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" Recent papers on cyanotic congenital heart
disease (1-8) contain references to patients that
suddenly become cyanotic, lose consciousness, and
suffer dyspnea or other signs of cardio-respira-
tory distress.

When such episodes are the result of exercise
or of other factors which give rise to an increase
in oxidations there might be some decrease in
arterial saturation, even though the intracardiac
shunt remains constant in the relative amount of
venous blood which mixes into the arterial stream.
If we imagine a case with large intracardiac shunt
in which blood in the pulmonary vein is 100%
saturated and two-thirds of the arterial stream is
venous blood, and if we were to assume further
the resting mixed venous saturation to be 50%,
we would have an arterial saturation of 67%.
During exercise as violent as such a patient could
sustain, it is doubtful that the saturation mixed
venous blood could get below 20%. Under these
conditions, the arterial saturation would be 47%.
Even if the mixed venous blood had no oxygen at
all, the saturation of the arterial blood would be
33%. If the shunt were smaller, and only one-
third of the aortic stream were venous blood, ar-
terial saturation would vary from 83% to 73%
as the saturation of the mixed venous blood is re-
duced from 50% to 20%, by increased oxidations.

It is obvious that the activity needed to pro-
duce the changes in arterial saturation indicated
above is considerable, and that some other mecha-
nism is necessary to account for the occasional un-
heralded episodes of cyanosis which have been
described. ,

It is possible that these episodes have a vaso-
motor basis but no mechanism that would account
for them has been described. Could constriction
of the pulmonary blood vessels be responsible for
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changes in the size of the pulmonary stream and
hence for changes in the size of the shunt? In the
tetralogy of Fallot the resistance is made by a
strong stenosis of the pulmonary artery and is
probably fixed. Similarly, the structural arteri-
olar changes that are seen in the lungs in the
Eisenmenger complex (3) result in a high re-
sistance to pulmonary blood flow which is also
probably fixed. Moréover it is extremely doubtful
that the pulmonary bed is able, in response to reflex
vasomotor activity, to constrict and dilate suffi-
ciently to produce appreciable changes in its pe-
ripheral resistance (9). The direct constrictor
effect of low oxygen in the inspired air is of
course irrelevant (10). '

Another possibility is that alterations in the
systemic arterial pressure may passively affect the
pulmonary blood flow so as to lead to changes in
arterial saturation of a larger order than can be
explained as resulting from increased oxidations
with a constant shunt. In the case to be described
here the sudden onset of episodes of cyanosis seems
to be related to an instability in the regulation of
arterial pressure dating from a recent illness. Low
arterial pressure was associated with low arterial
saturation and high arterial pressure with a satu-
ration that was nearly normal.

The patient was an 18 year old Negro school girl. Her
early history included spells of turning blue and fainting.
She had recently suffered from a respiratory complaint
which was incompletely diagnosed. Her convalescence
was complicated by episodes of circulatory anoxia. These
and the clinical cardiac findings led to an impression of
possible congenital heart disease and she was referred to
the University Hospital. Further study resulted in the
impression of possible tetralogy of Fallot, and cardiac
catheterization was advised.

On the first study (Oct. 28, 1948) blood sam-
ples from the right auricle, the right ventricle and
the femoral artery were analyzed for oxygen and
the saturation determined. The samples looked
equally black and the patient was seen to have
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become very cyanotic. She also became restless
and irrational but did not lose consciousness. The
oxygen saturation of the right auricular and right
ventricular and arterial blood was the same, 19%,
with no significant difference in the volume per
cent figures.

These data seemed strange. They could be
explained either on the theory 1) that the sample
labeled “femoral arterial” came from the femoral
vein, 2) that the pulmonary stream entered the
systemic circuit via the bronchial veins and
azygous trunk, or 3) that there had been a tem-
porary cessation of pulmonary circulation and
oxygen uptake.

The first of these had been nearly ruled out
of our minds by the fact that the stream of black
blood which issued from the puncture needle
(Cournand type) pulsated and was under a high
pressure. Nevertheless, a second arterial punc-
ture was attempted. The procedure was difficult
and painful and shortly the patient became very
cyanotic again. The pressure tracing (85/40 mm.
Hg) is seen in Figure 1. The blood was very
black and pulsated from the needle. Its oxygen
saturation was only 15%.

If any significant amount of arterialized blood
drains into the superior vena cava from the bron-

A
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chial veins a sample taken in the region of the
opening of the azygous should be higher in oxygen
than one from the right auricle. At the time of
a second catheterization a sample was taken from
the superior vena cava to compare with one taken
from the right auricle. The difference in per cent
oxygen saturation (11, S.V.C.~10, R.A.) is not
significantly beyond experimental error.

NSNS

Fi1c. 1. FEMORAL ARTERIAL PRESSURE PULSE
85/40 mm. Hg

Oxygen consumption was recorded during the
second catheterization (Nov. 4, 1948). The ap-
paratus was a Sanborn spring-balanced bell re-
corder which indicates, by a curved slope the
presence of leaks. (The shape of the nose and
lips, in the Negro, make it advisable to shut the
nose and hold the mouth manually rather than to
trust a nose clip and the subject’s orbicularis oris.)
As indicated in Figure 2, oxygen consumption was
recorded properly with no leaks for some time.
Then oxygen uptake ceased and after two minutes
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Fic. 2. OxvceN ConNsuMmprioN CURVE

During CyaNoric EpisobE (TRACING)

Inspiration and expiration are marked by dots.
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F16. 3. RiGHT VENTRICULAR PRESSURE PULSE
100/0 mm. Hg

the patient became restless and pushed the mouth-
piece away.

The various positions of the catheter are indi-
cated in Figure 8. The pressures and oxygen
saturations to correspond are shown in Table I.
The fact that the catheter could be introduced
through the aorta and up into the carotid artery
indicates that the interventricular septum was
patent. Pressures as recorded in the superior
vena cava and right auricle were within normal
limits. In the right ventricle systolic pressure was
high and diastolic pressure low (Figure 3). The
very low pressure and narrow pulse pressure in
the pulmonary artery indicate a strong stenosis
at the pulmonary valves (Figure 4). In the
aorta (Figure 5) and femoral artery it was lower
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F1c. 4. PRESSURES IN THE PULMONARY ARTERY
5/0 mm. Hg
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F1c. 5. Aorric Pressure PurLse 65/30 mm. Hg

than normal. The discrepancy between systolic
pressure in the aorta and in the ventricle might
indicate that there is also an aortic stenosis. The
pressures were taken at different times and too
much weight should not be attached to this dif-
ference since the systemic pressure levels were
variable. The pattern of pressure in the heart and
great vessels indicates that there is a pulmonary
stenosis, and a widely patent interventricular sep-
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CT = |16 SECONDS
Cl = 2,04 LITERS

Fic. 6. Carpiac Outpur Curve BY DYE INjECTION METHOD (CARDIAC INDEX 1S 2.04 L)
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Fic. 7. OxyGeEN CoNsuMPTIoN WHEN PATIENT was Nor CvanNoric (Upper) aAND WHEN SHE WAs SLIGHTLY
Cvanoric (Lower) AFTER THE ADMINISTRATION OF T.E.A. (TRACING)

tum (functionally common ventricle) and is com-
patible with the diagnosis of tetralogy of Fallot.

A few days later the patient was no longer cy-
anotic, nor was she frequently subject to spells
of circulatory anoxia. Her arterial pressure had
gone up (165/110) and the arterial saturation
was 85%.

Since no good veins were easily available for
catheterization the circulatory dynamics were stud-
ied by the injection method (11) with the result
seen in Figure 6. The arm to artery circulation
time was 16 sec., a figure that is in the upper nor-
mal range. This indicates that there was no shunt
at this time, carrying blood from the right side of
the heart to the left. The slow curve of rise and
fall of dye concentration indicates the possibility
that there is a left to right shunt because such

curves are usually associated with congestive fail-
ure of the circulation and an increased intra-
thoracic blood volume. A curve of this type can
also be made by recirculation of pulmonary blood
through intracardiac shunts (or a patent ductus)
since this blood is dyed and gradually feeds out
into the systemic circulation.

The calculation of the systemic blood flow (car-
diac index) is not very secure because blood begins
to recirculate before the descending straight line
of the dye concentration curve is well established.
The cardiac index by this calculation, however, was
2.04 L and is compatible with her apparent physi-
ological condition.

At the beginning of this experiment the patient
was not cyanotic, her arterial blood was a good
red with a saturation of 85%. Her arterial pres-

TABLE I
Results of catheterization
(O; Capacity 20 Vol. per cent)

Os Saturation, per cent Pressure, mm. Hg
Date
1* 2 3 4 1 2 3 4 s
S.V.C. R.A. V. P.A. F.A. S.V.C. R.A. V. P. A.0. F.A.
Oct. 28, 1948 — 19 19 — 19 — 5 90 7 — -
00 3

Oct. 31, 1948 — — — — 15 — — — — —_ 85
40

Nov. 4, 1948 13 10 10 16 16 s | s 100 S 65

0 0 30

* The numbers indicated in this row refer to positions of the catheter illustrated in Figure 8.
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TABLE II shunt or that it was minimal. Since release from
Relation of oxygen saturation to arterial pressure the hospital she has maintained good health, been
Arterial blood free of noticeable cyanosis and showed blood pres-
per cent saturation  Blood pressure, mm.Hg
Cyanotic 19-15 65/30 sures of 180/140 to 220/150.
Not cyanotic 85-72 165/110
Slight cyanosis
nxiety 68 110/60 \/
T.E.A. 64 120/90

sure was 165/110. After the dye injection experi-
ment she became uneasy. Her color was slightly
cyanotic. The arterial pressure was 110/60 and
the arterial oxygen saturation was 63%.

On another occasion the patient was not cy-
anotic, had an arterial pressure of 165/110 and
oxygen saturation of 72%. The administration
of tetra ethyl ammonium reduced the arterial
pressure to 120/90, the patient became slightly
cyanotic and her arterial saturation was 64%.
Before administration of etamon the oxygen con-
sumption was steady at a rate of 150 cc./min.
(Figure 7, upper curve). After the blood pres-
sure had been reduced the slope of the oxygen
consumption curve became variable and the res-
pirations irregular. The variability of the respira-
tions accounts in some measure for the changes
in the slope of the oxygen consumption curve.
It seems however that the actual slope of the curve
varies from one somewhat steeper than the con-
trol to one that is considerably less steep (Figure
7, lower curve) indicating an actual variation in
the oxygen uptake.

DISCUSSION

The data are summarized in Tables I and II and
in Figure 8. During both catheterization experi-
ments no clear arteriovenous oxygen difference
could be established. The oxygen consumption
measurements indicate that the patient during
the placement of the catheter was consuming oxy-
gen at the rate of 190 cc./min. and that before the
samples were taken the oxygen uptake in the
lungs fell off to zero. Similarly the oxygen up-
take became smaller than normal as she entered
a period of hypotension and cyanosis under the
influence of T.E.A. Hypotension resulting from
anxiety was also associated with a low oxygen
saturation.

When she was not cyanotic her blood pres-

sure was high and the dye injection experiment
" indicated that either there was no right to left
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F16. 8. DiacraM oF THE HEART IN THE CaSE UNDER

DiscussioN WITH INDICATIONS oF THE PLACE oF TAKING
THE SAMPLES AND PRESSURES MENTIONED IN TABLE I

The very large variation in arterial oxygen sat-
uration (from 15% to 85%) and the results of
the dye injection experiment necessitates, in view
of the introductory consideration, the conclusion
that the right to left intracardiac shunt must vary
from nearly zero to about 100%. The pressure
relations between pulmonary artery and ventricle
indicate that the pulmonary resistance is estab-
lished by a strong stenosis which cannot be affected
by vasomotor influences. The mechanism by
which blood is diverted into and away from the
pulmonary circuit therefore must reside elsewhere
than in the pulmonary circuit itself.

The simplest hypothesis which will cover the
above data is that the functionally common ven-
tricle pushes blood out either the pulmonary ar-
tery or the systemic aorta as governed by the rela-
tive resistance in each bed. As the systemic re-
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sistance falls, as indicated by a low arterial pres-
sure, more and more blood passes out the systemic
stream, less and less out the pulmonary stream,
the right to left shunt becomes greater and greater,
and the oxygen saturation becomes less and less.
In the period from Oct. 28 to Nov. 4 it would seem
that there were times when no blood flowed
through the lungs and the intracardiac shunt was
100%.

The deciding factor which determines whether
the blood is, or is not to go out past the pulmonary
stenosis is the ventricular pressure. In this case
the stenosis is severe and a pressure of 100 mm.
Hg hardly suffices to force open the pulmonary
artery. Unless the ventricular pressure is higher
than this during systole the blood entering by
way of the venae cavae is all shunted across into
the aorta. This is shown by the fact that the mixed
venous and arterial oxygen saturations were the
same.

In this patient the lowering of pressure in the
ventricle seems to have been in response to periph-
eral systemic dilation. The heart beat was strong
and the rate was rapid. The pulse pressure was
35 mm. Hg in the aorta indicating a stroke index
of about 35 cc. according to the calculations of
Remington et al. (12). The circulation index is
therefore approximately 3.5 L, a higher figure
than was given by the dye injection method when
the patient was not cyanotic.

To say that cardiac weakness or inhibition was
not responsible for the cyanosis in this case is not
to say that it could not be responsible in other
cases. A patient with a widely patent interven-
tricular septum, during syncope due to vagal
cardiac inhibition, would in addition to the sys-
temic and cerebral ischemia, be suffering from
arterial anoxemia with cyanosis because the same
condition which lowers the systemic arterial pres-
sure would also lower the amount of blood passing
the pulmonary resistance and coming into a posi-
tion to take up oxygen. As a rule, however, both
cardiac and vascular elements play a role in pro-
ducing circulatory collapse. Anxiety, excitement,
pain and other stresses seem to reduce the periph-
eral resistance (13-17), particularly that in the
blood vessels to the skeletal muscles (18-20).
This serves to increase blood flow through these
organs and leads to their efficient working.
Whether it also leads to a lowering of blood pres-

sure depends upon whether cardiac action can be
augmented in sufficient measure to maintain blood
pressure, Factors which may interfere with such
augmentation of cardiac action are vagus stimula-
tion, resulting in asystole, bradycardia, or weak-
ened contraction, postural failure of venous re-
turn, failure of venous return due to natural pool-
ing of blood in the periphery resulting from
vasodilatation, or pooling from the experimental
use of tourniquets. Also the heart may be handi-
capped by structural defects, as is the case in our
patient, and the structural defects lead to arterial
anoxemia, a circumstance that is not evident in
the normal circulation even during syncope.

It is interesting to note that many children with
cyanotic heart disease learn to react to episodes
of dyspnea and weakness by squatting. This pos-
ture certainly improves venous return and by
pressure on the great abdominal and leg arteries
may increase slightly the systemic resistance.
The maneuver may be expected therefore to in-
crease the systolic ventricular pressure in suffi-
cient measure to augment the stream which must
pass the pulmonary resistance and thus to increase
oxygen uptake. It would also seem rational to
expect supportive action from vasoconstrictor
drugs (arterenol, phenylephrine [neosynephrine],
etc. but not epinephrine [13, 17]).

The fact that the pulmonary arterial satura-
tion became as low as 16% indicates, on reference
to the standard oxygen dissociation curve, that
the cells of the body are able to extract oxygen
from the blood until its tension is about 12 mm.
Hg. Samples from the right auricle and ventricle
showed lower saturations still but mixing of ve-
nous streams may not have yet been complete.
Different organs are able to extract varying
amounts of oxygen from blood. The heart, and
probably active skeletal muscle take out a large
part of the oxygen displayed before them in the
blood (21). The kidney takes comparatively
little and the proportion it takes is not increased
as the oxygen supply decreases (22). The brain
is intermediate in this regard (23). In this pa-
tient the mixed blood returning from the body as
a whole was reduced in oxygen content to a figure
comparable to that seen in normal coronary blood.
She became somewhat distracted but did not lose
consciousness.
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It is interesting to speculate on the physiologi-
cal role of the high resistance to pulmonary blood
flow which is seen in the presence of an open ven-
tricular septum. If the septum is widely enough
open so that the ventricle is functionally a single
chamber the normal pulmonary resistance is such
that all of the ventricular output would pass
through the lungs at pressures far below those
which are necessary in the systemic arteries to
support life. The normal pulmonary pressure goes
up very little in exercise (24) and under the in-
fluence of drugs which increase greatly the blood
flow (7). The minimal increases in pulmonary
arterial pressure, which do occur as the blood flow
goes up, distend the pulmonary bed so that the
resistance to flow decreases as the flow increases.
This would mean that even if the common ventricle
put out twice as much blood as either a normal
right or a normal left ventricle the mean pressure
in both aorta and pulmonary artery would never
exceed 20-25 mm. Hg so long as pulmonary re-
sistance were normal.

The pulmonary stenosis which is the conse-
quence of abnormal embryonic development in the
tetralogy of Fallot raises the pulmonary resistance
so that blood is sent out the systemic arteries at
an adequate pressure.

In the Eisenmenger complex and probably in
cor triloculare biatrium and cor biloculare, a high
resistance to pulmonary blood flow exists in the
lungs (3). It seems to be due to arteriolar
changes. This resistance is necessary to raise the
pressure in the systemic arteries to physiological
levels and to prevent the ventricle discharging all
its blood .out the pulmonary artery. These arteri-
olar changes may overcompensate and produce a
right to left shunt, though the usual patient shows
a moderate shunt from left to right. The stimulus
which may produce these arteriolar changes is
hard to imagine. In the normal fetus the resist-
ance of the collapsed lungs is high, and most of
the left ventricular output is carried by the ductus
arteriosus. Pressures in the two ventricles are
identical and the presence of a patent ventricular
septum would have no consequences. It is only
as the first breath is taken that the pulmonary re-
sistance falls and a pressure difference is estab-
lished between the right and left ventricles (25).

It seems obvious that if this normal sequence of
events should occur in the presence of a widely

open ventricular septum, there would, as soon as
breathing began, be a left to right shunt of nearly
100% and severe systemic hypotension. This
disaster is prevented by the pulmonary arteriolar
changes mentioned above. Since there seems
to be no possible abnormality of hemodynamics
in fetal life which could account for the develop-
ment of the arteriolar resistance it would seem that
they must be the result of post-natal changes. A
study of blood pressure in infants with Eisen-
menger syndrome or with cor triloculare biatrium
would be very instructive.

SUMMARY

A patient, subject to episodes of cyanosis as a
result of congenital heart disease, presents data
by the methods of cardiac catheterization and dye
injection which indicate that the intracardiac shunt
varies from zero to 100% as the arterial pressure
falls from 165/110 to 65/30. Uptake of oxygen
in the lungs ceased for periods lasting up to two
minutes and the saturation of the mixed venous
blood and of the arterial blood came to the same
very low figure. This indicates that uptake by the
cells continued down to a saturation of 15-19%
or 11-14 mm. Hg O, tension.
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