Anesthesiology
V4L No 2 Aug 1974

Responses of the Coronary Circulation to
Physiologic Changes and
Pharmacologic Agents

George G. Rowe, M.D.”

AS THE GUARDIAX of the oxygen transport
system through periods of almost unbelievable
physiologic stress, and as medicine’s most
experienced practitioner of clinical pharma-
cology, it is imperative for the anesthesiologist
to have detailed knowledge of the coronary
circulation. This is so because the diseased
coronary circulation system cannot manage
its own affairs through the wide ranges of
stress to which man is exposed.. Thus, there
are approximately 2,000 cardiovascular deaths
per day in the United States,! and these
deaths are not limited to the aged and in-
firm. Indeed, postmortem examination of
Americans killed in the Korean War whose
average age was 22 veurs revealed grossly
visible coronary atherosclerosis in 77.3 per
cent of hearts and 90 per cent or greater
occlusion of a coronary artery in 8.3 per
cent? Hence, each adult male subject, even
though without symptoms of cardiovascular
disease, must be treated as though he has
some coronary atherosclerosis, and those sub-
jects with any symptoms of coromary insuf-
ficiency must be presumed to have extensive
coronary disease indeed. This review attempts
to cover briefly the control of the coronary
circulation, its modification by physiologic
stress and disease, and finally, the effects
upon the coronary circulation of various thera-
peutic and pharmacelugic interventions, es-
pecially those used during anesthesia and in
patients with cardiovascular disease.

Physiologic Determinants of
Coronary Flow

It is obvious that the “resting” heart is a
working muscle and therefore its vascular
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bed must deal with special problems which
include a wide arteriovenous oxygen dif-
ference and consequently a venous oxygen
content in the range of 30 per cent saturated.®
This means that any significant increase in
myocardial oxygen consumption must be met
by an increase in coronary blood flow. Under
conditions of duress, the heart may increase
its output manyfold,** and if accomplished
against elevated arterial systolic pressure, as
it usually is, the increase in left ventricular
work and coronary blood flow is indeed
impressive.t~* Since increases of 500 per cent
in coronary blood flow have been reported,®
obviously highly adjustable factors are in-
volved in its control. These are reviewed
below.

In its simplest terms, coronary flow is deter-
mined by the interplay of coronary vascular
resistance and perfusion pressure,® since
changes in blood viscosity, the other factor
in the equation, are generally not sufficiently
variable to be very important. Clearly the
prime determinants of myocardial blood flow
are the cardiac rate and the arterial blood
pressure, with these two variables alone ac-
counting for most of the changes seen.*™**
This is apparently because of the close direct
relation between these factors and myocardial
metabolism, hence demand for flow. Coronary
blood flow and rate are directly related over
the wide range which has been explored
both in animals™* and in man.**~** Although
there is a minimum arterial pressure below
which no coronary flow can occur, and al-
though increasing arterial pressure in the
intact animal is accompanied by increased
flow, coronary flow is not linearly related to
perfusion pressure because of vasomotion and
autoregulation.? Thus, in the perfused heart
when arterial pressure is increased acutely,
coronary flow increases transiently, the vas-
cular bed then adapts itself to the increased
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pressure, and flow tends to return to the
level which existed prior to the pressure
change.®* Similarly, when perfusion pres-
sure is suddenly decreased, coronary flow
transiently decreases and then tends to in-
crease again to the control level as the coronary
resistance readjusts itself®® It has been
postulated that the smooth muscle in the
vessel walls of the coronary arteries effects
autoregulation by maintaining a constant
tension, adjusted by tension sensors in the
walls.® Since tension in a vessel wall is
related to its diameter, a smooth muscle will
exert the same tension in a dilated vessel
distended by a low pressure and in a con-
stricted vessel whose intraluminal pressure is
high. As with other contracting muscles,®®
myocardial blood flow is sharply reduced
during strong contractions.?®* Thus, phasic
measurements of coronary blood flow in the
epicardial arteries supplying the left ventricle
generally show a sharp systolic reduction and
diastolic augmentation.®®?! The idea that this
pattern is due to compression of the intra-
myocardial arteries is supported by the ob-
servation in the dog that flow in the right
coronary artery closely follows the arterial
pressure,” presumably because it supplies
chiefly the right ventricle and is not com-
pressed so much in systole. These observa-
tions lend some credence to the idea that
left ventricular intramyocardial pressure may
exceed intravascular pressure and throttle
systolic flow.3-3 It is known, however, that
during contraction of skeletal muscle interrup-
tion of blood flow tends to occur by kinking
of larger arteries where they pass through
muscle layers” and thus it is possible that
a similar mechanism is more responsible
for reduced myocardial systolic flow than is
capillary compression. If perfusion pressure
is sustained during cardiac arrest, in spite
of markedly reduced myocardial metabolic
demands, coronary Hlow increases sharply?!
and myocardial oxygen extraction is reduced.*
It is of considerable interest that the phasic
pattern of coronary flow changes in passage
through the myocardium, since in the epi-
cardial vessels diastolic flow is greatest?*2*
and in the coronary sinus systolic flow is
greatest.® Although, as already indicated,
it is presumed that this change in phase
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is due to interruption of the arterial inflow
by the intramyocardial systolic pressure,
which simultaneously “wrings out” blood
through compression of the cardiac venous
tree, it must be conceded at the present
time that no opinion concerning the timing
of nutrient myocardial capillary flow is
justified. It has been concluded that the
systolic tissue pressure increases from the epi-
cardium to the endocardium but dogs not
significantly affect endocardial flow so long
as normal coronary perfusion pressure and
total coronary flow are maintained.** How-
ever, it cannot be predicted in the absence
of data whether the capillaries placed in the
interstices around the myocardial cells are
compressed or dilated during cardiac contrac-
tion, because it is not known whether the
change in shape of the myocardial cells as
their rigidity increases in systole would tend
to reduce or to increase pressure in the
specific location of the capillary. The capil-
laries in skeletal muscle are known to remain
open during contraction.”® An analogy may be
that delicate organisms live among the
boulders at the bottom of a rockslide un-
affected by the force distributed through the
rigid structures which surround them but
may be crushed quickly when a new slide
occurs. Thus it would seem likely to this
reviewer that at normal ventricular volumes
relatively little myocardial capillary compres-
sion occurs, whereas if the end-diastolic
volume were sharply reduced, considerable
compression might occur. In line with this
thesis, Gregg has pointed out that intra-
vascular resistance appears to be more im-
portant than extravascular compression.?®

As would be expected, delivery of oxygen
to the myocardium is very important in regu-
lating coronary flow. This, in acute’ and
chronic severe anemia, coronary flow per unit
of left ventricular weight increases.?3' This
would appear to be related to the reduced
oxygen-carrving capacity of the blood, since
flow varies inversely with the hemoglobin
content of a solution perfusing the myo-
cardium.® Furthermore, when dextran is
infused, producing hemodilution, myocardial
blood flow increases.®® It has also been shown
that when the hemoglobin content is raised
by blood transfusion coronary flow in anemic
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subjects falls toward the normal range™=
This observation is confirmed further by the
fact that coronary flow is reduced in sub-
jects with polyeythemia.® If the arterial blood
oxygen content is reduced by administration
of 10 per cent oxygen, cardiac output in-
creases, left ventricular work increases, and
coronary blood flow increases considerably.®
Inhalation of 100 per cent oxygen or ad-
ministration of hyperbaric oxygen usually
causes diminution of coronary blood flow
in the normal dog.**=*

Hyperventilation decreases P¢o., increases
pH, and reduces coronary blood flow of
experimental animals® and man,*™ and mark-
edly decreases coronary sinus blood Pg, in
both.3 On the other hand, sodium bicarbounate
increases blood carbon dioxide content, car-
diac output, left ventricular work, myocardial
oxygen consumption, and coronary blood
flow3* Similar changes in blood pH pro-
duced by administration of THAM did not
significantly change coronary blood flow of
the intact dog® but unbuffered THAM with
a pH of 102 or sodium carbonate infused
directly into the coronary arteries of the
open-chest dog did increase coronary flow.*
Among substances commonly administered
clinically, 50 per cent glucose* and molar
sodium succinate® had relatively little effect
on coronary blood flow of intact animals,
whereas molar sodium lactate increased body
oxygen consumption, cardiac output, cardiac
work, and coronary blood flow.® Adminis-
tration of calcium chloride intravenously to
anesthetized dogs produced a marked slowing
in cardiac rate with a considerably enhanced
stroke volume but no change in cardiac out-
put, while coronary blood flow decreased
and coronary vascular resistance rose.** In
the intact unanesthetized dog, similarly ad-
ministered calcium was strongly inotropic
and coronary flow increased, apparently
secondary to its metabolic effects.®® Hyper-
tonic sodium chloride caused increased
cardiac output and cardiac work without in-
creasing arterial blood pressure, with a
variable but not significant increase in
coronary blood flow.** Administration of
hypertonic contrast material produced hemo-
dilution with an apparently increased blood
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volume, and elevated cardiac output, cardiac
work and coronary blood flow.#

There is no doubt that neural and neuro-
humoral factors affect coronary blood flow,
although relationships are complicated and
the interplay of factors has been difficult to
distinguish.? Thus, stimulation of the sym-
pathetics increases cardiac output, augments
the vigor of cardine contraction, increases
cardine metabolic demands, and increases
coronary blood flow,*# whereas the best cur-
rent evidence indicates that the direct effect
of the sympathetics on the coronary vessels
alone is probably that of constriction.*~*
Contrariwise, stimulation of the vagus slows
the heart, reduces the cardinc metabolic
demands, and decreases coronary flow in the
intact preparation. Yet it can be shown that
vagal stimulation directly reduces coronary
vascular resistance.®™* Carotid sinus nerve
stimulation decreases arterial pressure, heart
rate, and work, and has been utilized to
relieve anginal pain.*

Effects of exercise on coronary flow,
especially in those with cardiovascular dis-
ease, has long been of interest. It is agreed
that coronary blood flow increases with
exertion®~" as it does during excitement and
sympathetic stimulation.®® This is true in
normal human subjects,*35 those with minimal
heart disease,*>% subjects with aortic stenosis
and insufficiency,* and patients in congestive
heart failure.®™ In subjects with coronary
disease, coronary flow has been found to be
normal at rest,*-® with a tendency to be
higher in those with more severe disease®
and to increase with exercise®® or pacing.®
Recent data indicate a limited capacity of
those with coronary disease to increase their
myocardial flow with pacing, Isuprel,® and
drugs which increase coronary blood flow,
although coronary flow increased normally
during limited exercise in anginal subjects
with aortic-valve disease™ However, in
violently exercising Alaskan sled dogs, coro-
nary How increases roughly five times over
resting values,® and in heavily exercised
normal men flow is estimated to increase
by at least three times.* This degree of exercise
has not vet been approached in studies of
subjects with angina pectoris, and it would
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be predicted that such increases in myo-
cardial blood flow could not occur in the
heavily diseased coronary circulation.

Myocardial Metabolism

Clearly, myocardial blood flow is regulated
in some way by myocardial metabolism,
increasing and decreasing to supply myo-
cardial metabolic demands.™ %57 [t has been
postulated that local release of adenosine
within the heart controls coronary flow,
and there is much to support this hypoth-
esis, ™ gince it is a very active coronary

-asodilator,” =7 which is locally available and
is destroyed in blood and even more rapidly
inactivated in the lung.™ Thus, it could pro-
duce the evanescent type of response required
for rpid, profound adjustments. Whether or
not the substance eventually proves to be
adenosine, some compound or compounds
formed in tissue during the metabolically
active state must be important in local blood
flow control. As reviewed by Berne,® po-
tassium and other substances have been sug-
gested as the controlling agent, but although
they can increase coronary blood flow, the
increase achieved is considerably less than
that produced in response to physiologic
stimuli or to the adenine nucleotides oradeno-
sine: consequently, it seems unlikely that
these agents are primary in controlling
coronary flow.

Teleologically, it would be desirable for
an organ so essential to life as the heart
to be capable of metabolizing a wide variety
of substances. It has been established that
although the normal heart is predominantly
aerobic, it is also capable of anaerobic metab-
olism, and that carbohyvdrates, proteins, and
fats are consumed. The oxygen consump-
tion of the resting noncontracting heart is
very low,®%™ presumably only that required
for maintenance of cellular viability.?57 If
useless work such as fibrillation is permitted
to occur, oxvgen consumption is in-
creased™™™ but still does not approach the
high cardiac oxygen consumption per unit
of weight which is the hallmark of normally
working myocardium*™® As the amount
of cardiac work increases above the resting
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level, cardiac oxygen consumption increases
also.”~113 However, it has been established
that “pressure work”™ is metabolically more
expensive to the heart than “volume work,”
with the increment added by increasing stroke
volume being so small that in some situa-
tions it is scarcely measurable, whereas the
increment added by increases in arterial pres-
sure is very marked indeed.’™ It is well
established that myocardial oxygen consump-
tion is closely and directly related to cardiac
rate over the wide ranges in which this
has been measured both in experimental
animals and in man."*~% The product of heart
rate and systolic blood pressure, or the
“time-tension index,” is very closely related
to myocardial oxygen consumption.’®! An
additional important factor is the velocity at
which contraction occurs; the faster the myo-
cardial fibers shorten, the more oxyvgen is
consumed per contraction.™ Electrical de-
polarization and repolarization of the heart
is a minor energy cost.> All additional factors
are small compared with the overriding deter-
minants of cardiac rate, velocity of shortening,
and tension achieved,® and in practical terms,
since these are the variables over which the
clinician has most control, they are of the
greatest clinical importance.

Although traditionally coronary flow is re-
garded as subservient to metabolic demands,
it is clear that overperfusion of the left
ventricle increases myocardial oxvgen con-
sumption®*~= and even contractility.®* Prac-
tical ramifications of this observation are not
clear, but it should be remembered that a
very considerable increase in oxygen con-
sumption has been shown to occur with
overperfusion,” especially in the non-working
heart.™ These observations may well apply
to the heart during cardiopulmonary bypass,
when myocardial perfusion is suddenly in-
creased during induced arrest or fibrillation.
Underperfusion has even more profound ef-
fects. Thus, during myocardial hypoxia, rapid
dephosphorylation of the high-energy phos-
phate compounds occurs and there is con-
siderable glycogenolysis.5** The content of
diphosphopyridine nucleotides in the heart
diminishes with persistent hypoxia,* and
myocardial metabolism tends to become
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anaerobic, with production of lactate.**! The
concept of “excess lactate”™ as a reliable
indicator of hypoxia has been both sup-
ported®~*' and questioned.”

Coronary Blood Flow and Disease

Great interest has centered on the deter-
mination of coronary blood flow in subjects
with angina pectoris, but measurements
utilizing many different methods have failed
to differentiate subjects with atherosclerotic
heart disease from normal individuals.3®-6
Although early data indicated that such sub-
jects could not increase their myocardial
blood flow with relatively mild exercise,®
later data did not confirm these preliminary
observations.®* Recently, observations col-
lected with new methods of measuring
coronary flow and utilizing cardiac pacing
or administration of Isuprel as the challenge
have shown that when greater demands
are made on the circulation, subjects with
atherosclerotic heart disease are not capable
of increasing their coronary blood flow to
the same extent as normal subjects.5-%5%
Inequality of flow in different regions of the
heart has long been suspected to occur in
subjects with angina pectoris, and has been
confirmed by following the rate of clearance
of radioactive material after its local injec-
tion in several areas of the heart® After
systemic injection of radioactive material,
non-uniform perfusion has also been found
by using multiple counters located in a regular
lattice over the cardiac shadow.®” It is not
presently known whether the areas of re-
duced flow measured by these methods con-
tain normal heart muscle, but it seems very
probable that if there is inadequate blood
flow to maintain normal resting myocardial
metabolism, localized necrosis will result,
with a fibrotic scar.®® Presently it is clear
that in most subjects with significant athero-
sclerotic heart disease the major epicardial
coronary arteries are obstructed in localized
areas. Apparently, in spite of the augmented
collateral circulation, blood flow remains
inadequate in certain myocardial areas during
increased metabolic demands and produces
angina. In time these areas may undergo
diffuse fibrosis if ischemia is slowly pro-
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gressive, or if outright myocardial infarction
occurs, a scar results. The anginal attack
has also undergone considerable study and
it is widely agreed, although not vet proven,
to be due to a discrepancy between demand
and supply of blood flow to the myocardium.
The ischemic attack may be accompanied by
alteration in compliance of the left ventricle,
with elevated pressure in the left ventricle
at end-diastole,?***'® in the systemic ar-
teries,!™ and in the left atrium as reflected
in the pulmonary arterial wedge pressure.®
Such hemodynamic events are readily ac-
cepted as manifestations of acute left ven-
tricular failure precipitated by ischemia.
Relief of the anginal attack is frequently
produced by nitrites. However, there is ex-
cellent evidence presently that this is not due
to coronary vasodilatation, since administra-
tion of nitroglvcerin into the coronary artery
during an anginal attack does not relieve
anginal pain even though an increase in
coronary blood flow occurs.’® On the other
hand, systemic administration of nitrites de-
creases peripheral venous tone and return
of blood to the heart,'™1% reduces cardiac
size,105199-10 ]owers arterial blood pres-
sure, =13 and diminishes cardiac work,°-1"
with relief of anginal pain. The hypothesis
that nitrites are effective by reducing cardiac
work is strengthened by the observation that
angina is more easily produced after blood
volume expansion with dextran, and is
less easily produced after phlebotomy.!®
Thus, our investigations would appear to have
come full circle!™* from 100 years ago, when
T. Lauder Brunton'? introduced nitrites on
the thesis that they reduced cardiac work
and thereby relieved pain of cardiac ischemia.
Furthermore, administration of coronary vaso-
dilators, which increase coronary blood flow,
generally does not relieve angina; indeed,
it may precipitate such pain.® This is believed
to be due to interference of vasodilators
with the coronary vasoregulatory mechanisms,
preventing optimal distribution of bloed flow
in the ischemic heart® and perhaps pre-
cipitating “coronary steal.”** For the “steal
syndrome” to occur, collateral vessels which
supply an ischemic area must arise from an
artery beyond a stenosis. In a partially ob-
structed artery there are two potential areas
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of resistance, one at the site of the partial
obstruction, the other at the normal site of
most vascular resistance in the arterioles.
The arterioles are so dominant in flow con-
trol that a non-critical proximal epicardial
arterial stenosis usually does not interfere
with their autonomy. However, if the ar-
terioles dilate widely, the partial obstruction
may become flow limiting. Then pressure
will be reduced at the source of collateral
vessels which arise distal to the partial oc-
clusion and they will fail to deliver blood
as they normally do. Thus, the normal
arteriolar bed “steals” the blood which should
have been supplied to the ischemic area.!™
Recently, it has been recognized that during
angina the hemoglobin in the coronary sinus
blood has less affinity for oxygen and there-
fore, at any given saturation, delivers oxygen
at a higher P_.1*°

There have been several reviews of the
metabolism of the heart during congestive
heart failure.5*120521 Although cardiae output
is low, and coronary sinus oxygen content
reduced,™ coronary blood flow is within the
broad limits of normal.'= Cardiac efficiency
is reduced, however, because of the increased
oxygen consumption per unit of work done.!**
When strophanthidin is given to human sub-
jects with heart failure, cardiac output im-
proves' but left ventricular oxygen consump-
tion is unchanged, and therefore efficienc
improves.' In the non-working left ventricle,
strophanthidin transiently decreases and then
increases coronary blood flow, whether or
not there is ganglionic blockade, cardiac
denervation, or adrenalectomy.'* Subsequent
to strophanthidin, potassium is lost from the
myocardium of man,”®* and in the normal
dog potassium is lost and sodium is taken
up.’ Lanatocide C produced little change
in cardiac metabolism,”™ and it was con-
cluded in a study of the dinitrophenol-
poisoned dog heart that this glvcoside re-
stored the initial work performance of the
heart without changing its oxvgen con-
sumption.'*

Coronary blood flow has been studied in
severul states commoanly associated with hypo-
tension. During hemorrhagic shock, coronary
blood flow and cardiac output are sharply
reduced.*® It appears highly unlikely, how-
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ever, that the reduction in coronary flow con-
tributes much to the circulatory decay, except
late in the course of the syndrome, when
the heart, as well as many other organs,
is damaged by prolonged hypoperfusion.
Thus, in the terminal states of shock, when
the heart dilates and left atrial pressure
rises, augmenting left coronary flow, even
while maintaining the same degree of hypo-
tension, will reduce left atrial pressure to
normal and improve myocardial contrac-
tion.’*® Hyperbaric oxygen administration
normally decreases coronary blood flow, but
in hemorrhagic hypotension it causes no
change in flow, only an increase in myocardial
oxygen consumption.®® When hyperbaric oxy-
gen is given to dogs in shock from myo-
cardial infarction induced by microsphere
embolization, arterial pressure rises and, in
at least some animals, there is a transient
increase in coronary blood fHow with a marked
increase in coronary sinus blood oxygen con-
tent and a significant decrease in lactate
production.!® Beta-adrenergic receptor block-
ade ameliorates the systolic reduction in
coronary flow seen in hemorrhagic hypoten-
sion,'® improves myocardial blood How,™
and reduces the myocardial lesions which re-
sult from prolonged shock.'® These results
are believed to be due to relief from the
intense sympathetic inotropic stimulation of
the heart in hemorrhagic shock.* During
cardiac tamponade coronary flow decreases,
as do cardiac output and left ventricular
work.'** However, with the increase in rate
produced by tamponade, left ventricular
oxygen consumption remains unchanged, so
cardiac efficiency is markedly reduced.™
During pulmonary embolization, in the dog,
coronary How through the left ventricle is
reported to be unchanged,'™ while coronary
flow to the hypertensive right ventricle in-
creased markedly.** When a large arterio-
venous fistula is opened, coronary flow in-
creases in spite of the low diastolic perfusion
pressure,® indicating marked capacity of
normal vessels to adapt to this stressful
situation.

When cardiac work is increased by disease,
coronary flow also increases. Thus, in sub-
jects with thyrotoxicosis, cardiac output and
coronary blood flow increase, accompanied by
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reduced coronary and peripheral vascular re-
sistance.’1% Treatment of such subjects with
131] and restoration of euthyroidism also re-
stores normal coronary blood flow."™* Coronary
blood flow per unit of left ventricular
weight is normal in hypertensive sub-
jectst141;: however, allowing for the increased
left ventricular mass and reduced output
in Grade 1II and IV hypertensive subjects,
total coronary flow is considerably increased
and cardiac efficiency reduced.!"

Anesthesia and Coronary Blood Flow

Extensive studies of the effects of anes-
thetics on coronary blood flow do not appear
to have been made; most studies are done
in alert human subjects or already anesthe-
tized animals, and there is reason to doubt that
the effect of an additional anesthetic in a sleep-
ing animal is comparable to inducing anesthe-
sia. It is well known that anesthetic doses of
pentobarbital produce considerable increases
in cardiac rate, cardiac output, and coronary
blood flow. If the dose of barbiturates is
increased progressively, cardiac depression
occurs and failure is induced.'*"* Adminis-
tration of ketamine is accompanied by in-
creased systemic arterial pressure, cardiac
output, and coronary blood flow.'** When
given to alert animals, some of this “ketamine
effect” may be due to the excitement phase.'*
The systemic and coronary hemodynamic
effects of many drugs, including some which
may be used during anesthesia, has been
summarized in tabular form for those who
wish to have a ready reference to th
material.’ Further data on some agents of
special interest are included here.

Administration of atropine is associated with
a marked increase in coronary blood flow
parallel to the increase in cardiac rate.’® It
is reasonable to anticipate that most of the
sympathomimetic agents which produce in-
creases in cardiac rate would have a similar
effect. Studies of catecholamines confirm that
this is the case for isoproterenol in dogs™®
and in man, %119 45 well as for epinephrine
and norepinephrine.’*®*5¢ Although the latter
drugs are direct coronary vasoconstrictors,
their metabolic effects quickly overcome con-
striction and result in overall coronary vaso-
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dilatation."®® If there is myvocardial infarction
through coronary embolization, the increased
fow achieved by Isuprel is reported not to
be sustained.’”® Under circumstances of in-
farction with shock, norepinephrine was
thought to be superior to isoproterenol.’
The increase in coronary blood flow which
occurs with increases in cardiac rate is pre-
sumed to be directly related to the myo-
cardial metabolic demand. It is known that
subjects with coronary-artery disease may
have ischemia induced by pacing the heart,s%°
so it is reasonable to expect that inducing
tachycardia by other means may have a
similar effect.

Vasoconstricting nerves are blocked by 1
wide variety of hypotensive drugs. Among
these, the ganglion-blocking drugs tend to
reduce cardiac output, coronary blood flow,
and left ventriculir oxygen consumption, as
shown by studies of hexamethonium,' pento-
linium,™ mecamylamine,'®* trimethidin-
ium, % and trimethapan.’* Much of this effect
seems clearly related to reduced arterial blood
pressure and cardiac work. There are, of
course, limits to how far the blood pressure
can be lowered safely with vasodepressor
agents, since coronary blood flow is heavily
dependent on perfusion pressure and falls
off rmpidly when excessively low blood pres-
sures are reached. These limits are pre-
sumed to be even more critical in the presence
of coronary arterial obstructive disease. Acute
systemic and coronary vasodilatation occurs
with diazoxide' % and is not blocked to
any great extent by pretreatment with reser-
pine.’® When release of catecholamines from
peripheral nerves is blocked, the effects
are similar to ganglionic blockade.’™ Peri-
coronary neurectomy with phenolization of
the proximal coronary arteries, hence pre-
sumably localized denervation, caused an in-
crease in coronary blood flow and a decrease
in arteriovenous oxyvgen difference.’™ When
hypotension is induced acutely by guanethi-
dine, cardiac output and coronary blooad flow
increase unless there has been prior reser-
pinization.’ Presumably this acute effect is
due to acute catecholamine release.

Administration of the beta-adrenergic re-
ceptor blocker, propranolol, produces a signifi-
cant decrease in coronary blood flow and an
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increase in coronary vascular resistance, ac-
companied by reduced cardiac output and
cardiac work.' Cardiac contractile force is
sharply reduced,'™ as is the cardiovascular
response to exercise.'™ These actions may
explain its efficacy in angina. Since propran-
olol increases coronary vascular resistance in
reserpinized dogs which are catecholamine-
depleted, at least part of the change is due
primarily to propranolol itself£'* Isolated
helical strips of smooth muscle from small
coronary arteries and isolated perfused small
coronary arteries relax when exposed to small
concentrations of epinephrine and norepi-
nephrine. This response is blocked by the
beta-adrenergic blocker, nethalide.’® The re-
sponse of similar smooth muscle preparations
from large coronary arteries was variable.!s

Various “biological products™ or closely re-
lated compounds which have important
coronary hemodynamic effects may be ad-
ministered or released during anesthesia.
Among these, dopamine has long been known
to be a very active coronary vasadilator
which increases cardiac output and cardiac
work." In the closed-chest dog the coronary
sinus oxygen content rises markedly, since
coronary flow exceeds demand,® but in the
open-chest dog coronary flow and myocardial
oxygen consumption increase together.'™”
Propranolol blocks the cardiovascular effects
of dopamine.'* Serotonin also causes coronary
vasodilatation,!® but is much less active than
dopamine’®® or adenosine.” ¥ Systemically
administered bradykinin is a still less potent
coronary vasodilator’®17% however, any of
these compounds which may be synthesized
in tissue could be very important in local
adjustments of blood flow.

Among the so-called *“coronary vasodila-
tors” there are few which are indeed active
in altering coronary blood flow. Thus, intra-
venous administration of papaverine de-
creases coronary resistance and increases
coronary blood flow,”™ but aminophylline
does not.*** Administration of nitrites other
than directly into the coronary circulation is
now generally agreed to be associated with
no significant change in coronary blood flow
or to produce a slight decrease.’*~*" Nitrites
are well known by coronary arteriographers
to dilate the major epicardial coronary arteries
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and to relieve catheter-induced large coro-
nary-artery spasm. It is not known whether
spasm occurs spontaneously in normal or
diseased coronary arteries or whether it is a
significant problem in producing myocardial
ischemia, but many suspect that it can occur.
Consequently, the use of nitrites to sustain
adequate coronary blood flow during surgery
on subjects with atherosclerotic coronary-
artery disease is neither unreasonable nor
well founded. If used, it must be recognized
that nitrites usually reduce the cardiac filling
pressure, and reduce the systemic arterial
pressure against which the ventricle must
empty, as their major effects.’”* They may
fmprove coronary blood flow distribution.
The effects of thermal changes have been
carefully studied, and it is established that
during hypothermia from total-body cooling
there is a sharp initial decrease in coronary
flow, while the decline in arterial pressure
is small.*® This is presumably due to the
reduced metabolic demand of the body, the
diminished cardiac output, and the brady-
cardia.’”™ In spite of the reduced coronary
resistance’ and extravascular myocardial
compression, during total-body hypothermia
perfusion pressure tends to decrease suf-
ficiently that actual coronary flow in ml/min
is reduced.'™™ After cooling is achieved,
even though there is prolongation of sys-
tole,'™ coronary vascular resistance remains
low because elevation of the perfusion pres-
sure results in considerable increase in flow.'?
When cardiac cooling is achieved through per-
fusion with cold bloed, coronary vascular re-
sistance is reduced, but when warmed blood
is diverted through the coronary circuit,
resistance falls acutely and then returns again
toward the control level.** It is concluded
that the dilatation from cold blood might
result from a direct temperature effect upon
the vascular smooth muscle. Part of the re-
duced coronary resistance may also be due
to slowing of the heart rate, but in general
the duration of systole per cycle is prolonged
enough to increase the period of extravas-
cular compression.’”® The hypothermic heart
is capable of extracting oxvgen very effec-
tively,'® but fibrillates readily, especially if
underperfused.’” When epinephrine is ad-
ministered to the cold heart, heart rate, blood
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pressure, and coronary blood flow increase,
but ventricular fibrillation is prone to occur.'™
Although there is considerable reduction in
coronary flow during hypothermia, the reduc-
tion in cardiac output is greater, so that the
fraction of cardiac output perfusing the coro-
nary arteries is increased.’™ The reduction
in left ventricular work during hypothermia
exceeds the decrease in left ventricular metab-
olism, suggesting a failure of cardiac efficiency
during the cold state.’™ On the contrary,
during hyperthermia induced by external
warming, there are marked increases in heart
rate, cardiac output, left ventricular work,
coronary blood flow, and myocardial o
consumption.’™ Coronary blood flow wa
increased during drug-induced hyper-
pyrexiai®®

The repeated use of cardine arrest during
heart surgery has increased the practical
value of knowledge of its physiology. Studies
of the arrested or non-working perfused heart
indicate reduction in oxygen consumption to
20-30 per cent of that of the naturlly
perfused working heart in situ 7™ There is
only slightly less oxygen consumption in the
arrested heart than in the fibrillating organ,™
and there is little evidence of uptake of
glucose, lactate, or ketones during the arrested
state.™ In evanotic children, the myocardium
tolerates longer ischemic periods with less
anaerobic glyeolysis and less lactate produe-
tion than in the noncvanotic child.' This
coincides with data indicating that the heart
of the altitude-acclimatized rat tolerates
coronary-artery ligation better than does that
of the control rat.** During anesthesia for
heart surgery on cyanotic and noncyanotic
children, the coronary sinus blood oxygen con-
tent increases, as does coronary sinus blood
pH, with P¢y, remaining high.'*® The pre-
dominant myocardial substrate during anes-
thesia is nonesterified fatty acids, whereas
consumption of glucose is sharply re-
duced.*1® There is a marked fall in pH
of the blood contained in the coronary circu-
lation during cardiac arrest, but this takes
place only slowly, with a minor change in
the first ten minutes of acute ischemia.'™

Considerable reduction in left ventricular
work may be produced by withdrawing
blood—or volume—from the arterial system
during systole and replacing it during diastole.
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This may be effected by the process known
as “counterpulsation.”®* It has been shown
to decrease left ventricular oxygen consump-
tion in normotensive dogs, but in the dog
with a deteriorating heart, an increase in
coronary flow occurs, accompanied by an
increase in cardiac oxygen consumption.'™®
No attempt is made here to review the ex-
tensive literature on this process or its elinical
promise in supporting subjects with acute
infarction and shock, in acute coronary care,
or through emergency myocardial revas-
cularization.

Summary and Conclusion

The flow of blood through the coronary
circulation is heavily dependent on myo-
cardial metabolic demands which are deter-
mined chiefly by cardiac rate, the systolic
blood pressure and the velocity of contrac-
tion achieved by the ventricle. Other factors,
such as the length of shortening (stroke
volume), the maintenance of cellular viability,
and the production of electrical activity, are
relatively minor energy costs. The coronary
circulation autoregulates so that changes in
perfusion pressure meet a variable local
vascular resistance determined chiefly by
myocardiul metabolic needs. Various coronary
vasodilators interfere with this autoregulatory
process, but there is little evidence that
they improve the distribution of blood flow
in the myocardium, which seems to be the
fundamental problem in coronary-artery dis-
ease; indeed, they are apt to make it worse.
Those agents most effective in treating
ischemia secondary to coronary-artery disease
probably produce their effect by reducing
cardiac work. It is not established presently
whether vasodilatation in the large epicardial
coronary arteries insures better flow through
collateral vessels or partial coronary arterial
obstructions, but it seems probable that it
does, and that it produces better distribution
of flow. Present evidence indicates that myo-
cardial perfusion is best insured by main-
taining near-normal cardiac rate and blood
pressure.

It is clear that further information con-
cerning the effects of anesthetics on systemic
and coronary hemodynamics is needed. Cur-
rent techniques of chronic instrumentation in
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trained animals should make it feasible to do
a systematic study of the effects of premedica-
tion and anesthesia on intact animals during
the crucial transition from the alert state
through the successive planes of anesthesia.
Although the question of “species specificity”
will always be directed against such studies,
past experience has shown that insofar as
they are available, data concerning the
coronary circulation obtained from animals
and from man are essentially interchangeable.
It is suspected that when such information
has been obtained, it will follow a pattern
which already can be predicted closely from
what is known about the determinants of
myocardial metabolism and coronary flow.
Thus, the knowledgeable anesthesiologist,
applying that information which is already
available to unfamiliar situations and drugs,
will probably not be seriously misled very
often by assuming that the interplay of cardiac
work, coronary blood flow, and cardiac metah-
olism will remain closely related, as they
have been shown to be in a wide variety
of experiments.
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