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INTRODUCTION

The measurement of lung volume by an open-
circuit method (1, 2) is usually based on the re-
distribution of nitrogen contained in the lungs in
such a manner that most of this gas is expelled
and measured. Physically, this principle requires
only the collection of the exhaled nitrogen in some
diluent such as oxygen and the measurement of
total volume and nitrogen concentration; the quan-
tity of nitrogen involved can then be computed.
In the usual procedure the subject breathes oxy-
gen for a set period, the total expired air being
collected in a gasometer; then the connecting tubes
are washed with more oxygen and the final vol-
ume and nitrogen concentration in the gasometer
are measured.

Such a method could be extended to the study
of the nitrogen clearance process. The physical
conditions which must be satisfied, however, are
much more exacting than those which apply to
measurement of lung volume. It becomes neces-
sary to determine accurately (1) respiratory vol-
ume at various instants during the clearance proc-
ess and (2) the total amounts of nitrogen in the
external system at these instants. These require-
ments demand modification of existing open-cir-
cuit methods in the following particulars: A. It is
necessary to avoid continuous flow of oxygen
by-passing the experimental subject. Only by
using a true demand system of oxygen supply can
it be assured that all the gas collected has been
involved in the tidal movement. B. It is neces-
sary either to measure separate points on the
clearance curve by doing several experiments, or
to arrange for serial sampling of the expired gas,
with simultaneous measurement of volume. The

1 Present address: Physical and Chemical Division,
Research and Development Dept., Camp Detrick, Fred-
erick, Maryland.

latter expedient, which is preferable, implies in
turn (1) the presence in the gasometer of some
device to ensure rapid mixing of the gases intro-
duced and (2) the elimination, as far as may be
feasible, of tubes connecting the subject with the
gasometer. If the latter condition is not satisfied,
part of the gas exhaled in any breath will not
reach the gasometer until the succeeding breath.

During experimental work described elsewhere
(3, 4) some 30 modifications of the open-circuit
method have been used in the measurement of
lung clearance curves. It will perhaps be of value,
in view of this extensive experience, to indicate
the ways of meeting the foregoing technical re-
quirements which have proved most reliable.
This paper deals solely with the physical prob-
lems of measuring the volume and composition of
expired gas and neither with physiologic sources
of error nor with the interpretation of the data.
Two distinct procedures, the "end-point sampling"
method and the "serial sampling" method, will
be described. The latter is greatly to be pre-
ferred, but it involves the use of special equip-
ment.

THE END-POINT SAMPLINGMETHOD

Experimental arrangement. Figure 1 repre-
sents the arrangement which has been found most
satisfactory. Oxygen is supplied from high pres-
sure tanks after reduction to 100 pounds per
square inch. This serves as the input line for a
Pioneer dilutor-demand oxygen regulator, type
AN6004-1, which has been modified by removing
the dilutor cap and handle and the aneroid unit
and sealing the opening with a gasket and bake-
lite plate. Thus the valve supplies only pure tank
oxygen.2 Since the operating suction is appreci-

2 Weare indebted to the National Bureau of Standards
and to Lieutenant Commander Allison of the Naval Bu-
reau of Aeronautics for this regulator.
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FIG. 1. THE END-POINT SAMPLING METHOD
Above: Open-circuit assembly for collecting nitrogen expelled during

breathing of oxygen. Below: Diagram (schematic) of modified oxygen
demand regulator.

able the regulator is loaded with a 15-gm. weight
placed on the large diaphragm indicated in the
lower portion of Figure 1.3 The output side of the
demand regulator is connected by large corrugated
rubber tubing to a Krogh valve, to a three-way
hand-operated valve of large bore and finally to
the face mask worn by the subject. At a point
slightly distal to the three-way valve, the inspira-
tory line communicates with the tube through
which the expired gases pass, by way of a second
Krogh valve, to the gasometer bell. The gaso-
meter is of the Tissot type, of 100-liter capacity,
modified by sealing the inlet tubes at their point
of entry into the main chamber. This appreciably
reduces the dead space. Welded to the roof of

3 Evidence has been obtained that a certain amount of
by-passing occurred in some of the experiments reported
in the following papers as a result of failure of the valve
to close completely when operated by persons with certain
types of respiratory pattern. This source of error has
now been obviated.

the gasometer bell is a second manual three-way
valve of large bore with a side-arm connected to
a 5-liter rubber bag and vacuum line. The bag
is used at the end of each experiment for mixing
the collected expired gas in the gasometer, by
being successively filled and emptied. The wire
carrying the counterweight of the gasometer is
supplied with a pen which indicates volume on a
moving drum, not shown in Figure 1, during the
collection of expired gas. The by-pass from the
high-pressure oxygen supply to the gasometer
indicated in the diagram serves for initial wash-
ing of the apparatus.

Attention may be drawn to (1) provision of a
sampling tube for checking the composition of
inspired gas, and (2) the valve assembly, con-
sisting of two Krogh valves welded into a com-
pact unit.

Analytic method. A modified Haldane method
of gas analysis was used, the nitrogen residue
being measured as the volume increment brought
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about after mixing with a larger measured volume
of stored nitrogen. Duplicate analyses are usually
reproducible to within 0.001 (0.10 per cent ni-
trogen).

The accuracy with which a given amount of
nitrogen can be estimated after dilution with
oxygen was investigated by progressively diluting
a known amount of air (measured by displace-
ment of water) in a gasometer of known dead
space with measured amounts of oxygen and com-

paring the measured decreases of nitrogen con-

centration with those calculated from the volumes
mixed (Table I). It seems fair to conclude from
the final column of Table I that at no point in a

clearance curve is the error in the total amount
of nitrogen measured likely to exceed 100 ml.
from this particular source of error; usually it
will be much less. The accuracy seems to be

greatest when the nitrogen fraction in the gaso-

meter is 1 to 3 per cent.
Accuracy of volume measurements. In the

100-liter Tissot gasometer, a movement of 1 cm.

indicates a change of volume of about 2 liters.
The scale can be read to about 0.25 mm., or 50
ml. This is adequate for most purposes provided
it can be proved possible to determine the condi-
tions of temperature and humidity to which the
measured value applies. It has been found in
repeated tests that the volume of expired air re-

ceived by the gasometer does not undergo any

observable change over a period of several min-
utes. Presumably, the gas leaving the subject at
370 C and saturated with water vapor is almost
immediately cooled to the temperature of the
gasometer and the corresponding pressure of sat-
urated aqueous vapor is established. It follows

TABLE I

Gasometric estimation of nitrogen diluted with varying quantities of oxygen *

(1) ~~(2) (3) (4) (5) (6) (7)
Volume of air Nitrogen re- Corrected vol- Total volume Measured N2 Calculated D

originally in moved in ume of air of gas in fraction in volume of air Differences between analytic
gasometer samples present gasometer gasometer in gasometer and volumetric volumes of air

(Vair) (D + V) (f N"') i aoee

cm.3 cm.3 cm.3 cm.3 cm.3 cm.3 per cent of (3)
1,112 0 1,112 13,640 0.0697 1,172 + 60 + 5.4

22 1,090 32,800 0.0290 1,127 + 37 + 3.4
9 1,081 73,440 0.0131 1,042 - 39 - 3.6
4 1,077 93,620 0.0106 1,032 - 45 - - 4.2

2,104 0 2,104 12,530 0.1399 2,192 + 88 + 4.2
44 2,060 32,800 0.0522 2,091 + 31 + 1.5
17 2,043 73,360 0.0248 2,129 + 86 + 4.2

8 2,035 93,620 0.0198 2,124 + 89 + 4.4

1,115 0 1,115 12,530 0.0744 1,151 + 36 + 3.2
23 1,092 32,900 0.0285 1,109 + 17 + 1.6

9 1,083 73,360 0.0133 1,060 - 23 - 2.1
4 1,079 93,620 0.0097 925 -154 -14.3

2,100 0 2,100 12,530 0.1379 2,160 + 60 + 2.9
44 2,056 32,800 0.0520 2,083 + 27 + 1.3
17 2,039 73,440 0.0245 2,104 + 65 + 3.2

8 2,031 93,620 0.0190 2,029 - 2 - 0.1

* Procedure: The gasometer dead space is originally filled with tank oxygen. A known volume of air is admitted to
the gasometer by displacement with a weighed amount of water in an Erlenmeyer flask (column 1). A known volume of
oxygen is then added, the gasometer volume is read (column 4) and a sample is removed for analysis (column 5). Then
further oxygen is added and the procedure is repeated, the original volume of air in the gasometer being corrected at each
stage for the amount removed in the sample (column 2). The corrected volume of air (column 3) can be compared with
that calculated from the nitrogen analyses (column 6).

Vir (V + D) (fN"'-fN)-ir= 0.791 - fN

where D = dead space of gasometer = 2,390 cm.3,
V = volume of gas in gasometer,
Vair = corrected volume of air in gasometer,
fN = nitrogen fraction in tank oxygen (usually about 0.003),
fN"' = nitrogen fraction in gasometer.
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also that no measural)le errors are introduced by
transfer of gas to or from the water in the gaso-
meter.

Gasomiieter dead space. Even when measures
were taken to reduce the dead space of the Tissot
gasometer, the value remained in excess of 2
liters. This is undesirably large and its presence
has reduced the accuracy of our measurements in
the early part of the lung clearance curve. A
more serious drawback is the fact that this dead
space is less constant than might be desired, since
the position of the gasometer bell when the gaso-
meter is "empty" is variable. This is difficult to
eradicate in a gasometer of the Tissot type.

Procedirte in end-point sampling method. For
some hours before the experiment is started, the
entire system is washed with a slow stream of
cylinder oxygen. Analyses of the gas in various
parts of the system are made. The gasometer is
then emptied, the rubber bag is evacuated, and
the three-way valve to the gasometer is oriented
as shown in Figure 1. The subject is connected
to the apparatus with a suitable face mask, with
the three-way valve so turned that he is able to
breathe room air. After doing this for a short
time, he rapidly turns the three-way valve at the
end of a normal expiration so as to be brought
into connection with the oxygen supply system
and the gasometer. He breathes oxygen for the
desired number of breaths-ten for example-and
at the end of the tenth exhalation, turns his three-
way valve back to the original position. A vol-
ume reading is taken on the gasometer and the
connecting tubes in the expiratory line are flushed
with 10 liters of oxygen. The three-way valve on
the gasometer is turned so that the rubber bag
fills itself from the gasometer contents, it is then
emptied by hand and filled again, and the cycle
is repeated ten times. The gas is then deemed
adequately mixed and samples are collected over
mercury in a 100-ml. tube. In order to get fur-
ther points on the clearance curve, the system is
again washed with oxygen and after a suitable
intervening period of at least 30 minutes, during
which the subject breathes air, the entire proce-
dure is repeated.

THE SERIAL SAMPLING OF COLLECTED

EXl'IREID AIR

The study of lung clearance curves by the
method described in the preceding section is at

best a laborious procedure. In any extended in-
vestigation, it is desirable to develop methods for
detailed recording of a single clearance process.
Such a method, which would involve taking a
series of instantaneous samples of mixed expired
gas, would have further advantages, including the
reduction of errors resulting from variations in
the initial lung volume. For this and other rea-
sons, methods for serial sampling have been
devised.

Four new requirements must receive attention
in connection with serial sampling: 1. Provision
for rapid mixing of gases must be made, so that
any sample is truly representative of the entire
contents of the gasometer. 2. The volume of
the tubes connecting the subject with the gaso-
meter must be reduced because it represents a
volume of expired air which, at every exhalation,
fails to enter the gasometer and is thus unable to
contribute to the composition of the mixed expired
gas. 3. An improved sampling procedure is re-
quired, since it is necessary to take samples rap-
idly and at frequent intervals. 4. The gasometer
dead space should be reduced.

A NEW' GASOMETERASSEMBLYFOR LUNG CLEAR-

ANCE STUDIES BY SERIAL SAMIPLING

The gasometer. A new gasometer with asso-
ciated equipment has been designed with the fore-
going considerations in mind, together with the
following additional points which appeared impor-
tant: (a) low inertia of moving parts, (b) con-
venient and accurate recording of collected gas
volume and (c) capacity large enough to hold
most of the air expired during lung clearance but
small enough for adequate accuracy in the re-
cording of volume and also small enough to make
it convenient to conduct a clearance measurement
in two parts, since the final portion of the clear-
ance curve can be more accurately determined in
this manner than would be possible in a single
protracted period of collection.

The plans for the new gasometer were placed
in the hands of the Waters Conley Company,
Rochester, Minnesota, which was responsible for
mechanical details and for the construction of the
apparatus.

A gasometer of the pivoted type (5, 6) ap-
peared to offer decisive advantages, the form being
such as to permit close approach of the subject.,
so that the dead space of the connecting tube can
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i v) SECTION B-B

(iii)

FIG. 2. PIVOTED TYPE GASOMETER

Side view and sections showing positions of gas agi-
tator, inlet tubes and sampling device. See text.

be reduced to a few cubic centimeters. Such an
apparatus also appeared amenable to fine mechani-
cal construction, so that the internal dead space
could be much reduced. Moreover, since the bell
is not freely suspended but can be accurately and
rigidly pivoted, this dead space should be highly
reproducible. Added to these advantages is the
ease with which the necessary mechanical link-
ages can be made for recording gas volume.

The layout of the apparatus can be gathered
from Figures 2 and 3. The gasometer bell con-
sists of a wedge-shaped shell of about 60 liters
capacity (Figure 2, D) made of sheet aluminum
(roof 3 mm. thick; side walls 0.75 mmll.) pivoted
at one end (Figures 2 and 3, E) with "New De-
parture" precision ball bearings. It articulates in
a water-filled well of the form indicated by C
(Figure 2), which thus takes the form of a rec-
tangular moat bounding a rectangular floor of
sheet brass (Figure 2 [ii] ). When the bell and
the trough articulate, the volume of gas between
them is completely enclosed by a water seal. The
floor is pierced by several holes. These are con-
veniently placed near the axle of the machine.
The centrally situated tube, J (Figure 2), of inter-
nal diameter 1.3 cm., serves for the introduction of
expired gas. A narrow sampling tube, G, of inter-
nal diameter 0.3 cm., passes to the lucite distribu-
tor (see also page 684). Two wide apertures,
F, are included, so as to make the apparatus
rapidly and conveniently adaptable for use in
open-circuit or closed-circuit measurements of

metabolic rate. Normally, these tubes are kept
closed by brass plugs which pass in as far as the
level of the floor of the gasometer chamber, thus
eliminating additional dead space. Finally, an
opening, H (Figure 2), in the center of the floor
carries the driving shaft of a circulating fan set
in a depression 10 cm. in diameter and 0.6 cmii.
deep. This fan, of centrifugal type, and its water-
sealed bearing are shown in more detail in Figure
2 (iv).

The two recording systems are shown in Fig-
ure 3. For photographic recording, the horizontal
axis about which the gasometer bell moves is
linked by means of a flexible cable to a vertical
axle, U, supported by two precision ball bearings
and provided with a mirror (Figure 3 [iii]).
For mechanical recording, a wire attached to the
lowest peripheral point, M, of the gasometer bell
passes over a fixed pulley, N, to the ink-writer
pulley, P, and thence to a counterweight, 0, which
is adjusted to keep the gasometer bell very nearly
balanced in all positions. The method of attach-
ment of the recording wire to the gasometer bell
is of some importance, since the effective point of
attachment is determined by the tangent from the
pulley, N, to the circular arc defined by the end
of the gasometer bell. The point of attachment
is therefore effectively constant for all positions
of the bell, so that a linear relation between vol-
ume and recorded deflection is assured. A system
of gears introduces the possibility of amplifying
the volume record in accordance with the follow-
ing figures: for direct recording, 1 liter volume
change produces 6.5 nmmi. deflection; for amplified

Fi(;. 3. DETAILS OF RECORDIING OEChANISMS(F PIVOTED
TYPE GASOMIETER

(See text.)
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tor is once more connected to the vacuum line and
X is evacuated in time for the next sample. At the
0

-0 end of the experiment, mercury is admitted to the
sample tubes so as to bring the samples to atmos-
pheric pressure and reduce the danger of inboard

-o leaks.
The mercury reservoirs shown in Figure 4 were

necessary in order to free the mercury from air
-0 and to obviate the danger of contamination by in-

ward leakage of air through flexible connecting
tubes. It was found that both rubber and plastic

-St tubing are permeable to air, so that without special
precautions, large analytic errors were caused by
air leaking into the mercury and thus being trans-

cm° ferred to the gas samples. The mercury reservoirs
were designed in such a way that during the pre-
liminary removal of air from the system all flexible

-2 connecting tubes could be emptied and evacuated.
The mercury itself could be agitated by inverting

-o 1. NITROGEN ELIMINATION
FIG. 4. EXPERIMENTALARRANGEMENTUSED FOR COL-

LECTING SERIAL SAMPLESOF EXPIRED AIR IN EVACUATED
SAMPLE TUBES

Operation described in text.

recording, the deflection is 25 mm. Furthermore,
a clutch system operated by the pulley, V, drawn
in detail in Figure 3 (ii), enables the lower pen
to operate as an indicator of total ventilation.
This is not used in lung clearance measurements,
but is useful in closed-circuit metabolism studies.

The entire apparatus is mounted with adjustable
clamps on two steel pillars 7 cm. in diameter at-
tached to a wheel base, vertical adjustment being
facilitated by counterweights.

Sampling procedure. Samples from the gasom-
eter are collected over mercury in evacuated 100-
ml. Pyrex tubes. Twelve such tubes are connected
through a lucite distributor to the sample tube of
the gasometer (Figure 4). The tubes are evacu-
ated by a Cenco pump before the experiment is
commenced and the rest of the system, consisting
of the dead space of the distributor, the 2-liter
reservoir, and various mercury traps and connect-
ing tubes, is kept evacuated throughout the ex-
periment. When a sample is to be taken, the en-
tire distributor is filled with gas from the gasom-
eter; then the appropriate sample tube is opened
and closed. Immediately thereafter, the distribu-

GASOMETER

AIR I-

OXYGEN I

GASOMETER

AIR II

OXYGEN

SAIMPLI6
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AIR
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I LSAMPLING FA
DEMAND TUBE k

I VALV FROM

t=

2. NITROGEN RETENTION

FIG. 5. SERIAL SAMPLING ARRANGEMENTUSED IN
STUDY OF ELIMINATION AND RETENTION OF NITROGEN
BY THE LUNG

(1) By collecting expired gas during the breathing of
pure oxygen, (2) By collecting expired gas during
breathing of air following prolonged inhalation of oxygen.
Connecting tubes are represented by thin continuous lines.
Thick lines indicate the presence of hand-operated valves.
Arrows represent Krogh valves. The gasometer is a
pivoted type apparatus of 60-liter capacity provided with
a fan to accelerate mixing of gas collected. Serial sam-
ples of total expired gas are taken through the sampling
tube in the floor of the gasometer, using the distributor
shown in Figure 4.

684

I~~~~.I



STUDIES OF LUNG VOLUMESAND INTRAPULMONARYMIXING

the reservoirs by rotation about a central axle as

indicated by the arrows in Figure 4. As soon as

the reservoirs were restored to their original posi-
tion and mercury was again introduced into the
flexible tubing, it was possible to admit air to the
reservoirs and to maintain the mercury at or above
atmospheric pressure. The entire system, includ-
ing the lucite distributor, was tested routinely for
leakage by reducing the pressure to about 0.1 mm.

of mercury and observing its constancy with a

McLeod gauge (Stokes, type 276 AA).
Dead space. The volume of gas in the gasometer

and fixed connecting tubes when the moving shell
is completely collapsed was measured both by fill-
ing this volume with tank oxygen and diluting
with a known amount of air or nitrogen, and also
by filling with air and diluting with tank oxygen.

Concordant and reproducible values were obtained.
The volumes of the conducting passages distal to
the Krogh valve assembly and of the connections
from the Krogh valve assembly to the face mask
(Figure 5) were determined from their physical
dimensions. The dead space of the face mask was

estimated in several persons by filling it with water
and measuring the amount of water remaining af-
ter the mask had been placed over the face. As
it was not feasible to perform this type of meas-

urement on every subject, a single average value
was used throughout. The three dead-space vol-
umes, measured in milliliters, were (1) "internal"
dead space of gasometer, d, 544 ml., with which
may be contrasted the value of about 2,000 ml. in
the modified Tissot gasometer used in the "end-
point sampling" experiments; (2) "external"
gasometer dead space, D, 85 ml.; (3) external
"respiratory" dead space, de, 150 ml. (volume of
mask and connecting tubes as far as Krogh valve
assembly).

Mixing of expired gas in gasometer. During
the experiments reported elsewhere (3, 4) the fan
used for mixing the expired gases was operated by
a small motor rated at 3,600 r.p.m. This fan
was later found to be erratic in performance and
mixing was not sufficiently rapid. The motor was

replaced by one rated at 7,000 r.p.m. connected
through a Variac transformer, and the rate of mix-
ing was measured as a function of the transformer
setting. The sampling error attained an acceptably
low value with an undetermined motor speed some-

what less than 7,000 r.p.m. The magnitude of

these sampling errors is discussed elsewhere (4).
Assembly; experimental procedure. The final

assembly used in lung volume and lung clearance
studies is shown in the upper portion of Figure 5,
together with the slight modification (lower dia-
gram) when nitrogen retention during the breath-
ing of air is to be measured. The assembly is es-
sentially similar to that used in the end-point samp-
ling method except for the fact that the sampling
tube is connected to the evacuated lucite distribu-
tor and multiple reservoir system already de-
scribed. The sampling tube indicated in the oxy-
gen line is for determining the composition of the
supply oxygen from time to time and for estab-
lishing the absence of air leaks.

The procedure is also similar to that already
described, save for changes necessitated by serial
sampling. The sampling procedure involves count-
ing of the number of breaths of oxygen, rapid
manual operation of the stopcocks in the distribu-
tor assembly during the appropriate inspiration,
and simultaneous operation of an electric signal
which records the spirometer volume on the ink
record at the instant of sampling. The technic
needs to be rehearsed a few times.

SUMMARY

The extension of open-circuit methods of meas-
uring lung volumes to a study of lung clearance
rates requires certain physical modifications which
are enumerated above (see also page 679).
The necessary modifications have been embodied
in two experimental assemblies and procedures
referred to as "end-point sampling" and "serial
sampling."

The assembly designed for end-point sampling
experiments is composed of standard pieces of
equipment, slightly modified. The method, al-
though capable of considerable accuracy, is la-
borious.

The assembly designed for serial sampling re-
quires a specially designed gasometer of small
internal and external dead space, equipped with
means for rapid mixing of the expired gases and
with attachments for rapid sampling. With such
an assembly, lung clearance curves can be obtained
in about one-tenth of the time required by the end-
point sampling method. A pivoted type gasometer
designed and built for use in the serial sampling
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apparatus, but also suitable for standard spiro-
metric studies by open-circuit or closed-circuit
methods, is described.

Experimental procedures are given for the
study of pulmonary clearance curves by the two
methods.
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