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The increase in cardiac output during' isoprote-
renol administration has been attributed to a direct
action on the heart causing it to extract blood
more effectively from the central venous reservoir
(1). Another suggestion is that isoproterenol
constricts peripheral veins and causes blood to be
pushed into the heart (2). The observation that
right atrial pressure falls during infusion of the
drug (3) would seem to dispose of the latter ex-
planation. Right atrial pressure, measured with
respect to atmospheric pressure, however, is not
the force which distends the atrium.' The pressure
which actually distends the atrium, the transmural
pressure, is the difference between the pressure
within the chamber and the intrapleural pressure
which surrounds it. Transmural atrial pressure,
then, may be influenced by changes in intrapleural
pressure.

In previous studies (4) we found that hyper-
ventilation causes transmural atrial pressure to
rise even though atrial pressure falls. This occurs
because overbreathing is associated with a greater
reduction in intrapleural pressure than in right
atrial pressure. Isoproterenol, like epinephrine,
appears to cause central excitation (5). It is
known that epinephrine causes hyperventilation
(6), probably by a central excitatory action. If
isoproterenol has a similar effect on breathing, the
fall it produces in right atrial pressure could be
a ventilatory effect. If this were true the fall in
atrial pressure might not indicate a coincident fall
in transmural pressure.

If isoproterenol causes blood to be pushed cen-
trally, peripheral venous constriction would have
to provide the "pushing" force. To our knowl-
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edge no observations on the peripheral venous re-
sponses to isoproterenol have been reported.
Since epinephrine causes venous constriction in the
forearm (7) and since some actions of isoprote-
renol on the vascular system are different from
those of epinephrine (5), the -matter of isoprote-
renol causing venous constriction and a shift of
blood from the periphery of the body needs investi-
gation.

This report concerns experiments which were
done to see what happens to peripheral venomotor
tone and transmural right atrial pressure during
isoproterenol administration.

METHODSAND PROCEDURES

The experiments were performed on 10 healthy male
medical students. In the first group of -five experiments
subjects were studied in the right lateral decubitus posi-
tion with the right arm extended downward through a
hole in the table. Right atrial pressure was measured
with a Statham 0 to 5 cm. Hg strain gage connected to
a needle' in the antecubital vein of the dependent arm ac-
cording to the method of Gauer and Sieker (8). Intra-
pleural pressure was measured as esophageal pressure
with a Statham 0 to 5. cm. Hg strain gage connected to a
small, open-ended, water-filled polyethylene tube. The
tip was placed in the lower third of the esophagus.
Esophageal pressure is similar to but not identical with
intrapleural pressure. Changes in the two tend to be
parallel (9), however, so that esophageal pressure changes
reflect changes in intrapleural pressure. The difference
between right atrial and esophageal pressure, the trans-
mural right atrial pressure, was measured with a San-
born differential pressure transducer. End-expiratory
CO2 concentration was monitored with a Liston-Becker
C02 analyzer and ventilation was measured with a gas
meter (10). All three pressures and CO2 concentration
were recorded simultaneously with a Sanborn direct-
writing oscillograph.

After control values were established isoproterenol
chloride 1 was infused into a foot vein at a constant rate
of 5.8 Ag. per minute. Experimental observations were
made after the pressures had been stable for at least 45

1 Isuprel®, Winthrop Laboratories, New York, N. Y.
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seconds. In most cases the measurements were made 90
to 120 seconds after the infusion was started. The infu-
sion usually was discontinued as soon as the experimental
measurements were obtained. Observations were con-
tinued until control values returned. Reported mean
pressures were obtained by counting squares under the
curves registered by electrical integration of the output
of the manometers. The sensitivity of the amplifying
system was adjusted so that respiratory pressure changes
when integrated electrically occupied at least 2 to 3 cm.
on the recording paper. In most experiments 1 cm. ver-
tically on the recording paper was equal to 2.0 or 5.0
mm. Hg. Pressures were read to the nearest 0.5 mm.
Hg.

In the second group of five experiments the subjects
were studied in the supine position. Forearm venous
pressure-volume curves were obtained by a modification
(11) of the plethysmographic method of Litter, Wood
and Wilkins (12, 13). Forearm volume changes were
measured by means of two partially immersed electrodes
(14) which sensed changes in the height of the water in
a vertical cylinder attached to the top of the plethysmo-
graph. Except for this change in the measurement of
volume the pressure-volume curves were obtained as in
previous experiments with epinephrine (7). Forearm
venous pressure was measured in the antecubital vein of
the arm unencumbered by the plethysmograph. In all
experiments the arm in which venous pressure was meas-
ured was below atrial level. Curves and venous pressure
measurements were obtained before, during and after
isoproterenol infusion into a foot vein as in the first group
of experiments.

Following the experiments, venous pressure-volume
curves were constructed. These curves (Figure 1) ex-
press in ml. per 100 ml. of forearm tissue the volume to
which the veins are distended by any level of transmural
venous pressure between 0 and 30 mm. Hg. The final
point on the curve, the venous volume at 30 mm. Hg, is
called arbitrarily the venous distensibility. A high value
represents venous dilatation and a low value venous con-
striction. Assuming that the venous pressure-volume
characteristics are the same in both arms, the naturally
occurring venous volume of the forearm is the volume
coordinate of that point on the curve which corresponds
to the natural venous pressure (equals transmural ve-
nous pressure) measured in the arm opposite the one in
the plethysmograph. The venous volume existing during
each measurement of distensibility was determined by
drawing a line perpendicular to the pressure axis from
the natural venous pressure value (Figure 1). If a stimu-
lus such as isoproterenol produces venous constriction
and also a fall in venous pressure, the decrease in vol-
ume caused by each of these factors alone may be deter-
mined. The volume coordinate of the point on the iso-
proterenol curve which corresponds to the control venous
pressure is the venous volume which would have existed
had the total volume reduction been caused by venous
constriction alone. The difference between this value
and the venous volume which existed during the stimulus

Forearm -
Venous
Volume C l,ml /100ml..

2.0 B
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Tronsmurol Venous Pressure
mmHg.

FIG. 1. VENOUSPRESSURE-VOLUMECURVES
(EXPERIMENT 3)

A refers to the forearm venous volume which existed
during the control period. B refers to the volume during
isoproterenol infusion. C refers to the volume which
would have existed during isoproterenol infusion if there
had been only venous constriction and no change in ve-
nous pressure.

represents the reduction in venous volume caused by the
fall in venous pressure alone.

Statistical analysis of the data was carried out accord-
ing to methods described by Fisher (15).

RESULTS

Effect of isoproterenol on end-expiratory CO2 ten-
sion and ventilation
Ventilation increased in each of five experi-

ments during isoproterenol infusion (Table I).
The average increase was 8.0 L. per min. (p <
0.01). End-expiratory CO2 tension decreased in
each experiment. The average decrease was 5.8
mm. Hg (p < 0.01).

Effect of isoproterenol on transmural right atrial
pressure

Despite the hyperventilation no consistent
changes were observed in mean esophageal pres-
sure. It increased in two, decreased in one and
remained unchanged in two of the five experiments
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TABLE I

Transmural right atrial pressure responses to isoproterenol infusion

Transmural atrial End-expiratory
Esophageal pressure Atrial pressure pressure C02 tension Ventilation

Experi- Iso- IsO- Iso- Iso- Iso-
ment Control proterenol Control proterenol Control proterenol Control proterenol Control proterenol

no. mm. Hg mm. Hg mm. Hg mm. Hg L./min.
1 -7.0 -6.0 4.0 3.0 11.5 9.5 42.0 38.1 6.6 11.1
2 -7.0 -7.0 3.0 2.0 9.0 8.5 36.2 33.2 4.1 13.6
3 -2.5 -2.5 -0.5 -3.0 2.5 -0.5 43.0 34.0 7.5 14.7
4 -7.5 -9.5 4.5 1.0 12.5 11.5 45.8 39.5 6.8 18.8
5 -8.0 -7.0 3.0 1.5 11.0 8.0 42.3 35.6 4.1 10.8

Mean difference 0.0 1.9 1.9 5.8 8.0
Standard error 0.55 0.48 0.51 1.07 1.30
Probability >0.9 <0.02 <0.02 <0.01 <0.01

(Table I). The average difference between venous pressure of 30 mm. Hg) decreased in each
esophageal pressures measured during control pe- of the five tests. The average decrease was 1.5 ml.
riods and during drug infusion was zero. Right per 100 ml. of forearm tissue (p < 0.001). The
atrial pressure, however, fell during isoproterenol naturally occurring forearm venous volume av-
administration in each experiment. The average eraged 3.8 ml. per 100 ml. during control periods
decrease was 1.9 mm. Hg (p < 0.02). The trans- and fell to an average of 2.2 ml. per 100 ml. dur-
mural right atrial pressure also fell in each experi- ing isoproterenol infusion. This shift of blood
ment. The average decrease was 1.9 mm. Hg from the extremity averaged 1.5 ml. per 100 ml.
(p < 0.02). The fall in transmural pressure re- or 39.5 per cent of the average control value (p <
sulted from the fall in right atrial pressure since 0.001). The amount of blood pushed from the
esophageal pressure was essentially unchanged. forearm by venous constriction alone averaged

1.3 ml. per 100 ml. or 34.2 per cent of the control
Forearm venous responses to isoproterenol in- value (p < 0.001). The amount which left the

fusion arm simply because of the fall in distending pres-

Forearm venous pressure fell in four and re- sure averaged 0.2 ml. per 100 ml. or 5.3 per cent
mained unchanged in one of five experiments dur- of the control volume.
ing isoproterenol infusion (Table II). The aver- The changes in transmural right atrial pres-
age change was 1.8 mm. Hg (p < 0.05). Venous sure, venous distensibility and venous pressure
distensibility (the venous volume at a transmural were maintained as long as the infusions were con-

TABLE II

Forearm venous responses to isoproterenol infusion

Venous pressure Venous distensibility Venous volume

Experi- Iso- ISO. Iso. Iso.
ment Control proterenol Control proterenol Control proterenol proterenol*

no. mm. Hg ml./100 ml. ml./100 ml.

1 17.5 16.0 5.3 3.6 4.0 2.3 2.5
2 22.5 20.0 5.1 3.4 4.5 2.8 3.1
3 18.0 16.0 4.2 2.8 3.4 2.2 2.4
4 20.0 17.0 3.5 2.2 3.1 1.5 1.7
5 20.0 20.0 4.3 3.1 3.8 2.4 2.4

Mean difference 1.8 1.5 1.5 1.3
Standard error 0.51 0.10 0.10 0.09
Probability <0.05 <0.001 <0.001 <0.001

* Forearm venous volume which would have existed during isoproterenol infusion if there had been only venous

constriction and no change in venous pressure.



VENOUSTONE AND TRANSMURALRIGHT ATRIAL PRESSURE

tinued. The infusion periods ranged from four
to nine minutes.

DISCUSSION

In previous experiments (16) venous constric-
tion occurred during voluntary hyperventilation.
This suggests that the constriction observed in the
present investigation also might be attributed to
overbreathing. The venous constriction associated
with isoproterenol, however, greatly exceeded that
observed with voluntary hyperventilation despite
greater ventilatory rates and larger reductions in
end-expiratory CO2 tension in the earlier experi-
ments. The venous constriction seen with iso-
proterenol administration probably cannot be ex-
plained on the basis of hyperventilation alone.

If the peripheral venous constriction observed
in these experiments were generalized the net re-
sult would be a shift of blood centrally. There
is some support for this suggestion in the work
of Bruce, Cobb, Katsura and Morledge (17)
who reported increases in central blood volume
with isoproterenol infusion in certain patients. A
central shift of blood might seem inconsistent with
the fall in transmural atrial pressure which we ob-
served. The pressure in the central venous sys-
tem, which may be considered a direct extension
of the atrium, however, depends not only upon
the volume of blood within it but also on the tonic
state of its walls. If isoproterenol causes increased
distensibility or reduced tone of the central veins
the pressure could be low even though the volume
were large.

The presence of increased cardiac output dur-
ing isoproterenol administration (1, 18) might ap-
pear inconsistent with the decreased mean trans-
mural atrial pressure if one accepts this parameter
as an index of ventricular filling pressure. Sar-
noff's concept of "a family of ventricular function
curves" (19) seems useful in explaining the situ-
ation. According to his view increased stroke
work in the presence of reduced filling pressure is
still compatible with the Starling relationship be-
tween atrial pressure and cardiac output. The
relationship is simply shifted to a higher curve,
i.e., a level of function which yields more stroke
work for a given pressure. This appears to occur
with epinephrine (19) and it might occur with iso-
proterenol. A shift to a higher curve with these

agents might result from increased contractility
(leading to greater systolic emptying) or greater
diastolic distensibility of the myocardium. In
either case ventricular filling could increase even
though filling pressure fell. The concept of in-
creased myocardial distensibility has considerable
support from intact dog (20) and isolated heart
(21) experiments in the case of epinephrine whose
other actions on the myocardium are similar to
those of isoproterenol (5).

These experiments show that venous constriction
shifts blood from the periphery and that trans-
mural atrial pressure falls with isoproterenol. De-
spite this apparent paradox the fall in transmural
pressure does not exclude a central shift of blood
from consideration as an important determinant
of the increased cardiac output. It tends to rein-
force the thesis ( 1 ) that the action of isoproterenol
on the myocardium does something to cause output
to increase.

SUMMARY

Right atrial, intrapleural (esophageal) and
transmural right atrial pressure were recorded
simultaneously along with end-expiratory CO2
concentration before and during intravenous in-
fusion of isoproterenol. Ventilation was meas-
ured intermittently. Despite the mild hyperven-
tilation which occurred in each experiment, intra-
pleural pressure changes were not significant.
Atrial pressure fell regularly as did the transmural
pressure. The fall in transmural pressure was
caused by the fall in atrial pressure because intra-
pleural pressure was not changed appreciably.
The fall in atrial pressure previously observed
(3) probably is not a ventilatory effect.

In other experiments forearm venous distensi-
bility and pressure were measured before and dur-
ing isoproterenol infusion into a foot vein. Ve-
nous pressure fell in most tests but venous con-
striction occurred regularly. The large shift of
blood from the forearm which occurred in these
experiments was caused primarily by the venous
constriction and not by the fall in intraluminal
pressure.
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