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Myocardial Functional and Metabolic Responses to Ischemia

in Swine during Halothane and Fentanyl Anesthesia

Robert G. Merin, M.D.,* Pieter D. Verdouw, Ph.D.,t Jan Willem de Jong, Ph.D.%

The effect of 60 per cent reduction in flow to the left anterinr
descending (LAD) coronary artery in young swine during N,O-pan-
curonium anesthesia supplemented with either halothane (0.52 per
cent end-tidal) or fentanyl (50 ug-kg™' bolus, 100 pg-kg™"-h™" in-
fusion) was compared. The presence of ischemia was assessed from
coronary arterial-venous (a-v) blood content differences of O, HY,
lactate, K*, and inosine. Cardiac output and left ventricular pressure
indices were used to estimate ventricular function. Before stenosis,
mean aortic pressure (MAP), left ventricular systolic pressure, (LVSP)
rate of rise of LVSP (dP/dt), peak contractile element velocity (V..
Peak), and systemic vascular resistance (SVR) were higher during
fentanyl (MAP = 137 mmHg; LVSP = 160 mmHg; LVdP/dt = 2230
mmHg+s7!; V. Peak =67 1-57%; SVR = 5,930 dyne-s:cm™) than
during halothane (MAP = 80 mmHg; LVSP = 96 mmHg; LVdP/dt
= 930 mmHg-s™"; V.. Peak = 42 1-5s7'; SVR = 2,945 dyne-s:cm™).
Heart rate (HR), left ventricular end-diastolic pressure (LVEDP),
cardiac output (CO) and stroke volume (SV) were not significantly
different. LAD coronary blood flow (CBF) and regional myocardial
oxygen consumption (Vo,) were also higher during fentanyl (CBF
= 40 ml-min™'; Vo, = 3.5 ml- min™") than during halothane (CBF
= 26 ml+min~"; Vo, = 2.1 ml- min™"). Significant extraction of lactate
without v-a differences of K* and inosine indicated that the hearts
during both anesthetics were well-oxygenated. After 30 min of 60
per cent reduction in LADCBF, the metabolic and functional effects
were similar during both anesthetics. Lactate extraction changed to
production and coronary v-a differences of H*, K*, and inosine be-
came positive or increased. In addition, O, extraction increased as
well. There was little change in HR, SVR, MAP, LVdP/dt, or V.
Peak with either anesthetic, but CO and SV decreased and LVEDP
increased during both anesthetics indicating global pump dysfunc~
tion, Subsequent to 30 min of reperfusion, the metabolic indices
returned towards control although lactate extraction was still lower
than before stenosis with both anesthetics. CO and LVdP/dt did not
recover with halothane and SV was still depressed with both halo-
thane and fentanyl, MAP decreased further with both anesthetics
and HR and SVR increased after reperfusion during fentanyl anes-
thesia, In summary, 60 per cent decrease in LADCBF resulted in
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equivalent depression in ventricular pump function and degree of
ischemia during halothane or fentanyl supplemented N,O-pancu-
ronium anesthesia in young swine. There was partial recovery both
functionally and metabolically with both agents. Thus, the effect of
significant stenosis of the LADCA was equivalent whether the hearts
had a high (fentanyl) or low (halothane) O; supply and demand before
stenosis. (Key words: Anesthetics, intravenous: fentanyl. Anesthetics,
volatile: halothane. Heart: blood flow, myocardial; cardiac output;
coronary occlusion; myocardial function; oxygen consumption; vas-
cular pressures. Metabolism: fatty acids; glucose; lactate; phosphate;
inosine. Oxygen: consumption, heart.)

ANESTHETICS produce characteristic cardiovascular ef-
fects which may modify the response of the heart to isch-
emia. The halogenated inhaled anesthetics (halothane
and enflurane) depress the cardiovascular system, de-
creasing myocardial [unction, oxygen supply and de-
mand.'? Balanced anesthetic techniques based on nar-
cotic analgesics appear to produce minimal functional
cardiac depression, but may be associated with arterial
hypertension which would increase myocardial oxygen
supply and demand. Although the normal coupling be-
tween supply and demand is not altered by anesthetics
in normal hearts,'” the response during ischemia may
be different. In addition, ischemia itself results in de-
creased ventricular function which may be compounded
by anesthetic depression.* In order to delineate the effects
of two commonly used anesthetic regimens on the re-
sponse of the heart to ischemia in the intact animal, we
have utilized an ischemic porcine model developed in our
laboratory for drug evaluation.® Swine were chosen
because the response of the porcine heart to ischemia
appears to resemble that of humans insofar as arrhyth-
mias, metabolism and development of collateral Aow are
concerned.””® The purpose of these experiments was to
compare the functional and metabolic responses of the
porcine heart to a 30-min period of 60 per cent reduction
in left anterior descending coronary artery flow during
halothane-supplemented nitrous oxide anesthesia (low
myocardial function and perfusion) and fentanyl-sup-
plemented nitrous oxide anesthesia (high myocardial
function and perfusion).

Methods

The model has been described previously in detail (fig.
1).* Briefly, after an overnight fast, 20- to 30-kg York-
shire piglets were anesthetized by mask with halothane
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and nitrous oxide—oxygen. The tracheas were intubated
with a cuffed tube and ventilation was controlled with
a volume limited ventilator throughout the experiment
in order to maintain arterial carbon dioxide tension at
35-40 mmHg. Sodium chloride (0.9 per cent) was in-
fused through a catheter in an ear vein at 3-4 ml-kg™' -
h™". Blood temperature was monitored and controlled by
external heating. With the aid of fluoroscopy, cardiac
catheters were placed as follows: an 8F Cournand in the
thoracic aorta; a 7F triple-lumen balloon-tipped thermal
dilution catheter (Edward Laboratories) in the pulmo-
nary artery; an 8MMC Dallons Telco manometer tipped
catheter in the left ventricle; and an 8F Cournand in the
right atrium. Through a modified median sternotomy,
approximately 1 cm of the left anterior descending cor-
onary artery (LAD) just distal to the circumflex branch-
ing was dissected. An electromagnetic flow probe (Skalar,
Deift, Netherlands) and adjustable screw clamp were
positioned around the artery. The probe was calibrated
in vitro and zero adjusted at intervals throughout the
experiment by occlusion of the LAD with an atraumatic
clamp. The occlusion lasted less than 10 s and was never
performed within 30 min of any measurements. A small
catheter was inserted in the accompanying anterior as-
cending coronary vein so that the venous blood sampled
was predominately from an area supplied by the LAD.
Aortic and atrial pressures were transduced through Sta-
tham® p23 db transducers and recorded together with
the electrocardiogram, the ventricular pressure and cor-
onary flow on a Siemens Oscillomink B.® polygraph
(frequency response flat to 1,200 Hz). The first derivative
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of the left ventricular pressure (LVdP/dt) was obtained
using a differentiating network with a phase shift of less
than 2 per cent at 100 Hz. Left ventricular contractile
element velocity (V) was calculated by the method of
Brower et al.'® Although there is general agreement that
actual V. cannot be measured by this technique, there
is good evidence that the calculation decreases the load
(pre and after) dependence of the dP/dt measurement,
and hence, is a reasonable estimate of in vivo contractile
cardiac function." Cardiac output measurements were
made at least in duplicate using the thermal dilution
technique with the injection of iced saline through the
right atrial port of the thermal dilution catheter and
sampling from the distal port in the main pulmonary
artery. Duplication was * 5 per cent.

BiOCHEMICAL MEASUREMENTS

End-tidal halothane concentrations were measured by
means of gas chromatography. Plasma glucose, potas-
sium, and inorganic phosphate were assayed by autoan-
alyzer techniques, as was blood lactate.” Serum free fatty
acids were measured by the Trout modification of the
Dole technique.'? Blood inosine was measured as de-
scribed previously.® Blood gases were determined on a
standard electrode system. Oxygen content was calcu-
lated from measured O, saturation, O, tension, and he-
moglobin concentration using 1.3 ml of oxygen per gram
of hemoglobin as the value for 100 per cent oxyhemo-
globin saturation.
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TasLE 1. Myocardial Oxygen Supply

Control Stenosis Release

Cﬂu;

Halothane 16.3 = 0.5* 16.1 + 0.4* 16.0 = 0.2*

Fentanyl 18.6 = 0.6 18.5 + 0.4 18.4 = 0.6
CBF

Halothane | 26.5 £ 2.5% 11.5 = 1.0%¢ 23.9 = 2.9%

Fentanyl 402 = 3.6 173 £ 1.7¢ 34.6 + 6.1
Cagp, X CGBF

Halothane 43 + 0.4* 2.0+ 0.2% 41+ 0.5

Fentanyl 7.5+ 0.8 3.2+ 03¢ 6.6+ 1.2

Values are means = SEM.

* P < 0.05 vs. fentanyl.

+ P < 0.05 vs. control.

Cay,, = arterial O; content, ml.dl™', CBF = leflt anterior descending
coronary artery blood flow, ml.min™". Cag, X CBF, ml-min™".

CALCULATIONS

Stroke volume was calculated as the quotient of cardiac
output and heart rate. Systemic vascular resistance was
calculated as the quotient of mean aortic blood pressure
minus right atrial blood pressure and cardiac output.
The results were converted to dyne.s-cm™. Coronary
vascular resistance was calculated as the quotient of mean
aortic blood pressure minus right atrial pressure and
coronary blood flow. Per cent oxygen or substrate ex-
traction was calculated as the quotient of the respective
arterial-coronary venous plasma or blood content differ-
ence and the arterial plasma or blood concentration
X 100. Regional oxygen or substrate uptake was cal-
culated as the product of the respective arterial-coronary
venous plasma or blood content difference and LAD cor-
onary blood flow.

EXPERIMENTAL PROTOCOL

After completion of the surgical preparation, 60-min
stabilization time was allowed while an infusion of 0.2
mg-kg™'-h™! pancuronium bromide was begun and con-
tinued for the remainder of the experiment. In the an-
imals where fentanyl was to be studied, halothane was
discontinued. Nitrous oxide was continued at a 60-65
per cent concentration. At the end of the 60 min of sta-
bilization, 50 ug/kg fentanyl was given intravenously as
a bolus dose followed by 100 pg-kg™'-h™' (12 animals).
In 13 animals, the halothane concentration was adjusted
to maintain aortic systolic pressure above 90 mmHg
(mean end-tidal concentration 0.52 per cent) and kept
at that concentration throughout the remainder of the
experiment. In previous experiments, 0.46 per cent (end-
tidal) halothane in 60 per cent nitrous oxide was just
sufficient to keep swine from responding to noxious stim-
uli.? Thirty minutes after the bolus injection of fentanyl
or the maintenance of a constant halothane concentration,
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control hemodynamics and coronary blood flow mea-
surements were made and aortic and coronary venous
blood were sampled. The adjustable screw clamp on the
left anterior descending coronary artery was tightened
to produce 40-50 per cent of the control coronary blood
flow and adjusted as necessary to keep this flow constant
for 30 min. At the end of that time, all hemodynamic
measurements and blood sampling were repeated. In
some animals epicardial ST segment changes were an-
alyzed, using the method of Maroko et al.® The clamp
was then released gradually over 5 min, and reperfusion
allowed for another 25 min at which time a third set of
measurements were made and blood samples were with-
drawn. A two-tailed Student’s ¢ test for paired and un-
paired samples was used for statistical analysis.

Results

Body temperature and arterial blood gases were within
physiological limits, unchanged throughout the experi-
ment, and not different for the two anesthetics.
Hemoglobin concentration was higher during fen-
tanyl (13.8+0.4 g-dlI™') than during halothane
(12.0 £ 0.3 g-dI™).

There are two major areas of importance to be con-
sidered and the data will be presented accordingly. First,
the interaction between the anesthetics, ischemia and
myocardial oxygen balance will be analyzed. Secondly,
the effect of ischemia on global ventricular function dur-
ing the two anesthetics will be compared.

MyYOCARDIAL OXYGEN BALANCE:
SuUPPLY VS. DEMAND

Myocardial oxygen supply is the product of coronary
blood flow and arterial oxygen content. Inasmuch as both
coronary blood flow and arterial oxygen content (as a
result of the higher hemoglobin concentration) were
higher during fentanyl anesthesia, the product was also
significantly higher and remained so during the course
of the experiment (table 1).

Myocardial oxygen demand is not quantitated so easily
as myocardial oxygen supply. If there is no restriction
on coronary blood flow, then myocardial oxygen con-
sumption is a reasonable measure. However, with cor-
onary stenosis, as in this study, the coronary blood flow
may not be able to adjust to myocardial oxygen demand
and myocardial oxygen consumption may not be a good
estimate. Tabulation of the determinants of myocardial
oxygen demand'* may help to indicate the state of myo-
cardial oxygen demand. Hear! rale tended to be higher
during fentanyl anesthesia although the difference was
significant only during reperfusion (table 2). We used
the isovolumic left ventricular pressure indices to esti-
mate contractile function. Both LVdP/dt and the con-
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tractile element velocity estimate, V.. Peak, were higher
during fentanyl than halothane (table 2). Wall tension
is the most difficult estimate of all. It is a function of
intraventricular pressure, diameter, and wall thickness,
predominantly during systole."* Consequently left ven-
tricular systolic pressure or better, the integral of left
ventricular systolic pressure, the systolic pressure time
index (SPTI) and end-diastolic pressure (il compliance
does not change) should be at least proportional to wall
tension. Both left ventricular systolic pressure and sys-
tolic pressure time index were greater during fentanyl
than during halothane, and there was no difference in
left ventricular end-diastolic pressure (table 2). Hence,
there can be little doubt that myocardial oxygen demand
(and in fact myocardial oxygen consumption) was mark-
edly greater during fentanyl (table 2).

The crucial factor is whether or not oxygen supply
is adequate for oxygen demand. Our experimental design
utilized two methods for assessing this balance. Epicar-
dial ST segment analysis proved to be qualitative only
in this study. Although there were always ST segment
changes during the period of stenosis verilying that there
was indeed ischemia, both depression and elevation of
the ST segment occurred. Measurement of the degree
was difficult and finally abandoned. These observations
may be a reflection of the fact that the classic ST segment
changes have been documented during coronary occlusion
rather than stenosis. In addition, factors other than tissue
hypoxia, such as hydrogen ion and potassium imbalance,
may also produce changes.'>' The major indicator of
ischemia in this experiment was metabolic.'” During ste-
nosis, myocardial extraction of lactate changed [rom pos-
itive to negative and coronary venous blood concentra-
tions of inosine, hydrogen ion and potassium increased
(table 3). Arterial-coronary venous blood oxygen content
difference and extraction increased. In addition, myo-
cardial plasma glucose extraction and uptake increased
markedly (table 4). Significant free fatty acid uptake also
continued and extraction actually increased during fen-
tanyl anesthesia. Although the changes in metabolismn
generally reverted back towards control after reperfusion,
lactate extraction was still depressed with both anes-
thetics (tables 3 and 4).

VENTRICULAR FUNCTION

Two aspects of ventricular function will be considered,
together with the factors that modify these estimates. Left
ventricular pressure indices provide measurement of iso-
volumic function before the aortic valve opens and may
be considered to be analogous to isometric tension de-
velopment in isolated muscle. In the intact heart, in-
creases in rate, diastolic pressure, and aortic pressure all
increase the rate of rise of left ventricular pressure

ANESTHETIC EFFECTS IN ISCHEMIC HEARTS 87

TanLE 2. Myocardial Oxygen Demand

Control Stenosis Release
HR
Halothane 118 = 7 124 =+ 2 126 = 9*
Fentanyl 133 £ 7 148 = 10 158 £ 9*
Contractility
LVdP/dt
Halothane | 930 + 60* 825 + 80*t 760 £ 70*%
Fentanyl 2230 + 190 | 2010 = 130 2020 + 180
V.. Peak
Halothane | 42.1 £ 2.3* | 392 & 52* 36.6 £ 3*
Fentany! 66.7 £ 5 62+ 7.5 65 6
Wall Tension
LVSP
Halothane 96 = 1.7* 86 + 1.84* 87 + 3.6*%+
Fentanyl 160 £ 10 147 + 8 140 + 7%
SPT1
Halothane | 1440 = 35* 1390 £ 50* 1270 £ 60
Fentanyl 2080 = 130 | 1780 % 170 1680 = 2404
LVEDP
Halothane 7.0+ 04 105 + 2.0 133+ 5
Fentanyl 63+ 1.2 9.1 = 1.6t 78+ 1.4
v()z
Halothane 2.1+ 0.2* 1.2 £ 0.2%¢ 1.8 = 0.2%tt
Fentanyl 35+ 03 1.9 £ 0.3* 2.9 + 0.5+¢

Values are means = SEM.

* P < 0.05 us. fentanyl.

1 P < 0.05 vs. control.

1 P < 0.05 vs. stenosis.

LVdP/dt = maximumrate of rise of left ventricular pressure, mmHg -
57 V.. Peak = in vivo peak left ventricular contractile element velacity,
1+s7". LVSP = left ventricular systolic pressure, mmHg. SPTI =

Systolic pressure time index mmHg-s™' - min™'. LVEDP = left ven-

tricular end diastolic pressure, mmHg. HR = heart rate, beats - min™".

Vo, = myocardial O consumption, ml- min™" (left anterior descending
coronary artery).

(LVdP/dt) without a change in the actual inotropic state
of the heart. By relating the dP/dt to the instantaneous
pressure in the ventricles, the effect of diastolic and aortic
pressure can be lessened, especially the latter.!' V. is
such a relationship.'” The pumping function of the heart
was evaluated using cardiac output measurements and
calculating stroke volume. As with the isovolumic indices,
heart rate and diastolic pressure increase the pumping
function of the heart without a change in intrinsic con-
tractile function. However, increased aortic pressure, or
more precisely, systemic vascular resistance, decreases
cardiac output and stroke volume in contrast to the effect
on left ventricular pressure development.

Throughout the experiment, both left ventricular pres-
sure indices, dP/dt and V. Peak, were markedly higher
during fentanyl anesthesia (table 5). In addition, LVdP/
dt was significantly lower during ischemia with halo-
thane and did not recover with perfusion (table 5). How-
ever, this may have been influenced by the simultaneous
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TABLE 3. Metabolic Myocardial Ischemic Indices

Anesthesiology
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Control Stenosis Release

QOsa-cv(ml-dli™")

Halothane 8.4 =+ 0.9* 10.7 £ 0.9*¢ 8.2+ 0.9%

Fentanyl 8.7 £ 0.4* 11.0 £ 9.8%¢ 8.7 £ 0.9%¢
O, per cent extraction

Halothane 50.6 = 4.1* 62 £ 3.3%f 47.4 = 45%¢

Fentanyl 46.8 = 2.7* 59.4 £ 3.7%+ 46.8 = 3.4*%%
Lactate (mmol-17")

Art. .
Halothane 1.12 £ 0.1 1.03 = 0.10 1.11 £ 0.16
Fentany! 093 % 0.13 0.86 = 0.1 0.84 = 0.1

a-cv
Halothane 0.38 £ 0.9* —0.6 £ 0.2*} 0.13 = 0.06*4§
Fentanyl 0.25 = 0.07* —0.52 + 0.13*+ 0.05 = 0.05*%

Per cent extraction
Halothane 34 = 4% =75 % 25%¢ 14 £ 4%4%
Fentanyl 28 £ 6* —60 = 15%+ 7+ 6%

Inosine (mmol.17")
Art,
Halothane 56+ 0.6 54 % 07 7.1 = 0.6
Fentanyl 7.1 £ 0.6 7.1+ 07 6.5+ 0.6
a-cv
Halothane -02 % 07 —18 & 5% 02+ 1f
Fentanyl =07+ 11 =11 & 3% 1.2 + 0.6¢
H*(nEq-17")
Art.
Halothane 352+ 03 364 = 04 371+ 04
Fentanyl 38.9 + 0.4 37.9 £ 0.7 365+ 0.3
a-cv
Halothane —4.1 £ 0.5* —12.2 & 0.7%+ —5.1 + 0.2%¢
Fentanyl —4.4 = 0.6* —10.2 = 0.8%} —6.3 = 0.3*¢
Potassium (mmol-17")
Art.
Halothane 4.9 + 0.16 52+ 0.2 53+ 0.2
Fentanyl 4.8 = 0.2 50 0.2 52+ 0.1
a-cv
Halothane —0.08 = 0.04 —0.28 = 0.07*+ 0.16 £ 0.07*%
Fentanyl —0.09 = 0.06 —0.30 £ 0.13%4 0.12 = 0.06%
Values are means = SEM. § P < 0.05 vs. fentanyl.

* P < 0.05 a-cv difference or extraction.
4+ P < 0.05 vs. control.
F P < 0.05 vs. stenosis.

decrease in aortic pressure, as V., Peak was unchanged
by ischemia. Cardiac output and stroke volume were
similar during fentanyl and halothane anesthesia and
both decreased significantly during ischemia (table 5);
however, the etiology appeared to be different. Systemic
vascular resistance (SVR) which was already high in the
control state during fentanyl anesthesia, increased further
during ischemia probably resulting in decreased cardiac
output and stroke volume. SVR was significantly lower
during halothane and did not change through the course

Art. = arterial concentration. a-cv = arterial coronary venous con-
centration difference. Per cent extract. = a-cv/art.

of ischemia and reperfusion. LVEDP increased during
ischemia with both anesthetics (although the variability
during halothane precluded statistical significance). Thus,
the combination of increased LVEDP and decreased car-
diac output and stroke volume strongly suggests that isch-
emia resulted in decreased pump function of the heart
during both anesthetics.

After reperfusion there was little recovery of pumping
function. The slight increase in cardiac output during
fentanyl anesthesia was a result of an increase in heart
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TABLE 4. Myocardial Metabolism

Control Stenosis Release
Glucose (mmol-17")
Art.
Halothane 4.8 £ 0.6 50 % 0.6 52 % 0.6
Fentanyl 52+ 05 4.9+ 0.6 52+ 09
Per cent extraction
Halothane —13+ 15 22 + 5%+ 10 + 4*%
Fentanyl 0+ 3 18 & 4% 6+ 3*
Uptake (mmol-min)
Halothane 1+ 8 11+ 3% 9+ 4
Fentanyl 1+ 9 14 £ 3%¢ 1+ 7
Free Fatty Acids (mmol)
Art.
Halothane 0.56 + 0.12§ 0.77 £ 0.16§ 0.62 + 0.15§
Fentanyl 1.6 £ 0.3 1.7+ 03 1.5+ 0.2
Per cent extraction
Halothane 37 £ 9% 27 £ 6* 15+ 9
Fentanyl 3+ 15 17 £ 6* 19 £ 5%
Uptake (mmol-min)
Halothane 5.6 £ 1.3* 22 £ 0.5% 19+ 14
Fentanyl 11+ 10 6 £ 2% 6.2 = 2.0*

Values are means = SEM.

* P < 0.05 per cent extraction or uptake.
+ P < 0.05 vs. control.

t P < 0.05 vs. stenosis.

rate. Stroke volume remained decreased with both an-
esthetics. LVEDP was variable and no significant
changes were seen although it tended to be higher during
halothane. Again, this could be related to a significantly
lower heart rate as compared to fentanyl.

Discussion

There can be no doubt that the 60 per cent reduction
in left anterior descending coronary artery blood flow
produced during this experiment resulted in ischemia of
the cardiac muscle supplied by that vessel. In addition
to the qualitative effects on the epicardial electrocardio-
gram, analysis of the constituents of the venous blood
draining from that area of the heart compared with the
arterial blood provide conclusive evidence for this state-
ment. The most commonly accepted metabolic index of
cardiac muscle ischemia is that of lactate production.'
However, during this experiment not only was there
production of lactate, but there was also a marked and
significant increase in coronary venous concentrations of
hydrogen ion, potassium, and inosine. Inosine is a me-
tabolite of ATP and an increase in coronary venous con-
centration has been shown to reflect cardiac muscle isch-
emia and ATP depletion.>"® Further evidence of the
insufficiency of coronary oxygen supply was the consis-
tent increase in myocardial oxygen extraction. Finally,
in the presence of insufficient oxygen, cardiac muscle

§ P < 0.05 vs. fentanyl.

Art. = arterial concentration. a-cv = arterial coronary venous con-
centration. Per cent extraction = a-cv/art. Uptake = a-cv x coronary
blood flow.

attempts to compensate for the insufficient production
of energy through aerobic pathways by an increase in
anaerobically mediated glycolysis. The significant in-
crease in plasma glucose extraction was final confir-
mation of the ischemia produced."”

The major objective of this study was to compare the
effect of ischemia in animals anesthetized with halothane
and fentanyl supplemented nitrous oxide anesthesia.
There appeared to be little difference in the degree of
ischemia estimated by the metabolic indices relerred to
previously. Consequently, we must conclude that the
decrease in oxygen supply produced by the coronary ste-
nosis was no more deleterious to metabolic function when
the initial oxygen supply and demand were high as dur-
ing fentanyl anesthesia or when the supply-demand in-
dices were low as during halothane anesthesia.

The major difference in ventricular function and he-
modynamics between the two anesthetics lay in the high
ventricular and aortic pressures and systemic vascular
resistance during fentanyl anesthesia. As a result of this
markedly increased afterload, although the isovolumic
contractile function of the heart during fentanyl was
markedly greater than during halothane anesthesia,
pumping function of the heart was not significantly dif-
ferent. With both anesthetics this degree of coronary ste-
nosis produced definite evidence ol decrease in global
pump function. Cardiac output and stroke volume were
decreased during both anesthetics together with an in-
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TasLe 5. Ventricular Function lactate extraction was less than before occlusion, sug-
‘ gesting that some ischemia persisted. Inosine, potassium,
Control Sienasis Release . . .
and hydrogen ion concentration in coronary venous blood
Muodifying had also returned to pre-stenosis values with no differ-
F‘I‘;‘c’?n e ence between anesthetics. The indices of left ventricular
Halothane | 118 + 7 124 + 2 126 £ 9% contractile performance remained higher with fentanyl
Fentanyl 133 £ 7 148 £ 10 158 + 9* anesthesia after reperfusion although this may well be
LVEDP related to the increased heart rate and afterload. Al-
Halothane | 7.0+ 04 105 + 133+ 5 though cardiac output recovered with fentanyl to a
Fentanyl | 63 % 1.2 91 & 1.6* 78% 14 greater extent than with halothane, this was a function
MAP . X of heart rate as stroke volume remained depressed with
- + + + .

e | B72 291 | 002 1| M2 Dot anestheis, .
Interest in the interaction between anesthetics and the
S\'I_l;a]mhanc 2045+ 145 | 2980+ 1704 | 3160+ 3004 ischemic heart has increased in the l.asglﬁve years. The
Fentanyl 5930 + 540 6630 + 750 6190 £ 660% initial study of Bland and Lowenstein suggested that
halothane improved the balance of oxygen supply and
Isovolumic demand in an ischemic dog heart model. Several other
L\;--(Il:k/)(xll:anc 930 + 60t 825 + 80*4 760 + 7044 investigators have cc;rzrlfﬁ to this same conclus%on using
Fentanyl | 2230 £ 190 2010 + 130 2020 + 180 halothane (table 6). However, in most instances,
V.. Peak halothane was administered to animals already basally
" Halothane | 42.1 = 23+ | 392+ 52 | 366+ 3t anesthetized and with markedly increased heart rates and
Fentanyl | 66.7 % 5 62+ 75 65+ 6 arterial pressures. When the administration of anesthetic
resulted in a decrease in these determinants of oxygen
P“(L“g demand, then there appeared to be a beneficial effect on
“Halothane | 2.10 + 008 | 185+ 0.1* | 184 % 0.12* the oxygen supply and demand relationship. This was
Fentanyl | 1.94 % 0.15 | 1.66 £ 0.13* | 1.77 = 0.13 most clearly illustrated by the study of van der Vusse
sV et al.¥” who investigated the effect of fentanyl, 25 ug-
Halothane | 18.5 % 1.4 15.6 £ 1.4* 158 £ 1.6*t kg™ iv bolus dose, on a dog model with reversible cor-
Fentanyl | 153 + 17 1.9+ 14* 1.3+ 097 onary stenosis. With heart rate uncontrolled, the admin-

Values arc means = SEM.

* P < 0.05 vs. control.

+ I < 0.05 vs. fentanyl.

} P < 0.05 vs. stenosis.

LVEDP = left ventricular end diastolic pressure, mmHg. MAP
= mean arterial pressure, mmHg. SVR = systemic vascular resistance,
dync+s-cm™. LVdP/dt = maximum rate of rise of left ventricular
pressure, mmHg:s™". V.. Peak = in vivo peak left ventricular con-
tractile element velocity, 1-s™'. CO = cardiac output, 1-min™". SV
= stroke volume, ml.

crease in left ventricular filling pressure indicating sig-
nificant pump dysfunction.

Reperfusion of coronary arteries totally occluded for
more than 15 min in pigs has been reported to result in
no metabolic improvement.'” Fifty per cent flow reduc-
tion of the left anterior descending coronary artery in
dogs for one hour with reperfusion for two hours was
followed by partial functional recovery.?® Consequently,
we reasoned that reperfusion after a 50-60 per cent de-
crease in left anterior descending coronary artery blood
flow in the pig would result in recovery and might allow
for further differentiation between the effects of anes-
thetics. After 30 min of reperfusion, left anterior de-
scending coronary artery blood flow and regional oxygen
consumption and extraction had returned to contro!l val-
ues, and lactate was no longer being produced. However,

istration of fentanyl resulted in appreciably less ischemia
(judged by metabolic indices) than during the same de-
gree of coronary stenosis in the basally anesthetized an-
imals. This was accompanied, however, by decreases in
heart rate, arterial pressure, and left ventricular pressure
indices. When the same experiment was conducted with
heart rate fixed by atrial pacing, there was little effect
of fentanyl on the metabolic ischemic markers. In a pre-
liminary study reported at the end of their publication,
Verrier et al.? also indicated that the decrease in heart
rate produced by halothane in their preparation was re-
sponsible for the more favorable coronary blood flow
pattern and distribution seen in their model. Tinker and
Harrison® noted that extraction decreased markedly in
their right heart bypass model of ischemia when anes-
thetizing concentrations of halothane were compared to
nitrous oxide and 0.2 per cent halothane. Although there
was a marked decrease in arterial pressure under these
circimstances, heart rate remained unchanged. Utilizing
a study protocol similar to ours, Hickey e a/.** saw no
hemodynamic electrocardiographic or metabolic effect of
a 40 per cent decrease in left anterior descending coro-
nary artery blood flow in a dog model during 1.2 MAC
halothane anesthesia. Only with high concentrations of
halothane (2.1 X MAC) and low arterial pressures was
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ANESTHETIC EFFECTS IN ISCHEMIC HEARTS o1

TABLE 6. Anesthetic—IHD Dog Maodels

Anesthetie Effect
Anesthietic Modet Control O, Demand Ischemia
Bland and Lowenstein® Halothane, 0.75 per cent CL-R Hyper - ++
Gerson et al.* Halothane, 1.1 per cent CL-R Hyper - ++
van der Vusse et al.” Fentanyl, 25 pg/kg cs Hyper - ++
Verrier et al.? Halothane, 0.8 per cent CS Hyper — ++
Smith et al® Halothane, 1.0 per cent CL-1 Hyper - ++
Tinker and Harrison™ Halothane, 0.9 per cent CS Hyper + +
Hickey et al®* Halothane, 1.0 per cent CS * + +
Prys-Roberts et al.* Halothane, 1.0 per cent CL-1 THR* + +
N,O 66 per cent

CL-R = coronary ligation, reversible. CL-1 = coronary ligation,
irreversible. CS = coronary stenosis. Hyper = tachycardia and hy-
pertension in basally anesthetized control state.

* = awake

— — —— = decreased myocardial O, demand.

+ = no significant change.

+ — ++ = more pronounced decrease in signs of ischemia.

there evidence of ischemia in this model. Heart rate was
unchanged throughout the experiment although cardiac
output declined progressively. In the only study where
the interaction of anesthesia and ischemic heart disease
in a chronically instrumented animal was reported, Prys-
Roberts et al.?® saw a similar cardiodepressant effect of
halothane in animals one week after a left anterior de-
scending artery ligation compared to the results before
the myocardial infarction. However, there was no in-
dication that anesthesia had a beneficial effect on these
ischemic hearts. Thus, the studies reported thus far sug-
gest that the influence of anesthesia on the ischemic heart
is related to the effect that the drugs have on myocardial
oxygen supply/demand relationships. If a high cardiac
oxygen demand can be decreased without markedly in-
terfering with oxygen supply (especially by decreasing
heart rate) then the result has universally been improve-
ment in the electrical, functional, and/or metabolic in-
dices of ischemia. Where there has been no such effect,
or where myocardial supply has decreased to a greater
extent than demand, especially with marked decreases
in arterial pressure, then the result has been no effect
or worsening of the ischemia. The results of the present
study suggest that significant interference in coronary
artery blood flow results in an equivalent degree of isch-
emia whether the oxygen supply and demand levels are
high or low at the time of the production of the ischemia.

Although coronary physiology in the swine appears
to resemble that of humans to a greater degree than does
the dog, clinical application of these results must await
confirmation for several reasons. In the first place, fen-
tanyl even in doses larger than those used in this study,
rarely results in such marked hypertension, tachycardia,
and increased systemic vascular resistance in humans.
Secondly, the model employs stenosis of one coronary

+ = Gerson, J. L., Hickey, R. F., Bainton, C. R. Treatment of
myocardial ischemia with either halothane or nitroprusside-propran-
olol. Abstracts Scientific Papers, American Society of Anesthesiologists,
annual mecting, 1978, p. 521-522.

Whenever anesthesia has resulted in improvement in the signs of
myocardial ischemia in the dog, significant decreases in the indices of
myocardial O, demand have also occurred.

artery in an otherwise healthy heart. Most patients with
coronary artery disease have more than one vessel in-
volved so that the functional response may be different.
Many patients with ischemic heart disease may have
some degree of ventricular dysfunction. Considering the
marked difference in the contractile function of the hearts
anesthetized with fentanyl and halothane, it seems likely
that the latter might produce deleterious effects in such
hearts.

In summary, neither fentanyl nor halothane protected
against ischemia produced by a 60 per cent decrease in
left anterior descending coronary artery blood flow for
30 min in swine. The degree of ischemia and depression
of ventricular function was not different. Thirty minutes
of reperfusion of the artery resulted in partial but not
complete recovery of both metabolic and [unctional in-
dices. No advantage was seen for either anesthetic reg-
imen in the acute ischemic, non-failing heart.

The authors thank Sally Basch, H. Marita Rutteman, Rob Van
Bremen and Liesbeth Eijsbroeck-Sipman for their technical assistance.
Janssen Laboratories provided the fentanyl base and ICI Holland do-

nated the halothane. The gas chromatography of the halothane was
performed by J. W. Meilink, Ph.D.
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