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Tests of Pulmonary Function-II*
S. WALTER

* Continued from Volume 5, Number 2

TESTS OF VENTILATION
Tests of respiratory mechanics
These include lung compliance, airways resistance and
closing volume measurements. These are useful for
advanced studies of pulmonary pathophysiology in well
equipped cardiopulmonary laboratories but are not
performed routinely.

Lung compliance is an index of the distensibility
(lielastance) of the lung and is defined as the volume
change per unit pressure change across the lung, i.e. the
transpulmonary pressure. When there is no airflow in to
or out of the lungs, the transpulmonary pressure is equal
to the intrapleural pressure and can be recorded with
intraoesophageal catheters. Volume changes are measured
with the patient breathing in to or out of a spirometer in
steps of 500 ml. His oesophageal. pressure is measured
simultaneously. The glottis should be open and the lung
allowed to stabilize for a few seconds after each step.
From these values a pressure-volume curve can be con-
structed (Fig. I)-the slope of the curve is the compliance
(ACB). It varies with lung volume and whether it is
measured during inspiration or expiration. Conventionally,
it is calculated to be the slope over the one litre above
functional residual capacity (FRC) and is called static
compliance. It is increased (elastic recoil is decreased) in
emphysema and decreased in fibrosis and interstitial
oedema.

Lung compliance measured during breathing is called
dynamic compliance-volume, pressure and flow changes
are recorded simultaneously. The volume difference
divided by the pressure difference at no-flow points
(i.e. at the ends of inspiration and expiration) provides
the dynamic compliance (Fig. 2). Dynamic compliance
measured at different respiratory frequencies (from 10 to
120 breaths per minute) is a useful test for small airway
disease and helps to detect chronic obstruction in its early
stages. In normal subjects, compliance is frequency-
independent while in patients with small airway disease it
becomes frequency-dependent-as breathing frequency
increases compliance decreases. However, this is a tech-
nically difficult and time consuming test which needs
much patient cooperation and is therefore not suitable for
routine use.
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Airway resistance is the pressure difference across the
length of the airways (between the mouth and the alveoli)
per unit of airflow. It can be measured with a body
plethysmograph using Boyle's Law. The subject sits inside
the plethysmograph and breathes through a flowmeter.
At the onset of inspiration, the chest expands and the
plethysmograph pressure rises; at the onset of expiration
the plethysmograph pressure falls. The alveolar pressure
can be calculated from the pressure changes in the
plethysmograph, mouth pressure being equal to atmos-
pheric pressure. Therefore, resistance may be derived
from the following formula:

. . Alveolar pressure- Mouth pressure
AIrway resistance=

Airflow

Airway resistance increases in chronic obstructive
pulmonary disease and the contributory factors are
narrowing of airways due to muscle spasm, mucous gland
hyperplasia, oedema and loss of elastic traction by the
alveoli. However, in the early stages of obstructive diseases,
airway resistance may not show much increase because
the small airways, where obstructive disease first begins,
contribute to less than 20% of the total airway resistance.

Closing volume is defined as the volume of air that can
be breathed out during a full expiration after the depen-
dent zones of the lungs have ceased to ventilate. When
a subject takes a slow deep inspiration from residual
volume (RV), the first part of the inspirate preferentially
goes to the apical regions of his lung. When he breathes
out slowly and fully the last part of his expirate comes
preferentially from the apical zones ('first in, last out').
This results from regional differences in ventilation. If a
tracer gas is introduced into the first part of his inspirate,
its concentration would be high in the last part of his
expirate. The closing capacity is the sum of the closing
volume and the RV (Fig. 3). The closing volume and
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capacity are believed to increase in small airway disease.
The high variability and poor reproducibility of these tests
lessens their utility.

Measurement of lung volumes and capacities
By lung volumes and capacities are meant the volumes
of gases in the lungs at different stages of lung expansion.
The most useful are vital capacity (VC), total lung
capacity (TLC), FRC and RV. TLC is the volume of air
contained in the lungs at the end of a full inspiration
and RV is the volume of air in the lungs at the end of
a maximal expiration. The FRC is the volume of air in
the lungs at the end of expiration when the subject is
breathing normally and VC is the volume of air expired
during a complete expiration after a maximal inspiration.
VC can be recorded in two parts-from RV to FRC and
from FRC to TLC. The total volume so obtained is called
the two-stage Vc. Fig. 4 is a spirogram labelled to show
these lung volumes.
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TLC=Totallung capacity
VC=Vital capacity
FRC=Functional residual capacity
IC=lnspiratory capacity
RV=Residual volume
ERV=Expiratory reserve volume
Tv=Tidal volume
IRV=lnspiratory reserve volume

FIG. 4. Spirogram showing lung volumes and capacities

Other lung volumes that may be measured are the
inspiratory capacity (IC) and the expiratory reserve
volume (ERV)-IC is the volume of air that can be
breathed out after a maximal inspiration to a normal
expiratory level and ERV is the volume of air that
can be breathed out by maximal expiration after a normal
expiration.

The VC, IC and ERV can be measured by a spirometer.
However, the FRC, RV and TLC are measured by gas
dilution methods-either the closed circuit method using
helium (helium dilution) or the open circuit method using
oxygen (nitrogen washout)-or by a body plethysmograph
and the application of Boyle's Law. The gas dilution
methods measure the volume of air in those parts of the
lung which are ventilated, whereas the body plethysmo-
graph also measures the volumes in regions which are not
ventilated. Volumes obtained by body plethysmography
are greater if there are large, unventilated or poorly
ventilated areas in the lung. The FRC and RV are decreased
in restrictive disorders and often increased in obstructive
diseases.
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TESTS OF GAS EXCHANGE
Tests for distribution of ventilation and blood flow
These can be measured using radioactive xenon. To
determine the distribution of ventilation, the gas is
inhaled and the radioactivity in the different lung zones
is detected by counters placed outside the chest wall.
Ventilation normally decreases from the lower to the
upper zones of the lung.

Distribution of blood flow within the lung can be
determined by injecting radioactive xenon into a vein.
As it reaches the lung, it enters the alveolar air and its
distribution can be measured by radiation counters.
Normally, flow to the basal zones is greater than that to
the upper zones.

Since the difference in blood flow distribution between
the apex and the base is greater than the difference in
ventilation distribution, the ventilation-perfusion ratio
(V/O) changes from the apex to the base in the normal
lung. It is greater at the apex (3.3) than at the base (0.63).
The overall V/O ratio of the lung is 0.8. (Fig. 5).

·15
3

Q)

E
::>
-g·10
Ol
t:.2
<f.

~ ·05

o~~ __~~ __~~ __~ ~ __~
Bottom 5 4 3

Rib number
2 Top

FIG. 5. Ventilation, blood flow and V/Q in the different zones
of the lung

Tests for inequality of ventilation
Although radioactive methods can give information
about ventilation in different lung zones, they cannot
detect ventilation inequalities that may exist in adjacent
lung units. Such inequalities can be detected using the
single breath analysis and the multiple breath washout
analysis.

In the single breath method, a single VC breath of
oxygen is inspired and during expiration the nitrogen
concentration of the expirate is continuously measured.
Initially, pure dead space air containing only oxygen is
breathed out (Phase I). The nitrogen content rises as
alveolar air mixed with dead space air is exhaled (Phase II).
During the next phase the nitrogen concentration remains
almost constant as alveolar air continues to be breathed
out (Phase III). Lastly, there is a further small abrupt rise
in the concentration, indicating closure of airways in
the basal zones of the lung (Phase IV-dosing volume).
Normally, the rise in concentration during Phase III is less
than 2% whereas in patients with uneven distribution of
ventilation, the rise in concentration is greater (Fig. 6).
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In the multiple breath method, the subject breathes
pure oxygen and a breath-by-breath analysis of the
nitrogen concentration is done in the expired air. In
normal lungs, the fall in nitrogen concentration is expo-
nential (i.e. the nitrogen concentration decreases by the
same fraction with each successive breath) and therefore
the results fall on a straight line when plotted on
semilogarithimic paper. However, with uneven ventila-
tion; since different units have different ventilations, the
fall in nitrogen concentration is non-linear (Fig. 7).
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FIG. 7. Multiple breath nitrogen washout analysis for
ventilation inequality

Tests for inequality of ventilation-perfusion ratios
Riley's is the best method for assessing V/O inequalities
and is based on measurements of pOi and pC02 in the
arterial blood and expired air. The alveolar-arterial p02
difference is a useful index of V/O inequalities. Unfor-
tunately, in many diseases, a true alveolar sample cannot
be obtained and in them the alveolar-arterial p02 gradient
is computed from the measurement of the expired air and
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arterial blood samples. This is based on the following
principle. Ideally, alveolar and arterial p02 should be
equal. However, as V16 inequalities occur, the arterial
and alveolar p02 shift away from the ideal p02 and from
each other in specific directions determined by the blood
and gas respiratory exchange ratios (Fig. 8). The difference
between the arterial p02 and the ideal p02 is determined
by the physiological shunt (or venous admixture) effect
and the difference between the ideal p02 and the alveolar
p02 is a reflection of the dead space effect.
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FIG. 8. 02-C02 diagram showing the shunt effect and the
dead space effect

The shunt effect is a reflection of the presence of alveoli
with abnormally low VI6 and the dead space effect is a
reflection of the presence of alveoli with abnormally high
VI6 .Thus VI6 inequalities can be expressed in terms of
these two effects. Normally, the upper limit for the

. physiological dead space is 30% of the tidal volume and
for the physiological shunt is 5% of the cardiac output.
Sometimes the difference between the ideal pOz and the
arterial p02 is simply reported and called the alveolar-
arterial pOz difference.

Information about VI6 in the lung can also be obtained
by the multiple inert gas test. Six inert gases dissolved in
saline are slowly infused into a peripheral vein. After a
steady state of elimination by the lung has been achieved,
gas chromatography is used to measure their concentra-
tions in the expired air and arterial blood. Because the
gases have different solubilities, they separate between
blood and gas according to the VI6 ratio ofthe lung unit.
The higher the solubility of the gas, the smaller is the
proportion eliminated at a given VI6 ratio.

VI6 abnormalities are extremely common and probably
responsible for most of the hypoxaemia of chronic
obstructive lung disease, interstitial lung disease and
vascular diseases such as pulmonary embolism.

Tests of diffusion
These assess the transfer of gas across the alveolo-capillary
membrane and are most commonly measured by the
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single breath carbon monoxide (CO) method. A single
breath of a dilute mixture of CO in air is inspired and the
rate of disappearance of the gas from the alveoli is calcu-
lated over a lO-second period with the breath held. The
diffusing capacity is the volume of the gas transported
across the alveolo-capillary membrane per minute per
mmHg partial pressure difference of the gas across the
membrane. As the partial pressure of CO in the capillary
blood is negligible, the diffusing capacity can be taken
to be the volume of gas transported across the alveolo-
capillary membrane per minute per mmHg partial pressure
of the gas in the alveolar air.

The diffusing capacity is also called the transfer factor
of the lung and that of CO at rest is about 25ml per minute
per mmHg. The interpretation of abnormalities in diffus-
ing capacity is difficult because VI6 imbalances can also
affect the diffusing capacity. It is decreased in restrictive
parenchymal lesions, emphysema, some vascular lesions,
many pneumoconioses and collagen diseases of the lung.

Blood gas studies
In the management of a patient with respiratory failure,
the most important tests are arterial blood gas studies.
Arterial blood is usually taken by puncturing the brachial,
radial or femoral arteries. A single sample is withdrawn
or, if necessary, a small catheter left in the artery and
samples taken as required. Analysis should preferably be
done as soon as samples are withdrawn.

Arterial p02 is usually measured with a polarographic
O2 electrode. The principle is that if a small voltage (0.6
V) is applied to a platinum electrode immersed in a buffer
solution, the current which flows is proportional to the
p02' The buffer is separated from blood by a semi-
permeable membrane and the Oz diffuses into the buffer
from the blood. The normal p02 in a young adult is
95 mmHg. It decreases with increasing age, probably due
to increasing VI6 inequalities. The usual causes of a
decrease in arterial p02 are hypoventilation, VI6
inequalities, diffusion impairment or shunting. Arterial
p02 may also be decreased when inspired p02 is reduced.

Arterial peo2 is measured using a glass pH electrode
surrounded with bicarbonate buffer which is separated
from the blood by a thin membrane. The CO2 diffuses
through the membrane and changes the pH of the buffer.
Normal arterial pC02 is 37 to 43 mmHg and is not affected
by age. Arterial pC02 is increased in hypoventilation and
may also be increased in VI6 inequality.

Arterial pH is measured with a glass electrode together
with arterial p02 and pC02. The hydrogen ion concentra-
tion of the blood is related to arterial pC02 and the
relationship expressed by the Henderson-Hasselbach
equation:

(HC03-)
pH=pK +log ----

0.03pC02
where pK=6.1 and (HC03-) is the plasma bicarbonate
concentration in mEq per litre.

A decrease in arterial pH or acidosis can be caused by
respiratory and metabolic abnormalities. Respiratory
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acidosis is caused by an increase in arterial pC02. In
chronic respiratory acidosis, there is renal compensation
by bicarbonate retention, and bicarbonate levels in the
blood are elevated. This brings the HC03-/pC02 ratio to
near normal levels and so the decreased pH is brought
back closer to normal values (Fig. 9). Metabolic acidosis
is caused by a primary fall in the HC03 - concentration
due to accumulation of non-volatile acidic metabolites
which are buffered by hyperventilation. This lowers the
pCOz and brings the HC03 - /pCOz ratio closer to normal.
The hyperventilation occurs in response to peripheral
chemoreceptor stimulation by the lowered pH.

An increase in arterial pH or alkalosis can also be
caused by respiratory or metabolic disturbances.
Respiratory alkalosis is caused by a decrease in pC02
following hyperventilation. In chronic hyperventilation,
the kidney compensates by excreting more bicarbonate,
thus bringing the HC03 - /pC02 ratios closer to normal
values. In metabolic alkalosis, which may be seen in
prolonged vomiting, there is a primary rise in HC03 -.

This causes respiratory depression and the pC02 may rise.

TESTS OF CONTROL OF VENTILATION
Under normal circumstances, CO2 plays the primary role
in chemical control of ventilation while O2 and extracellular
pH have lesser roles. Therefore, the ventilatory response
to CO2 is used as a test for the control of ventilation. This
is measured conveniently by having the subjects rebreathe
into a bag containing a mixture of 5% CO2 in oxygen,
while continuously recording the change in ventilation
and pC02 of the gas mixture in the bag. Normally, the
ventilation increases by about 3 L per minute for each
millimetre rise in pC02. But beyond an inspired CO2 of
10%, the rise in ventilation decreases. There is a wide
variation in the ventilatory response to CO2 in normal
subjects and it is reduced when the activity of the respiratory
centre is depressed or the work of breathing is increased
due to obstructive disorders.
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TESTS OF EXERCISE RESPONSE
The normal lung has enormous reserves. Patients with
early disease frequently have pulmonary function values
at rest which are within normal limits, but abnormalities
are revealed when the functional demand on the respiratory
and circulatory system is increased. Exercise testing helps
make an objective assessment of disability. In subjects
who lead active lives, these tests are safe. But as a precau-
tion against the possible development of myocardial
ischaemia, the tests should be preceded by a clinical
examination and, preferably, electrocardiography.

Exercise tests are usually divided into maximal and
submaximal tests. The former give information about
maximal exercise capacity and the factors limiting it,
which may be pulmonary or cardiovascular. If pulmonary
abnormalities are the limiting factors, the ventilation may
reach the maximal breathing capacity during the limits of
exercise, but the heart rate is submaximal. When the
limiting factors are cardiovascular, the heart rate may
reach maximal values, while the ventilation may reach not
more than 60% of the maximal breathing capacity.

Submaximal exercise tests are best performed at energy
expenditure levels equivalent to oxygen consumptions of
1.5litres per minute (a work rate of approximately 100
watts). The parameters usually measured are minute
ventilation, O2 uptake, CO2 output, respiratory exchange
ratio, arterial blood gases, diffusing capacity of the lung
and the pulse rate. Measurements are best made after five
minutes of exercise, when a steady state has been reached.
Methods of providing standard controlled exercise
include the treadmill, bicycle ergometer and the step
tests.

CONCLUSIONS
In these two articles, I have described most of the important
pulmonary function tests. However, not every chest
physician or hospital can have or, indeed, needs a laborat-
ory capable of performing all of them. Neither is it cost-
effective to perform the complete set on every patient.
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The single most useful test in the clinical setting is
spirometry. It is the best for the early detection of obstruc-
tive diseases and is capable of detecting disease five to ten
years before the onset of symptoms. Spirometry is of great
value in the management of pulmonary diseases and helps
to stage an asthmatic attack. It has an important role to
play in the detection of respiratory hazards of occupational
exposure and enables assessment of disability. The test
itself is simple, safe, inexpensive, quickly performed and
available to most primary care physicians.

Next to spirometry, the facility to measure arterial
blood gases is useful particularly when managing patients
with respiratory failure.

The other tests that are chosen will depend on need,
availability of equipment, time and personnel. The amount
of information obtained from any test will ultimately
depend on the physician, for there can be no substitute for
a well trained physician with a scientific and critical mind.
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• What is brain death?

• Why have 47 countries in the world, including
most developed nations and many Islamic
states, recognized brain death?

• Why is the concept of brain death not
accepted in India?

• Would the recognition of brain death add to
the illegal trade in human organs?

• Indeed, should the buying and selling of
human organs be permitted?
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Published by
The National Medical Journal of India
Order from: The National Medical Journal of India

All India Institute of Medical Sciences
New Delhi 110029
Price Rs 25/- + Rs 8/- (postage)


