters. The bronchioles are not prevented from col-
lapsing by the rigidity of their walls. Instead, they are kept 
expanded mainly by the same transpulmonary pressures 
that expand the alveoli. That is, as the alveoli enlarge, the 
 bronchioles also enlarge, but not as much.

Muscular Wall of the Bronchi and Bronchioles and Its 
Control. In all areas of the trachea and bronchi not occu-
pied by cartilage plates, the walls are composed mainly of 
smooth muscle. Also, the walls of the bronchioles are almost 
entirely smooth muscle, with the exception of the most ter-
minal bronchiole, called the respiratory bronchiole, which is 
mainly pulmonary epithelium and underlying fibrous tissue 
plus a few smooth muscle fibers. Many obstructive diseases 
of the lung result from narrowing of the smaller bronchi and 

Epiglottis
Pharynx
Esophagus

Pulmonary arteries

Pulmonary
capillary

Alveolus

O2 O2

O2

CO2CO2

CO2

Pulmonary veins

Conchae

Alveoli

Glottis

Larynx, vocal
cords

Trachea

Figure 37-8 Respiratory passages.



Chapter 37 Pulmonary Ventilation

473

U
n

it
 V

ii
larger bronchioles, often because of excessive contraction of 
the smooth muscle itself.

Resistance to Airflow in the Bronchial Tree. Under nor-
mal respiratory conditions, air flows through the respiratory 
passageways so easily that less than 1 centimeter of water 
pressure gradient from the alveoli to the atmosphere is suffi-
cient to cause enough airflow for quiet breathing. The great-
est amount of resistance to airflow occurs not in the minute 
air passages of the terminal bronchioles but in some of the 
larger bronchioles and bronchi near the trachea. The reason 
for this high resistance is that there are relatively few of these 
larger bronchi in comparison with the approximately 65,000 
parallel terminal bronchioles, through each of which only a 
minute amount of air must pass.

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

Nervous and Local Control of the Bronchiolar Musculature—
“Sympathetic” Dilation of the Bronchioles. Direct control of 
the bronchioles by sympathetic nerve fibers is relatively weak 
because few of these fibers penetrate to the central portions 
of the lung. However, the bronchial tree is very much exposed 
to norepinephrine and epinephrine released into the blood by 
sympathetic stimulation of the adrenal gland medullae. Both 
these hormones, especially epinephrine because of its greater 
stimulation of beta-adrenergic receptors, cause dilation of the 
bronchial tree.

Parasympathetic Constriction of the Bronchioles. A few 
parasympathetic nerve fibers derived from the vagus nerves 
penetrate the lung parenchyma. These nerves secrete ace-
tylcholine and, when activated, cause mild to moderate con-
striction of the bronchioles. When a disease process such as 
asthma has already caused some bronchiolar constriction, 
superimposed parasympathetic nervous stimulation often 
worsens the condition. When this occurs, administration of 
drugs that block the effects of acetylcholine, such as atro-
pine, can sometimes relax the respiratory passages enough to 
relieve the obstruction.

Sometimes the parasympathetic nerves are also activated 
by reflexes that originate in the lungs. Most of these begin 
with irritation of the epithelial membrane of the respiratory 
passageways themselves, initiated by noxious gases, dust, 
cigarette smoke, or bronchial infection. Also, a bronchiolar 
constrictor reflex often occurs when microemboli occlude 
small pulmonary arteries.

Local Secretory Factors Often Cause Bronchiolar 
Constriction. Several substances formed in the lungs are 
often quite active in causing bronchiolar constriction. Two of 
the most important of these are histamine and slow reactive 
substance of anaphylaxis. Both of these are released in the 
lung tissues by mast cells during allergic reactions, especially 
those caused by pollen in the air. Therefore, they play key 
roles in causing the airway obstruction that occurs in allergic 
asthma; this is especially true of the slow reactive substance 
of anaphylaxis.

The same irritants that cause parasympathetic constric-
tor reflexes of the airways—smoke, dust, sulfur dioxide, and 
some of the acidic elements in smog—often act directly on 
the lung tissues to initiate local, non-nervous reactions that 
cause obstructive constriction of the airways.

Mucus Lining the Respiratory Passageways, and Action 
of Cilia to Clear the Passageways
All the respiratory passages, from the nose to the terminal 
bronchioles, are kept moist by a layer of mucus that coats 
the entire surface. The mucus is secreted partly by individual 
mucous goblet cells in the epithelial lining of the passages 
and partly by small submucosal glands. In addition to keep-
ing the surfaces moist, the mucus traps small particles out of 
the inspired air and keeps most of these from ever reaching 
the alveoli. The mucus itself is removed from the passages in 
the following manner.

The entire surface of the respiratory passages, both in the 
nose and in the lower passages down as far as the terminal 
bronchioles, is lined with ciliated epithelium, with about 200 
cilia on each epithelial cell. These cilia beat continually at a 
rate of 10 to 20 times per second by the mechanism explained 
in Chapter 2, and the direction of their “power stroke” is 
always toward the pharynx. That is, the cilia in the lungs beat 
upward, whereas those in the nose beat downward. This con-
tinual beating causes the coat of mucus to flow slowly, at a 
velocity of a few millimeters per minute, toward the pharynx. 
Then the mucus and its entrapped particles are either swal-
lowed or coughed to the exterior.

Cough Reflex
The bronchi and trachea are so sensitive to light touch that 
slight amounts of foreign matter or other causes of irritation 
initiate the cough reflex. The larynx and carina (the point 
where the trachea divides into the bronchi) are especially sen-
sitive, and the terminal bronchioles and even the alveoli are 
sensitive to corrosive chemical stimuli such as sulfur dioxide 
gas or chlorine gas. Afferent nerve impulses pass from the 
respiratory passages mainly through the vagus nerves to the 
medulla of the brain. There, an automatic sequence of events 
is triggered by the neuronal circuits of the medulla, causing 
the following effect.

First, up to 2.5 liters of air are rapidly inspired. Second, the 
epiglottis closes, and the vocal cords shut tightly to entrap 
the air within the lungs. Third, the abdominal muscles con-
tract forcefully, pushing against the diaphragm while other 
expiratory muscles, such as the internal intercostals, also 
contract forcefully. Consequently, the pressure in the lungs 
rises rapidly to as much as 100 mm Hg or more. Fourth, the 
vocal cords and the epiglottis suddenly open widely, so that 
air under this high pressure in the lungs explodes outward. 
Indeed, sometimes this air is expelled at velocities ranging 
from 75 to 100 miles per hour. Importantly, the strong com-
pression of the lungs collapses the bronchi and trachea by 
causing their noncartilaginous parts to invaginate inward, so 
the exploding air actually passes through bronchial and tra-
cheal slits. The rapidly moving air usually carries with it any 
foreign matter that is present in the bronchi or trachea.

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