Evaluation of the Circulation—Pulmonary and
Otherwise—in Man

ManNy croups have studied the effects of anes-
thetic agents on the systemic circulation in
man. Few have examined the equally impor-
tant topic of the effects of anesthesia on re-
gional circulations. Among these few have
been investigators at the University of Penn-
sylvania, In this issue of ANESTHEsIOLOGY!
they have extended their work to include what
is perhaps the most important of the “regional”
circulations: the pulmonary circulation.

The pulmonary circulation is no ordinary re-
gional circulation, for almost the entire output
of the heart must pass through it. Therefore,
any pharmacologic agent which influences the
pulmonary circulation may secondarily influ-
ence the systemic circulation, and vice versa.
Another important feature of the pulmonary
circulation is that during the early stages of
induction the distal half is at any instant ex-
posed to the highest concentration of an in-
halation anesthetic.

If the pulmonary circulation is important,
why have anesthesiologists devoted consider-
able energy to the systemic circulation and so
little time to the pulmonary circulation? * The
reason for the paucity of studies lies in the fact
that this circulation is difficult to investigate.
At first glance it would seem that the pulmo-
nary circulation would be one of the most di-
rectly accessible of the regional circulations;
certainly the proximal part is relatively easy to
reach in man. Right ventricular or pulmonary
artery catheterization is a more acceptable in-
vestigative technique than hepatic, carotid, or
renal artery catheterization. However, the dis-
tal part of the circulation—the left atrium and
pulmonary veins—is almost impossible to
reach. Yet pressure measurements at one of
these sites are needed to calculate pulmonary
vascular resistance.

#* Aviado? in a thorough 1,200-page review of
the pulmonary circulation, was able to gather only
13 references on the effects of inhalation anes-
thetic agents on the pulmonary circulation. In
contrast, there are more than 350 articles on the
effects of halothane or methoxyflurane on the sys-
temic circulation.

The resistance to flow in a tube depends
upon viscosity and geometry, and rises if the
fluid is thicker, the tube narrower, or the dis-
tance between the points longer. As shown by
the relationship first discovered by Poiseuille,
the tube radius is the major determinant of re-
sistance: R = P/Q = 81y/7r*, where R =re-
sistance, P = pressure, Q = flow, 1= length,
n = viscosity, and r=radius. To calculate
pulmonary vascular resistance, then, we need
to know the flow through the lungs and the
mean pressure drop from pulmonary artery to
pulmonary veins. Flow can be measured by
the Fick principle or with indicator dilution
curves, and while they probably give reason-
able approximations to the actual flow, both
methods have drawbacks.3-5 Since it is diffi-
cult or impossible to pass a catheter into the
pulmonary veins, their pressure is measured
indirectly by the “wedge” technique. A cathe-
ter with a single end opening is advanced as
far distally as possible in a pulmonary artery.
These arteries are end arteries; thus, their com-
plete occlusion by the catheter allows no more
blood to enter that segment. Therefore, pres-
sure in the vessel falls until it equilibrates with
the pressure in the vessels distal to the capil-
lary bed, that is, the pulmonary veins. Proper
wedging of the catheter is not always easy to
verify.® The best proof is to withdraw blood
through the catheter and show that, unlike
pulmonary arterial blood, it is nearly fully
saturated. If, however, pulmonary vascular re-
sistance is high, it may not be possible to with-
draw a sample. Demonstration of pulmonary
venous pressure waves, which pass retrograde
from pulmonary vein to catheter, is possible,
but they may not always be seen if resistance
is high, and they can be artifactually simulated
if the catheter is only partly wedged. When
in doubt, cautious angiography can confirm
wedging.®

Pulmonary venous and left atrial pressures
are usually the same, but can differ if there is
stenosis of the vein, cor triatriatum, or physio-
logic constriction of small pulmonary veins. ¢
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The assumption of equality may need to be
defended in any particular experiment, par-
ticularly if the wedge pressure is used to evalu-
ate myocardial function.

If we have measured pulmonary venous
pressure adequately, calculation of pulmonary
vascular resistance is easy, but its interpreta-
tion is not. In vascular beds, factors other
than those listed above affect resistance:
branching, change of direction, and variation
in diameter of tubes from one segment to an-
other all cause greater pressure drops than
would be expected from the Poiseuille equa-
tion. In any one person it is customary to as-
sume that these factors and the lengths of the
vessels are approximately constant. We, there-
fore, attempt to interpret changes in resistance
to give information about constriction and
dilation of small vessels. However, blood vis-
cosity is not constant, but varies with shear
rate? so that it has different values in vessels
of different diameters and at different cardiac
outputs. Furthermore, vessel diameter can
widen when pulmonary arterial flow and pres-
sure increase,® or narrow when they fall. It
is fortunate, therefore, that in the studies re-
ported by Price ef al. cardiac output changed
very little. The pulmonary vessels can dilate
passively when left atrial pressure is raised
acutely 11+ 12: all other things being equal, a
pressure drop from pulmonary artery to left
atrium of 25 to 14 mm Hg should be associ-
ated with a lower resistance to flow than is a
drop of from 15 to 4 mm Hg. Lung inflation
can raise resistance.’® Innumerable chemical
agents can change resistance. Hypoxia (an
oxygen tension of below 60 in the alveoli) 1*
and acidemia (below a pH of 7.2)1* are po-
tent vasoconstrictors, especially together, while
carbon dioxide appears to be a mild pul-
monary-artery vasodilator.’® Bradykinin and
alpha-receptor blocking agents are pulmonary
vasodilators, while catecholamines in general
cause vasoconstriction. Therefore, any proce-
dure which might stimulate the production of
these substances could have effects on resist-
ance which would be falsely attributed to the
procedure itself.

Failure of an agent or procedure to cause
any or only a slight change in pulmonary vas-
cular resistance in normal adults cannot be
extrapolated to patients with thickened media
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of the small pulmonary arteries. Thus, infants,
inhabitants of high altitude, and patients with
cor pulmonale or large ventricular septal de-
fects could all respond differently to the same
stimulus and need separate investigation.

Finally, there is evidence that flows through
different portions of the lung are unequal,¢
especially in the erect position. Therefore, the
calculated resistance figure is an average,
which can hide shifts of resistance from one
region to another. It is possible, for example,
for resistance to rise at the lung bases in mitral
stenosis so that flow is diverted to low-resist-
ance vessels higher up, the total calculated re-
sistance being normal.

Since the systemic and pulmonary circula-
tions are interdependent, we must also discuss
the data gathered on the systemic circulation.
The authors of the paper in this issue wished
to compare measurements taken during the
conscious state with those taken under anes-
thesia during spontaneous ventilation. Since
the agents tested depress ventilation, a rise in
Pagp, and drop in pH were inevitable. They
then chose to maintain this respiratory depres-
sion during controlled ventilation, that is, main-
tain the same Pagg, and pH by controlled
hypoventilation. Thus, the blood gas values
during anesthesia were different from those
during the awake state. Although the changes
in Pagg, seen in this study have little effect on
pulmonary vasculature, they do have a signifi-
cant effect on the systemic circulation. Carbon
dioxide itself is a vasodilator and myocardial
depressant. It can release epinephrine and
norepinephrine,’” which antagonize these ef-
fects. The result of a moderate increase in
Pagg, is, under most circumstances, myocar-
dial stimulation plus overall vascular dilation.s
These effects can counteract the depressant
effects of halothane. Thus, while most investi-
gators have observed a decrease in cardiac out-
put under halothane-oxygen anesthesia,'? Price
et al. observed none. Other measurements in
the systemic circulation might be expected to
have been affected by this change in Pagg,.
One way to escape this dilemma and still re-
tain the original protocol would have been to
add CO, to the inspired gas mixture during
the conscious control state—trying to predict
the ultimate Pagg, during anesthesia in a given
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subject. This, of course, would have been
difficult.

The changes in the systemic circulation pro-
duced by an increase in oxygen tension—an in-
crease in systemic peripheral resistance and a
decrease in cardiac output—were not ob-
tunded by halothane during spontaneous ven-
tilation. They were, however, obtunded dur-
ing controlled ventilation. Other studies have
confirmed this absence of change in the sys-
temic circulation when halothane—oxygen is
changed to halothane-air during controlled
ventilation.2® This leads to an interesting ques-
tion: how much of the circulatory response to
a change in oxygen tension is due to factors
other than the changed oxygen tension? In
the study of Price et al., pH and Pacg, re-
mained stable when oxygen tension was
changed, so these could not have influenced
the circulation. Volunteer subjects can be
trained to accept controlled ventilation while
conscious. It would be interesting to measure
the circulatory response to changes of oxygen
tension in the conscious state during controlled
ventilation.

Evaluation of myocardial function in man
remains difficult. The authors have approached
it by a time-honored method—the ventricular-
function curve. The Frank—-Starling Law states
that the greater the initial ventricular fiber
length, the greater the strength of contraction.
This is convenient for the heart, which is
working against constantly varying loads and
inputs, but is very inconvenient for the in-
vestigator. He must worry about whether a
change in ventricular function is due to a
change in “contractility” or to a change in
some extrinsic factor, such as end-diastolic fill-
ing. The ventricular-function curves, which
plot a variable reflecting the initial fiber length
against a variable reflecting function—in other
words, a Starling curve—can solve part of this
problem. The authors chose for the latter
variable stroke work, which, while useful, has
drawbacks. A pertinent editorial by Blinks 2
comments on the Starling ventricular-function
curves in general and the use of stroke work
in particular.

The use of pulmonary wedge pressure as an
indicator of end-diastolic pressure or volume,
the former variable, is yet another matter. In
the first place, the mean wedge pressure is not
the same as the left ventricular end-diastolic
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pressure, which occurs at a single point in the
cycle. Even if “a” waves are seen in the
wedged tracing, it is difficult to relate these to
a specific end-diastolic pressure. If the PR in-
terval changes, then the influence of atrial con-
traction on the end-diastolic pressure will vary.
Furthermore, even if left ventricular end-dia-
stolic pressure is obtained, it is not easy to re-
late it to fiber length. As many workers have
demonstrated, 22 left ventricular volume or fiber
length can change greatly with little change of
pressure. And many anesthetic agents, par-
ticularly cyclopropane,?® influence ventricular
compliance.* Thus, a change in end-diastolic
pressure may not reflect a proportional change
in end-diastolic volume, or in initial fiber
length. This is what the ventricle sees when
it begins to contract—the initial fiber length.

1t is hoped that our comments will not be
construed as a criticism of the investigations
reported by Price et al., but rather as an ex-
tension of interpretation of their results and a
suggestion for further investigations. The au-
thors have made a significant contribution by
performing experiments in man. This is where
the ultimate interests of all of us in medicine
lie. Any experiments in man require care and
ingenuity, and the authors have used both.
They have performed long-needed studies on
the pulmonary circulation, and have extracted
as much information as is possible with present
methods. Their controls were well conceived.
They have demonstrated that the striking dif-
ference between halothane and cyclopropane,
which has manifested itself in so many aspects
of the circulation, also exists in their effects on
the pulmonary circulation.

This work, like many other works by this
group, will serve as the foundation on which
many other investigations will be based.

N. Ty Smrtr, M.D.

Assistant Professor of Anesthesia
Department of Anesthesia

Stanford University School of Medicine
Stanford, California

Jurien 1. E. HoFFMaN

Associate Professor of Pediatrics
University of California Medical Center
Cardiovascular Research Institute

San Francisco, California

* The term “compliance” is used as the respira-
tory physiologist defines it.
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