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The determination of the cardiac output in man
has usually been done by indirect methods. The
demonstration (1) that mixed venous blood could
be obtained by introducing a catheter into the
right atrium and the later data (2), showing that
this technique is simple and safe, have provided a
new method for quantitative studies of the circu-
lation in man. The purpose of this paper is to re-
port the data obtained in the study of normal
resting subjects by the catheter technique. Some
of these persons were relaxed and quiet; others
were nervous and apprehensive.

METHODS

Physicians, medical students, hospital patients, and paid
volunteers served as subjects. They had eaten no food
since the evening meal 'on the night previously and they
came to the laboratory at 7:30 a.m. After resting one-
half hour, the procedure was begun. Thirty to 90
minutes later, quantitative studies were made.

The right atrium was catheterized via the median
antecubital vein by the technique described by Cournand
et al. (2 to 4). A slow drip of physiological saline solu-
tion was maintained through the catheter during the
study. The necessity has been stressed (4) for hav-
ing the tip of the catheter in the region of the tricuspid
valve in order to obtain blood in which the streams from
the superior and inferior cavae are fully mixed. Even
with this precaution, a sample of mixed venous blood
may not be obtained. In 3 subjects, blood from the
atrium in the region of the tricuspid valve was found to
have a very low oxygen content. Samples taken from
the right ventricle or other parts of the atrium led to
the conclusion that the catheter had entered the coronary
sinus, or an aberrant hepatic vein emptying directly into
the atrium.

An inlying needle was placed in the femoral artery,
which had previously been well novocainized. Oxygen
consumption was measured by collecting ;expired air for

1 The work described in this paper was done under a
contract, recommended by the Committee on Medical
Research, between the Office of Scientific Research and
Development and the Emory University School of
Medicine.

2- or 3-minute periods in a Douglas bag and analyzing
its oxygen and carbon dioxide content by the method of
Haldane. It was found necessary to bring in air from
the outside of the building as the carbon dioxide content
of the room air increased appreciably during the ex-
periment. The metabolic rate was recorded as the per-
centage of deviation from the expected basal metabo-
lism. The oxygen content of the mixed venous and
arterial bloods was determined by the method of Van
Slyke and Neill (5). The hemoglobin concentration of
the blood was measured by diluting the blood with am-
monia water and determining the intensity of the color
by a photoelectric colorimeter. In the few instances
where an arterial puncture was not done, blood from the
atrium was saturated with oxygen and its oxygen ca-
pacity determined directly. The arterial oxygen content
of the blood was then calculated on the assumption that
the hemoglobin in the arterial blood was 95 per cent
saturated with oxygen. It was not possible to calculate
the oxygen carrying capacity of the blood from the con-
centration of the hemoglobin. Varying amounts of in-
active hemoglobin were found in the blood. Similar ob-
servations have been reported by other investigators
(6, 7).

The arterial pressure was recorded optically from the
femoral artery by the method of Hamilton (8). The
mean arterial pressure was measured by planimetric inte-
gration of the area beneath the tracing. The peripheral
resistance was recorded in absolute units and calculated
by the formula (2):

Pm (mean pressure in mm. Hg) X 1332
C.O. (cardiac output in ml. per sec.)

The mean atrial pressure was measured by a manometer
filled with physiological saline solution, a point 5 cm.
below the fourth costo-chondral junction being taken as
the center of the right atrium. The ventilation was ex-

pressed in liters of air per minute per sq. meter at 370
and the prevailing barometric pressure (9).

Three of these subjects had an intravenous injection
of 2 ml. of a 20 per cent solution of para-amino hippurate
from 15 to 20 minutes before the cardiac output was
measured. The disappearance rate of this substance was
being determined in an associated study and, as this
substance was found to have no effect on the circulation,
the data on these patients have been included along with
those of other normal subjects.
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RESULTS

Eleven relatively complete sets of observations
were made on 7 medical students and 2 physi-
cians (Table I). These subjects were familiar
with the techniques used and had been present
when the procedures were carried out on other
subjects. In 5 of these experiments, the measure-

ments were made before the removal of blood for
an associated study. The subjects had served as

donors previously and were not apprehensive
about the loss of blood. Eight of the subjects ap-
peared relaxed. The ninth was obviously tense.
In the 10 sets of observations on normal, relaxed
subjects, the ventilation rate varied from 2.4 to
3.5, the oxygen consumption per sq. m. from 103
to 133 ml. per minute. The arteriovenous oxygen
difference ranged from 3.1 to 5.0 and the cardiac
output from 4.9 to 7.7. The cardiac index varied
from 2.4 to 3.9 and the mean femoral pressure
from 71 to 97 mm. of Hg. The pressure in the
right atrium ranged from 15 to 75 mm. of water,
the peripheral resistance from 822 to 1580 units.
Observations were made on 2 different days on

one of these subjects. On the first occasion, the
metabolic rate deviation from the expected normal
was minus 25, on the second, minus 13. Two de-
terminations of the oxygen consumption were

done with each experiment. The first set of ob-
servations may represent a technical error, but we

have not been able to detect it. In the tense sub-
ject, WB, the heart rate was rapid, the oxygen

consumption was slightly higher than in the
others, the cardiac output was greatly increased
and the peripheral resistance was extremely low.
Five months later, the observations were repeated.
The subject was more relaxed, the pulse rate had
decreased 18 beats per minute, the cardiac output
had fallen to one-half its former level, and the
peripheral resistance had risen 400 units. The
metabolic rate had decreased from plus 6 to
minus 12.

Similar studies were made on 10 colored male
patients from the wards of Grady Hospital. Four
of the subjects were convalescing from an hernior-
rhapy, one had asymptomatic neurosyphilis, one

diffuse neurofibromatosis, and one submental
tuberculous lymphadenitis without any systemic
evidence of infection. Three patients were con-

valescing from acute illness, one from typhus

fever, one from infectious hepatitis, and one from
lymphocytic choriomeningitis. As a rule, these
patients showed somewhat higher ventilation rate
and oxygen consumption than did the medical
students and physicians. The average oxygen
consumption per minute per sq. m. was 139 ml.,
as compared to 121 ml. for the students and
physicians. It was much more difficult to judge
whether these patients were relaxed. In one sub-
ject, the metabolic rate was plus 16. In a second,
the pulse rate was 84 beats per minute. Exclud-
ing these 2 subjects, the cardiac index varied
from 2.3 to 4.1 and the atrial pressure from 0 to
plus 85 mm. of water. The cardiac index in the
students and physicians who appeared relaxed
averaged 3.2. This is not significantly different
from the average figure of 3.6 found in the colored
patients.

Three negro males were studied before and
after venesection. These subjects came into the
hospital the morning of the experiment. They
had never given blood and were naturally some-
what apprehensive. The oxygen consumption in
these patients was definitely above the level of
the controls and the cardiac output was elevated.
The first subject, WP, was of particular interest
because observations were made at 3 different
times. By the third experiment, he was well
relaxed. In the first 2 experiments, the oxygen
consumption was 14 and 8 per cent higher than
in the third one, while the cardiac output was 47
and 65 per cent higher than in the third set of
observations.

Observations on the effect of gravity on the
cardiac output were made in 5 normal subjects
and one patient with hyperthyroidism. After the
cardiac output was measured with the subject in
the recumbent position, the table was tilted to an
angle of approximately 70° from the horizontal,
the feet resting against an upright foot support.
The arms hung loosely at the thighs and the per-
sons were relaxed except for the use of muscles
necessary to the maintenance of the semi-erect
posture. Care was taken not to move the legs
or to tighten and relax the leg muscles alternately.
The position of the catheter was checked by
fluoroscopy and after 5 to 8 minutes of motionless
standing the cardiac output was measured. The
results are given in Table II. In each instance,
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TABLE II

Efect of tilting to 700 on the oxygen consumption, arterio-
venous oxygen difference, and cardiac index of 5

normal subjects and one patient (P W)
with hyperthyroidism

Horizontal Tilted to 700

Sur-
Subject face 0, A6V Ca- 0 A-V Cr

Csump. differ- index CuOp. differ- ideacum.ence um.ence ine

mt. per DOl- liters ma. per *>,- litersml.persot- lperspesquare mix. umes per mi. umes per
meters per sq. per Mtn, Per sq. per min.

meter cent per sq. meter cent per sq.
meter meter

WF 1:85 114 4.3 2.7 129 5.6 2.3
R G 1.98 129 4.2 3.1 130 5.3 2.5
WM 1.90 120 3.1 3.9 131 6.2 2.1
MS 1.87 130 5.0 2.6 124 6.3 2.0
WB 1.94 122 3.1 3.9 140 4.4 3.2
P W 1.49 164 3.3 5.0 170 4.4 3.9

Average 130 3.7 3.5 139 5.4 2.7

the arteriovenous oxygen difference increased and
the cardiac output decreased. In the semi-erect
position, the increase in arteriovenous oxygen
difference was somewhat more striking than the
fall in cardiac output, because the metabolic rate
was usually higher with the patient in the semi-
erect than in the horizontal position. In one sub-
ject, 3 specimens of blood were taken from dif-
ferent areas in the right atrium to be certain that
the lowering of the oxygen content of the atrial
blood was not the result of improper mixing of
the blood from the superior and inferior venae
cavae. The values found for the oxygen content
were similar in the 3 specimens.

COMMENT

Determination of the cardiac output utilizing
mixed venous blood from the right atrium has
opened a wide field for clinical investigation.
This technique, however, has many sources of
error so that small changes are difficult to inter-
pret. The method is more accurate when the
arteriovenous oxygen difference is large. When
the oxygen consumption remains constant, the
relationship between the cardiac output and the
arteriovenous oxygen difference is a logarithmic
one. Thus, with an arteriovenous oxygen differ-
ence of 8, an increase of one volume per cent
will cause a decrease in cardiac output of only 12
per cent. With an arteriovenous difference of 2,

an increase of one volume per cent will cause a
33 per cent decrease in output (Figure 1).

Other investigators (2) have taken repeated
samples within a few minutes' time in a series of
11 subjects with the subject in an apparently
steady state. The mixed venous oxygen in suc-
cessive samples varied as much as 0.5 volume per
cent. With an arteriovenous oxygen difference
of 4, this much variation would cause a 12.5 per
tent variation in cardiac output. These same
authors have emphasized the care that must be
taken in locating the tip of the catheter close to
the tricuspid valve. Even then variations in oxy-
gen content because of admixture of blood from
the coronary sinus cannot be controlled. TIhe
collection of 2-minute samples of air for deter-
mining oxygen consumption introduces an error
which probably varies considerably from subject
to subject. In any given subject, it is difficult
to be certain that he is relaxed and that an in-
crease or decrease in cardiac output attributed to
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FIG. 1. THE RELATIONSHIP BETWEENTHE CARDIAC
OUTPUTAND THE ARTERIOvENOUSOXYGENDIFFERENCE,
ASSUMINGTHAT THE OXYGENCONSUMPTIONREMAINS
CONSTANT
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an experimental procedure is not merely the result
of variation in the degree of relaxation.

These data demonstrate that, in normal adult
males, the cardiac output at rest varies greatly,
ranging from 4.2 to 14.8 liters per minute. The
output per minute per sq. m. of body surface (car-
diac index) ranged from 2.3 to 7.7. It was obvi-
ous that certain of the subjects were not well
relaxed and that, therefore, the circulation was
hyperactive. The data from these subjects should
not be used in determining the normal range of
the various functions of the circulation in relaxed
subjects under basal conditions. It was arbi-
trarily decided to exclude from the normal relaxed
group subjects in whom the metabolic rate was
over plus 10 and in whom the heart rate was over
82 beats per minute. From the analysis of the
data on 19 studies in 18 normal subjects, the
following range of normal values is obtained:
Ventilation rate from 2.4 to 5.6 with an average
of 3.4; oxygen consumption per sq. m. per minute
from 103 to 146 with an average of 128 ml.;
arteriovenous oxygen difference from 3.1 to 6.1
with an average of 4 volumes per cent; cardiac
output per minute per sq. m. of body surface from
2.3 to 4.1 with an average of 3.3; mean femoral
pressure (data on 13 subjects) from 71 to 98
with an average of 85 mm. Hg; atrial pressure
from 0 to 85 with an average of 31 mm. of water;
peripheral resistance from 820 to 1750 with an
average of 1160 units.

Cournand et al. have reported observations on
15 normal subjects (2). The data given there are
recorded in the next to last line of Table I. Our
subjects had lower pulmonary ventilation, a lower
oxygen consumption, and a somewhat smaller
arteriovenous oxygen difference. A similar range
of cardiac index is notecd in the two studies. The
average atrial pressure in the two series was not
significantly different. The values for the arterio-
venous oxygen differences recorded here are in
general agreement with those found in normal
subjects by McMichael and Sharpey-Shafer (10).

The values for the cardiac output as measured
by the catheter method are greater than those
obtained by the acetylene technique. This has
been a consistent finding in each of the reported
series (2, 10, 11).

A decrease in cardiac output occurred when

the body was tilted to an angle of 700 from the
horizontal. The subjects in these experiments
were partially supported by leaning against the
table and therefore the experiments are not di-
rectly comparable to those in which the subject
has been standing relaxed, but without support.
Grollman (11), using the acetylene method, found
that the cardiac output was unchanged when the
patient stood in a relaxed position. The arterio-
venous difference increased when the patient
stood, but the oxygen consumption also increased
so that the cardiac output remained unchanged.
One author (12), using the acetylene method,
found that the cardiac output with the subject
standing in a relaxed position averaged 9 per
cent less than with the subject in the horizontal
position. More recently, the same author (10),
using the catheter technique, found that the car-
diac output in the relaxed standing position was
25 per cent lower than in the recumbent position.
Others (13), using the ballistocardiograph to
measure the cardiac output, found no consistent
change when observations were made with sub-
jects in the recumbent and relaxed standing posi-
tions. Our data are not comparable because our
subjects were partially supported and not stand-
ing erect.

Seven sets of observations on 5 subjects were
not included in the data on normal basal resting
subjects. In 5 out of the 7 experiments, the rest-
ing pulse rate exceeded 82 beats per minute. In
5 of the 7, the metabolism was over plus 10. The
average figures for the various aspects of the cir-
culation in this group of subjects with some evi-
dence of anxiety are given in the last line of Table
I. The average A-V oxygen differencc was 3.1,
the average cardiac index 5.5, and the average
peripheral resistance 827. It is of interest to
note that the average oxygen consumption with
anxiety was 23 per cent greater than in the more
relaxed subjects, while the cardiac output was
increased 66 per cent above that found in the
relaxed subjects. The validity of this observa-
tion is supported by the data on the 2 subjects in
whom repeat determinations were made at a sub-
sequent date. In each subject, anxiety produced
a much greater rise in cardiac output than in
metabolism.
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TABLE I

Observations An 22 normal male subjects in the horizontal position
No food for 12 hours before experiment

Femoral arterial
pressure

~~~ a)~~

WM23 72.6 1.90 2.4 10425941. . . 32 166 1 6 5 15

WS0 1 85 81.7 2 13 VUF 23 68.0 1.85 2.5 114 -12 19.4018 43a.8 27 6 69 5

liters ml. per liters
sqare Per mim. per liters ,p. mmH beats M.abso-years kgm. meter man. pe cntvlumes pe r cnt pe ms. m.Hg pe H20 lute

per sq .min. per min. units
s.sq.q.M. sq. M.

Group One-Normal subjects-Students and physicians

ES 35 82.6 2.04 3.1 109 -18 18.3 13.7 4.6 4.9 2.4 136 73 91 64 55 1515
Wm 23 72.6 1.90 2.4 103 -25 19.4 16.2 3.2 6.1 3.2 116 62 81 60 45 1055
Wm 23 72.6 1.90 2.6 120 -13 19.0 15.9 3.1 7.4 3.9 tIlO 80 58 35
WLM 22 82.1 2.04 2.7 121 -12 21.2 16.5 4.7 5.3 2.6 112 55 71 60 35 1085
CG 22 68.9 1.91 3.5 131 - 5 18.5 14.7 3.8 6.5 3.4 141 '75 96 72 35 1160
Ws* 25 81.7 2.04 3.1 133 - 2 19.2 15.7 3.5 7.7 3.8 117 63 79 79 15 822
WF 23 68.0 1.85 2.5 114 -12 19.4 15.1 4.3 4.9 2.7 tIlO 60 69 55
Ms 22 72.6 -1.87 2.9 130 - 6 20.6 15.6 5.0 4.9 2.6 136 73 97 80 75 1580
RG* 23 78.5 1.98 2.6 129 - 7 18.6 14.4 4.2 6.1 3.1 t 120 76 69
WBt 23 75.8 1.93 2.6 146 + 6 20.2 18.3 1.9 14.8 7.7 128 66 88 100 0 475
WB 23 76.2 1.94 2.5 122 -12 19.5 16.4 3.1 7.6 3.9 113 66 85 82 35 880

Group Two-Normal subjects-Hospital patients without clinical evidence of infection

LM* 30 73.9 1.84 4.0 138 + 3 20.7 14.6 6.1 4.2 2.3 129 71 92 72 0 1750
BJt 25 82.1 1.99 3.3 140 + 4 19.6 14.9 4.7 5.9 3.0 122 65 82 84 -5 1115
HBt 26 78.0 1.99 3.5 159 +16 18.3 15.1 3.2 9.9 5.0 136 79 100 84 40 807
JC 16 56.2 1.69 4.3 130 -14 17.9 13.8 4.1 5.4 3.2 120 63 81 65 15 1200
PM 17 69.6 1.78 3.8 143 - 5 19.6 15.6 4.0 6.4 3.6 120 64 84 73 25 1045
CL 33 64.9 1.77 3.7 135 0 19.7 15.9 3.8 6.3 3.6 60 25
SL 27 66.2 1.76 3.2 129 - 6 16.8 13.5 3.3 6.8 3.9 64 85

Group Three-Normal subjects-Hospital patients convalescing from acute infectious disease

GH 39 77.1 1.93 5.6 130 - 5 16.0 11.9 4.1 6.3 3.3 124 68 87 68 10 1100
27 58.5 1.63 4.0 146 + 6 16.5 12.5 4.0 6.0 3.7 114 60 73 56 60 972

YW | 25 67.1 1.82 4.1 138 + I 1 19.2 1 15.8 1 3.4 1 7.4 1 4.1 110 72 76 75 0 823

Group Four-Normal subjects before venesection

WPt 32 68.0 1.74 4.8 162 +21 15.6 12.4 3.2 8.8 5. 1 126 74 92 75 50 833
WPt j32 68.0 1.74 3.3 153 +12 14.5 11.8 2.7 9.9 5.7 141 80 100 80 45 808
WP 32 68.0 1.74 4.9 142 + 5 16.0 11.9 4.1 6.0 3.4 143 75 981 68 50 1305
JTt l 31 70.8 1.84 4.6 181 +32 18.5 15.6 2.9 11.5 6.2 165 87 115 l 112 40 786
IRt 22 72.6 1.84 4.6 160 +16 18.4 15.5 2.9 10.2 5.5 167 94 123 88 30 964

Average values obtained from 19 experiments on 18 normal males in the basal state

3.4 128 -7 4.0 3.3 124 67 851 68 31 1160

Average values for 15 normal subjects reported by Cournand et al. (2)

5.1 11541 45 3.4 97 33 1290

Average values obtained from 7 experiments on 5 resting subjects with evidence of anxiety

13.81157 +15j 3.1j 15.51141178 1001 29 827
* Received injection of sodium para-amino hippurate.
t Not included in group of relaxed subjects because pulse rate was over 82 or metabolic rate over plus 10. The

average values for these subjects with evidence of increased metabolism and hyperactive circulation are listed in the
last line of the table. t Pressure measued in arm by auscultatory method.
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CONCLUSIONS

1. Studies on the circulation were performed
in 22 normal subjects in the basal state. Samples
of mixed venous blood and measurements of the
atrial pressure were obtained by inserting a cathe-
ter through the antecubital vein into the right
atrium. The femoral arterial pressure was re-

corded optically by the method of Hamilton.
2. Nineteen experiments were carried out on

18 subjects in whom the pulse rate was not above
82 beats per minute and in whom the metabolic
rate did not exceed plus 10. The arteriovenous
oxygen difference varied from 3.1 to 6.1 with an

average of 4 volumes per cent. The cardiac in-
dex (liters per min. per sq. meter) ranged from
2.3 to 4.1 with an average of 3.3. The atrial pres-

sure ranged from 0 to 85 with an average of 31
mm. of water.

3. Seven experiments were performed on 5
normal subjects in whom either the pulse rate
exceeded 82 or the metabolic rate plus 10. These
findings were interpreted as evidence of anxiety.
The average arteriovenous oxygen difference was

3.1 volumes per cent. The cardiac index aver-
aged 5.5 and the atrial pressure 29 mm. of water.
The increase in cardiac output was out of propor-

tion to the increase in oxygen consumption. The
rise in cardiac output occurred without any meas-

urable change in atrial pressure.

4. When the subject was tilted to an angle of
700, the arteriovenous oxygen difference rose and
the cardiac output decreased. The average de-
crease in the cardiac index when the subject was

tilted amounted to 23 per cent.

The authors are indebted to Drs. Dickinson Richards,
Andre Cournand, and their colleagues for instruction in
the techniques utilized in this paper. This work was

done with the technical assistance of Miss Maurice Giese,
Miss Eloise Cavin, Mrs. Janet Stegeman, and Mrs.
Jane Bailey.
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