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For many years the maximum breathing capacity
(M.B.C.) has been used as a test of the mechanical
function of the lungs. It is most commonly per-

formed with a spirometer, which provides a per-

manent record of the subject's performance. Un-
fortunately, much of the earlier experimental work
suffered from two defects. (a) No control experi-
ments were made to investigate the fidelity with
which the spirometer recorded the tidal air of
the subject at high respiratory rates, and (b) the
rate of breathing was seldom recorded.

It has been shown (D'Silva and Mendel, 1950;
Bernstein and Mendel, 1951 ; Bernstein, D'Silva,
and Mendel, 1952) that both the above factors
should be taken into account when measurements
of maximum ventilatory capacity (M.V.C.) are

made with the aid of a spirometer.
It is well known that the M.B.C. of a group of

normal subjects may vary widely so that the devia-
tion of an individual value from the mean may be
very large. Thus, Gray, Barnum, Matheson, and
Spies (1950) found a mean M.B.C. of 167.1 litres/
minute for a large group of healthy young men,

but the standard deviation was ±21.0 litres. This
large range of M.B.C. values diminishes the useful-
ness of this method of expressing the results of
the test. D'Silva, Freeland, and Kazantzis (1953)
found that in a group of normal subjects the tidal
air during maximum breathing at a particular rate
bore a nearly constant relationship to the vital
capacity volume.

Gaensler (1951) studied the rate at which the
air in the lungs (following a maximum inspira-
tion) could be expired. He called this the " fast
vital capacity" and found that, though the vital
capacity volumes of normal subjects varied widely,
each succeeded, on the average, in breathing out
82.7% of his vital capacity volume during the first
second after starting a maximal expiratory effort.
Tiffeneau, Bousser, and Drutel (1949) obtained
similar results. It is well known, of course, that
a patient with emphysema breathes out consider-
ably less than 82.7% of his vital capacity volume

in the first second of a fast vital capacity test.
The use of this test as a measure of the mechani-
cal function of the lung has not been thoroughly
investigated.
The observations made in this laboratory since

adequate experimental precautions have been
taken to satisfy criteria (a) and (b) above are col-
lected together and analysed in the first part of
this paper. In the latter part, experiments designed
to relate the " fast vital capacity " to the M.V.C.
are described and standards of normality for these
two tests recommended.

METHODS
The subjects chosen to take part in this investi-

gation were for the most part healthy male medical
students. The results obtained from one group of
young male patients attending the Out-patient De-
partment for minor ailments unconnected with the
respiratory apparatus are also included. No sub-
ject studied gave any past history of respiratory
disease other than occasional " colds," and none
was suffering from a "cold" at the time of his
tests. The group included men of a wide range of
physical proportions. They were selected only in
two senses-namely, that they were all under 35
and they all agreed to co-operate in the experi-
ments.
The spirometer used was that described by Bern-

stein and others (1952). It has been shown to be
substantially free from recording error at the res-
piratory rates used. The method of conducting a
test of maximum breathing has been described in
detail by D'Silva and others (1953).
The fast vital capacity (F.V.C.) curve was ob-

tained as follows:
The same spirometer was used as for the M.V.C.

test in conjunction with a fast-moving kymograph.
The speed of the drum was such that a time inter-
val of one second was represented by 28.5 mm.
on the paper.
The subject, standing, was asked to inspire as

deeply as possible, place the mask on his face, and,
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MEASUREMENT OF MECHANICAL FUNCTION OF LUNG

TABLE I
SWEPT FRACTIONS AT DIFFERENT RATES OF BREATHING (MEANS, RANGES, AND STANDARD DEVIATIONS)

Swept Fractions at Respiratory Rates of V.C.
Group Volumes

20 30 40 50 60 70 80 (litres)

A 88-4 80-0 66-4 59-2 52-9 5-08
October, 1952 81-0-98-1 708-91-4 56-3-79-1 48-9-73-2 41-2-67-5 4-23-626
16 subjects ±5-69 ±6-43 ±6-82 ±7-91 ±7-89 ±0-66

B 81-5 66-8 53-9 5-08
February, 1953 695-92-2 565-77-2 445-63-3 4-23-6-26
14 subjects +5-70 ±5-94 ±5-33 ±0-66

C 78-0 70-5 63-6 56-1 51-3 44-6 5-38
October, 1951 71-3-90-7 63-2-83-6 53-3-81-9 49-5-69-5 41-5-64-7 33-8-55-6 4-10-6-40
14 subjects ±5-25 ±6-28 ±8-67 ±6-49 ±6-55 ±6-12 ±0-64

D 79-8 5-32
February/March, 1952 554-99 2 3-70-6-78
19 subjects ±12-3 ±0-80

E 79-6 5-24
October, 1952 678-88-4 3-76-655
19 subjects ±6-02 ±0-68

F 79-9 4-97
June, 1952 63-5-91-5 4-22-642
16 subjects ±6-84 ±0-62
Mean of groups 88-4 79-5 70-5 65-1 57-7 52-2 44-6 5-19
A, C, D, and F ±5-69 ±8-34 ±6-28 ±7-76 7-34 ±7-22 ±6-12 ±0-67

on receiving a signal, to expire through the mouth
into the apparatus as rapidly and as completely
as possible. While expiring he was exhorted to
maintain his effort until the whole volume had
been expelled. This procedure was performed four
times by each individual.
The tracing produced was always a smooth curve

and has been called the fast vital capacity curve.
The tracings were measured with a transparent
perspex scale graduated horizontally in tenths of a
litre and vertically in tenths of a second. The
scale was placed over the tracing, and volumes
expired in any particular time interval were read
off directly.

In most tracings the beginning of expiration
was sharply defined, and it was simple to place

a b
FIG. 1.-Fast vital capacity curves showing (a) sharply defined, (b)

less sharply defined beginning of expiration, and the construction
adopted in (b).

the zero axis of the time scale (Fig. la). In those
tracings where the start of expiration was not so
clear cut, the steepest part of the curve was pro-
jected backwards and zero time was taken from
the intersection of this line with the horizontal
(Fig. lb).

THE MAXIMUM BREATHING CAPACITY
RELATION BETWEEN SWEPT FRACTION DURING

MAXIMUM BREATHING AND RATE OF BREATHING.-
The M.V.C. of a group of 16 medical students
was determined at 20, 30, 50, 60, and 70 respira-
tions per minute (R.P.M.) Each test of maximum
breathing was performed once, the series of tests
being preceded and followed by three determina-
tions of vital capacity. The mean of the six deter-
minations of vital capacity was taken as the sub-
ject's vital capacity volume. The tidal volume in
each tracing was measured and the proportion of
the vital capacity (V.C.) utilized in the perform-
ance of maximum breathing was calculated for
each respiratory rate

tidal volume at x R.P.M.
(i.le., VC -. x 100).V.C. volume

This ratio has been called the swept fraction
(D'Silva and others, 1953). The results are re-
corded in Table I, Group A.

It will be observed that the mean swept fraction
diminished as the respiratory rate increased. At
each respiratory rate tested the subjects varied con-
siderably in the proportion of the vital capacity
volume which they utilized in the test, as shown
by the range covered by the observations. The
figures quoted for the standard deviation indicate
that the scatter of the observations was much the
same at all the rates of breathing tested.
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FIG. 2.-Relation between swept fraction andlratelof breathing for
subjects of Group A (Table I). C are observed points; --
is the regression line. The 99,' fiducial limits'are shown ( - - - ).

In Fig. 2 the duration of one respira-
tory cycle is plotted as abscissa against
log (100 minus swept fraction)-i.e.,
log " unswept fraction " as ordinate
for the experiments in Group A. It is
clear that the points obtained lie on a

smooth curve, but they may also be
closely represented by the straight line
which has been calculated as the line
of best fit. The 99 fiducial limits
are shown in Fig. 2 as curved lines.
PERFORMANCE OF INDIVIDUALS AT

DIFFERENT RATES OF BREATHING.-
Fig. 2 shows that the mean perform-
ances of a group of normal subjects
at different respiratory rates may be
regarded as being related exponen-
tially. Fig. 3 shows the results for
different subjects taken as a sample
from Group A in Table I. The experi-
mentally determined values of the
" unswept" fraction, plotted semi-
logarithmically, have been joined by
straight lines. It will be observed that
of the seven curves shown, four (viz.,
a, c, e, and g) could be represented
closely by straight lines; the other
three are not such a good fit, but, in
view of the fact that these curves have
all been constructed from the results
of a single trial at each respiratory rate,
the variations from an exponential re-

lation are probably within the limits of
experimental error.

18

16

REPRODUCIBILITY OF THE TEST.-Groups B and
E represent duplicate determinations on subjects
of Groups A and D respectively, and will be
referred to again later.
Group C was a group of medical students studied

by Mendel in 1951. The results of these experi-
ments have been published previously, but in
another form (Bernstein and others, 1952). They
have been recalculated as "swept fractions"
and included in Table I for two reasons. First,
they form another group similar to A and,
secondly, the observations were made by Mendel,
whereas all the other observations recorded in
Table I were made by one of us (G. K.). It will
be seen that the subjects of Groups C and A gave
very similar results at each respiratory rate tested
in spite of the tests having been conducted by two
different observers.
Group D was also a group of medical students

whose performance in the test was studied only
at 30 R.P.M. Group F, studied only at 30 R.P.M.,

1.4 _

12

0

3:

° 1.0
cm

a
-b6

\d

,,e
'1f

I-

08 k

06

04 _

0.86 1.0 i.2 2.0
Duration of one respiratory cycle (secs.)

3.0

FIG. 3.-Performance of seven out of 14 subjects in Group A (Table 1) plotted separately
at 20, 30, 50, 60, and 70 R.P.M.
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MEASUREMENT OF MECHANICAL FUNCTION OF LUNG

was a group of patients attending the hospital for
minor ailments which had no connexion with the
lungs or thoracic cage.

The performance of the various groups of sub-
jects at 30 R.P.M. was remarkably uniform. In
view of the possibility that medical students might
be expected to carry out this test more successfully
than subjects attending an out-patient clinic, the
performance of Groups A and F was compared
statistically. The result (t=0.043 ; d.f.= 30;
P>0.9) shows that any difference was not signi-
ficant.
The test needs considerable co-operation on the

part of the subject. It is therefore impracticable
to perform it more than a few times on one sub-
ject in any one day. The subjects referred to in
Table I breathed only once at each respiratory
rate except in a few instances where the tracing
showed clear evidence of a leak between the sub-
ject's face and the mask of the apparatus. In these
instances the test was repeated, and if the second
record showed no signs of leaks the measurement
from it was included in Table I.

Though the total number of observations re-

corded in column 3 of Table I is considerable, the
mean values, the scatter, and the standard devia-
tions recorded for the different groups of subjects
are similar. This indicates that the test can be
satisfactorily carried out by many individuals.

It has already been shown (D'Silva and others,
1953) that when two tests of maximum breathing
are conducted at 30 R.P.M. with a short rest period
between them the results agree closely. McKerrow
(1953) has found similar close agreement between
the results of successive determinations of M.B.C.

In Table I, Groups B and E are repeat observa-
tions on Groups A and B respectively. Two sub-
jects originally included in Group A were not
tested in Group B as, at the time of the tests,
they were suffering from " colds." The mean per-
formance of the subjects of Group B was the same
at the rates of breathing tested as their perform-
ance four months previously. In Group D there
were two subjects who considerably improved their
performance when tested seven months later. This
had the effect of narrowing the range within which
the observations fell and accounts for the smaller
standard deviation in Group E than in Group D.

Fig. 4 is a graphical representation of the indi-
vidual differences between the swept fractions on

the two occasions. The negative and positive dif-
ferences are equally numerous and are scattered
symmetrically about zero. This strongly suggests
that the differences are the results of random errors

in performing the experiments. The mean differ-

ences between the swept fractions determined on

two separate occasions at 30, 50, and 70 R.P.M.
were 5.0, 3.9, and 4.3% respectively. The test,
therefore, appears to be reproducible when per-
formed in a normal subject twice on one day or

once on different days.
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FIG. 4.-Reproducibility of M.V.C. determinations at 30, 50, and
70 R.P.M. after an interval of several months. At 30 R.P.M.,
observations were made on Groups A and B, and D and E;
at 50 and 70 R.P.M., observations were made on Groups A and
B. In each case the difference (A-B or D-E) in swept fractions is
plotted. Mean differences at 30, 50, and 70 R.P.M. were, respec-
tively, 5.0, 3.9, and 4.3%.

LIMITS OF NORMALITY AT DIFFERENT RESPIRA-
TORY RATES.-Table I gives, for each group of
experiments, a measure of the scatter of the obser-
vations. However, for the calculation of the stan-
dard deviation to be valid, it is necessary to demon-
strate that the observations at a given respiratory
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JOHN L. D'SILVA and G. KAZANTZIS

rate are normally distributed. This demonstration
is more particularly necessary in these experiments
because at 30 R.P.M., for instance, where the mean
swept fraction is about 80%, it is clear that there
is less room for deviation on the high than on the
low side of the mean.
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Swept fradion at 30 R.P.M.

FIG. 5.-Frequency distribution of swept fractions at 30 R.P.M. about
the grand mean of 79.4°%. The appropriate normal frequency
distribution about this mean is also shown.

Fig. 5 is a histogram of all the results quoted
in Table I, column 3. A respiratory rate of 30
has been chosen, not only because of the point
made in the previous paragraph but also because
the observations at this rate of breathing were

most numerous. The difference between the distri-
bution of the observations in Fig. 5 and the appro-
priate " normal distribution " was tested by the x2
test and found not to be significant (X2 = 6.96;
d.f. 10; 0.8>P>0.7).

THE FAST VITAL CAPACITY CURVE

TOTAL VOLUME OF Am EXPIRED IN F.V.C. TEST.
-Measurements were made of the total volume
of air breathed out by each subject in a F.V.C.
test. The mean volume expired in four trials is
referred to as the F.V.C. volume, the mean of
which (for 21 subjects) was 1.01 times (range 0.92
to 1.08 times) the volume recorded in the usual
slow determination of the vital capacity.

THE REPRODUCBILITY OF THE F.V.C. CURVE.-
The volume of air breathed out after 1, 0.6, and
0.43 seconds was measured on each of four F.V.C.
curves produced by each of 21 subjects. The
mean of each group of four measurements was
calculated, as was the mean deviation (Y) of the
individual measurements from the mean. The
mean of the values of Y thus obtained is an indica-
tion of the reproducibility of the F.V.C. curve.
For the three time intervals referred to above, the
mean value of Y was 0.06, 0.07, and 0.05 litres,
each of which was about 2% of the volume of air
expired.

THE SHAPE OF THE F.V.C. CURVE.-There is a
close similarity in the F.V.C. curves produced by
different normal subjects. They are always smooth
curves, concave upwards, but they differ in dif-
ferent subjects in the time taken to expel the fast
vital capacity volume. This difference is small as
between one normal subject and another, but in
emphysema, for example, the time taken to expel
the F.V.C. volume may be several times longer
than normal.
Kennedy (1953) and Hirdes and van Veen (1952)

state that the first part of the F.V.C. curve is a
straight line. This distortion of the F.V.C. curve
has been shown (Bernstein, 1954) to be due to a
recording error.
The normal F.V.C. curves were at first thought

to be exponential in form, differing from one
another only in magnitude and time scale. Fig. 6
shows the curve representing the mean of 84 F.V.C.
curves from 21 subjects. The point A was chosen
on the mean F.V.C. curve so that at this point
36.8% of the F.V.C. volume remained to be ex-
pired. The exponential curve decreasing to s (i.e.,
36.8 %) of its initial value in the same time is shown
in the figure. The abscissa of the point A is the
time constant of the exponential curve, whose
value was 0.47 seconds. From Fig. 6 it can be
seen that the first part of the mean F.V.C. curve
can be approximated to this exponential curve,
when it can also be said to have a time constant
of 0.47 seconds. The standard deviation of the
individual time constants in the group of 21 obser-
vations was 0.09 seconds.
The F.V.C. curve of each subject has similarly

been compared with an exponential curve and the
two have always been found to be closely similar.
Because of this, and the ease and accuracy with
which a subject could reproduce his F.V.C. curve,
it was decided to try to obtain a mathematical
expression to express the average F.V.C. curve of
a group of normal subjects.
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MEASUREMENT OF MECHANICAL FUNCTION OF LUNG
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Flo. 6.-Comparison of the mean of the fast vital capacity curves of 21

ponential curve (--). The plot (open circles) of the equation for,
also shown.

It was found that a very close fit was obtained
by using an equation for a hyperbola of the form

x

a + bx +c

which, after calculating the constants a, b, and c,
became

y = 113.1 - 00024 +0
where y represents the percentage of the V.C.
volume which remains to be expired and x is the
time in seconds.

The points on the curve
corresponding to this equa-
tion have been plotted in Fig.
6 for different values of x.
The close fit of the calculated
points and the curve deter-
mined experimentally is ap-
parent. An equation of type
(i) was shown (Johnson, 1952)
to fit the average F.V.C. curve
obtained from each subject.

In order to compare the set
of F.V.C. curves obtained in
this group of subjects with
those investigated by Gaens-
ler (1951) and Tiffeneau and
others (1949), the proportion
of the F.V.C. volume expired
in one second was measured.
This was found to be 82.9%
(S.D. ± 4.2), a figure which
compares well with that,
82.7%, obtained by Gaensler.
THE RELATIONSHIP BETWEEN

M.V.C. AND F.V.C.-It is ap-
parent from the high degree
of reproducibility of F.V.C.
curves and M.V.C. determina-
tions that the individual expir-
ations in an M.V.C. test are
likely to be curves which are
portions of F.V.C. curves.
Kennedy (1953) found a very
high correlation between the
M.B.C. determined directly,
and that calculated from suit-

- -_ able measurements of the
, _ F.V.C. curve. We have found

1.6 1.8 2.0 a similar high correlation
(r = ± 0.93) between the

subjects (---) with an ex- M.V.C. at 30 R.P.M. and
an appropriate hyperbola is the volume of air breathed

out in 1 second during a
F.V.C. test. Similarly the M.V.C. figures at
50 and at 70 R.P.M. correlate well (r =
+0.90 and +0.85, respectively) with F.V.C. frac-
tions breathed out in 0.6 and 0.43 seconds, respec-
tively, each of which is half the duration of a
respiratory cycle.

Bernstein and others (1952) showed that when
performing maximum voluntary ventilation nor-
mal subjects do not inflate their lungs to their
fullest extent except at the lowest respiratory rates
used. This experiment has been repeated on the
present group of 21 subjects with similar results.
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Thus, at 20 R.P.M. the lungs are maximally in-
flated during each breath of the M.V.C. test, but
at 70 RP.M. the lungs are, on the average, inflated
to a level which corresponds to 90% of the vital
capacity volume. To test whether this factor influ-
enced the values of r, the following experiments
were performed.
For each respiratory rate studied the subject was

asked to make an ordinary record of his vital capa-
city volume and, immediately afterwards, without
removing his face from the mask of the spirometer,
to perform maximum ventilation at a known res-
piratory rate set by a metronome. In this way,
the relation between the subject's tidal air and his
vital capacity volume could be seen and measured.
A new series of correlations was calculated in
which M.V.C. determinations at 30, 50, and 70

B j ~~043 b

70 R.P.K Sec.

FIG. 7.-Measurement of fast vital capacity curve from the point at
which expiration started in the M.V.C. test. AB is the tidal air
correlated with the volume, ab, expired in the F.V.C. test.

R.P.M. were correlated with the volumes of air
expired in fast vital capacity tests during 1,
0.6, and 0.43 seconds, the measurements being
made in each case not from the point of origin
of the F.V.C. curve but from the point (determined
above) on the curve from which expiration started
in the M.V.C. test. This is illustrated in Fig. 7.
The M.V.C. calculated from the tidal air AB is
correlated with the volume, ab, of air expired in
the F.V.C. test.
The correlation coefficients were about the same,

namely, + 0.95, + 0.90, and + 0.82 respectively,
as those calculated when the measurements were
made from the point on the curve of maximum
inspiration.

DIscuSSION

The assessment of the mechanical function of
the lung has hitherto been most unsatisfactory. It
has always been possible to obtain evidence of
gross impairment of mechanical function, but
minor degrees have escaped detection because of
the crudeness of the experimental methods used.

It has been the practice of observers in the past
to instruct the subject about to perform an M.V.C.
test to " breathe as fast and as deeply " as he was
able. This instruction appears to give the subject
a free choice of rate and depth of breathing, but
in practice this is not so. The subject was nearly
always exhorted to greater effort in the sense of
increasing his rate or depth of breathing, or both.
The form of the exhortation depended on the pre-
vious experience and judgment of the observer.
A subject instructed to breathe as fast and as
deeply as possible and left to perform the test
without further instructions may choose widely
different respiratory rates in successive tests. Once
the factor of " exhortation " enters into the deter-
mination of maximum voluntary ventilation, the
idea that the rate and depth of breathing are
chosen by the subject is no longer correct.
By controlling the rate of breathing and by using

a suitably constructed apparatus, the unswept frac-
tion (i.e., 100 minus swept fraction) has been shown
to be inversely related in an approximately expo-
nential manner with the duration of a respiratory
cycle (cf. Fig. 2 ; Cara and Economides, 1952). We
have observe-d, in preliminary experiments, that
patients with marked emphysema usually show a
linear relationship between the swept (or unswept)
fraction and the rate of breathing, but we have not
as yet investigated cases of early emphysema, be-
cause there is always so much doubt about the
diagnosis.
To investigate in detail the relationship between

the unswept fraction and the rate of breathing in
individual patients would be a time-consuming
procedure and very exhausting for the patient. We
have found it more satisfactory to estimate the
subject's performance at each of three respiratory
rates (duplicate determinations) and compare them
with the standard "normal" figures determined
by the observer making the tests. Our mean figures
are shown in Table I.
The measurement of a subject's performance in

the F.V.C. test shows more promise than the
M.V.C. test of affording an estimate of the mech-
anical function of his lungs. There is no doubt
that, as stated by Kennedy (1953), this test requires
less sustained co-operation from the subject and
can be applied to ill patients.
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MEASUREMENT OF MECHANICAL FUNCTION OF LUNG

To compare fast vital capacity curves from nor-

mal subjects the first (fast) portion may be assumed
to be exponential in form. It is then simple to

describe the exponential curve to which the first
portion of the F.V.C. curve is so closely similar
by measuring its time constant. We find that the
time constants of successive curves obtained from
one subject are closely repeatable and that the
scatter in the observations made on different nor-

mal subjects is small. This measurement, there-
fore, affords a means of comparing the perform-
ance of an individual with a "normal" value
determined by the observer.

It cannot be too strongly urged that each labora-
tory should determine its values for " normal "
subjects because neither the test of maximum venti-
latory capacity nor the fast vital capacity test is
performed entirely independently of the observer.
From our experiments we have obtained the

" normal " mean values listed below.

Rate of Mein Sweot Fraction Standard
Breathing (No. of Subjects I Deviation

Brackets)

20 88-4 (16) 5-69
30 79-5 (65) 8-34
40 70 5 (14) 16-28
50 65 1 (30) 17-76
60 57.7 (30) -t 734
7) 52-2 (30) ±7-22
80 44-6 (14) 6-12

Mean time taken to exoel all but 3688% of the F.V.C. volume=
0-47 seconds (S.D.= 0 09 seconds).
Mean percentage of F.V.C. volume expired in 1 second=82.90/

(S.D. = +4.2%).

There is a high correlation between the tidal
volume at 30, 50, and 70 breaths per minute and
the volumes of air expelled during 1, 0.6, and 0.43
seconds respectively after starting a maximal expir-
ation (cf. Kennedy, 1953). There is no theoretical
justification, at present, for making use of this

relationship to calculate the M.V.C., as it is known
that the fast expiratory and fast inspiratory curves
(both of which are involved in performing the
M.V.C. test) are completely different in shape and
in their time relations.

SUMMARY
The swept fraction of the vital capacity volume

of normal young adults at rates of breathing be-
tween 20 and 80 respirations per minute has been
measured. The unswept fraction is related approxi-
mately exponentially to the duration of a respira-
tory cycle.

Limits are set for the mean of a group of normal
subjects and individual normal subjects at seven
different respiratory rates.
The fast vital capacity curve in normal subjects

has been shown to be a hyperbola which is closely
resembled by an exponential curve the time con-
stant of which is 0.47 seconds (S.D. - + 0.09
seconds).
The u e of these measurements in assessing the

normality or otherwise of a subject being tested is
discussed.

We are indebted to Dr. L. Bernstein for his advice
during the course of this work.
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