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With the reintroduction of cardiac catheteriza-
tion (1) which facilitated the withdrawal of mixed
venous blood for gas analysis, the Fick principle
has been widely applied for the determination of
cardiac output in man (2, 3). While this method
provides the most accurate measurement of the
cardiac output available at present and has con-
tributed considerably to our knowledge of cardio-
vascular dynamics in health and disease, it is open,
under certain circumstances, to several potential
sources of error.

Chief among these is the requirement of gaseous
equilibrium between the alveoli, blood and tissues.
Any change in the alveolar gas content during
the collection of exhaled air may produce not only
significant error in the apparent oxygen consump-
tion, but possibly changes in the arterial-mixed
venous blood (A-MV) oxygen differences as well.
Consequently, variations in respiratory function
occasioned by anoxia, hyperventilation, exercise
or inhalation of oxygen may lead to significant
errors in the measured cardiac output. Since re-
establishment of hematopulmonic equilibrium, or
the steady state, following a change in respiratory
function may require forty to sixty minutes (4),
the immediate or early effects of altered respira-
tory dynamics on cardiac output cannot be
evaluated.

Furthermore, the measurement of cardiac output
by gas methods involves special equipment and
time-consuming analyses of gases in both blood
and respired air. In most laboratories, therefore,
only a limited number of measurements are pos-

1 Supported in part by grants from the National Heart
Institute, U. S. Public Health Service; Martha Hall
Foundation, Montefiore Hospital; Campbell Pharmaceuti-
cal Co.; Eli Lilly & Co.; Wyeth, Inc.; and G. D. Searle &
Co.

2A preliminary report was presented at the meeting
of the Federation of American Societies for Experimental
Biology, New York, April 17, 1952.

sible in a given period, and the separate determi-
nations must be intermittent rather than con-
tinuous. Moreover, in some subjects, the periodic
application of a face mask or nose clamp may pro-
duce anxiety, and thereby influence the measured
cardiac output.

In order to overcome these difficulties, the pos-
sibility of using some non-gaseous test substance
for measuring the cardiac output by the Fick prin-
ciple was considered. The ideal substance for
this purpose should possess the following charac-
teristics: 1) rapid, fairly constant and easily
measurable bodily uptake and/or excretion of suf-
ficient magnitude to produce a significant A-MV
difference; 2) ease and accuracy of determination
in small quantities of body fluids by ordinary ana-
lytical methods; 3) known or readily verifiable
volume of distribution; and 4) absence of toxicity
and effects on circulatory dynamics.

When the cardiac output and the rate of re-
moval of the test substance are constant, the mag-
nitude of the A-MV difference is a function of two
factors-the proportion of the cardiac output per-
fusing the extracting organ (s) and the complete-
ness of extraction. Since the kidneys normally
receive a large fraction of the cardiac output (5),
any substance completely extracted by the kidneys
would exhibit an adequately large A-MV differ-
ence. Moreover, renal uptake of blood con-
stituents can be accurately measured by the uri-
nary excretion. Sodium para-aminohippurate
(PAH), which fairly well fulfills the above cri-
teria, has a renal extraction of about 90 per cent
(6). Since the normal renal fraction of the
total cardiac output is about 20 per cent, the re-
sulting anticipated A-MV difference of PAH
would be 18 per cent (0.20 x 0.90) of the arterial
concentration.

In these studies, therefore, PAHwas first used;
subsequently, to obviate difficulties arising from
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acetylation of a small fraction of the PAH (7), its
acetylated derivative, para-acetylaminohippuric
acid (PACA), which has the same renal clearance,
was substituted. This was prepared as recom-
mended by Newmanand coworkers (8), the solu-
tions being sterilized by passage through a Seitz
filter.3

The use of a non-gaseous test substance pre-
sented a special problem. Unfortunately, the
usual type of infusion into a peripheral vein can-
not produce an A-MV difference, since under
such circumstances, the concentration of test sub-
stance in the right side of the heart is as high or
even slightly higher than in arterial blood. Only
when the test substance is added to the blood of
the pulmonary circulation, as is oxygen, can there
result an A-MV difference. It is necessary, there-
fore, to introduce the test substance into the lesser
circulation distal to that point from which mixed
venous blood is withdrawn. Thus, if the test sub-
stance were added to the pulmonary artery and
mixed venous blood removed from the right ven-
tricle (in the absence of pulmonary regurgitation,

8 The authors are grateful to Miss J. Olch for her co-
operation in filtering the preparations and testing the fil-
trates for sterility.

interventricular septal defect, or removal in the
lesser circulation), a true A-MV difference will
be obtained regardless of the site of removal of the
test substance. This was accomplished by placing
the tip (distal lumen) of a double lumen cardiac
catheter (9) into the pulmonary artery. The
proximal lumen, used for the withdrawal of mixed
venous blood, was located 10 cm. back, in the out-
flow tract of the right ventricle just below the pul-
monic valve. In Figure 1, the placement of a
double lumen catheter for the determination of an
A-MV difference is diagrammatically represented.

DERIVATION OF FORMULAE

The mathematical validity of the present ap-
plication of the Fick principle (10) to the deter-
mination of cardiac output is established by the fol-
lowing derivation of the formulae used in the
calculations.

The quantity of a substance circulating in a
given portion of the blood flow is represented by
the product of its concentration and volume of
flow. In the case of a substance removed from
the blood only by the kidneys, the concentration
after equilibrium between blood and tissues has

Venous Blood p
4CA Infusion Right

ventricle
Atriumr

FIG. 1. DIAGRAMILLUSTRATING THE PRODUCTIONOF AN ARTERIAL-MIXED VENOUSBLOOD
DIFFERENCE BY MEANSOF A DOUBLELUMENCARDIAC CATHETER
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been achieved will be the same in all vessels of
the greater circulation except those veins draining
the kidneys (the renal veins and inferior vena
cava). Under these circumstances, the amount
of substance returning to the heart per unit time,
the product of mixed venous blood concentra-
tion and total body flow (cardiac output), will be
the sum of that returning from the kidneys (the
renal venous blood concentration times renal blood
flow) plus that returning from the remainder of
the body. The latter quantity may be expressed
as the product of the arterial concentration and
difference between the cardiac output and renal
blood flow. The above may be summarized for
PACAas in the following equation:

1.
[PACA]Mv(CO)

= [PACA~uv(RPF) + [PACA)A(CO - RPF),
where
[PACA]JV,RV,A represent the concentration of PACAin

mixed venous, renal venous and arterial plasma,
respectively,

CO = cardiac output, as plasma,
RPF = renal plasma flow.

Transposing, and solving for CO,

2. CO = (RPF)([PACAJA - [PACA]Rv)
[PACA~J - [PACA]mv

Since
3. [PACA]Rv = (1 - E)[PACA]A,

where E = renal extraction of PACA,
[PACA]' - [PACA]Rv)

[PACA]s }
Substituting in equation 2 yields

4. CO (RPF)(EPACAJA - (1 - E)XPACA)A)
EPACAJA- [PACA]xv

- (RPF)(E)[PACA]A
*. [PACAJA - [PACA]Jm

But since
6. (RPF)(E) = CPacA, the renal clearance of -PACA,

which = UVPACA , where UVpAOA is the urinary excre-

tion per unit time; therefore, substituting in equation 5,
7.

UVPAOA XEAA,
c PACAJA UVPACA

CO-[PACA] - [PACA])r - PACAJA- [PACA]]v
which is the expression of the Fick principle for the meas-
urement of cardiac output by the present method.

The above derivation is based upon the assump-
tion that the removal of PACAfrom the plasma
occurs only by renal excretion. In fact, PAH, and

presumably PACA, is excreted by way of sweat
(11) and other extra-renal channels, including
the liver (12). Therefore, the following modifica-
tion was introduced in order to express total.
plasma clearance. During the continuous infu-
sion of a substance, at constant arterial concentra-
tion, the total amount cleared from the plasma
by all routes must equal the amount administered.
Under these circumstances, equation 7 may be ex-
pressed as follows:

8. CO =E[PACAJA - [PACA]mv
in which
I = concentration of PACAin the infusion (mg./ml.),
V = rate of administration of the infusion (ml./min.), and

the product is the amount of substance infused per
unit time (mg./min.).

When, because of altered cardiac output or re-
nal hemodynamics, the steady state is disturbed
and arterial concentration is not constant, a cor-
rection factor for the changing plasma level must
be introduced into equation 8. The rate of change,
or slope of the line representing arterial concen-
tration, d[PACA]A/dt (mg./ml./min.), is a func-
tion of the difference between the rates of plasma
infusion and plasma clearance. When this is mul-
tiplied by the volume of distribution (VD) of the
test substance, the product represents the differ-
ence between the amounts of test substance in-
fused into and removed from the blood. Thus,

9. CO
=

IV h d[PACA]A/dt(VD)
EPACAJA - EPACA]Mv

during falling (+) and rising (-) levels, respectively.

In practice, the A-MV difference employed is
one integrated throughout the desired period
rather than that based upon a single pair of deter-
minations.

The above equations have all been expressed in
terms of plasma. Conversion to whole blood fig-
ures is accomplished by dividing by ( 1-hematocrit).

MATERIAL AND METHODS

The eighteen subjects in this series included seven
without cardiac or renal disease and eleven cardiac pa-
tients, ten of whom had rheumatic heart disease with
mitral stenosis.

The subjects were in the post-absorptive state, at
times mildly sedated with a barbiturate. A soft rubber,
multi-holed urethral catheter was inserted, and an in-
dwelling arterial needle placed into a femoral or brachial
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artery. The double-lumen cardiac catheter was then
inserted, and passed well into a branch of the pulmonary
artery. A Sanborn electromanometer was connected to
the proximal lumen, and the catheter slowly withdrawn
*during continuous recording to slightly beyond that
point at which the transition from the pulmonary arterial
to the right ventricular pressure tracings was observed.
The proximal lumen now was located about 2 cm. below
the pulmonic valve in the outflow tract of the right ven-
tricle. Through the distal lumen (tip), which lay about
8 cm. into the pulmonary artery, the solution of the
test substance was infused by means of a Bowman con-
stant infusion pump at a rate of 1.0 to 3.5 ml. per minute.

Following a period of about one hour to permit equili-
bration of the test substance, specimens of arterial and
mixed venous blood (right ventricle) and urine were
obtained periodically for the continuous measurement of
cardiac output by the chemical 4 method. At the same
time, expired air and similar blood specimens were col-
lected for the determination of cardiac output by the
usual gas 4 method; the latter, however, were less fre-
quent and intermittent. In those patients able to tolerate
such activity, additional measurements were made fol-
lowing exercise.

Blood for oxygen determinations was collected in
syringes with dead spaces obliterated by bubble-free
heparin solution, and kept over mercury at 0° C. until
analyzed by the Van Slyke and Neill manometric tech-
nique (13). Duplicate determinations were required to
check within 0.1 volume per cent. Expired air was col-
lected in a Tissot spirometer, transferred to tonometers,
and analyzed by the Scholander respiratory gas method
(14).

PAH was determined by the method of Smith and
his associates (7). PACAwas measured at first by the
method of Newman (8); subsequently, the acidified fil-
trate was hydrolyzed in 25 ml. volumetric flasks and
diluted to constant volume after completing the color
reaction. Hematocrits were determined on arterial blood
in Wintrobe tubes centrifuged at 3,000 RPMfor thirty
minutes. No correction was made for trapped plasma.

RESULTS

Certain conditions and assumptions underlie
the- successful application of the chemical method.
Firstly, competency of the pulmonic valve, par-
ticularly with the catheter in situ, should be estab-
lished. Observations on the present series of pa-
tients have confirmed the reports of others that
no alterations in the recorded pressure curves oc-
cur when double lumen catheters are used. In ad-
dition, to test roughly whether regurgitation oc-
curs, Evans blue dye (T-1824) was injected into

4 The terms "chemical" and "gas," as employed in this
paper, are intended simply to differentiate the two meth-
ods, since the chemical nature of each is obvious.

the pulmonary artery via the distal lumen of a
catheter, and blood was simultaneously withdrawn
from the right ventricle. No dye was detectable
in the right ventricular blood during an interval
shorter than the circulation time, including that
of the coronary circulation.

Secondly, success of the method requires com-
plete mixture in the blood during passage of the
test substance from the pulmonary artery to the
aorta.5 Although streaming may tend to prevent
complete admixture, the relatively small volume
of test solution added to the large volume of
blood, the complete passage through a capillary
bed, and further mixing in the left chambers of
thw heart would favor homogeneity of the test sub-
stance throughout the arterial tree.

At first, the cardiac output was calculated from
the urinary excretion of PAH, employing equation
7 which is based upon the assumption that the uri-
nary excretion of PAH reflects the total plasma
clearance. However, PAH has been found in
other body secretions (11, 12). Moreover, in our
earlier studies, the cardiac output, calculated from
renal excretion of either PAHor PACA, tended
to be about 15 per cent less than that obtained from
gas analyses. That this discrepancy reflects extra-
renal plasma clearance is supported by the fact
that, during constant arterial concentrations, the
infusion rate exceeded the urinary excretion by
about this fraction. For this reason, the cardiac
outputs here reported have been calculated by the
use of equation 9, or the total plasma clearance,
on the basis of the rate of infusion of the test
substance.

The results are summarized in Table I and Fig-
ure 2. In general, the renal plasma flows and
cardiac outputs conform with those previously re-
ported (15). Among the rheumatic patients with
mitral stenosis, both the circulatory and the renal
hemodynamics, as well as the respiratory data,
are in good agreement with those of Werkc and
his colleagues (16, 17). Thus, the clearances of
PAHand PACAin the cardiac patients are about
one-third of those of the non-cardiac subjects.
Moreover, the decrease in renal blood flow and in

6 The same assumption is inherent in the dye or iso-
tope dilution methods, especially since rapid injection is
made. Actually, the lower molecular weight of PACA
and slow rate of injection may be expected to result in
more rapid mixing.
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renal fraction of the cardiac output bears a rough
relationship to the clinical estimate of the severity
of failure. The oxygen consumption at rest is
equivalent in both groups, but the oxygen uptake
per liter of air ventilated is lower in the cardiac
patients, a reflection of the respiratory dysfunction.

The cardiac outputs for corresponding collection
periods indicate good agreement between the two
methods. (Correlation coefficient, r = 0.90.) Af-
ter use of the constant infusion pump resulted in
more constant arterial levels, even better agree-
ment was attained.

In one patient, G. M., a 26 year old male with
sarcoidosis and pulmonary fibrosis, the effect of
changing the gas content of the respired air on the
determination of cardiac output by the gas and
chemical methods was studied. Following con-
trol measurements while breathing from a tank of
compressed air, a moderate degree of hypoxia was
produced by permitting the subject to inhale a mix-
ture of 10 per cent oxygen and 90 per cent nitro-
gen for 51 minutes. During this interval, the car-
diac output was measured twice by the gas method
and continuously by the chemical method (three
urinary collection periods). Following return to
the breathing of the air from the tank, additional
measurements were made. The results are indi-
cated in Figure 3.

Although there was generally good agreement
between the two methods, certain differences were
observed. During the hypoxic period, the output,
as determined by the chemical method, rose ini-
tially to a maximal value of 12.1 1./min. then fell
gradually to its previous level. At the same time,
the cardiac output by the gas method rose more
slowly so that the higher value, 11.05 1./min., was
obtained toward the end of the hypoxic period.
Following thirty minutes of inhalation of ambient
air, the cardiac outputs, as measured by both meth-
ods, were at control levels.

The substitution of PACAfor PAHwas based
upon previous reports (7, 8) that a small, but vari-
able, fraction of the PAHis acetylated in the body.
Such acetylation, contributing to extra-renal loss,
would produce an error in the cardiac output as
calculated from urinary excretion. In several
studies, PAH was infused and the plasma and
urinary concentrations of both PAH and PACA
were determined by analyzing the plasma filtrates
and diluted urine specimens both prior to and fol-
lowing hydrolysis. Although no significant
amounts of PACAwere present in arterial blood,
the urine of these patients contained substantial
amounts of the acetylated compound, sufficient, in
fact, to make it appear that renal acetylation of

Cot
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TABLE I
Summary of data

Patient Duration A-V diff. Cardiac output
Diagnosis, Sex, 02 cons.

B.S.A.* age Period 02 PACA CPACA 02 cons. 1. ventil. 02 PACA 0s PACAt
min. min. ml./min. ml./mis. ml./I. ml./I. mg./l. 5./min. 5./mis.

Non-cardiac patients
M. I. F. 1 3 21.0 492 245 25.5 38.6 2.5 6.35 6.62

Rheumatoid arthritis 44 2 3 31.0 423 234 21.1 41.5 2.7 5.64 6.22
1.44 3 13.0 652 2.2 7.05

4 3 32.0 536 204 20.5 38.6 2.3 5.29 6.54

S. W. M 1 4 16.0 520 254 41.9 31.3 1.0 8.10 10.4
Pulmonary tuberculosis and 42 2 10.5 523 1.9 10.2
fibrosis 3 7 20.0 499 268 42.3 40.4 2.05 6.62 8.61

1.71 4 10.5 503 1.71 7.99
5 13.0 499 1.67 9.70
6 6 12.0 519 244 37.7 39.2 1.90 6.23 8.97
7 17.0 510 7.88

M. S.
Cervical myelopathy

1.51

T. S.
Pulmonary fibrosis

1.85

M. V.
Possible hyperthyroidism

1.52

A. C.
Bronchial asthma

1.54

G. M.
Sarcoidosis

1.91

A. P.
Cor pulmonale

1.97

F 1 4 28.5
41 2 4 29.5

3 6 35.0

M 1 19.0
50 2 6 26.0

3 4 23.0

F 1 36.0
33 2 6 36.0

3 29.0
4 14.0
Exercise
5 4 16.0
6 22.0

M 1 44.0
21 2 4 29.0

3 5 17.0
4 23.0

M 1 12.0
26 2 4 12.5

3 22.5
Anoxia-on
4 12.5
5 8 17.5
6 10 24.0
Anoxia-off
7 20.0
8 4 15.0

336 219 36.0 39.0 0.8
393 193 37.6 39.6 0.9
458 170 34.7 29.7 1.0

649 3.0
583 296 31.8 38.4 3.21
593 304 30.6 38.9 2.76

542 1.10
523 175 37.3 27.6 1.06
641 1.05
580 1.02

510 212 45.9 30.0 0.93
597 1.16

646 1.86
603 271 41.7 45.6 2.73
481 270 40.0 35.8 2.28
501 1.95

673 3.0
674 268 41.3 29.0 2.8
656 2.77

694 2.72
642 294 35.2 25.8 2.83
718 318 36.3 26.6 2.92

724 2.80
680 343 50.9 36.2 2.73

Cardiac patients

M 1 31.0 166
42 2 3 29.0 146 286

1.6
186 85.8 1.9

F. R. F 1 28.5 409
R.H.D.,M.S.,C.H.F.4 30 2 4 20.5 381 194

1.49 3 3 10.5 440 194

S. W. F 1 3 37.5 169 230
R. H. D. 61 2 4 23.5 157 212

1.40 3 3 30.0 141 279

G. M. F 1 5 20.5 144 202
R.H.D.,M.S.,C.H.F. 37 2 5 21.5 112 200

1.43 3 34.0 121
Digoxin
4 19.0 142
5 22.0 177
6 5 21.0 140 203

12.9 37.1 1.5
27.5 40.1 2.4

32.4 84.3 2.4
37.5 75.8 2.6
37.5 84.9 2.0

22.3 96.2 9.5
22.4 95.6 11.2

10.5

8.7
6.2

22.6 81.5 4.05

5.62 5.50
4.88 5.77
5.71 5.81

7.79
7.70 7.58
7.82 8.61

6.64
6.35 5.84

7.02
6.82

7.07 6.44
6.02

4.98
5.94 3.61
7.53 4.22

4.87

9.79
9.23 10.8

10.9

12.1
11.4 11.1
11.9 10.7

10.3
9.48 10.5

4.32
3.33 3.57

5.82
5.28 4.92
4.82 3.50

2.73 4.02
2.79 3.06
3.29 3.43

2.10 1.76
2.09 1.43

1.53

1.81
2.54

2.49 3.90
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TABLE I-Continued

Patient Duration A -V diff. Cardiac output
Diagnosis, Sex. 0 cons.

B.S.A.* age Period 0 PACA CPACA 02 cons. 1. ventil. 0s PACA 0 PACAt

min. min. mt../min. ml./min. ml./l. Ml./l. mg./l. 1./min. 1./min.
E. W. (pre-op) F 1 3 31.0 251 212 32.8 59.2 2.7 3.58 2.89

R. H. D., M. S., C. H. F. 50 2 29.5 211 2.95 2.93
1.77 3 4 40.0 254 234 34.9 64.7 3.2 3.61 4.04

Exercise
4 5 36.0 260 324 28.8 63.1 2.4 5.14 5.48

1 4 15.0 269 234
2 19.5 288
3 5 19.0 263 212
4 17.0 282
5 23.0 301
Exercise
6 6.5 29.0 281 290
7 17.0 311

F 1 6.5 39.0 99 172
30 2 6 29.5 93 160

3 23.5 90

M. Im. F 1 19.0 297
R. H. D., M. S., C. H. F. 34 2 5 13 286 181

1.54 3 18.25 283
Exercise
4 23.0 256
5 5 13.75 223 190

F. R. M 1 18.0 242
R. H. D., M. S., C. H. F. 41 2 5 12.0 246 218

1.72 3 22.0 257
4 4 10.5 253 198
5 27.0 232
Exercise
6 7 29.5 114 213
7 20.0 385

J. C. M 1 5 25.0 493 309
R. H. D., M. S., C. H. F. 34 2 23.0 456

1.92 3 6 16.5 415 347
4 22.0 385
Exercise
5 3 12.0 253 528
6 18.0 354

L. J. F 1 5 12.5 488 189
R. H. D., M. S., C. H. F. 19 2 11.5 477

1.74 3 6 11.5 387 200
4 24.0 463
Exercise
5 6 11.5 430 205
6 9.5 242
7 16.25 430

Hypervent.
8 4.5 8.75 598 235
9 480

10 527
11 373

D. D. F 1 15.5 409
R. H. D., M. S., C. H. F. 30 2 10 19.0 365 196
(mild) 3 8 32.5 400 189

1.56 Exercise
4 9.5 497
5 8 13.5 425 204
6 13.0 337

42.1 40.0 2.2 5.84 5.43
1.9 5.51

42.6 39.7 2.0 5.34 5.94
2.15 5.70
2.35 4.96

35.0 42.0 2.45 6.90 5.30
2.43 5.22

23.7 77.4 4.5
24.2 83.0 3.6

3.4

3.3
33.3 53.4 3.5

3.52

3.38
34.9 52.1 3.2

2.22 2.11
1.92 2.01

2.65

3.52
3.40 3.32

3.30

3.89
3.65 4.09

3.55 3.07
27.9 73.7 3.75 2.96 3.34

3.7 3.68
29.8 70.0 3.67 2.82 3.68

3.74 3.58

26.9 61.2 3.63 3.48 3.60
3.42 3.71

33.1 55.8 1.72 5.54 5.32
1.89 4.52

34.7 64.2 1.83 5.40 4.99
1.41 4.45

30.7 81.2 1.26 6.50 5.90
1.38 7.32

40.4 46.7 2.55 4.05 4.74
2.3 5.12

40.4 45.8 2.4 4.38 4.90

28.8 52.1 1.22 3.94 5.14
1.8 6.54
2.35 4.98

13.7 46.4 2.85 5.07 4.70
2.88 4.02

1.87 4.03
44.7 41.1 2.01 4.77 3.42
41.7 41.0 1.92 4.62 3.95

1.35
39.9 43.5 1.41 4.68 5.14

1.18 4.75

* B.S.A. = Body surface area (M').
t Based upon the total plasma clearance as calculated from the infusion rate and arterial plasma concentration of

PACA(equation 9) and the integrated A-MV difference.
t R.H.D.-Rheumatic heart disease.

M.S.-Mitral stenosis.
C.H.F.-Congestive heart failure.

E. W. (post-op)

M. H.
R. H. D., M. S., C. H. F.

1.34
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G.M. d'
Sarcoedosis
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02 350k_.
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FIG. 3. EFFECT OF HYPOXEMIAON THE CARDIAC OUTPUTAS MEASUREDBY THE GAS AND
CHEMICAL METHODS

PAHmust occur. These data may be included in
a separate report.

DISCUSSION

The evaluation of accuracy of any new method
for the measurement of a physiological function
usually requires comparison with some previously
employed technique or method which, itself, should
but may not be accurate. For example, the earlier
methods of cardiac output determination involved
such large error that the later, more refined meas-
urements differed significantly (18). Despite this
fact, they gained general acceptance.

Because both the chemical and gas methods uti-
lize the Fick principle, based upon the actual with-
drawal of mixed venous blood, generally good
agreement between the two measurements of car-
diac output, as observed in the present series,
might have been anticipated. However, several
factors may lead to certain differences in the re-

sults. Firstly, since the measured flow represents
an average for the time of the determination, slight
differences in the calculated cardiac output may
result when the periods of simultaneous measure-
ment by the two methods are not of the same dura-
tion. In order to compare the results based upon
urinary excretion (equation 7) with those from
the rate of infusion (equation 9), the cardiac out-
puts by the PACAmethod were arbitrarily calcu-
lated for the ten to forty minute periods of urine
collection. The fact that the other cardiac outputs
were based upon the usual three to six minute gas
collection periods might have contributed to the
observed differences. It should be emphasized,
however, that outputs based upon the rate of infu-
sion and integrated A-MV differences of the test
substance require no urine collections, and may be
calculated for considerably shorter periods.

Secondly, the apprehension and anxiety pro-
duced by the nose clamp and mouth piece tended
to increase the cardiac output during the period of
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expired gas collection above that obtained during
the longer interval of urine collection.

Thirdly, since the hematocrit is employed in the
calculations of the chemical method, correction
for trapped plasma would have lowered the meas-
ured output by 1 to 2 per cent.

The good agreement between the results of the
two methods notwithstanding the above factors
supports the validity of the chemical dilution
method.

For the successful application of the Fick prin-
ciple, maintenance of a state of equilibrium is re-
quired if the A-V difference is to reflect accurately
the change in blood flow. Because the A-MV dif-
ference is usually small, slight absolute variations
in the concentration of either the arterial or mixed
venous blood, due either to analytical error or to
changing levels, may produce large errors in the
calculated flow.

In the gas method, any variation of cardiac or
respiratory function, or the content of the re-
spired gases, will be reflected both in the meas-
ured gas utilized or produced and the A-MV dif-
ference, until a steady state, or equilibrium between
the blood gas and alveolar air, has been reestab-
lished (19). For example, with a sudden change
from breathing ambient air to a 10 per cent oxy-
gen-90 per cent nitrogen mixture, the spurious
high oxygen content of the exhaled gas resulting
from exhalation of oxygen previously inhaled, will
produce a falsely low figure for oxygen utiliza-
tion. Simultaneously, as alveolar oxygen con-
centration decreases, the rate of fall in oxygen
concentration of arterial as compared with that
of mixed venous blood also will affect the A-MV
difference. To the extent that these rates differ, a
spurious difference will be obtained.

Similarly, a change from room air to 100 per
cent oxygen inhalation will also affect the meas-
urement of A-MV differences and oxygen con-
sumption. Moreover, hyperventilation, tachypnea
of exercise, and other respiratory or cardiac fluc-
tuations affecting pulmonary gas content will pro-
duce errors of varying degree in cardiac output
determination until near equilibrium is attained.

By the same token, sudden changes in the cardiac
output, renal blood flow or renal fraction will
lead to changes in the arterial and mixed venous
blood concentrations of PACAadministered at a
constant rate until re-equilibration occurs. Thus,

during rising blood levels, the movement of PACA
from plasma into interstitial fluid will produce an
increased A-MV difference and, therefore, falsely
low output; conversely, during falling levels, the
diffusion of PACA from the extracellular fluid
into the blood will yield a low A-MV difference
and apparently high output. It is evident, there-
fore, that in the chemical adaptation of the Fick
principle, as well as in the gas method, the absence
of equilibrium or steady state may be a source of
significant error.

However, except in the presence of markedly
changing renal blood flow, the slopes of the ar-
terial and mixed venous plasma levels are small,
and the effects of PACA redistribution likewise
relatively less. In such cases, more frequent with-
drawal of blood specimens, the use of longer periods
for measurement of cardiac output, and the ap-
plication of the slope correction factor further re-
duce possible error.8 Moreover, the low molecular
weight and rapid diffusibility of PACA and the
extensive capillary and cell membrane surface area
for transfer promote rapid equilibration between
blood, extracellular fluid and tissues except in
very rapid changes of blood concentration.

Thus, the present method, although subject to
the same errors resulting from dysequilibria, un-
like the gas method, is less influenced by changes
in respiratory function. Consequently, it may be
of special value in recording early changes in car-
diac output during respiratory changes without
the delay required for pulmonary equilibration,
provided that renal flows are not significantly al-
tered. Conversely, the gas method would be pref-
erable for studying the effect on cardiac output of
drugs like epinephrine which produce a marked
change in renal blood flow, thus upsetting the
PACAequilibrium.

The observations on the effects of hypoxia in
patient G. M. illustrate these points. Whereas
the chemical method indicated an immediate rise
in cardiac output with the induction of hypoxia,
followed by a return to the control level, the gas

s This problem may be further complicated, in the case
of substances like PACA, which enter certain cells.
When this migration is very rapid, it has little effect on
the A-V difference. Should the equilibration time across
cell membranes be prolonged relative to that across the
capillary membranes, longer periods must be employed
to obtain true A-MV differences and accurate outputs.
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method indicated a gradual rise of cardiac output
throughout the period of hypoxia, falling only af-
ter return to breathing air. The reasons for the
lower gas output on shifting from higher to lower
oxygen breathing have been discussed above. It
is of interest that earlier studies from Cournand's
laboratory (20) had indicated decreased cardiac
output with hypoxia. This result was re-inter-
preted later (19), when the implications of the
steady state were better understood. In the pres-
ent study, permitting more time for equilibration
during the hypoxic period prior to measurement
of cardiac output would have resulted in failure
to demonstrate any significant change. Thus,
Lewis and Gorlin (21) produced an equivalent
degree of hypoxia in dogs, and after allowing time
for equilibration, found no change in cardiac out-
put.

The relatively simple operations involved in the
chemical method provide a certain elasticity not
present in the gas method, which ordinarily requires
mask, Tissot spirometer or Douglas bag, air tank,
tonometers, etc. In contrast, with the catheter
in situ and the constant infusion running, the
chemical method requires merely periodic with-
drawal of arterial and mixed venous blood, since
even urine collections are not necessary. This
procedure is painless and can easily be accom-
plished under diverse conditions, although it does
not obviate the need for cardiac catheterization.

The critical influence of the A-MV difference on
the accuracy of any measurement by the Fick
principle should be re-emphasized. Of special im-
portance are the variations in A-MV difference
with the level of cardiac output. In congestive
failure, as the cardiac output falls, with either un-
changed or somewhat increased oxygen consump-
tion, the A-MV difference rises considerably.
Consequently, the accuracy of the gas method is
actually increased in cardiac subjects. Under
similar circumstances, the chemical method em-
ploying PACA behaves quite differently. Be-
cause of the decreased renal plasma flow, excretion
of PACAdecreases so that any tendency for the
A-MV difference to rise with falling output is
counteracted. In fact, the greatly diminished re-
nal fraction of the total blood flow reduces the
A-MV difference. The PACAmethod, therefore,
is least accurate in conditions with low cardiac
output and decreased renal fraction. Conversely,

where the cardiac output is high without change
in oxygen consumption or renal fraction, the gas
method is less and the chemical method relatively
more accurate. Therefore, the present studies on
a group of subjects predominantly with advanced
mitral disease and congestive failure subjected the
chemical method to a most severe test. That cor-
relation remained good even under these condi-
tions attests to the validity of the method.

A more quantitative evaluation of the two meth-
ods in terms of the A-MV difference may be made
by comparing the ratios of the A-MV difference
of each to the error of determination of the blood
concentration. Assuming a 1 per cent error in
the PACA method, the quotient in normal sub-
jects will be 15 to 18. (i.e., 15 to 18%o/1o) ; simi-
larly, a 0.1 volume per cent error in blood gas
analyses will yield a value of about 40 (4 vols.%/
0.1 vol.%o) and a 0.2 volume per cent error, of 20.
Thus, under normal conditions, the accuracy of
the gas method would be expected to be greater
than that of the chemical method employing
PACA.

However, further improvement of the chemical
method may yet be attained. For example, the
use of a different test substance with large general
tissue uptake not limited to the kidneys would re-
sult in much higher A-MV differences. It is es-
sential that the rate of uptake be fairly constant,
the analysis simple and accurate, and equilibrium
rapidly attained. Several substances including
fructose and some isotopically labelled com-
pounds are being considered.

In a sense, then, the results herein reported,
while supporting the inherent validity of the chem-
ical method, are preliminary. Further refinement
and greater accuracy would appear to be readily
capable of achievement.

SUMMARY

1. A method in which the direct Fick principle
for the measurement of cardiac output is modified
for the use of a non-gaseous test substance is de-
scribed.

7 The fraction, A-MV difference/analytic error, is
simply an index of the accuracy of the method. In prac-
tice, in each method, since two analyses determine the
A-MV difference, the actual error is doubled. The frac-
tion employed is simply for comparison.
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2. In a series of 18 patients, 11 of whom had
heart disease with congestive failure of varying
severity, this method was employed together with
the usual oxygen method and good correlation
(r = 0.90) was obtained. In one patient, the effect
of moderate hypoxemia on the determination by
both methods was studied.

3. The relative merits of the two methods under
conditions of respiratory dysequilibria, varying
cardiac output and renal fraction are discussed.
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