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A CONVENIENTMETHODFOR THE DETERMINATIONOF THE
APPROXIMATECARDIAC OUTPUTIN MAN

By JOHNS. DONAL, JR.
(From the Laboratory of Pharmacology of the University of Penwsylvania, Philadelphia)

(Received for publication June 29, 1937)

Although the ethyl iodide method of Starr and
Gamble (1) and the acetylene method of Groll-
man (2) give useful results in the determination
of the cardiac output in man, they require special
apparatus and a time consuming technique not
easy to master. It appeared that if the deter-
mination of the cardiac output is to become a
practical procedure for the clinic a further sim-
plification of methods is necessary, and with this
end in view the possibilities of using oxygen and
carbon dioxide for this purpose were reinvesti-
gated. The plan was to devise the simplest pos-
sible procedure, to make the necessary assump-
tions, and then to compare the results with the
values secured by means of ethyl iodide and
acetylene.

A method has been developed 1 by which the
cardiac output may be estimated from a deter-
mination of metabolism and the analysis of the
oxygen and carbon dioxide contents of only two
samples, collected during a single rebreathing pro-
cedure much like that used in Grollman's acetylene
method. The results obtained by this new oxygen
method have been found to be in reasonably good
agreement with those secured by the use of ethyl
iodide and acetylene.

METHOD

If assumptions to be discussed hold, the cardiac
output can be determined from the solution of
two simultaneous equations of the Fick type,
certain items of each having been obtained under
somewhat different conditions.

For the first equation the normal condition is
taken. Wehave:

Cardiac output =
Normal 02 consumption .( a)Normal arterial Os content
-Normal venous 02 content

For the determination of the corresponding
values of the second equation the subject re-

1 The work was carried out in the Laboratory of Re-
search Therapeutics in the Hospital of the University of
Pennsylvania.

breathes, for a brief period, a mixture low in
oxygen; and again we have:
Cardiac output

02 consumption during rebreathing (1, b)
Arterial Oscontent during rebreathing

- Venous 02 content

On the assumption that the cardiac output and
the oxygen content of the venous blood have the
same values in the two experiments, the two
equations (1, a) and (1, b) may be combined
mathematically so as to eliminate the unknown
venous oxygen content. The cardiac output is
given by the resulting equation:
Cardiac output

Normal 02 consumption
- 02 consumption during the rebreathing (2)

Normal arterial 02 content
- Arterial 0, content during the rebreathing

APPARATUS

The apparatus necessary for rebreathing is sim-
ilar to that employed by Grollman for rebreathing
acetylene, except that two three-way valves and
two rubber bags are employed, making it almost
identical with the apparatus of Gladstone (3).

One needs (1) a mouthpiece connected by (2)
a short connecting tube of 3 cm. diameter with
side tubes of 4 mm. bore for sampling, leading
to (3) the valves, permitting connection of the
subject with room air, or with (4) a 4 liter rubber
bag, or with (5) a small spirometer or another 4
liter rubber bag. In addition, one needs (6) two
Haldane sampling tubes, the upper stopcocks
bored to not less than 4 mm.; with mercury, rub-
ber tubing and a reservoir to permit the produc-
tion of a Toricellian vacuum; (7) a Haldane gas
analyzer or one of its modifications, (8) a stop
watch, (9) a metronome, (10) rubber connecting
tubing, (11) a nose clip and (12) a supply of
nitrogen. Finally (13), any standard method
for the estimation of metabolic rate may be em-
ployed. Weuse the Benedict-Roth (21), employ-
ing the spirometer for the additional purpose men-
tioned above.
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It has been found advantageous, although not
necessary, to enclose the rebreathing bag in an

air-tight metal container having an outlet con-

nected to the Benedict-Roth spirometer, so that
a graphic record of changes in the bag volume
during filling and rebreathing may be obtained by
displacement of air outside the bag.

PROCEDURE

Two rebreathing techniques have been employed, the
simpler (1), identical with that of Grollman, being used
only when the vital capacity is normal. The second (2),
much like that of Gladstone (3), is used under other cir-
cumstances.

(1) Only one rebreathing bag is employed, filled ini-
tially with about 2500 cc. of nitrogen. The metronome is
started at from 24 to 30 beats a minute. The subject, at
first quietly breathing room air through the mouthpiece,
is instructed to make a maximal expiration at command
and then to inhale and exhale maximally, keeping time
with the metronome. The operator connects the subject
with the bag after the first maximal expiration, assures
himself that time is being kept and the bag emptied at
each inspiration, and collects samples from the last por-
tions of the 6th and 10th expirations, noting the time be-
tween collections with the stop watch.

(2) In some patients with low vital capacity the first
procedure may yield a lung-bag mixture too high in oxy-
gen. Therefore the following technique was employed.

A preliminary estimation of the approximate vital
capacity is made by having the subject inhale various
amounts of air from the bag or spirometer after a maxi-
mal expiration.

A measured quantity of nitrogen, a little less than
the patient could inhale, is placed in bag A; a larger, un-

measured amount in bag B or in the spirometer.
The rebreathing technique is identical with (1) except

that after the first maximal expiration to room air the
subject is connected with bag B, or the spirometer, for
a full respiratory cycle, and then connected with bag A
for the remainder of the rebreathing. Timed samples are

taken from the last portions of the 5th and 9th expira-
tions into bag A. The samples are analyzed for oxygen
and carbon dioxide in the usual manner.

The metabolic rate is estimated either before or after
the rebreathing.

CALCULATIONOF RESULTS

This can be illustrated best by employing data obtained
from a typical experiment. All volumes given are for
dry gas under standard conditions. Wehave:

1. Normal oxygen consumption = 260 cc. per minute.
2. Normal arterial oxygen content. The oxygen ca-

pacity of the blood may be assumed to be 200 cc. per

liter if the subject is normal, or may be estimated from
the hemoglobin concentration. The arterial blood is as-

sumed to be 96 per cent saturated. In this instance nor-

mal arterial oxygen content is 192 cc. per liter.
3. Oxygen consumption during the rebreathing.
Nitrogen in rebreathing bag initially = 2310 cc.
Assumed residual air = 1125 cc.2
Total initial lung-bag volume = 3435 cc.

The average lung-bag volume during the rebreathing is
assumed equal to the initial lung-bag volume.

Time between collection of samples = 9.8 seconds.

CO Os N2
By analysis per per per

cent cent cent

First sample ............... 4.98 5.14 89.88
Second sample. 5.57 5.04 89.39
Average percentage ......... 5.26 5.09
Average tension (saturated at

370 C., barometer 766)... .. 37.9 mm.136.5 mm.

Oxygen consumption during the rebreathing
= (lung-bag volume) X (change of oxygen

percentage in the lung-bag system)
(scnd eten60)

(seconds between collection of samples
= (3435)(0.10) (6)
= 21 cc. per minute, dry under standard conditions.

4. Arterial oxygen content during the rebreathin. The
nomogram of Henderson, et al. (5) is consulted. The per-
centage oxygen saturation is determined from the average
oxygen and carbon dioxide tensions of the two samples.
In this instance it is 72.5 per cent. Hence:

Arterial oxygen content = 72.5 X 200 = 145 cc. per liter.
5. Calculation of cardiac output. Substituting the pre-

ceding four values in Equation 2:

Cardiac output = 2160245 = 5.1 liters per minute.

MAGNITUDEOF ERRORSINHERENT IN ASSUMP-
TIONS ANDTECHNIQUE

Influence of increases in the cardiac output dur-
ing the rebreathing, and of errors in the
assumed value of residual air

In combining the expressions evaluated by the
two determinations of oxygen consumption as two
simultaneous equations (Equations la, b and 2
under " method "), the equality of the cardiac
outputs under the two conditions has been as-
sumed.

This assumption introduces an error into the
results because the acceleration of the circulation
known to result from rebreathing will give an
oxygen consumption which is erroneously high.

2 From the work of Hurtado et al. (4), their average
value being 1360 cc., saturated at 370 C.
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Fortunately, however, the low oxygen tension
during the rebreathing makes the corresponding
oxygen consumption, the second term in the nu-

merator of Equation 2, very small. Large per-

centage errors in this term, therefore, can have
but little effect upon the calculated cardiac output.
For the same reason, an error in the volume of
the residual air, assumed for the calculation of
this oxygen consumption during rebreathing, will
produce a negligible effect upon the results.

That these errors are small may perhaps be
understood more easily from a consideration of
Figure 1. For a representative subject the oxy-
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FIG. 1. THE ERRORRESULTING FROMAN ALTERATION IN

CARDIAC OUTPUTDURING THE REBREATHING
The cardiac output may be represented by the slope of

the line AB (see text). An increase of the cardiac out-
put during the rebreathing decreases the calculated result
to the value of the slope of the line AB'. The error is
small, however, if the oxygen tension in the lungs during
the rebreathing is not far from the oxygen tension of
the mixed venous blood, a condition which may con-

veniently be attained experimentally.

gen consumption of Equation la, is plotted at
point A as a function of the assumed arterial
oxygen content of 192 cc. per liter. The quan-

tities of Equation lb, i.e., the oxygen consump-

tion measured during a rebreathing experiment
and its corresponding arterial oxygen content, are

plotted as point B. If the line BCis drawn paral-
lel to the axis of abscissae it will be seen that the
line (A-C) represents the numerator of the right
hand side of Equation (2) and the line (C-B)
its denominator. Therefore, from Equation 2,

(A-C)/(C-B), or the slope of the line AB,
represents the cardiac output.

It is obvious that this error in the cardiac
output, for any given percentage error (B'-B) in
the oxygen consumption during the rebreathing,
becomes less as the rebreathing is performed at
an oxygen tension nearer equilibrium with the
mixed venous blood, for as the absolute value of
the ordinate at B (the oxygen consumption) de-
creases, the difference (B'-B) must decrease and
the slope of the line AB' (measured cardiac out-
put) approaches the slope of AB (true cardiac
output).

Since the mixture rebreathed consists initially
of nitrogen alone, the oxygen tension in the lungs
is never such as to make the oxygen consumption
during the rebreathing experiment more than a
small fraction of the consumption measured at
the normal alveolar oxygen levels. Thus, with
the normal subjects studied by the first rebreath-
ing technique (noted above under " Procedure ")
the average oxygen consumption during the ex-
periments was 9.5 per cent of the average basal
oxygen consumption of these subjects. Similarly,
for the clinical subjects studied by the second
rebreathing technique the corresponding value
was 14 per cent.

To study the errors resulting, in actual practice,
from the increase of cardiac output during the
rebreathing, additional experiments were per-
formed upon the first 9 of the normal subjects of
Table I, in each case on the same day and after
an additional 20 minute rest period. After a
maximal expiration to the room the subject re-
breathed a measured volume of a mixture of about
50 per cent oxygen in nitrogen. The residual air
volumes were then determined from samples of
the last portions of the initial maximal expirations
to the room and of the first inspirations from the
bag. Knowing the residual airs, timed samples
of the 6th, and 10th or 11th expirations to the
bag permitted the determination of the oxygen
consumptions during the rebreathing. The re-
sults are compared with the basal oxygen con-
sumptions in Table II, and the average increase
of oxygen consumption during the rebreathing,
which has been assumed to be the average increase
of corresponding cardiac output, was found to be
66 per cent. Recomputation of the values of
cardiac output for the 9 subjects, correcting the
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oxygen consumptions for the average increase of
66 per cent during the rebreathings, has shown
that the results by our oxygen method must have
been about 6 per cent too low.

TABLE I

Values of cardiac output

Subject Ethyl iodide Acetylene Oxygenmethod method method

liters per liters per liters per
minute minute minute

NORMALSUBJECTS

1 2.6, 3.0 3.7 3.8
2 4.3, 3.3 4.0 3.6
3 5.2, 4.6 4.7 3.2
4 3.8, 4.2 5.7 3.5
5 3.6, 3.5 3.6 3.2
6 6.9, 7.9 7.1 5.3
7 4.1, 3.8 3.8 4.4
8 4.8, 4.9 4.0 5.9
9 3.2, 2.6 3.2 2.6

10 4.0, 4.2 3.6 4.2, 4.1
11 4.4 4.0 4.5

Averages: 423 4.30 4.00

CLINICAL SUBJECTS

Ethy Basal

Subjec iodyd Oxygen Hemo. oxygenSubject lvimod method globin consump-method ~~~~~~tion
liters per liters per per cc. per

minute minute cent minute
12 2.6, 3.0 2.8, 3.0 76 169
13 6.0, 5.9 6.2, 6.6 52 279
14 5.3, 6.3 7.4 46 257
15 3.5, 2.8 3.0, 2.7 100 169
16 5.1 5.3, 4.8 100 241
17 3.0, 4.1 3.0, 2.6 95 176
18 4.4 3.9 100 266

Averages: 4.39 4.47

TABLE II

Additional data on nine of the subjects of Table I

Oxygen consumptions Measured Cardiac
Subject - ________ . ______ residual output
Subject ~~~~~air byRebreath- (dry under holding-

Basal ing high Increase standard breath
oxygen conditions) procedure

cc. per CC. pererlicent cc.
lrs per

minute minute pe et c. minute
1 246 412 67 1316 3.8
2 239 466 95 1248 3.7
3 257 426 66 1450 4.3
4 249 515 107 1720 4.0
5 217 380 75 1000 3.3
6 279 471 69 1640 5.0
7 251 351 40 1180 4.3
8 268 404 50 1235 5.9
9 196 246 26 1130 3.2

Averages: 245 408 66 1324 4.17

It will be seen from Table II that the measured
values of residual air of the first 9 normal sub-
jects averaged 18 per cent higher than the as-
sumed value of 1125 cc. used in computing the
results of Table I. However, when the results
for these subjects were recalculated, using the
measured residual airs, the average reduction in
the values of cardiac output was less than 1 per
cent.

In order to determine the effect of a reduction
in the respiratory gymnastics incident to the
method, additional experiments at low oxygen ten-
sions were performed upon the above 9 basal sub-
jects. The procedure of holding the breath
according to Krogh and Lindhard (6) was em-
ployed, together with a modification of the mixing
technique of Gladstone (3). The subject ex-
pired maximally to air at zero time, emptied a bag
containing about 3600 cc. of nitrogen, discarded
about 1200 cc. to the room, completed the maxi-
mal expiration to the bag and continued to re-
breathe. The third expiration to the bag was
limited to about 1200 cc., the breath was held in
this position of partial expiration for 8 to 10
seconds, and the maximal expiration to the bag
was completed. Timed samples were collected
from the last portions of the partial expirations
before and after holding the breath. The results
are shown in Column 6 of Table II and may be
compared with those for the same subjects in
Column 4 of Table I, since the corresponding ex-
periments were performed on the same day with
only 30 minutes to an hour intervening. The
average results were not significantly different,
as may be seen by inspection of the Tables. The
slight average increase of about 4 per cent was in
the expected direction for, due to the deeper ini-
tial inspiration of nitrogen, the average oxygen
consumption in the experiments in which the
breath was held was less than 1 per cent of the
average basal rate, compared with 9.5 per cent for
the rebreathings yielding the results of Table I.

Mixing in the lung-bag system
No extensive investigation was made of the

adequacy of mixing at the time of collection of
the first cardiac output sample, since under similar
respiratory conditions mixing in the lung-bag sys-
tem has been found to be complete by other
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workers, Grollman and Marshall (7) in particular.
Our data confirm these findings.

Samples of successive inspirations and expira-
tions were taken in control experiments in which
the normal subjects rebreathed initial mixtures of
2000 to 3000 cc. of nitrogen. Plotting the nitrogen
percentages in the samples as a function of the
number of respiratory cycles, it was found, as
would be expected, that after the 3d or 4th cycle
the points representing inspirations and those
representing expirations arranged themselves on
parallel and slightly converging lines as in Figure
2, a result similar to that of Lundsgaard and

z 92
w
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z

90.

z

89

La0r.

/b

/~ ~ ~ ~~~.-

E, I, E I E I E

RESPIRATORY CYCLES

I E I

FIG. 2. NITROGEN PERCENTAGESDURING THE PERIOD OF

MIXING
This figure is a representation of several experiments

in which normal subjects rebreathed initial mixtures of
pure nitrogen. The dots indicate the nitrogen percentages
in successive expirations, beginning with E1, the initial
maximal expiration to the room. The circles are the
nitrogen percentages found in samples collected from the
last portions of successive inspirations, the initial inspira-
tion, I,, being 100 per cent.

Schierbeck (8). (The average nitrogen content
was decreasing due to the effect of the blowing off
of carbon dioxide.) The nitrogen percentages in
the bag samples were slightly above those of the
corresponding preceding expirations, since each
bag sample was an average of the preceding ex-

piration. This circumstance, found to hold when
mixing could be assumed from the results of other
workers, was taken as a rough criterion of mixing
in the lung-bag system. Additional samples, col-
lected during determinations of cardiac output on

5 out of the 7 clinical subjects studied, satisfied
this criterion and demonstrated that there was no

serious inadequacy of mixing at the time of col-
lection of the first sample used for the calculation
of the cardiac output.

Recirculation and the permissible duration of re-
breathing
Discussion of recirculation will be limited to a

consideration of significant changes in the oxygen
content of the blood returning to the lungs during
the course of the rebreathing experiments. In
procedures of the nature used here, Donal and
Gamble (9) found from the inflections of their
carbon dioxide-oxygen tension curves an average
recirculation time of 24.5 seconds with ten normal
subjects lying at rest. In this investigation a
slightly less sensitive but more practical test was
employed, in that the values of cardiac output
were computed from successive pairs of samples
collected during the rebreathing experiments, and
significant recirculation was considered to have
occurred when the calculated cardiac output de-
creased more than 10 per cent, as determined from
the later sample collections. This does not, of
course, distinguish between recirculation and a
possible further acceleration in the blood flow dur-
ing the rebreathing. However, such a distinction
is not necessary for present purposes, since a
change in the calculated cardiac output from either
cause is equally undesirable.

For the 11 normal subjects studied in this in-
vestigation the average time of collection of the
last sample used for the determination of cardiac
output was 23 seconds. With 6 of these subjects
a 3d sample was collected from the expiration
made two cycles later. Since with only one sub-
ject did a significant change (- 15 per cent) in
the calculated cardiac output result from a con-
tinuation of the rebreathing for two extra cycles,
it is believed that the technique prescribed for
normal subjects will not, in general, result in
errors due to recirculation.

For the 12 experiments with the 7 clinical sub-
jects studied, the average time of collection of the
last sample used for the calculation of cardiac out-
put, taken from the 9th expiration to the bag, was
28 seconds. In 7 of the experiments, with 6 sub-
jects, additional samples showed that in only one
case could there have been significant recirculation
between the 7th and 9th cycles, the cardiac output
change being - 17 per cent. It is believed, there-
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fore, that the technique prescribed for resting
clinical subjects will not extend into the period of
recirculation, particularly since the average time
required for the procedure could probably be sub-
stantially reduced with more experience on the
part of the operator.

Miscellaneous assumptions and possibilities of
error
The determination of the oxygen dissociation

curves of the blood of each subject is believed to
be unnecessary and in this investigation the nomo-
gram of Henderson, et al. (5) has been employed
throughout. Comparative calculations made with
other nomograms have shown that changes in the
cardiac output of a subject may be determined with
sufficient accuracy by the use of any standard
nomogram. The absolute values of the cardiac
output of 9 subjects were systematically decreased
by an average of 10 per cent when recomputed
from the nomogram of Dill, et al. (10, page 207).

From Equation 2 the values of cardiac output
vary inversely as the oxygen capacities of the
blood. For normal subjects the use of an as-
sumed blood oxygen capacity of 200 cc. per liter
has been found, with 9 subjects, to introduce an
average error of only + 3 per cent into the results.
For clinical subjects the oxygen capacities have
been determined from hemoglobin estimations.

Since it is impracticable to determine the oxygen
saturation of the arterial blood of each subject,
the value of 96 per cent has been assumed from
the work of Bock et al. (11). A variation of 1
per cent in this assumption will introduce an
average error of between 3 and 4 per cent into the
calculated cardiac output.

The two determinations of oxygen consumption
are performed under identical conditions and are
separated by only a short period of time. The
work of Grollman (12) and others encourages
the belief that this will result in identity of venous
oxygen contents. That the venous oxygen con-
tent 15 to 25 seconds after beginning to rebreathe
is the same as that immediately before the re-
breathing begins is supported by the findings of
Donal and Gamble (9), and of this investigation,
that only occasionally does blood low in oxygen
content return to the lungs earlier than about 24
seconds after the start of the rebreathing pro-
cedure.

It is believed unnecessary to take account of the
absorption of nitrogen from the lungs during the
low oxygen rebreathing experiment, since the
average increase, although systematic, in the cal-
culated cardiac output resulting from the neglect
of this factor can be shown to be less than 1 per
cent. If account is taken of the changes in the
lung-bag volume during the low oxygen rebreath-
ing experiment, by making use of the altered ni-
trogen percentage in the second sample as com-
pared with the first, the cardiac outputs of 9
normal subjects have been found to be increased
an average of 3 per cent. Although this effect is
also systematic, since more carbon dioxide is or-
dinarily excreted during the period between the
sample collections than there is oxygen absorbed,
the error is small and is somewhat reduced by the
absorption of nitrogen mentoned above. There-
fore, for simplicity, this volume change has been
neglected in this investigation.8

Calculations have shown that no appreciable
error is introduced by assuming, in Equation 2,
that the entire oxygen consumption during the re-
breathing takes place at the average gas tensions
found in the samples.

EXPERIMENTALRESULTS

The values of cardiac output obtained by the
simplified oxygen method were compared with
the results secured on the same subjects by means
of ethyl iodide and acetylene.

Two determinations of the basal cardiac output
of each subject were made, about 20 minutes
apart, by the ethyl iodide method of Starr and
Gamble (1), using the katharometer as described
by Donal, Gamble and Shaw (13). During each
determination, duplicate estimations were made
of oxygen consumption, of carbon dioxide elimi-
nation, and of the oxygen and carbon dioxide
tensions of alveolar air.

About 20 minutes later the basal cardiac out-

8 Correction for this change may be made by merely
multiplying the oxygen percentage in the second sample
by the ratio of the nitrogen percentage in the first sample
to that of the second sample. Thus:

Corrected (02)II - Measured (02)II X (N2)I

where the Roman subscripts refer to the respective sam-
ples.
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put was again determined by the acetylene method
of Grollman (2) in all normal subjects.4

After an additional period of 30 minutes rest
the oxygen rebreathing procedure was carried out.
Still later, supplementary experiments which are
described in the preceding section were performed
on many of the subjects for the purpose of in-
vestigating errors.

In Table I, the results secured by the method
described have been compared with those obtained
by the ethyl iodide and acetylene procedures. It
is concluded from a statistical analysis that there
are no significant differences between the averages
of the results obtained by means of the three
methods.

DISCUSSION

Reviews of the oxygen and carbon dioxide
methods, founded on the principle of Fick, have
been given by Grollman (12) and by Richards
and Strauss (14). Equilibration of the venous
blood with the tensions of oxygen, carbon dioxide,
or both gases in the lung-bag system, in the meth-
ods such as those of Barcroft, Roughton and
Shoji (15), Douglas and Haldane (16) or Bur-
well and Robinson (17), was a tedious procedure
and the difficulties of such an equilibration have
been pointed out by Richards and Strauss (14).
The equilibration of oxygenated venous blood
with the carbon dioxide tension of the gas in the
lung-bag system offers obvious advantages, among
them that the rate of carbon dioxide transport
between the blood and gas is proportional to the
difference in the corresponding tensions. Ad-
vantage of this fact was taken by Fridericia (18)
and by Liljestrand and Lindhard (19).

The " triple extrapolation " method of Red-
field, Bock and Meakins (20) represented a sim-
plification of technique in that the tensions of the
gases in the mixed venous blood were inferred,
by extrapolation, from analyses of mixtures hav-
ing quite different gas tensions. It has been
shown by Donal and Gamble (9), however, that
this procedure may lead to erroneous results.

The method here described is much simpler
than any of those mentioned above. Various
elaborations of it are possible, for instance the

4 Dr. Clarence James Gamble has kindly permitted the
presentation of these as yet unpublished acetylene results
which formed a portion of a separate investigation.

normal arterial oxygen tension might be deter-
mined by analysis of blood obtained by arterial
puncture. Theoretically, carbon dioxide might be
used instead of oxygen, but the many physiologi-
cal factors influencing the behavior of carbon
dioxide in the body make the use of oxygen much
to be preferred.

It might be considered desirable, when work-
ing with clinical subjects of low vital capacity, to
employ two initial breaths of nitrogen before
connecting the subject to the final rebreathing
bag, in order to reduce the average oxygen ten-
sion in the lungs and hence the oxygen consump-
tion during the period between the collection of
the timed samples. Or, in order to shorten the
time necessary for mixing, other and more com-
plicated rebreathing procedures might be em-
ployed. In both cases, however, preliminary ex-
periments have shown that the purely mechanical
difficulties of application of such techniques render
their value questionable, although they may offer
theoretical advantages.

Some question might be raised about the pro-
priety of asking abnormal subjects to inhale ni-
trogen for about 25 seconds. As is well known
there are no subjective sensations from this pro-
cedure. Cyanosis has not been observed in our
normal subjects. It was seen in one patient at
the extreme end of the rebreathing period. Un-
toward possibilities in this direction should be
kept in mind by those planning to use the method
in cardiac or pulmonary disease.

Obviously, further experience with the method
might indicate the desirability of the use of other
values for the average residual air, or other blood
nomograms, than those employed in this investi-
gation.

The agreement between the average results ob-
tained by this oxygen method and those secured
by the ethyl iodide and acetylene procedures is
far from perfect but it is satisfactory enough. In
certain individuals the agreement between the re-
sults by the three methods is good, in others it is
poor. This is in accord with expectations for,
when duplicate analyses are made by a single
method, some subjects give constant results while
others are far more variable. The application of
the three different techniques required far more
time than that which must separate duplicate esti-
mations. Most subjects cannot be expected to
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maintain a completely constant basal cardiac out-
put over a period of about an hour and a half
while undergoing different experiments of an un-
familiar type.

The more elaborate methods of other workers
have been evolved to avoid some of the assump-
tions accepted in our simple procedure. But, in
order to avoid these, other assumptions have been
accepted and the question must be asked whether
anything substantial has been gained by the more
elaborate techniques.

SUMMARY

A simplified oxygen method has been developed
by which the cardiac output of either normal or
clinical subjects may be estimated from a deter-
mination of metabolism and the analysis of the
oxygen and carbon dioxide contents of only two
samples, collected during a single rebreathing pro-
cedure.

The effects of various errors inherent in the
assumptions and technique have been investigated.
Experimental results have shown that many of
these errors are of such small magnitude that
they may be neglected. From calculations, and
from a consideration of the work of other inves-
tigators, it has been concluded that the influence
of the remaining apparent errors is likewise rela-
tively unimportant.

The averages of estimations of basal cardiac
output by the new procedure have been found to
be in good agreement with the averages of de-
terminations made on the same normal and clini-
cal subjects by the ethyl iodide method of Starr
and Gamble and by the acetylene method of Groll-
man. The agreement of estimations by the three
methods on individual subjects is not very good,
a result to be expected from the known variation
of duplicate estimations in many subjects. In
seven instances the result of the oxygen method
agreed more closely with the average of the ethyl
iodide results than with the result of the single
estimation by acetylene. In three instances the
oxygen result was closer to that obtained by
acetylene.

Duplicate estimations by the oxygen method
agreed more closely than similar duplicates made
by ethyl iodide in four patients.

I make grateful acknowledgment to Dr. Clarence
James Gamble and Professor Isaac Starr for their con-
stant encouragement and fruitful suggestions during the
course of this investigation, and for their valuable help
in the preparation of this manuscript for publication.
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