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INTRODUCTION.
1327 2 . :
The development of apparatus for measdring the respiratory ex-

change of man has proceeded along two lines. In one type of apparatus
the subject is completely inclosed in a chamber; in the other, the sub-
jeet is attached to the respiration apparatus by means of some breath-
ing appliance. The chamber type includes the respiration apparatus of
Pettenkofer and Voit,! Sondén and Tigerstedt,” Jaquet,® and Grafe,*
the Atwater-Benedict respiration calorimeter,” and the respiration
ealorimeters of the Nutrition Laboratory.” This type of apparatus
is generally used for periods of not less than an hour and may be either
a closed or open eircuit. The apparatus without chambers are used
for periods of about 15 minutes and may also be either closed or open
circuit. In the latter case, the inspired and expired air are separated
by valves. A mouthpiece, nosepiece, or mask is used for the breathing
appliance. The open-circuit apparatus are represented by the appa-~
ratus of Speck,” Zuntz-Geppert,® Tissot,’ and Douglas.' The closed-
circuit apparatus include the two types of the Benedict apparatus,'
Rolly’s? modified Benedict apparatus, and that of Krogh."

When the large amount of work on respiratory exchange carried out
with these apparatus is considered, it will be seen that the importance
of knowing whether the results obtained are reliable and physiologi-
cally comparable can hardly be overestimated. Recognizing the need
of a comparative investigation into the reliability of the principal
respiration apparatusinuse to-day, the Director of the Nutrition Labor-
atory, in a trip to Europe in 1907, secured various apparatus for measur-
ing the respiratory exchange, including particularly the Zuntz-Geppert
and the Tissot respiration apparatus, with a view to comparing them
with apparatus already being developed in this laboratory. Subse-
quently he arranged on two occasions for the writer to visit the labora-~
tories in Berlin and Paris, where these methodswere developed, and thus
to become personally acquainted with the technique involved. The

————
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10 COMPARISONS OF RESPIRATORY EXCHANGE.

following is a report of an extended comparative investigation of the
different respiration apparatus used alone or in combination. While
not all possible modifications have been studied, it is believed that the
investigation covers enough lines for the results to be applied to respira-
tion apparatus in general.

EARLIER COMPARISONS OF RESPIRATION APPARATUS.

A number of comparisons of the respiratory exchange obtained with
various respiration apparatus have been made by different authors.
These are all more or less in the nature of compilations and not direct
determinations of the respiratory exchange by two or more methods
on the same individual under identical conditions of food, body-weight,
and time.

In 1897 Johansson' gave the results obtained on Zuntz with the
respiration chamber at Stockholm and the Zuntz-Geppert apparatus
in Berlin. The carbon-dioxide output per kilogram per hour as the
result of two 2-hour periods September 21, 1897, in the chamber at
Stockholm, was 0.304 gm., with a body-weight of 69.5 kg. On October
1, 1897, at Berlin, the carbon-dioxide output was 0.285 gm. per kilo-
gram per hour. Both values are designated by Johansson as having
been obtained during complete musecular rest, although the protocols
state that Zuntz was decidedly quieter in the experiment at Berlin
than at Stockholm.

Durig,? in his discussion on the results obtainable with the Zuntz-
Geppert method, gives a compilation of the determinations of the res-
piratory exchange for a number of subjects with the Zuntz-Geppert
apparatus, the respiration chamber of Johansson, and the respiration
calorimeter of Wesleyan University. The average results are given
in table 1.

TasLe 1.—Comparative compilation made by Durig of respiratory exchange delermined
; b different methods,

Carbon-dioxide elimination. Oxygen absorption.

Apparatus, No. of Per square Per square

subjects. | Per kilogram | meter body- | Per kilogram | meter body-
per minute. | surface per | per minute. | surfnce per

minute, minute.

Eale (=K o c.C Gl

Zuntz-Geppert. ........ _ 19 2.83 a3 3.53 116
Johansson respiration |

[T 6] 0 PR 12 2.75 92
Respiration calorimeter i

(Wesleyan University) 15 2.0 04 3.55 123

Johansson, 8kand. Archiv f. Physiol., 1808, 8, p. 112,
Purig, Denkschriften der mathematisch-naturwissenschaftlichen Klasse der kaiserlichen
Akademie der Wissenschaften, Vienna, 1909, 86, pp. 120-121.



EARLIER COMPARISONS OF RESPIRATION APPARATUS. 11

Durig points out that the results agree very well, but calls attention
to the fact that part of the experiments with the respiration calorimeter
were made after food had been taken and a part with the subject fast-
ing, and that all were during sleep. He also makes note of the fact
that with the Zuntz-Geppert apparatus the skin respiration is not
measured, but that this can scarcely be 1 per cent. The subjects with
each apparatus were different, so that variations in body-weight and
nationality may come into play as well as difference in respiration
apparatus.

Benediet and Joslin' have mmp&red the results of the respiratory
exchange of 5 normal subjects obtained with the bed calorimeter and
the Benedict respiration apparatus® in a reclining position and in the
post-absorptive state, 1. e., 12 hours after the last meal.? The results
are given in table 2. The figures were obtained by averaging all of
the data for these five subjects which were available at the Nutrition
Laboratory when the comparison was made. The experiments were
not carried out expressly for the purpose of comparison, but were

TAPLE '.!,-Cm:ig::‘i.wn af the metabolizsm of normal individuals as determined by
the imeter and the respiration apparatus (Benedict and Joslin).

Bocf I | l',‘-urhut]-diuxidc _'D:].rp:en n.lh»acrpr
'h'h i | Apparatus, |  per kilogram | tion per kilogram
i boncd | | per minute. per minute,
. Cils
i Bed calorimeter.......... 2.95 3.51
b | Respiration apparatus..... .90 3.52
|

on different days and under different conditions of nourishment. It
will be noted that the above figures agree fairly well with those cal-
culated by Durig from experiments with the respiration calorimeter
and the Zuntz-Geppert apparatus.

A similar comparison was made by Benediet and Joslin of the respi-
ratory exchange of diabetics. The average results for 14 cases with
different degrees of severity of the disease were as follows: With the
bed calorimeter, 3.11 e¢.c. earbon dioxide produced per kilogram of
body-weight per minute and4.13 c.c. oxygen consumed; with the Bene-
dict respiration apparatus, 3.13 c.c. carbon dioxide produced and 4.15
c.c. oxygen consumed. The results with both diabetic and normal
subjects agree on the average remarkably well.

Loeffler* gives measurements of the respiratory exchange of Gigon
obtained with different apparatus at different times. The apparatus
uaed were the Sondén-Tigerstedt chamber, the Jaquet chamber at

———E

IBenediet and Jnﬂlm Carnegie Inst. Wash. Pub. 136, 1910, p. 1743,
TRenedict, Am. Journ. Physiol,, 1909, 24, p. 345

TRenedict and Catheart, Carnegie Inst. Wash, Pub. 187, 1913, p. 31
1.oeffler, Archiv f{.d. ges. Physiol., 1912, 147, p. 203.



12 COMPARISONS OF RESPIRATORY EXCHANGE.

Basel, and a spirometer constructed by Jaquet. Mueller valves were
used with the spirometer. The results per hour in grams are given
in table 3. The author says that the lower results obtained with the
spirometer can be explained by the fact that the cutaneous respiration
was not taken into account.

TasLe 3.—Comparison of the respiratory exchange of one subject with different
reapiralion apparalus (Loeffler).

: e I : -
et Carbon dioxide| Oxyvgen | Respiratory
Date. | produced. consumed. | quotient. ApraTakas
| .
September 1907 . .. | 22.5 ; i T R T | Sondén-Tigerstedt.
October 1908, . . . . ’ 23,8 s b o | Da.
November 1905. . . | 23.8 21.6 0. 799 Jagquet chamber,
April 1910........] 227 | 20.4 | 0,511 | Do,
Oetober 1910. . ... | 21.6 | 19.5 0. 706 | Jaguet spiromeier.
September 1010. ..  20.8 | 205 I 0.740 | Do.
| i

It must be noted that none of these comparisons are ideal. The
experiments from which the data are drawn were carried out by dif-
ferent observers in different places; in one instance the comparison
was made of experiments with wholly different groups of subjects.
Furthermore, as the observations were not carried out on the same
day, the differences in daily metabolism may have played a role, for the
variations from day to day may be as high as 30 per cent.!

The measurements of the carbon-dioxide elimination may have
been affected by two entirely different factors. One, which is purely
physiological, is due to differences in the storage of glycogen. An
individual with a large store of carbohydrate in the body will give a
high respiratory quotient because of the preponderance of carbohy-
drate taking part in the daily metabolism and consequently a higher
amount of carbon dioxide will be eliminated by such a subject than
by one whose metabolism consists largely of the oxidation of fat.
The other factor is the mechanies of respiration. If a respiration appa-
ratus offers a hindrance to normal respiration, the ventilation of the
lungs will be disturbed, with a consequent disturbance of the elimi-
nation of carbon dioxide. It is therefore very desirable to conduct the
experiments with the various forms of respiration apparatus in such a
manner that the only possible difference in the measurement of the res-
piratory exchange is due to the difference in the apparatus themselves.

APPARATUS AND TECHNIQUE USED IN THE PRESENT STUDY.

As has already been pointed out in the preceding discussion, for a fair
comparison of the various methods for determining the respiratory
exchange, the experiments with the apparatus compared should be
made under conditions as nearly identical as possible. Accordingly

IBenedict, Journ. Biol. Chem., 1915, 20, p. 201,
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it was made a fundamental principle of this investigation that the
experiments with the two forms of apparatus selected for comparison
should be carried out with the same subject and as nearly simultane-
ously as possible. While of course it was impossible to determine the
respiratory exchange on the same subject with two apparatus at the
same time, it was believed that by using the method of alternation
on the same day the influence of sequence could be eliminated; fur-
thermore, if a large number of comparisons were made with any two
respiration apparatus, the multiplicity of results would eliminate any
differences due to the individuality of the subject. Unfortunately the
number of subjects used for many of the comparisons is not so large
as would have been desirable, and also the same subjects were not used
for all of the comparisons. This was due to the period (several years)
over which the investigation was continued and the difficulty of being
able to keep the subjects available for any great length of time.

Granting all these conditions are met, there still remains the question
of a suitable base-line or standard. Given two sets of results with two
forms of respiration apparatus, unless we know which is correct we
have no way of assigning a value to the comparison. Unfortunately,
we have no simple and aceurate method of measuring normal respi-
ration. The only apparatus which is at present available is the body
plethysmograph used by Haldane and Priestley.! The difficulties of
getting an air-tight closure around the neck and of maintaining suitable
temperature conditions must be very great with this apparatus, and
it seems hardly practicable to attempt the measurement of the respi-
ration volume under these conditions with any large number of subjects.

Investigations extending over several years have led us to believe
that the respiration of a man inclosed in a respiration calorimeter, but
free to move, is perfectly normal, for in such a chamber a subject may
place himself in a perfectly comfortable position. The bed calorimeter*
of the Nutrition Laboratory permits measuring, with a high degree of
accuracy and in periods of 3 hours or more, the respiratory exchange
of & man in a reclining position. On the basis that the respiratory
exchange is normal in the bed calorimeter, the results obtained with it
have been compared with those obtained with the Benediet universal
respiration apparatus; this apparatus has, in turn, been compared with
others and modifications of the apparatus and conditions compared
with each other.

Still another element in the whole question of comparable conditions
has to be carefully eonsidered, 1. e., the elimination of external muscu-
lar activity. In several publications from this laboratory® the impor-

Haldane and Priestly, Journ. Physiol., 1905, 32, p. 242,

fRenedict and Carpenter, Carnegie Inst. Wash, Pub, 123, 1910.

PBenedict and Talbot, Am. Journ., Diseases of Children, 1912, 4, p. 130; Benedict, Deutsch
Archiv f. klin. Med., 1912, 107, p. 158,
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tance of a graphie record of the degree of musecular rest on the part of
the subject has been very thoroughly emphasized. Various methods
of obtaining such a record have been employed in this research, which
are subsequently described. Most of the men in these comparison tests
were trained subjects and accustomed to keeping quiet during such
experiments; the untrained subjects were also particularly instructed
to refrain from all movements of body and limbs during the time of the
experiment.

The apparatus used were the bed respiration calorimeter, the two
types of the Benedict universal respiration apparatus, the Zuntz-
Geppert valves, meter, and gas-analysis apparatus, the Tissot nose-
pieces, valves, and spirometer, the Douglas bag and mica-flap valves,
the Mueller valves, two forms of the Haldane gas-analysis apparatus,
and a small hand spirometer. A detailed description of these appa-
ratus follows.

BED RESPIRATION CALORIMETER.

The bed respiration calorimeter used in this research is in principle
like the chair calorimeter which has been deseribed in detail elsewhere.'
It has all the features of that apparatus, but the form of the ehamber
is particularly adapted to experiments with subjects in a reelining
position.

The general principle of the apparatus is that of a closed-circuit
system, consisting of a chamber with a ventilating apparatus attached.
The wventilating apparatus removes the air continually from the
chamber and provision is made for absorbing the water-vapor and the
carbon dioxide from the air-current and for admitting oxygen to replace
that used by the subject.

The general arrangement of the chamber and ventilating apparatus
is shown in figure 1. The interior portion of the ehamber consists
of a copper shell, which is rigidly attached to a steel framework.?
In horizontal eross-section it is rectangular in shape and in vertical
cross-section it is trapezoidal. The length is 220 em., the width
76 cm., and the height 71 em. in front and 41 cm. at the back. Its
volume is about 950 liters. A rectangular opening at the front,
70 em. wide and 47 em. high, permits placing inside a subject lying
upon a mattress. This opening is closed by a pane of plate glass, which
1s held in place and sealed air-tight by means of a soft wax of speecial
composition seared over with a soldering iromn.

The ventilation of the chamber is maintained by means of a rotary
blower,® F, which draws the air from the chamber and forees it through

— —— = —— —_—

'Benedict and Carpenter, Carnegie Inst. Wash. Pub. 123, 1910.

*Zinee this was written, the bed calorimeter has been reconstructed, using wood for the frame-
work and “compo’ hoard and cork for the outside insulating walls,

*For full deseription, see Benedict and Carpenter, Carnegie Inst. Wash. Pub. 123, 1910, p. 57.
Recently the Crowell blower has been adopted with success.
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sodium-bicarbonate can and the chamber. The air enters the cham-
ber at the top, at a point near the front end. The average rate of
ventilation is about 40 liters per minute; thus there is a wind move-
ment in the chamber of about 1.6 mm. per second. A thorough mix-
ture of the air in the chamber is brought about by the use of an elec-
tric fan situated at the rear upper portion of the apparatus.

The water-vapor given off by the subject is removed by passing the
circulating air-current through sulphuric acid contained in a porcelain
vessel, the general shape and construetion of which are shown in figure 1
(see I and 2). The air enters at the top of the vessel and is broken
up in its passage through the acid by means of three concentric circles
of openings; it then leaves at the top. Three liters of the strongest
commercial sulphurie acid are used, the container and acid weighing
about 18 kg.

The carbon dioxide is removed by passing the air through slightly
moist soda-lime. This is packed loosely in silver-plated brass cylin-
drical cans. (See K, fig. 1.) As the dry air in passing through the
moist soda-lime absorbs water, another sulphuric-acid container, 2,
is attached to the exit end of the carbon-dioxide absorber to absorb
the water-vapor coming from the soda-lime.

All three pieces of apparatus are provided with couplings so that
they may be detached and weighed, the weighings being made on a
Sauter balance with an accuracy of 0.1 gm. A duplicate set of absor-
bers is provided and valves are placed at the ends of each series. By
closing the valves attached to one set and opening those attached to the
duplicate absorbers, the ventilating current may be deflected from one
set to the other. This permits the division of the experiment into
periods.

The supply of oxygen is maintained by automatic admission from a
weighed eyvlinder. This eylinder contains when full about 100 cubic
feet (2,800 liters) and weighs about 50 kg. It is hung on one arm of a
large Sauter balance and can be weighed with an accuracy of 0.1 gm.
The admission of oxygen is regulated by the change in volume of the
air in the apparatus. An opening in the side of the chamber is con-
nected with a spirometer,! this spirometer being simply a light copper
eylinder which is counterpoised and suspended in water. As the water-
vapor and carbon dioxide are removed, the volume of air in the appa-
ratus diminishes and the bell gradually sinks; oxygen is admitted from
time to time to keep the bell at a convenient height. In actual prac-
tice with the apparatus, the admission is accomplished automatically
by an electrical arrangement. When the bell drops to a certain point,
an electric circuit is closed. In this electric circuit is an electro-

'Formerly another type of tension equalizer was used in which a rubber bathing-cap was
attached to the upper end of o tin ean. The details of its construction and use are given in
Benedicet and Carpenter, Carnegie Inst. Wash. Pub. No. 123, 1910, p. 71,
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magnet and the movement of its armature opens or closes the tube
leading from the reduction valve on the cylinder to the chamber.
The spirometer not only regulates the admission of the oxygen, but also
provides for sudden changes in the air volume due to changes in the
temperature of the air in the ehamber or to changes in barometric
pressure.

When a subject is breathing in the apparatus, it is not sufficient
simply to weigh the absorbers and the oxygen cylinder in order to
determine the amounts of carbon dioxide and water-vapor exhaled
and the oxygen consumption in any given length of time, for the actual
carbon-dioxide and water-vapor content of the air in the chamber
may vary from time to time; the actual oxygen content may also vary
because of variations in temperature and pressure as well as variations
in amounts of carbon dioxide and water-vapor. Accordingly, the
amounts of carbon dioxide and water-vapor in the air residual in the
chamber should also be determined at the beginning and the end of
the experimental period. At the same fime a measurement of the
temperature of the air in the apparatus should be made and the barom-
eter read.

The water-vapor and carbon dioxide in the air-current were formerly
determined in the following manner: A portion of the outcoming air
was diverted at a point just before its entrance into the first sulphuric-
acid container. A mereury trap, D, shown in figure 1, served for open-
ing and closing the branch tube. When the leveling bulb, E, was
lowered, the mercury flowed away from the U-tube D and allowed the
air to pass through it. A small tube led from D to a set of three
U-tubes, 4, containing sulphurie acid and pumice stone, soda-lime, and
sulphuric acid and pumice stone, respectively. The exit tube of the
last U-tube was connected with a 10-liter Bohr meter.! From the
Bohr meter a tube led to a drying-tower and then to the ingoing air-
pipe. The carbon dioxide and water-vapor of the outcoming air were
determined by lowering the mercury level and passing 10 or 20 liters
of air through the weighed U-tubes and meter, then raising the bulb
again. The increases in weight of the U-tubes gave the amounts
absorbed from the volume of air as indicated by the readings of the
meter. The determination took place during the last 10 or 15 minutes
of the experimental period.

In the winter season of 1911-12 another method of determining
the carbon-dioxide and water-vapor content of the outcoming air was
devised by Professor Benedict and used thereafter. According to this
method, the water-vapor content is determined by calculation from the
readings of a psychrometer? installed inside the respiration chamber in

12ee A-B, fig. 1, p. 15,
#This psychrometer is deseribed by Benedict and Talbot in Carnegie Inst. Wash. Pub. 201,

1914, p. 37.






































































































































































































































































































































































































































































































































































































































































































































































































