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The effects upon cardiac output of the estab-
lishment of a closed unilateral pneumothorax have
been investigated from time to time in animals for
many years past; but in man only very recently.
The animal experimentation has had varying re-
sults, depending upon the type of experiment per-
formed and the species of animal used (1, 5, 8).
Most of them have been acute experiments, in
which there has thus been no close similarity with
the gradually induced and chronically maintained
therapeutic pneumothorax. After a review of the
literature, Weiss (1) concluded that in animals
(such as rabbits) with imperforate mediastinum,
the usual effect of unilateral pneumothorax is a
decrease in total cardiac output, though he consid-
ered this to be due to secondary pulmonary and
circulatory effects rather than to the pneumotho-
rax itself. Perhaps the nearest morphological
analogy have been the recent experiments of Hil-
ton (2) on goats, a species whose mediastinum is
apparently similar to that of man. Using animals
of 20 to 25 kgm. weight, he found that a small
pneumothorax (200 cc.) caused a small increase
in cardiac output, associated with decrease in arte-
rial oxygen saturation. A large pneumothorax
(500 cc.) caused a fall in cardiac output, with fur-
ther fall in oxygen saturation.

The first report that we have found of cardiac
output measurements in man following the estab-
lishment of unilateral pneumothorax is that of
Berconsky in 1931 (3). His method was essen-
tially that of Field, Bock, Gildea and Lathrop (4),
using CO, tensions of the alveolar air as equiva-
lent to CO, tension of the arterial blood, and us-
ing the rebreathing technique to establish mixed
venous CO, tensions. He made three measure-
ments on one case and one on a second ; both were
young women with nearly complete collapse of
one lung. The three values for cardiac output in
the first case averaged about 3.2 liters per minute,
or less than half the average value obtained by this

method with normal subjects. In the one deter-
mination on the second case, the cardiac output
was 7.4 liters per minute, or near the upper limit
of his values for normal women. The method in
this study provided no proof that alveolar air was
equivalent to arterial blood in respect to CO, ten-
sion, or that a definite equilibrium with respect to
CO, tension had been reached by rebreathing, in
the technique for determining CO, tensions of
oxygenated mixed venous blood.

Richards, Riley and Hiscock (5) published in
1932 the results of determinations of cardiac out-
put, also using a method involving the Fick prin-
ciple, on three young men, before and at intervals
during the establishment of unilateral pneumo-
thorax. In one of these cases standard basal con-
ditions were not maintained, and alveolar air sam-
ples only were used to determine values of arterial
CO, tension. The experiments on the other two
cases were more carefully controlled. Standard
basal conditions were observed. Arterial CO,
content was measured directly as well as indirectly
through the use of CO, tensions of alveolar air;
in one case in every determination except one of
the experiments in the control period, in the other
case once during the control period and twice dur-
ing the period when pneumothorax was being in-
duced. In the determination of CO, tensions of
the oxygenated mixed venous blood, an equilib-
rium was established in successive rebreathing
procedures, according to a technique previously
described by Richards and Strauss (6) (also re-
viewed in the preceding paper by the present au-
thors (7)). In one of the two patients, who had
one lung approximately 50 per cent collapsed in
one week, there occurred a diminution in cardiac
output from an average of 5.0 liters per minute
to an average of 3.3 liters per minute. The sec-
ond case, one of whose lungs was about 70 per
cent collapsed in a month, had a cardiac output at
the end of this period of 4.0 liters per minute, as
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compared with an average figure of 4.8 liters per
minute in the control period.

During the past year Nylin (8) has published
the results of cardiac output determinations on
two carefully studied cases, before and during the
course of establishment of unilateral pneumotho-
rax. For the cardiac output determinations the
acetylene method of Grollman was used. The
first case was a man of 32, with a right lower
lobe lesion. Practically complete collapse of the
lung was obtained, with intrapleural pressure
about neutral. Cardiac output varied between 4.6
and 3.7 liters per minute, but there was no con-
sistent change after collapse of the lung was
established. The second case was a woman with
extensive tuberculosis of the left lung. Collapse
was obtained in this case also, though high posi-
tive pleural pressures (+7, +9 and -+ 12,
-+ 14) were maintained. In this case also there
was no consistent change in cardiac output fol-
lowing pneumothorax, the values varying between
3.6 and 3.0 liters per minute.

The discrepancy in the results of the two papers
just referred to calls for both examination of the
technique employed and further study of the same
subject. The method of Richards, Riley and His-
cock (5), even with the greatest care observed, in-
volves a considerable experimental error, as fur-
ther studies to be reported presently will show.
An average decrease in cardiac output of 34 per
cent in the first of the two cases and 17 per cent
in the second would seem, however, to be outside
these limits of error. When pneumothorax is
established, as we will also show presently, CO,
tension of the alveolar air cannot be relied upon
to represent the CO, tension of the arterial blood;
in the second case of Richards, et al., therefore,
more numerous arterial blood studies should have
been done. Since both of the cases had appar-
ently normal pulmonary function, except for
pneumothorax, it seems likely that the method of
obtaining mixed venous tensions was adequate, if
one may judge from the results of the previous
paper by the present authors (7). However, as
no studies were made of the CO, and oxygen ten-
sions of arterial blood drawn during the rebreath-
ing procedure, this point remains unproved.

Nylin’s use of the acetylene method raises
the question of adequate mixture of this foreign
gas through the lung fields in cases of pneumo-
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thorax. No proof is presented that this took
place, and it is of course an essential feature for
proper application of the method (16). The re-
cent studies of Bjérkman (9) show that collapsed
lungs vary considerably in the amount by which
they are aerated by respiratory movements.

In the present investigation we have made de-
terminations of cardiac output on six cases with
unilateral pneumothorax. Short case histories
are given at the end of the paper. There were
three cases of tuberculosis followed before and
during pneumothorax treatment; one patient with
healing lung abscess who was studied while she
had a partial pneumothorax and again after com-
plete re-expansion; and two patients with spon-
taneous pneumothorax, with at first strongly posi-
tive pleural pressures, on whom measurements
were made at various stages of collapse. All the
patients were afebrile throughout the periods of
study.

METHOD

The technique was similar to that employed by Rich-
ards, Riley and Hiscock (5) but with more extended
study of each individual case, and particular efforts to
establish the validity of the arterial and venous CQ. val-
ues, upon which this cardiac output measurement is based.

Standard basal conditions were observed, the patient
moving only from the ward to the laboratory in the
morning, then resting for half an hour or longer on the
bed. The patient lay in the supine position, with one
pillow. Mouthpiece and noseclip were applied and he
breathed through the apparatus for ten minutes in order
that a steady state might be reached. A diagram of the
apparatus used is shown in Figure 1 of our preceding
paper (7). A six-minute sample of expired air was first
collected in the spirometer. Then at the end of a normal
expiration, at a signal “ blow,” a complete expiration was
made by the subject, while slide valve B was shut off.
At the end of complete expiration a sample of alveolar
air was taken into one of the evacuated sampling tubes,
and the slide valve then reopened. After a rest period
of from three to five minutes the alveolar sampling was
repeated ; this time, immediately after the taking of the
alveolar sample, valve E was turned to connect with the
rebreathing bag. The subject then emptied and filled the
bag with successive deep respirations, at the rate usually
of one every 5 seconds, sometimes slightly more rapidly.
In the early experiments a sample, at the end of a com-
plete expiration, was taken into an evacuated tube after
15 seconds’ rebreathing, then another respiration made,
and valve E turned, closing off the rebreathing bag; a
sample (20 seconds) was then taken from the bag. In
the later experiments more evacuated sampling tubes
were attached, and samples at the end of expiration were
taken 15, 20, 25 and 30 seconds after the beginning of
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rebreathing. The subject then had a rest period of 15
to 30 minutes after which the whole procedure just
described was repeated.

Arterial blood samples (20 cc.) were drawn, while the
subject respired through the apparatus, after infiltration
with novocaine of the region of the brachial artery. With
some subjects this was done before the rebreathing pro-
cedures, with others after, with others between the two
periods. There appeared to be no difference, in this re-
spect, in results obtained. There was no evidence that
the puncture disturbed the steady state of the individual.

Gas analyses were done with the Haldane apparatus.

Special precautions were taken in handling the blood.
It was drawn into an oiled syringe, transferred, under
parafin oil, to chilled bottles containing dried potassium
oxalate and sodium fluoride, as described in our preceding
paper. The blood was kept on ice until the analyses were
done. Duplicate analyses of CO, and O, content were
made, and, according to the “first method” of Austin,
Van Slyke, et al. (11), two points were determined on
the oxygenated whole blood CO. curve. The tensions of
the points were about 35 mm. and 55 mm. The curve
was drawn on logarithmic paper, by the use of the linear
relationship of Peters (18). *

On this CO, diagram, arterial, alveolar, and mixed
venous points were then plotted, arteriovenous differences
obtained, and cardiac output calculated in the usual man-
ner by dividing arteriovenous CQ, difference into CO.
output per minute, and dividing this quotient by 10, to
give cardiac output in liters. It was thought that arte-
rial blood represented mixed venous blood in respect to
water and electrolyte contents, more closely than would
any peripheral venous sample.

In addition to the measurements incident to the deter-
mination of cardiac output, rebreathing experiments to
determine mixed venous CO. tensions were carried out
from time to time during each patient’s course, to insure
so far as possible the applicability of the method. These
have been described in our preceding paper (7). It will
be noted that four of the subjects of the present investi-
gation also had particular studies made of their mixed
venous equilibria.

CRITICISM OF METHOD

Against cardiac output methods of the type de-
scribed above, two general criticisms are usually
made, and with justification. The first is that the
various technical manipulations with blood and
alveolar gases are so many, and the resulting ar-
teriovenous difference of CO, content so small
that even with the most scrupulous technique the
error of method will be large. We have discussed
this in the preceding paper, in connection with de-
termination of venous CO, values, and concluded
that this error will be at least 10 per cent, when
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one includes both the level of the CO, dissociation
curve, and the mixed venous tensions.

The second criticism concerns the additional
error that occurs in the determination of arterial
CO, content. Even when an arterial puncture is
painless, there may be, as Jansen, Knipping and
Stromberger (12) and others have shown, irregu-
larities of pulse or respiration that may disturb
the subject’s steady state and so change the arte-
rial CO, level from its resting value. Work by
numerous investigators has, however, shown that
the CO, tension of alveolar air and of arterial
blood obtained during the same resting period,
with trained subjects, are in agreement (13).
This applies to average results; it is quite true that
in individual experiments there may be differences
of a millimeter or more. It is also true that with
certain individuals a technique such as the Hal-
dane-Priestley will give CO, tensions of alveolar
air that consistently differ by a millimeter or more
from those of the arterial blood (14).

In cases of abnormal pulmonary function it is
of course not justifiable to assume that CO, ten-
sions of alveolar air and arterial blood will corre-
spond; in our tables we have included figures for
cardiac output based upon arterial blood values
only, except in control periods when no pneumo-
thorax existed.

It should be noted also that since we do not
know whether or not the acid-base relations of
extravascular blood (oxalated or heparinized) ex-
actly correspond with those of intravascular blood,
arteriovenous differences as calculated have prob-
ably more of a relative than absolute significance.

From the above it is probably fair to conclude
that in the use of this method repeated measure-
ments in a given state are necessary, that to be
significant one group of measurements should dif-
fer from another by well over 10 per cent, perhaps
as much as 20 per cent.

It is far from an ideal technique, as it has a
large error and is laborious and difficult. Its ad-
vantage in these cases of pulmonary abnormality
is that by it one can obtain an indication in any
given case whether the method is applicable or
not.

Our interest in the present paper lies in the
changes in cardiac output occurring in a given sub-
ject rather than in the absolute values of this func-
tion. Which of the various methods for cardiac
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TABLE 1
Cardiac output and other circulatory and respiratory functions in relation to unilateral pneumothorax.
Pul- Arterial blood ﬁi&-v CO: | Cardiac
Patient mon- Al- erence | output |vijtal| Ven-
" CO:}| O: gen- Lung
“:;,3’“ Date Wt. ‘?g_ out- | in- 0: veo-| ated ven- p?;_ p‘:,‘;:_ plle;:un}: col-
height tila- put | take Cco.| o, |sat-|€0s| ©U8 CO: | arte- | alve- | arte- | atve- ity | sure lapse
tion ura- rial | olar | rial | olar
tion
h‘;en ;c. cc. | vol- | vol- ’ vol- | vol- | vol- | liters | liters|
er er | per | umes | umes er umes | umes | umes | per | per . er
kem. | in | min- | min-| per per | cent | MM | mmo 1500 Toer | per | min- | min- | Hters| mm. | cm. c’;nt
ute | ute | ute | cent | cent cent | cent | cent | ute | wute
E. S. une 10 7.73 1 256 | 323 | 49.6 { 20.2 | 97 | 39.3|49.1|53.4]| 3.8 | 41| 6.7 ]| 62 | — —_ 1]
male une 15 7.28 | 243 | 301 | — —_ — 13911499 153.7| — | 45| — | 54 | — —_ [
17 une 29 93 7.20| 243 | 315 | 51.7|20.1| 95 }399|48.7|545]| 28 | 3.7 | 8.7 | 6.6 | 5.2 60 0
height uly 12 7.99 | 219 | 277 | 47.2 |1 20.1| 96 | 354|469 |520)| 48 | 5.5 | 4.6 —_— 90 | —-3,-8| 20
183 cm. Aug. 5§ 86 8.57 | 224 | 318 | 494|166 | 93 | 34.1|48.0|544| 50| 64 | 45 — +45,—-1| 70
Sept.21 |86 |7.20] 217 | 296 | 51.9 | 18.8 | 98 | 36.4 | 47.4 |57.2| 5.3 | 4.9 | 4.1 — | 95 |+12.+4| 85
M. P. an. 27 5.68 ] 163 | 203 | 42.4 | 179 | 91 | 32.7|423|470| 46 | 42 | 3.5 —_ —_— -1,-6 | 40
female an. 31 537 | 144 | 183 | 42.4 | 189 | 98 | 33.7 | 424 |47.1}) 47 | 40 | 3.1 1.3 80 | +1,—-6 | 60
22 Feb. 25 5.19 | 156 | 204 | 46.0 | 18.8 | 97 | 36.8 | 43.4 | 496 | 3.6 | 3.3 | 43 | 4.7 — —_ —4,~-12] O
height Mar. 9 50 4.98 | 155 | 199 354 |425|49.1| — | 35 44 | — —_ -2,—10| ©
142 cm.
D.J. Apr. 18 67.3 |1 6.49 | 214 | 238 | 50.8 S| 96 | 379]|49.7|552| 44 | 45| 49| 48 | 4.1 | — 0
e Apr. 22 6.29 | 195 ] 223 | 50.2 | 188 | 95 |39.1]149.7|540| 3.8 | 43 | 5.1 | 45 | — 60 (]
20 ay 24 6.61] 206 | 262 | 48.6 | 18.3 | 92 | 34.8|48.7|526| 40 | 6.1 | 5.1 3.1 30| +1,-1| 30
Ty ht June 3 7.00 | 195 | 247 | 43.9 31 94 |323]456|48.7| 48 | 6.4 | 4.1 29 | 125 | +3,-2 | 40
cm,
F. P, Mar. 25 59.6 | 6.17 | 166 | 199 | — —_ — | 420|514 ]|576| — | 3.7 — | 45 | 45 25 (1]
male Mar. 30 6.80 | 213 | 255 | — —_ — 4111536585 — | 49| — | 44 | — —_ V]
26 Apr. 60.6 | 6.79 | 201 | 235 | 54.2 | 17.6 | 94 | 424|534 |575| 3.3 | 44 | 6.1 | 46 | — — 0
height Apr. 11 6.71 | 206 | 241 | 54.2 | 17.7 41715191579 3.7 41| 56| 50| 45 —_ 0
180 cm. Apr. 27 619|704 197 | 236 | 51.1 ] 16.8 ] 93 | 36.5|48.1|556| 45| 49 | 44 3.0 26 0,—-4 | 40
ay 11 63.2| 6.84| 196 | 236 | 50.0 | 17.0 | 90 | 36.3 | 48.3 | 54.7| 4.7 | 5.0 | 4.2 2.4 42 | —-1,—-4 | SO
une 7 6.56 | 180 | 230 | 49.7 | 18.3 | 93 | 36.6 | 49.1 | 53.3} 3.6 | 5.9 | 5.0 2.8 70 | 45,41
une 22 62.316.72| 195 | 250 | 50.4 | 184 | 95 | 356504509 | 45| 6.6 | 43 —_ 50| 43,+1| 85
uly 30 59.6 | 690 | 177 | 230 | 48.2 | 18.7 | 93 | 34.0|48.1|52.5| 43 ]| 6.3 | 4.1 2.2 50| +3,-2| 95
Oct. 11 7551 199 | 263 | 49.5| 17.3 | 94 | 35549.3|540) 45| 5.8 | 4.4 —_ — 0,—-7 | 90
1. A, Jan. 28 61.0]6.53 | 175 | 208 | 48.2 |1 22.0| 94 | 353 (485|526 44 | 6.6 | 40 —_ 80 85
e Feb. 1 5981 182 | 227 499|218 93 ] 39.2|513|53.2| 3.3 | 5.2 | 5.5 1.5 — | 48,+10f 70
24 Feb. 16 5.47 | 166 | 190 | 49.7 |:22.8 | 93 | 39.2 | 51.1 528 3.1 | 58 | 5.5 —_ 85 | 44,410} 85
height Mar. 3 4851 171 | 208 | 50.1]22.9| 96 | 39.850.2|53.0| 29 | 5.1 | 5.9 1.8 67 5,—1 | 60
180 cm. . 14 62.0 | 5.00 | 171 | 216 | 51.1 | 229 | 95 | 40.3 | 50.0|54.3| 3.2 | 4.7 | 5.3 20| — 35
L. P. Mar. 6 61.0 | 6.00 | 215 | 259 | 46.9|20.5] 95 | 38.5|482|516| 4.7 | 3.9 | 4.6 2.1 | 1051 48,41 ] 80
male Mar. 10 629 | 5.41| 207 | 244 | 48.1]209] 95 | 40.4|47.1]52.3 ] 42 | 2.7 | 49 2.4 45 | +4,-2 | 65
29 Mar. 28 64.16.32 | 212 | 260 | 47.7]20.9] 93 | 38.9|45.7|51.7] 40 | 29 | 5.3 1.7 78 |+10,4+3 | 85
height Apr. 14 5901 205 | 292 | 47.0} 200} 93 | 389468533 63 | 3.2 | 3.3 2.1 8,+1 ]| 75
188 cm. Apr. 25 65.6'| 5.54 | 210 | 256 | 48.5 | 21.4| 98 | 38.8|46.4]52.0| 3.5 | 3.6 | 6.0 2.6 67 6,—2 | 65
May 18 70.0 | 5.79 | 222 | 239 | 49.7 | 21.2| 99 | 36.1 | 46.6 | 53.6 | 3.9 | 4.7 | 5.7 3.4 60 30

output determination gives values nearest the ac-
tual true ones is difficult to say. Earlier Fick-
principle methods gave values in normal subjects
that were almost certainly too high, due to inade-
quate technique for determining CO, or oxygen
of the mixed venous blood (6). Later Fick-
principle methods have given lower figures, in
the region of 2.0 to 3.0 liters per minute per
square meter of body surface (14). Starr’s (15)
recently published figures with a revised ethyl
iodide inhalation technique are similar to these
(240 == .55 liters). The nitrous oxide method
and the acetylene method have slightly lower nor-
mal values (2.2 = .2 liters for the latter). The
comparisons of Bauman and Grollman (16) be-
tween figures obtained by use of the acetylene
technique and those obtained by direct puncture

of the right heart are valuable evidence, but were
all apparently carried out on patients with some
pathological condition. In four patients with pre-
sumably normal cardiac output this value varied
between 2.2 and 3.3 liters per minute per square
meter of body surface. Certain recent experi-
ments with the acetylene technique suggest that
this may give values that are too low: when for
example, in a case of anemia Bandow, Birkner
and Bohnenkamp (17) find arteriovenous oxygen
differences that are 125 per cent of the subject’s
total oxygen capacity, one must necessarily ques-
tion the reliability of the method in this instance.
The most likely cause would seem to be recircula-
tion of blood within the time of the experiment;
Grollman himself (16) has carefully considered
this possibility.
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RESULTS

The values for cardiac output in relation to
pneumothorax and to several other circulatory
and pulmonary functions determined at the same
time for the six cases studied are given in Table I.
In Figure 1 (A, B and C) the values for cardiac
output of each case, in liters per minute per square
meter of body surface, are plotted against the de-
gree of collapse of the lung.

It will be seen that in the two cases most care-

®
80t R A
60t A
40 A
20+ ®
0 t D 'o——é-A—Ji
18 20 22 24 26 28 30 32 34
€ 'Vv
880' B
o I v
g v
. 40} L I 4
o ™
8 20t
2 g0
5 0 v . w
O 1820 22 24 26 28 30 32 34
0
c
3
3
80t ¢ v - ¢
40.
C !
20-
o 2

18 20 22 24 26 28 30 32 34

Cardiac Output (Liters per
minute) per Sq.m. Body Surface

185

fully studied and most adequately controlled (cf.
preceding paper), Table I and Figure 1 (A),
there was an unmistakable decrease in cardiac
output while the subject had pneumothorax, par-
tial or complete. One case was studied first dur-
ing pneumothorax and later after reexpansion, the
other patient was first studied before establishing
pneumothorax. There was a good deal of vari-
ation in values during the control period in the
latter patient; one of the measurements based on
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12

4

* ¢

F

©2 14 16 18 20 22 2 26 28
Cardiac Output (Liters) per
100cc 0Oy consumption

F16. 1. Carpiac OUuTPUT RELATIONS IN PNEUMOTHORAX.

A and D: Subjects E.S. (o), M.P. (a)
B and E: Subjects F.P. (V), D.J. (m)
C and F: Subjects I. A. (¢), L. P. (w)
Black symbols represent data calculated from arterial blood CO, contents, open symbols

data based on alveolar COs tensions.



186

arterial blood CO, content was improbably high,
and has been omitted from Figure 1.

In the other two cases of therapeutic pneumo-
thorax, F. P. and D. J., studies of the equilibrium
between rebreathed air and simultaneously drawn
arterial blood were not made (see previous paper
(7)), but as the other criteria were satisfactory,
and pulmonary function except for the pneumo-
thorax was good, it was thought that the technique
employed was applicable. The results are shown
in Figure 1 (B). The average cardiac output in
F. P. per unit of body surface after pneumo-
thorax was 14 per cent less than the average in
the control period; but the scattering and over-
lapping of the values were considerable, and one
cannot hold this difference to be significant. With
D. J. no consistent change was found. There ap-
peared to be a decrease in the last experiment with
one lung collapsed at 40 per cent; unfortunately
this patient left the hospital before further data
were obtained.

Starr et al. (15), have shown a better correla-
tion between cardiac output and oxygen consump-
tion than between cardiac output and body sur-
face. We have plotted this relationship in Figure
1 (D, E and F). Expressed in this way, the
relative decrease in cardiac output during pneumo-
thorax is brought out more clearly; even with pa-
tients F. P. and D. J. there is little overlapping of
values determined during the pneumothorax as
compared with the control period.

The two cases of spontaneous pneumothorax,
as shown in Figure 1 (C and F) showed a wide
variation of cardiac output, and no relation to the
extent of pneumothorax. As discussed in our
previous paper (7), further investigation of the
mixed venous equilibrium in these two cases cast
some doubt on the applicability of the method.

DISCUSSION

In the control state without pneumothorax the
cardiac outputs of the cases E. S. and M. P. were
somewhat higher than the average which we find
by this method in normal individuals; in Figure
2 (A), for example, the average control value was
3.0 liters, that in Figure 2 (B) was 2.8 liters,
which is about that usually obtained by this
method in this age group. For subject E. S., the
high control value is probably accounted for by
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F1c. 2. X-ray OutLiNEs oF Susject E. S. DurinG
DeEp InspiraTION (CoNTINUOUS LINES) AND DEEP Ex-
PIRATION (DotTED LINES), SHOWING PROGRESSIVE EsTAB-
LISHMENT OF PNEUMOTHORAX.

A, June 29th; B, July 13th; C, August 4th; D, Sep-
tember 20th, 1932.

his age; Starr and his collaborators (15) have re-
cently reported high values of cardiac output in
the age group between 15 and 20 years. When
expressed in terms of oxygen consumption per
minute, it is found that all four of the cases of
artificial pneumothorax had the same levels of
cardiac output in the control periods (Figure 1,
D and E). Even though the values in Group A
in the control periods were slightly high, the car-
diac output in the presence of pneumothorax was
lower than the normal limits by this method for
this age group.

It seems unlikely that initial unfamiliarity on
the part of the subjects with the technique was a
significant factor in the higher values for cardiac
output in the control periods. The subjects had
been trained in the technique before any of the
reported measurements were made. Further-
more, subject M. P. was, as noted, studied first
in the state of pneumothorax, and later in the re-
expanded state.

The mechanism of this particular circulatory
adaptation is not apparent from the data which
we have in these cases. There was no definite
correlation with mediastinal displacement: M. P.
had marked displacement; E. S. when his pneu-
mothorax was complete showed almost noné.
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F16. 3. X-ray OuTLINES oF SuBject M. P.

Similar to Fig. 2. A, January 27th; B, January 31st;
C, February 25th; D, March 9th, 1933.

(See Figures 2 and 3.) No consistent relation
has been found with venous or pleural pressures,
oxygen intake or chemical changes in the blood.
Simple decrease in pulmonary vascular bed, as
suggested by Richards, Riley and Hiscock, does
not appear to be a determining factor. The only
phenomenon observed that showed an apparent re-
lation to decrease in cardiac output was the change
in diaphragmatic movement produced by pneumo-
thorax. The three cases whose cardiac output
was decreased showed also either a greatly dimin-
ished or a paradoxical movement of the dia-
phragm on one side. The two cases of spontane-
- ous pneumothorax and the fourth case (D. J.) of
partial artificial pneumothorax had relatively little
alteration in diaphragmatic excursion. Possibly
pulmonary blood flow is related rather to the de-
gree of ventilation of the collapsed lung than to
the degree of collapse.

If one assembles all the cases thus far published
in which the technique of measurement was prob-
ably adequate, one reaches the tentative inference
that in simple unilateral pneumothorax there is a
tendency to diminished cardiac output, which in
individual cases may be marked, slight or absent.
The situation may be not unlike the circulatory
adaptation associated with change of posture in
normal subjects, which shows similar differences
in individual cases.
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SUMMARY

1. Measurements of cardiac output have been
made in six cases in various stages of unilateral
pneumothorax. The method employed the Fick
principle, arterial blood being drawn for arterial
CO,, and oxygenated venous CO, being obtained
by a method described in the preceding paper.

2. In two cases of artificial pneumothorax car-
diac output was definitely diminished when uni-
lateral pneumothorax was established. In a third
case there was a similar trend but not definitely
beyond the error of the method. In one case of
artificial pneumothorax, and in two cases of spon-
taneous pneumothorax with positive intrapleural
pressures, no consistent relation between cardiac
output and state of pneumothorax was demon-
strated.
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PROTOCOLS

E. S, male, age 17, clerk, American. Admitted to Belle-
vue Hospital, September 4, 1931.

History—Tuberculosis found on routine x-ray. Family
history : Sister had tuberculosis for five years.

Physical examination—Very well developed and well
nourished. Few crackling riles between 2d and 3d
interspaces on left.

X-ray—Few nodular shadows at right apex and left
hilum, and possibly small cavity in latter region.
Course—Rest cure for 6 months. After acute upper
respiratory infection x-ray showed increase in shad-
ows on left with 3 cm. cavity. Sputum then positive.
Pneumothorax started July 5, 1932. On August 6th
developed fever and chest fluid, fever lasting until
mid-September. Sputum negative after August 18th.
Mediastinum displaced before fluid developed, but
fixed in mid position after fluid was absorbed. Pa-

tient discharged December 9, 1932,

M. P., female, age 22, clerk, American. Admitted to
Bellevue Hospital, September 9, 1932,
History—Following ether anesthesia, patient developed,
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on August 11th, an abscess of the right upper lobe,
characterized by severe sharp pain, followed by puru-
lent foul sputum amounting to 2 oz. daily. At the
time of admission the expectoration had increased to
4 oz.

Physical examination—Well nourished white female, not
dyspneic; coughing moderately, expectoration about
4 oz., foul. Slight dulness over the right upper lobe
posteriorly with very few coarse riles on coughing.
No clubbing of the fingers. Rest of the examination
negative.

X-ray—Small cavity at the right apex.

Sputum—Negative for tubercle bacilli.

Course—Patient put on postural drainage; bronchoscoped
on October 5th; expectoration gradually decreased to
about 4 cc. and became mucoid in character and odor-
less. Artificial pneumothorax started November -
16th"to collapse the small residual cavity. Small re-
fills were given twice weekly. On January 31, 1933
the biggest collapse was obtained, about 60 per cent
with moderate displacement of the heart under neu-
tral pressure. From that time on the lung was al-
lowed to reexpand, cavity having disappeared. Pa-
tient was discharged on March 25th, the lung having
fully reexpanded at that time; had no sputum, no
cough.

D. J., age 20, salesman, Irish. Admitted to Bellevue
Hospital, March 14, 1932,

History—Onset 12 months previous to admission with
progressive lassitude and slight cough. Small hem-
optyses at the beginning of March; practically no
expectoration. Past history irrelevant. Family his-
tory: father died from tuberculosis.

Physical examination—Very slight cough, productive of
very small amount of greenish sputum. Few crack-
ling rales at the right apex; very good motion of the
diaphragm on both sides and expansion of both
halves of the chest.

X-ray—Fibrotic change in the upper part of the right
upper lobe with a cavity 3 cm. in diameter. Rest of
the film normal.

Sputum—Positive for tubercle bacilli on admission.

Course—Fever for first week after admission, none there-
after. Right pneumothorax started April 29th; re-
fills then given twice a week. Good lung collapse
with little mediastinal displacement, Sputum nega-
tive on May 20th. Patient left the hospital June 5,
1932.

F. P, male, age 26, waiter, Italian. Admitted to Belle-
vue Hospital, March 10, 1932.

History—Onset 114 years previous to admission with loss
of weight, 35 pounds, slight cough, increasing in past
6 months; pain in left chest. Stopped working the
first of March. Past history, negative. Family his-
tory, negative.

Physical examination—Slightly emaciated;
cough and expectoration.

moderate
Signs of small cavity in



CARDIAC OUTPUT IN UNILATERAL PNEUMOTHORAX

the left upper lobe; slight dulness, bronchial breath-
ing and few crackling riles in the 1st and 2d inter-
spaces anteriorly. Right lung apparently clear.
Good motion of the diaphragm on both sides; sym-
metrical expansion of both halves of the chest. No
dyspnea, no cyanosis.

X-ray—Showed a cavity, 4 cm. in diameter, located at
the outer part of the left chest, at the 5th and 6th
rib posteriorly and 2d and 3d rib anteriorly. Very
slight nodular infiltration in the outer part of the
right chest.

Sputum—Positive for tubercle bacilli.

Course—After 6 weeks of rest in bed, no improvement.
Artificial pneumothorax was started on the left side
on April 14th. Good collapse was obtained with
progressive increase of pressure. Patient developed
some fluid, almost from the start, which after May
10th did not show any tendency to increase. His
mediastinum was displaced to the right with marked
respiratory swing. Sputum negative on June Ist.
Patient discharged August, 1932.

1. A, age 24, salesman, Puerto Rican. Admitted to Pres-
byterian Hospital, January 21, 1933.

History—Mild cough for 2 years. Chest x-ray 2 years
previously was negative. Sudden onset of tightness
in chest, 4 hours before admission, associated with
dyspnea, pain in chest and palpitation.

Physical—Comfortable when at rest. Right side of chest
immobile. Signs of large pneumothorax on right.
Musical amphoric breath sounds heard over right
chest. Temperature normal.

X-ray—90 per cent collapse of right lung. Considerable
shift of mediastinum to left. Increased bronchial
markings on left.

Sputum—Repeatedly negative. Vital capacity 1500 cc.
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Venous pressure 80 mm. H,O. Pleural pressure + 8,
+ 10 cm. Hao.

Course—Slight reexpansion of lung in first week, then a
second and even more complete collapse. Reexpan-
sion proceeded steadily thereafter for the next 6
weeks, at which time it was practically complete and
the patient was allowed to return home (March,
1933). He had been well except for recurrent upper
respiratory infections, when heard from one year
later.

L. P., age 29, salesman, Canadian. Admitted to Presby-
terian Hospital, February 28, 1933.

History—Sudden onset of pain in right chest in February,
1933, followed by progressive dyspnea. Admitted to
hospital 6 days later.

Physical examination—Right side of chest more ex-
panded than left and immobile. Signs of large pneu-
mothorax. Whistling amphoric breathing heard
over right lower chest. Temperature normal.

X-ray—85 per cent collapse of right lung. Moderate
shift of mediastinum to left. Linear fibrosis in left
upper lobe.

Sputum—Repeatedly negative. Vital capacity 1900 cc.
Venous pressure 105 mm. H,0.

Course—Improvement with reexpansion of lung for 1
month. Vital capacity 2900 cc. Venous pressure 45
mm. H,0. Collapse of lung 40 per cent. Then a sec-
ond spontaneous pneumothorax occurred, collapse of
lung 85 per cent, vital capacity 1950 cc., venous pres-
sure 78 mm. H,O, pleural pressure + 3, + 10 cm.
H,0. Condition unchanged for 2 weeks, after which
re-expansion began and continued gradually. Dis-
charged at the end of May with lung reexpansion
nearly complete. Was well when heard from 4
months later.



