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The effect of artificial pneumothorax on car-
diac output in animals has been studied by several
investigators. Dogs have not been suitable as
experimental animals because of the ffimsy and
often perforated mediastinum. In both the rabbit
and the goat the mediastinum is intact, but the
goat is the more satisfactory because of its size,
larger blood volume, and the apparent similarity
of its mediastinum to that of man. Among the
recent work on the subject is that of Hilton (1).
He selected goats as experimental animals and
made use of the Fick principle for estimation of
cardiac output. He found that a small unilateral
pneumothorax gave rise to a slight increase in
cardiac output but that a unilateral pneumothorax
of moderate size resulted in a reduction in cardiac
output of about 30 per cent. He suggested on
the one hand that the initial increase in cardiac
output was caused by the increased inspiratory
efforts and probably anoxemia, and on the other
that the decrease after induction of larger pneu-
mothorax was due to diminished mechanical ef-
ficiency of breathing and consequent interference
with the venous return to the heart.

Several reports have been made on the effect
that pneumothorax has on cardiac output in man.
The subjects for most of these investigations have
been patients suffering from parenchymal pul-
monary disease, usually pulmonary tuberculosis.
Richards, Riley, and Hiscock (2) studied three
young men exhibiting unilateral pulmonary tu-
berculosis before and after the induction of uni-
lateral pneumothorax. In measuring cardiac out-
put they used a method employing the Fick prin-
ciple. In all three patients they observed fall in
level of cardiac output on institution of unilateral
pneumothorax.

Cournand, Bryan, and Richards (3) used a
method similar to the one employed by Richards,
Riley, and Hiscock (2) but exercised particular
care in securing the venous and arterial carbon

dioxide values. They made measurements of
cardiac output when the lungs were expanded as
well as during various stages of collapse in three
patients suffering from pulmonary tuberculosis,
in one having a lung abscess and in two exhibiting
spontaneous pneumothorax. In three instances
unilateral pneumothorax was associated with sub-
stantial decrease in cardiac output. In the re-
maining three cases, however, there was no con-
sistent relation between the cardiac output and
the degree of collapse. Since, however, the two
cases of spontaneous pneumothorax were not
studied after the lungs had completely re-ex-
panded, control levels were not obtained in them.
They inferred that in unilateral pneumothorax
there was a tendency to diminished cardiac out-
put which might be marked, slight, or absent.
They suggested that pulmonary blood flow might
be related more to the degree of ventilation of
the collapsed lung than to the degree of collapse
and that the motion of the diaphragm might have
an important influence.

Nylin (4) used the acetylene method of Groll-
man in studying two cases both before and at
intervals during the collapse of one lung by in-
duced unilateral pneumothorax. Both patients
suffered from pulmonary tuberculosis. In neither
case did he observe progressive or consistent
change in the cardiac output as unilateral pneu-
mothorax was established.

Prikryl (5) studied five patients in whom he
used the method of Grollman for the estimation
of cardiac output. The patients were afebrile
when estimations were made and basal conditions
were observed. In four cases studied before and
after the collapse of one lung, he found a slight
decrease in cardiac output (8, 9, 6, and 1 per
cent). In a fifth case, there was a slight increase
(3 per cent). He considered these variations to
be within the limits of normal fluctuation and ex-
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perimental error and concluded that cardiac out-
put was not decreased by collapse of one lung.

The observations now being reported concern

four patients who suffered unilateral spontaneous
pneumothorax. Studies were made on them dur-
ing various stages of collapse and after complete
re-expansion of the lung. These patients ap-

peared particularly suitable for this investigation
because they were in good health when spontane-
ous pneumothorax occurred, because they had no

evidence of pulmonary disease or organic heart
disease, because there was no fluid in the pleural
cavity, and because they were able to cooperate
fully in carrying out the procedures. There were

no signs of lung fistula. Studies were carried
out during various stages of collapse of the lung
and after complete re-expansion.

METHODS

All observations were made in the morning while the
patients were in a basal metabolic state. Measurements
of the cardiac output were made by the acetylene method,
three samples of gas being taken as first recommended by
Grollman (6), and as further elaborated by Groliman,
Friedman, Clark and Harrison (7). During this meas-

urement the patients were sitting in a steamer chair
(angle 1350) with legs extended. They were acquainted
with and trained to carry out the procedures beforehand.
While the patient was at rest the cardiac rate was counted
at intervals of five minutes. At the end of one hour
the acetylene-air-oxygen mixture was rebreathed. Three
samples of gas were taken during each rebreathing period
for estimation of the arteriovenous oxygen difference.
The first sample was taken after rebreathing ten to
twelve times in twenty seconds, the second after two to
three breaths more, and the third after two to three addi-
tional breaths. All three samples were usually obtained
before the end of thirty seconds. Samples were taken
during expiration. Two periods of rebreathing were

carried out on each patient. Shortly afterwards the oxy-

gen consumption was measured with a Benedict-Roth
spirometer. After a short pause, the vital capacity was

measured and height and weight determined. In succes-

sion, sufficient time being allowed between each procedure
for the patient to return to a basal metabolic state, an

electrocardiogram including a chest lead was taken, the
arm-to-tongue circulation time recorded, the venous pres-

sure estimated, and the blood pressure measured. Finally,
the basal state still being maintained, a roentgenogram of
the heart was made at a distance of two meters. The
percentage of collapse of the lung was estimated by
measuring with a planimeter the area of the shadow of
the collapsed lung on the roentgenogram and the area of
that part of the chest cavity normally filled by the lung
when expanded. We realized that this method of esti-

mating percentage collapse of the lung was not exact
since it did not take into account the changes in the other
planes. It was considered satisfactory, however, for a
rough correlation. The three standard leads of the elec-
trocardiogram were taken in each instance, and also in
the case of H. H. and H. G. electrocardiograms were
recorded with the patient supine, lying on the right side
and lying on the left side, in order to calculate the shift
of the electrical axis with change in position.

The arm-to-tongue circulation time was estimated by
the use of decholin (8). Five cc. of a 20 per cent solu-
tion were injected rapidly (one to two seconds) through
an 18 gauge needle into an antecubital vein while the pa-
tient was lying quietly in the supine position. This was
repeated one and one-half minutes after the response to
the first test had been elicited. The time was recorded
from the beginning of the injection until the patient per-
ceived the bitter taste.

The venous pressure was measured by the direct method
(9), using a large antecubital vein, the arm being placed
on a level with the right auricle. The system was filled
with normal saline and the venous pressure read directly
from a millimeter rule as millimeters of saline. Normal
pressures by this method range from 40 to 100 mm. of
saline. In subsequent measurements the vein was entered
at the site first punctured, the vein of one arm being re-
served for measurement of venous pressure, and of the
other arm for estimation of the circulation time.

Roentgenograms of the heart were taken with the pa-
tient in the standing position, in full inspiration, at a dis-
tance of two meters. Measurements of the cardiac area
were carried out by the technique of Levy (10).

In one patient (T. C.) estimations of the oxygen con-
tent of the blood were made. Samples of arterial blood
were taken under albolene from a radial or brachial artery,
and of venous blood, without stasis, from an antecubital
vein, the same vein being used for this purpose each time.
The oxygen content of these samples was estimated by
the Van Slyke and Neill manometric method (11).
Samples of blood were taken in the morning before break-
fast with the patient in a basal metabolic state.

OBSERVATIONS

The data are recorded in Table I.
Case H. H. was studied first when he showed

77 per cent collapse of the right lung, again when
there was 34 per cent collapse, and finally after
complete expansion (Table I). The cardiac out-
put increased from 1.91 to 2.74 and finally to
3.0 liters per minute as the pneumothorax dis-
appeared. The arteriovenous oxygen difference
decreased. The arm-to-tongue circulation time
decreased slightly. The venous pressure decreased
slightly. Roentgenogram showed presence of the
pneumothorax and slight displacement of the heart
to the left. This displacement disappeared as the
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TABLE I

The effect of unilateral petumothorax on certain measurements of the circuation

Hitory number .................................... No. 213893 No. 70382 No. 217112 No. 163478

Name, age, sex................................................ F.H. 47 years d T.C. 32 years d H.H. 43 years d' H.G. 29 years d"
Collapsed lung .Right Right Right Left

Date.No- No- Do- No- No- Janu- No- No- Feb- Aprilvember vember cember vembe vember ary vember vember mary vember 15,5, 14,2. 23, 30, 12, 3, 26, 7, 29 131938 1938 1938 1934 1934 1935 1938 1938 1939 1937 1939
Body surface area, eq. m.......................................... 1.70 1.77 1.82 1.72 1.73 1.77 1.74 1.78 1.79 1.64 1.80
Oxygen consumption, cc. per minute ............................... 216 205 195 203 216 211 207 197 201 228 234
Basal metabolic rate, per cent ..................................... -2 -10 -17 -13 -9 -12 -9 -15 -15 D -4
Artriovenous oxygen difference, cc ................................ 77.1 57.1 60.6 63.4 76.9 64.5 107.9 73.0 69.1 75.2 67.3
Cardiac output, liters pae minute .................................. 2.80 3.59 3.12 3.20 2.81 3.28 1.91 2.74 3.00 3.03 3.48
Cardiac output, liters per eq. m. per minut .1.27 2.03 1.77 1.86 1.62 1.85 1.10 1.54 1.70 1.85 1.93
Heart rate, beate per minute ................. ............. 90 78 72 88 88 72 96 74 72 89 80
Cardiac output per beat, cc .............. 31 46 43 36 b32 46 20 37 42 34 44
Cardiac area, eq.c.137.6 1`52.6 148.3 135.3 139.5 128.4 125.6 126.6 127.0 123.7 123.9
Arterial pressure, mm. Hg.100/64 1118/80 110/82 130/78 1126/74 134/80 150/98 130/80 118/76 85/50 104/60
Cardiac work per beat, gm.m. per beat .............................. 48.2 1.9 56.1 50.9 43.5 66.9 33.7 54.8 55.4 31.4 49.1
Circulation time, secon ......................................... 20.4 1.9 19.0 13.6 12.4 17.3 12.3 11.6 9.5 7.6 12.1
Venous premeure, cm. of ealire ..................................... 3.1 3.4 5.1 16.3 10.8 4.8 6.3 6.1 5.5 5.8 6.7
Vital capacity cc ............................................... 2000 3200 3600 2600 3000 4200 2000 2600 3500 2300 3800
Right lung area, eq. cm........................................... 220.5 295.3 300.7 132.4 174.2 277.3 68.2 207.5 264.7 245.5 255.6
Penemothorax area, eq. cm ....................................... 124.6 46.6 0 175.2 132.4 0 231.7 104.6 0 200A 0
Left lung area, eq. cm......... 279.5 283.5 286.1 217.5 227.7 224.4 259.0 261.9 246.7 75.5 231.0
Unilateral colapse, per cent .... 38 14 0 57 44 0 77 34 0 73 0
Cardiac output, liters per minute per cent of control ................... 90 115 100 98 86 100 64 91 100 87 100
Cardiac output, per beat per cent of control ............ ............... 70 108 100 80 70 100 50 90 100 80 100
Vital capacity, per cent of contro .55................................. 66 90 100 62 71 100 57 74 100 61 100

lung expanded, while the vital capacity increased
from 2000 cc., to 2600 cc., to 3500 cc. Electro-
cardiograms taken with the patient supine, lying
on the right side, and lying on the left side showed
only slight changes in deviation of the electrical
axis with change in position.

Case H. G. was studied first when the left lung
was collapsed 73 per cent and again after com-
plete expansion. The cardiac output increased
from 3.03 to 3.48 liters per minute. There was
a moderate decrease in the arteriovenous oxygen
difference. The arm-to-tongue circulation time
increased from 7.6 to 12.1 seconds. The venous
pressure increased slightly. Roentgenogram
showed no appreciable displacement of the heart.
The vital capacity increased from 2300 cc. to 3800
cc. Electrocardiograms were taken with the pa-
tient supine, lying on the right side, and lying on
the left side. There was a slight left axis devia-
tion during the period of pneumothorax which
later disappeared. However, the electrical axis
shifted more with change in position during the
period of pneumothorax than it did later.

Case F. H. was studied first with 38 per cent
collapse of the right lung, later with 14 per cent
collapse, and finally after complete expansion.
The cardiac output increased from 2.80 liters per
minute with 38 per cent collapse, to 3.59 liters
per minute with 14 per cent collapse and then

decreased to 3.12 liters per minute after the pneu-
mothorax had disappeared. Unlike the other pa-
tients this case achieved his largest cardiac output
while there was partial collapse of one lung.
Arteriovenous oxygen difference also was lowest
at the time of 14 per cent collapse of one lung.
The arm-to-tongue circulation time did not vary
appreciably. The venous pressure showed a mod-
erate increase but remained within normal limits.
The roentgenogram showed the pneumothorax on
the right and a slight shift of the heart to the left
that disappeared as the lung expanded. The vital
capacity increased from 2000 cc. to 3200 cc. and
finally to 3600 cc. Electrocardiograms consisting
of the three standard leads and a chest lead showed
a slight shift of the electrical axis to the right and
a slight increase in the amplitude of the T-wave
in the chest lead as the heart resumed its normal
position.

Case T. C. was studied first when there was
57 per cent collapse of the right lung, again when
there was 44 per cent collapse, and finally after
complete expansion. The cardiac output measured
3.20 liters per minute with 57 per cent collapse,
decreased to 2.81 liters per minute with 44 per
cent collapse, and increased to 3.28 liters per
minute after complete expansion. Unlike the
other patients, this case had a smaller cardiac
output when there was a moderate degree of col-
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lapse than when there was more extensive col-
lapse. The arteriovenous oxygen difference in-
creased and then decreased as the lung expanded,
being greatest at the time of 44 per cent collapse.
The arm-to-tongue circulation time decreased
slightly and then increased as the pneumothorax
decreased but stayed within normal limits. The
venous pressure was definitely elevated at the time
of 57 per cent collapse but showed a substantial
fall at each of the subsequent examinations. The
roentgenogram showed a slight shift of the heart
to the left at the time of maximum collapse but
it was seen to be in normal position as pneumo-
thorax decreased. The vital capacity increased
from 2600 cc., to 3000 cc., and finally to 4200 cc.
Electrocardiograms consisting of the three stand-
ard leads and a chest lead showed a slight shift of
the electrical axis to the left as the heart returned
to its normal position with expansion of the lung.

DISCUSSION

The decrease in cardiac output for individual
patients showed no close correlation with the
amount of pneumothorax. Two patients showed
a moderate decrease in the presence of unilateral
collapse; another achieved a larger cardiac output
with a small pneumothorax than was present
either in the control period or with greater col-
lapse; yet another patient attained a smaller car-
diac output with a moderate collapse than when
there was more extensive pneumothorax. In all
patients the basal metabolic rate was normal but
on the low side of normal. In two patients (T. C.
and H. G.) it changed only slightly as percentage
collapse decreased. Case F. H., however, ex-
hibited a fall from -2 per cent to - 10 per cent
to - 17 per cent as the lung expanded; and Case
H. H. showed a decrease in the basal metabolic
rate from -9 per cent to - 15 per cent. This
change in the basal metabolic rate paralleled the
slowing of the heart rate which occurred in these
two cases. The fall in basal metabolic rate in
these last two cases (F. H. and H.H.) accounted
to some extent for the absence of a more sub-
stantial increase in their cardiac output. Never-
theless when percentage collapse was plotted
against per cent of control cardiac output, for all
patients, a rough linear correlation was seen, and
the slope of the -line was such that the greatest
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FIG. 1. COLLAPSE OF LUNG AND CARDIAC OUTPUTAND
VITAL CAPACITY

In this figure all observations of cardiac output per
minute (A), output per beat (B), and vital capacity (C)
as per cent of the levels when the lung had expanded
completely, are plotted against the corresponding per cent
collapse of the lung (Table I). This discloses a corre-
lation which appears to be linear in that, as the amount
of collapse increases, the cardiac output and vital ca-
pacity decrease.
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collapse was associated with the lowest cardiac
output (Figure 1). The small collapse which was

associated with increase in cardiac output will be
discussed later. Similarly, there was a rough
correlation between cardiac output per beat and
amount of collapse, since the cardiac output per

beat increased as the per cent of collapse de-
creased. There was no constant correlation be-
tween arteriovenous oxygen difference and degree
of pneumothorax. The heart rate in each of the
patients became slower as the pneumothorax dis-
appeared. The arm-to-tongue circulation time
showed no consistent change; in one case there
was no change, in two there was an increase, and
in the fourth there was a slight decrease as the
lung expanded. The venous pressure was within
or near normal limits and showed only slight
changes except in the case of T. C. in whomthere
was a considerable fall from 16.3 cm. to 4.8 cm.

of saline. The vital capacity varied inversely with
the degree of collapse, and the correlation ap-

peared to be linear (Figure 1).
Since the cardiac output appears to be reduced

when a sufficiently large unilateral collapse of a

lung occurs, by what mechanisms does the or-

ganism compensate for this reduction? There
are data relating to one mechanism in the case

of one patient. Measurements of the oxygen con-

tent of the arterial and venous blood were made
of T. C. During collapse the arterial oxygen

saturation was reduced to 92.3 per cent and 93.5
per cent, respectively (Table II), and restoration
to a normal level, namely 97.5 per cent, occurred
with complete expansion of the lung. The reduc-
tion in saturation during collapse may be ac-

counted for by the mixture of blood of reduced

oxygen content leaving the partially collapsed lung
with normally oxygenated blood from the oppo-

site normal lung. One of the mechanisms
achieved by this patient was to raise the oxygen-

carrying capacity of the blood by increasing the
amount of hemoglobin as much as 8 to 12 per

cent (Table II) over what it was after re-ex-

pansion of the lung. It was possible for him to
maintain his normal range of oxygen utilization
during collapse (Table II).

Although roentgenograms showed slight dis-
placement of the heart to the side opposite the
pneumothorax in each case, the electrocardiograms
showed no consistent deviation of the electrical
axis. Moreover, as the pneumothorax disap-
peared and the heart returned to normal position,
the electrical axis shifted in a direction similar
to that of the heart in two cases but in the opposite
direction in the other two cases. Rotation of the
heart, which could not be demonstrated on an-

teroposterior roentgenograms, doubtless accounted
for this inconsistency.

In only one of the patients (Case F. H.) were

studies of the circulation performed in the pres-

ence of a unilateral pneumothorax as small as

14 per cent. The results here were similar to
those found by Hilton (1) in his observations on

goats in that there was an increase in cardiac
output with this small amount of collapse of one

lung. The patient showed neither cyanosis nor

dyspnea, but the rate of respiration was slightly
more rapid at the time of this measurement than
after the pneumothorax had disappeared. From
our data and those reported in the literature, it
appears that, in the presence of a unilateral pneu-

mothorax of small or moderate size, there is likely

TABLE II

Changes in blood gases during unilateral collapse in T. C.

OxyenOxygen Oxygen AreilArterio- Oxygen
Uni- cotn ontnxaactygo-Atra Venous

veos
content Oxygen

Date lateral contenta conentu capacit Hemobi- oye oxygen venous mixed utiliza-
collapse arterial veous vnousd satobin it saturation tiont

bod(arm) blobauanood*

per cent cc. per cc. per cc. per per cent P c p cat cc. p CC. p pa cenliter liter liter leitteeen e cn r liteecrn
November 23, 1934 57 209.0 163.0 229.0 112.4 92.3 71.2 63.4 145.6 28
November 30, 1934 44 218.0 127.0 236.0 116.2 93.5 52.1 76.9 131.1 33
January 12, 1935 0 206.0 138.0 215.0 104.9 97.5 63.4 64.5 141.5 30

* Derived by subtracting arteriovenous oxygen difference from oxygen content of arterial blood.
t Ratio between arteriovenous oxygen difference and oxygen capacity.
t 185 cc. per liter = 100 per cent hemoglobin.
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to be a slight reduction in cardiac output not only
when there is no pulmonary pathology, as in our

cases, but also in the presence of pulmonary dis-
ease. There may, however, be no changes in
cardiac output or even an increase. When col-
lapse is more nearly complete, however, most cases

show reduction in cardiac output which may be
large or small.

SUMMARY

1. Certain studies were made of the circulation
of four patients exhibiting unilateral spontaneous
pneumothorax of unknown etiology. None of
the patients showed either demonstrable pulmo-
nary pathology or organic heart disease. Studies
were made at various levels of collapse and after
complete expansion.

2. The cardiac output appeared to be reduced
in the presence of unilateral pneumothorax of
small or moderate size, although it was sometimes
unchanged or even increased. Patients exhibiting
more extensive pneumothorax showed a reduction
in cardiac output which might be large or small.
When the data for all cases were pooled, a rough
linear correlation appeared between both cardiac
output per minute and per beat, and per cent
collapse of the lung, since the greatest collapse
was associated with the greatest decrease in car-

diac output; as the amount of collapse decreased,
the cardiac output increased. In one of our pa-

tients who was observed during collapse of only
14 per cent, there was an increase in cardiac
output. This finding is similar to one made by
Hilton (1) in goats, namely, that a small collapse
gives rise to an increase in volume output of
blood from the heart.

3. The decrease in vital capacity bears a linear
relation to the per cent collapse of the lung.

4. Since unilateral collapse of a lung usually
results in decrease in the volume of blood ex-

pelled by the heart per minute, the institution of

this procedure should be considered carefully be-
fore it is undertaken in subjects suffering from
lesions which may themselves be associated also
with decrease in output. This precaution is neces-
sary in order to avoid an accumulated reduction
in cardiac output.
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