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Pulmonary hemodynamic effects of halothane,
halothane-nitrous oxide, and cyclopropane anes-
thesia were studied in healthy young men. Car-
diac output, pulmonary artery and wedge pres-
sures, and arterial and venous oxygen contents
were measured. During halothane and halo-
thane-N:O anesthesia there were no significant
changes in pulmonary arterial and wedge pres-
sures or in pulmonary vascular resistance. A
marked decrease in left ventricular stroke work
during halothane anesthesia, with unchanged
wedge pressure, suggested myocardial depression.
Administration of cyclopropane caused a marked
increase in pulmonary arterial and wedge pres-
sures and in pulmonary vascular resistance. The
increase in wedge pressure reflected an increase
in cardiac work. Increased physiologic shunting
occurred with all anesthetic mixtures, but the con-
tribution of maldistribution to the shunt was
greater during spontaneous than during controlled
respiration. Neither halothane nor cyclopropane
prevented changes in pulmonary vascular resist-
ance associated with altered inspired oxygen
tension.
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THE PULMONARY VASCULAR RESISTANCE during
general anesthesia in man has not previously
been reported. Instead, inferences have been
drawn from measurements of pulmonary ar-
terial pressure and cardiac output, neglecting
the fact that the level of pulmonary venous
pressure cannot be assumed to remain con-
stant during anesthesia. Because of this lack
of information, the effects of general anes-
thesia with cyclopropane, halothane and halo-
thane-nitrous oxide on pulmonary hemody-
namics were determined in man. Two dif-
ferent inspired oxygen concentrations were
used during the cyclopropane and halothane
studies, in light of the known alterations in
circulation attending changed oxygen tension.
We elected to compare spontaneous and con-
trolled respiration, choosing a level of arterial
P, consistent with spontaneous respiration to
avoid including CO, effects in this comparison.

Methods

Twelve subjects, healthy male volunteers be-
tween the ages of 21 and 27 years, reported to
the laboratory in the early morning after an
overnight fast. Under local anesthesia a Cour-
nand needle was placed in a femoral artery
and a #7 Lehman catheter advanced through
an antecubital vein into the main pulmonary
artery with the aid of an image-intensification
fluoroscope.

The subjects breathed various gas mixtures
from a one-way circuit consisting of a reservoir
bag and a lightly-loaded overflow valve, cor-
rugated inspiratory tubing to a Frumin valve
and corrugated expiratory tubing to collecting
bags or a gas meter. During awake control
studies each subject breathed through a stan-
dard rubber metabolism mouthpiece. The nos-
trils were occluded with a clamp. During an-
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esthesia the subject breathed through an endo-
tracheal tube. End-tidal carbon dioxide was
measured at the mouthpiece or tracheal tube
with an LB-1 infrared analyzer, using a flow
of 500 ml per minute. This sampled gas was
returned to the chamber of the Frumin valve
so that measurements of the expired air were
not in error.

During anesthesia esophageal temperature
was measured with a thermister probe and
maintained at 37 C = 0.5 with the help of an
electrically heated blanket.

ANALYTICAL TECHNIQUES

The vascular and airway pressures were
measured with Statham strain gauges and re-
corded on a Grass model 5 polygraph. The
reference level for circulatory pressures was
the plane 5 cm dorsal to the angle of Louis.
Cardiac output was measured with the Stew-
art-Hamilton technique, using 5 mg of indo-
cyanine green dye per determination. This
was injected in the pulmonary artery; sampling
was via the femoral artery using a Waters
densitometer. Pulmonary vascular resistance
was calculated as mean pulmonary arterial
pressure minus mean pulmonary wedge pres-
sure, divided by cardiac output. The sequence
of measurements was pulmonary wedge pres-
sure, pulmonary artery pressure, and cardiac
output, in duplicate, all within a five-minute
period.

Blood samples from the arterial needle and
pulmonary artery catheter were drawn into
heparinized syringes and immediately iced.
The oxygen and carbon dioxide contents of
these blood samples were determined by the
manometric method of Van Slyke and Neill.: 2
The pH, Pco, and Py, of blood were deter-
mined at 37 C with an Instrumentation Labo-
ratories electrode assembly. Oxygen consump-
tion was calculated from the arterial~venous
oxygen content differences and the cardiac out-
put.

The physiologic shunt, calculated as shown
in the appendix, was determined at two dif-
ferent oxygen tensions. Physiologic shunt is a
sum of venous admixture, atelectasis and a
contribution due to ventilation/perfusion mal-
distribution. The latter contribution varies
with alveolar oxygen tension, being insignifi-
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cant at high concentrations (when Fr,, is 0.8
or greater), and increasing toward a maximum
when Fiy, approaches 0.2. End-expired con-
centrations of cyclopropane were measured by
the method of Linde and Price.* End-tidal
carbon dioxide and halothane concentrations
were measured using a Liston—Becker infrared
gas analyzer.

The data were analyzed statistically by Stu-
dent’s ¢ test. P values of 0.05 or less were
considered significant.

Halothane Anesthesia. Measurements dur-
ing halothane anesthesia with controlled res-
piration and with spontaneous respiration were
compared with control values in six subjects.
Cardiac output, vascular pressures, and blood
gas contents and tensions were measured six
times in each subject in order to study the
effects of the two different inspired oxygen
concentrations in the three different states
(one awake and two anesthetized). The con-
trol studies always preceded the induction of
anesthesia, but the order of alteration of oxy-
gen tension was reversed from one subject to
the next, as was the order of the respiratory
states (spontaneous or controlled) during an-
esthesia.

The inspired oxygen concentrations were 25
per cent and 98% per cent in the control study;
the balance of the gas was nitrogen. During
anesthesia 134 per cent halothane was included,
nitrogen again making up the balance. When
the inspired gas was changed from one oxygen
concentration to another, sufficient time was
allowed to achieve a calculated 99 per cent
washout of the previous mixture.

Cyclopropane Anesthesia. In the study of
cyclopropane anesthesia five similar sets of ex-
perimental observations were made in each of
six subjects. In two control studies inspired
oxygen concentrations were alternately 25 per
cent oxygen, 20 per cent cyclopropane with
the balance nitrogen, or 20 per cent cyclopro-
pane in oxygen. The inspired anesthetic mix-
ture was then changed to nitrous oxide-halo-
thane, and 40 minutes later a study of 70 per
cent nitrous oxide, 1 per cent halothane, the
balance oxygen, completed this protocol. Three
of these six subjects were allowed to breathe
spontaneously throughout the studies, while
in the other three respiration was controlled
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Fic. 1. Effects of an-
esthesia on the relation-
ship between left ven-
tricular stroke work and
pulmonary wedge pres-
sure. Different work lev-
els during consciousness
and cyclopropane anes-
thesia were produced by
varying Fio, from 0.25 to
0.80 atmospheres. Units
of stroke work =ml X
mm Hg mean arterial 60
pressure. @ = control; ©
= cyclopropane anesthe-
sia; A = halothane anes-
thesia.

70

LV Stroke Work (x10'®)

50F
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using minute volumes chosen to maintain ar-
terial carbon dioxide tensions similar to those
in the three who were breathing spontaneously.
Since there were no clear differences between
values in controlled and spontaneously-venti-
lating subjects, their data were combined.

Results

The principal findings are summarized in
tables 1 and 2. General findings appear in
table 1; those related to the pulmonary circu-
lation are entered in table 2. General anes-
thesia was associated with slightly increased
Pago, and reduced Pay, and pH. These
changes are attributed to hypoventilation and
increased pulmonary shunting.

ErFEcTs ON THE SYSTEMIC CIRCULATION

Halothane in oxygen (1 per cent end-tidal)
reduced mean arterial blood pressure and total
peripheral resistance to equal extents, leaving
cardiac output unaltered. It did not prevent
the further reduction in peripheral resistance or
the increase in cardiac output which had oc-
curred when the lower tension of oxygen was
inspired before the induction of anesthesia.

8 10 12 14
Wedge Pressure {mm Hg)

One per cent halothane with 70 per cent ni-
trous oxide produced essentially no effect on
general hemodynamics other than a decrease
in arterial pressure.

Cyclopropane (16 per cent end-tidal) had
no consistent effect on the systemic circula-
tion, although there were increases in arterial
blood pressure and total peripheral resistance
in most individuals. The increase in cardiac
output and decrease in total peripheral resist-
ance which occurred on exposure to the lower
oxygen tension in the first group of subjects
did not occur in the individuals given cyclo-
propane, either before or during anesthesia.

ErrEcts oN THE PuLMONARY CIRCULATION

Changes in pulmonary hemodynamics dur-
ing anesthesia were of considerably greater in-
terest. Cyclopropane administration not only
increased the pulmonary vascular resistance, it
also appeared to enhance the response to de-
creased oxygen tension. It distinctly elevated
not only the pulmonary arterial and perfusion
pressures, but also the wedge pressure. Of the
total increase in pulmonary arterial pressure,
roughly 60 per cent was estimated to be
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caused by actions distal to the pulmonary
capillaries. Halothane, in contrast, had no con-
spicuous effect on these measurements.

Both halothane (with either oxygen or 70
per cent nitrous oxide) and cyclopropane anes-
thesia increased the physiologic shunt through
the lung. The sum of venous admixture and
atelectasis (measured at high inspired oxygen
concentrations) was greater during anesthesia
than during consciousness. When 25 per cent
oxygen was inspired the calculated physiologic
shunt increased further during both halothane
and cyclopropane anesthesia. Such a change
indicates a significant increase in ventilation/
perfusion maldistribution during anesthesia. It
was most evident during halothane anesthesia
with spontaneous respiration.

ErFects oN THE HEART

The 4-mm Hg increase in wedge pressure
during cyclopropane anesthesia suggested that
left atrial pressure was elevated and raised the
question whether myocardial incompetence
was present. To answer this we calculated
left ventricular stroke work and plotted it
against wedge pressure. An illustrative result,
shown in figure 1, indicates that the increase
in wedge pressure was accompanied by an in-
crease in stroke work. In contrast, the un-
changed wedge pressure during halothane ad-
ministration was accompanied by a substantial
reduction in stroke work.

ErrecTts oN OxYGEN UPTAKE

Cyclopropane had an inconsistent effect on
oxygen consumption. In the 12 instances
where paired comparisons were made, there
were increases in VO, in six and decreases in
six. Halothane was associated more frequently
with diminished VO,. There were small in-
creases in VO, with halothane in three sub-
jects and decreases in nine. There were also
reductions in oxygen consumption following
the change from cyclopropane to nitrous-
oxide-halothane anesthesia.

Discussion

We became interested in the reactions of
the pulmonary circulation during anesthesia
not simply because of the absence of pub-
lished measurements but because of a num-
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ber of previous observations which suggested
that important changes take place in this area.
An effect of general anesthesia on pulmonary
physiologic shunting is now well recognized.* >
Still earlier work suggested that some of the
elevation in central venous pressure during
cyclopropane anesthesia reflected an increase
in right ventricular stroke work.® Finally, the
observation that pulmonary arterial pressure
can be increased both by cyclopropane? and
by halothane® raised the question whether
these agents acted upon the pulmonary vascu-
lature or whether their effects were secondary
to changes in cardiac performance.

Our data are consistent with the view that
cyclopropane causes pulmonary arteriolar con-
striction, either by a direct action or via sym-
pathetic nerves supplying the lung.® An al-
ternative possibility——that the mild respiratory
acidosis encountered may have been respon-
sible (table 1)—apparently can be discarded
both on the basis of earlier work® and be-
cause no such changes were observed during
halothane or halothane-nitrous oxide anesthe-
sia when similar degrees of acidosis were
present.

Our findings are thus in basic agreement
with those of Etsten et al.,” although it should
be pointed out that most of the elevation in
pulmonary artery pressure in our subjects was
caused by changes beyond the pulmonary
capillaries. Inferences drawn from the mea-
surement of pulmonary arterial pressure alone,
as in the previous study,” would seriously over-
estimate the degree of pulmonary vasoconstric-
tion. Similarly, we detected no change in pul-
monary resistance attributable either to halo-
thane or to halothane-nitrous oxide, despite
the fact that pulmonary arterial pressure occa-
sionally was elevated during anesthesia in this
study and was increased consistently in an ear-
lier investigation.®

Increased postcapillary pressure during an-
esthesia could result from depressed myocar-
dial contractility (caused by the anesthetic),
from a higher (more positive) level of intra-
pleural pressure (caused by respiratory depres-
sion and/or positive-pressure lung inflation),
or from an increased level of cardiac work.
In the case of halothane, the first two factors
appeared important in some subjects. Cyclo-
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propane produced no clear evidence of im-
paired cardiac performance, but did elevate
left ventricular stroke work. Increased intra-
pleural pressure presumably also occurred, as
can be inferred from figure 1, which shows
parallel lines (before and during anesthesia)
separated by a distance equivalent to a 2-mm
Hg increase in intrathoracic pressure.

The inverse relation between Pag, and pul-
monary arteriolar resistance at tensions above
the ambient level has not previously been
shown, to our knowledge. It is possible that
this response could be valuable clinically in
the treatment of incipient right heart failure.
The response of the pulmonary arterioles to al-
tered oxygen tension appeared uninfluenced by
halothane and may have been augmented by
cyclopropane. It is conceivably of clinical im-
portance that in the presence of nearly-normal
inspired oxygen tension (i.e., 25 per cent)
cyclopropane can approximately double pul-
monary vascular resistance. Such conditions
could be encountered initially upon discon-
tinuation of cyclopropane administration and
substitution of either room air or a nitrous
oxide—oxygen mixture. A large increase in the
work of the right ventricle, which might pre-
cipitate failure in a patient with marginal right
heart function, could be expected at this time.

Anatomic pulmonary shunting was increased
more consistently during controlled than dur-
ing spontaneous ventilation, largely due to
an increase in fixed shunt and/or atelectasis.
However, there was no statistically significant
difference between the degrees of this shunt-
ing observed with the three different anes-
thetic mixtures. The increase in Qg/Qq at-
tending lowered inspired oxygen tension is
due to maldistribution of blood and gas in the
lung. This effect was most marked during
spontaneous ventilation with halothane, where
the V/Q component contributed twice as much
to physiologic shunting as fixed admixture.
During controlled respiration with halothane,
or during both types with cyclopropane, V/Q
abnormalities were only half as important as
fixed venous admixture in producing physio-
logic shunting at 25 per cent inspired oxygen,
and would be even less important at higher
concentrations.
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The changes in VO, associated with halo-
thane are in agreement with the earlier find-
ings of Severinghaus and Cullen ! and Theye,!2
and those with cyclopropane are similar to the
data of Underwood et al.13 In vitro studies of
brain, heart and liver slices have shown that
halothane causes a decrease in oxygen con-
sumption,’* and our findings may reflect simi-
lar in vivo actions.
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APPENDIX

During inspiration of the high oxygen mixtures
(Fro, = 0.80 to 0.90) the physiologic shunt was
calculated by:

Q_S (A — aDO,) X A body temp.

Or (A —aDO0s) X \ + Cao;, — Cvo,
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Pao; was calculated as PB — PH:0 — Paco; — Py
anesth. Pao, was measured by polarographic
analysis of an iced arterial sample corrected for the
cooling time by the average change of Fletcher and
Barber.’® Cao, — Cvo; was measured by the Van
Slyke manometeric method.

During the inhalation of low oxygen mixtures
(F1o0, = 0.25), physiologic shunt was calculated by :

Qs _ (0.0032 X Paoz) + (S¢ X 1.34 X Hb) — Cao,
Or  (0.0032 X Paoy) + (Se X 1.3¢ X Hb) — Cvo,

Pa was obtained by the physiologic deadspace
method of Filley6:

Pa = (PB — 47) X Fi0:
—Pacoz/Prco:(F10: — Fgos)

[Cao; — Pao. X 0.0031]
1.34 X 8302

Hb was calculated from

Sco: and Sao: were taken from the Severinghaus
slide rule, knowing Paos;, Paco;, pHa and body
temperature.

Drugs

ISOPROTERENOL The effect of intravenous isoproterenol upon cardiorenal
hemodynamics was studied in ten patients with, and three patients without, heart
disease. Although cardiac output was increased in every patient in response to the
drug, no significant change in glomerular filtration rate or renal blood flow was seen,
and the percentage of cardiac output delivered to the kidney decreased. The data
suggest that there is either a weak beta receptor response in the kidney or none.
(Rosenblum, R., and others: Effect of Acute Intravenous Administration of Isopro-
terenol on Cardiorenal Hemodynamics in Man, Circulation 38: 158 (July) 1968.)

IRREVERSIBLE HYPOGLYCEMIA The glucose-lowering action of alcohol
augments that of other hypoglycemic agents and may induce severe hypoglycemia
with irreversible neurologic changes. In six healthy subjects infusion of alcohol
during a standard insulin-tolerance test inhibited the usual rebound of glucose after
hypoglycemia. Alcohol interferes with hepatic glyconeogenesis and induces hypo-
glycemia whenever glyceneogenesis is required to maintain normal glucose levels.
Diabetics receiving other hypoglycemic agents should be warned about the blood-
glucose-lowering action of alcohol. (Arky, R. A., and others: Irreversible Hypo-
glycemia: A Complication of Alcohol and Insulin, ] AM.A. 206: 575 (Oct.) 1968.)
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