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Regional Ischemic Ventricular Dysfunction in Myocardium

Supplied by a Narrowed Coronary Artery with Increasing

Halothane Concentration in the Dog

Edward L.owenstein, M.D.,* Pierre Foéx, M.D., D. Phil.,.t C. Mark Francis, B.A.,+ W. Lynn Davies, Ph.D.,§
Salim Yusuf, M.B., D. Phil..1 W. Alan Ryder*

The effects of increasing inspired halothane concentration (0.5, 1.0,
1.5, 2.0 per cent) upon left ventricular myocardium supplied by a
critically narrowed coronary artery and a normal coronary artery
were studied in 11 open-chested dogs. Regional ventricular function
was measured by continuous recording of ventricular segment length
using pairs of implanted miniature ultrasonic length detectors in the
left anterior descending coronary artery (LAD) and left circumflex
coronary artery (LC) territories before and during critical stenosis
of the LAD by a micrometer-controlled snare. Critical narrowing
was documented by ischemic regional ventricular function (i.e., post-
systolic shortening; systolic lengthening) limited to the LAD territory
when Fig, = 0 for 90 seconds. Hemodynamic variables (aortic, left
atrial and left ventricular pressure, and heart rate) were measured,
ECG lead II was recorded, and the first derivative of left ventricular
pressure (LV dP/dt) and coronary perfusion pressure derived for
cach halothane concentration before and during LAD narrowing.
Increasing halothane was associated with equivalent progressive
depression of global ventricular function before and during LAD
constriction. Prior to LAD constriction, no ischemic changes in re-
gional function occurred. Regional ventricular function was normal
during 0.5 percent halothane in the presence of LAD constriction.
With increasing halothane during LAD constriction, ischemic re-
gional ventricular function was observed in the LAD territory in
eight of eleven hearts, whereas regional ventricular function re-
mained normal in the LC territory. The epicardial ECG was recorded
in three dogs and was insensitive as an indicator of ischemia, be-
coming abnormal only after severe ischemic changes were estab-
lished. In these studies, in which heart rate remained constant, ar-
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terial blood pressure and LV dP/dt decreased, and left ventricular
end-diastolic pressure increased, decrease in blood flow and oxygen
delivery due to a lower perfusion pressure distal to the coronary
artery narrowing appears to be primarily responsible for the obser-
vations, The authors hypothesize that clinically unapparent episodes
of regional myocardial ischemia distal to narrowed coronary arteries
may be an important cause of perioperative myocardial infarction.
(Key words: Anesthesia. Complications: myocardial infarction. Heart:
coronary artery disease; electrocardiography; regional myocardial
ischemia; regional ventricular function.)

THE RESPONSE OF THE HEART with an occluded coro-
nary artery,"? analogous to an acute myocardial infarc-
tion, to anesthetic drugs has been previously investigated,
whereas the response of the heart muscle supplied by a
narrowed coronary artery has not. The present studies
were therefore initiated to begin to define the response
to anesthetic drugs of myocardium supplied by a nar-
rowed coronary artery, as present in patients with isch-
emic heart disease not suffering an acute myocardial in-
farction. We administered increasing concentrations of
halothane to define the effect upon an area of left ven-
tricle whose nutrient artery had been constricted, and to
determine whether halothane has an effect other than
dose-dependent myocardial depression in the presence
of coronary artery narrowing. In order to document any
differences in response of such an area to that in a nor-
mally vascularized area, regional ventricular function
was assessed by continuous recording of ventricular seg-
ment length. In addition, regional electrical activity was
recorded in some animals. Studies were performed both
prior to and following mechanical narrowing of a cor-
onary artery. Measurements were obtained simulta-
neously in an area of the heart supplied by an artery
which had not been constricted and in an area supplied
by the narrowed coronary artery.

Materials and Methods

Studies were performed in eleven mongrel dogs weigh-
ing between 14 and 30 kg. The dogs were premedicated
with intramuscular morphine sulfate (0.3 mg/kg). Anes-
thesia was induced with thiopental (15 mg/kg) and the
trachea intubated. Constant-volume intermittent posi-
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tive-pressure ventilation was instituted at a rate of 12
breaths/min with a mixture of 70 per cent oxygen and
30 per cent nitrogen to which sufficient carbon dioxide
was added to maintain end-tidal carbon dioxide concen-
tration at 5.3 per cent. Anesthesia was maintained during
preparation with 0.7 per cent inspired halothane sup-
plied by a Fluotec® vaporizer (Fraser/Sweatman Incor-
porated), calibrated with a refractometer. Temperature
was measured in the mid-esophagus and maintained
between 37°C and 38°C by a heating element incor-
porated in the operating table.

The left common carotid artery was exposed in the
neck and a stiff 14-guage polyethylene catheter intro-
duced and advanced to within 1 cm of the aortic valve
for measurement of systemic arterial pressure by a Sta-
tham® pressure transducer and withdrawal of blood sam-
ples. An intravenous cannula was threaded into the in-
ferior vena cava via a femoral vein and 0.9 per cent saline
administered at constant rate of 4 ml-kg™'.-h™".

A left thoracotomy was performed, the fifth and sixth
ribs excised and the heart exposed and suspended in a
pericardial cradle. A miniature Konigsberg® pressure
transducer was inserted into the left ventricle via a stab
wound in the apical dimple. A cannula was inserted into
the left atrium and connected to a Statham® pressure
transducer. The two Statham® transducers were cali-
brated with a mercury manometer. The signal of the
Konigsberg transducer was calibrated by matching peak
left ventricular pressure to peak aortic pressure, and left
ventricular end-diastolic pressure to left atrial pressure.?

The left anterior descending coronary artery was dis-
sected free distal to the second major diagonal branch
and a woven OO Dacron® suture loosely placed around
it. The suture was attached to a micrometer-controlled,
spring-suspended snare which could be tightened or loos-
ened in increments of 0.001 inch.

Two pairs of ultrasonic piezo-electric crystals, each
approximately 1.5 mm in diameter, were inserted in sub-
endocardial myocardium. One pair was located within
the area supplied by the left anterior descending coronary
artery (LAD) distal to the isolated arterial segment, and
the other pair within myocardium supplied by the left
circumflex coronary artery (L.C). Both pairs of crystals
.were implanted parallel to the short axis of the heart.
The technique of insertion was as follows: Two sites
were selected approximately 10 mm apart and a 3-mm
linear epicardial incision made at each site. A tract for
each crystal was made by inserting a mosquito hemostat
through the incision perpendicular to the surface until
the resistance offered by the endocardium was felt. The
crystals, directed by removable Teflon® sleeves, were
advanced to the endocardial area and the Teflon® sleeves
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F1G. 1. Representative recording of hemodynamic variables and two
normal ventricular segment lengths. Systole and diastole are indicated
by the vertical lines. LAD: ventricular segment length recording in the
area supplied by the left anterior descending coronary artery. LC:
-ventricular segment length recording in the area supplied by the left
circumfiex coronary artery.
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withdrawn. The subendocardial position of the crystals
was confirmed at autopsy.

REGIONAL MYOCARDIAL FUNCTION

Regional myocardial function was assessed by obtain-
ing a continuous measurement of segment length between
each pair of crystals based on the measurement of ul-
trasonic transit time.** One member of a pair of 5 MHz
piezo-electric crystals acts as an emitter and the other
as a receiver. The emitter crystal is excited by a 10-
nanosecond 180-volt pulse to produce a longitudinal ul-
trasound-wave front that travels through the myocar-
dium. The receiver crystal detects this wave front, and
this allows the transit time to be measured. The transit-
time signal may be converted into a length signal since
ultrasound travels through the myocardium at a constant
velocity of 1.56 mm/pus.® The emitter crystal is stimulated
at a repetition rate of 1 kHz to provide a continuous
analogue signal of dynamic segment length.

ANALYSIS OF THE ULTRASONIC LENGTH SIGNAL

The signals for analysis were recorded at a paper speed
of 100 mm/s. Figure 1 shows length tracings in relation
to the hemodynamic variables recorded. End-diastole was
defined as the time of the beginning of the sharp upslope
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TABLE 1. Effect of Changes in Contractility and Myocardial Ischemia Upon Ventricular Segment Length

Myocardial Myocardial Myocardial Ischemia
Stimulation Depression
(] Contractility) (| Contractility) Mild Severe

End-diastolic length,
Maximum length-systole | 1 -] Tto 1l
Minimum length-systole l I . Il m
Systolic shortening 1 1 lorl] |l] or none
Velocity of systolic shortening 1 | | or |} 1] or none
Diastolic shortening absent absent present prominent

of the first derivative of left ventricular pressure (LV
dP/dt) signal, and end-systole as the time of closure of
the aortic valve as indicated by either the dicrotic notch
on the aortic pressure tracing or by the minimum de-
flection of LV dP/dt. In preliminary experiments uti-
lizing an aortic flowmeter, we have established that these
events occur within 0.01 s of cessation of aortic flow.

As figure 1 illustrates, in a normal segment length
recording, the distance between the two crystals is short-
est at the end of systole or beginning of diastole. There
is a rapid lengthening as the heart fills and then a pla-
teau. A small increase in length occurs due to atrial con-
traction just prior to the beginning of ventricular systole
and may continue during the early phase of systole.
During isovolumic systole, as the left ventricle assumes
a more spherical configuration, there is shortening in the
minor axis of the heart. The greatest proportion of short-
ening takes place during ejection.

End-diastole length (EDL), maximum length during
systole (L max S), and minimum length during systole
(L min S) were obtained from the calibrated traces. The
following formulas were used for derivations of lengths:

Systolic shortening (AL;) = L max S — L min S

AL
——— X 100
L

Per cent shortening =
max S

Changes observed during enhanced contractility, de-
pressed contractility, moderate ischemia and profound
ischemia are outlined in table 1. With enhanced con-
tractility there is a decrease in end-diastolic length and
an increase in the velocity and magnitude of shortening.
With myocardial depression, the end-diastolic length is
increased and the velocity and magnitude of shortening
are decreased. With moderate ischemia there may be no
change or a small increase in end-diastolic length, while
the velocity of shortening is decreased, and postsystolic
shortening appears. As ischemia worsens progressively
and becomes severe, systolic lengthening, rather than
shortening, is observed. Furthermore, all shortening oc-

curs in diastole, i.e., after the closure of the aortic valve,
so this shortening does not contribute to the pumping
function of the heart. End-systolic length may be greater
than end-diastolic length, indicative of paradoxical ex-
pansion. Figure 2 schematically illustrates a length trac-
ing without and with progressively more severe ischemia.

HEMODYNAMIC AND ELECTROCARDIOGRAPHIC
MEASUREMENTS

In addition to segment length measurements, we re-
corded lead two of the electrocardiogram in all dogs and
the epicardial electrogram midway between each pair of
crystals in three dogs. We also recorded arterial blood
pressure, left ventricular pressure, and left atrial pres-
sure. We derived LV dP/dt by on-line differentiation,
heart rate from RR interval, and coronary perfusion
pressure (diastolic arterial pressure — left atrial pres-
sure). ST segment elevation was quantitated in mV in
those dogs in which epicardial electrocardiograms were
obtained.

ProTOCOL

The aim of the experiment was to expose the myo-
cardium to stepwise increases in inspired halothane con-
centration before and after critical constriction of the left
anterior descending coronary artery. Exposure to each
concentration was 10 min in duration. (Preliminary stud-
ies demonstrated that circulatory stability was always
achieved within 7 min. The expired concentration was
not measured nor assumed to have achieved a steady
state.) After the surgical preparation of the animal was
complete, a one-hour period of stabilization was allowed
to elapse. The experiments were initiated a minimum
of four hours after the administration of thiopental.

The preconstriction halothane exposure was per-
formed as follows: Control recordings were obtained at
a halothane concentration of 0.5 per cent. If inspired
halothane concentration had been greater than 0.5 per
cent, it was decreased to that concentration for 10 min.
The inspired halothane concentration was then increased
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F1G. 2. Schematic representation of the effect of ischemia upon the
configuration ol ventricular segment length recordings. Normal (a):
Shortening occurs during systole, lengthening during diastole. Mild
ischemia (b): Postsystolic shortening appears. Magnitude and velocity
of systolic shortening may be decreased. Moderate ischemia (c): Little
net shortening occurs during systole. There is transient mid-systolic
lengthening. Postsystolic shortening becomes pronounced. Severe isch-
emia (d): Lengthening occurs throughout systole, so that end-systolic

length exceeds end-diastolic length. All shortening occurs after aortic

valve closure.

in steps of 0.5 per cent to a concentration of 2 per cent.
Each level of inspired halothane concentration was main-
tained for 10 min, when recordings were obtained. The
halothane concentration was then returned to 0.5 per
cent and recordings obtained after 15 min. All recordings
were obtained during a 20-s period of apnea at end-
expiration.

A critical constriction of the left anterior descending
coronary artery was then imposed: the snare was tight-
ened by increments of 0.025 in at 30-s intervals until
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changes indicative of ischemia were observed in the LAD
segment unaccompanied by such changes in the LC seg-
ment. The snare was then loosened by 0.025 to 0.050
in until the ischemic changes resolved. After a variable
recovery interval, the micrometer was retightened by
0.005-in increments until early changes of LAD con-
traction again occurred. The snare was then reloosened
by 0.005 in until these changes resolved, and a 20-min
period allowed to elapse. A 90-s exposure to nitrogen
(without change of inspired CO,) was then imposed upon
the animal. Previous work has demonstrated that this
results in a Pag, of 31 =+ 5 torr.® If ischemic changes in
LAD contraction occurred unaccompanied by similar
changes in L.C contraction, this degree of narrowing was
considered a critical constriction, as illustrated in figure
3. If not, further narrowing was imposed in 0.0025- to
0.005-in increments until a differential response to hy-
poxia was obtained. Only animals which demonstrated
this differential response were studied further.

A further recovery period of 20 min was allowed to
elapse after the establishment of critical constriction. The
halothane exposure during constriction was then carried
out in the same fashion as previously described for the
preconstriction exposure. ‘

Statistical analysis was performed by Student’s ¢ test
for paired and unpaired data. Results are expressed as
mean * SEM.

Results

HeMoDYNAMIC DATA (TABLE 2)

There were no significant differences between the pre-
constriction and constriction exposures in any measured
or derived hemodynamic variable at any halothane con-
centration.

However, all measured and derived variables except -

heart rate (systolic and diastolic arterial pressure, left
ventricular end-diastolic and left atrial pressure, coro-
nary perfusion pressure, and LV dP/dt max) changed
progressively and significantly in a dose-dependent fash-
ion with increasing inspired halothane concentration
before and after critical constriction of the LAD.

LENGTH MEASUREMENTS (TABLE 3)

Preconstriction

There were significant dose-dependent reversible in-
creases in EDL, LL max S, L min S, and decreases in
AL, and percentage shortening. Though the percentage
of shortening in the two areas of the heart (LAD and
LC) differed, the percentage of increase in end-diastolic
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TABLE 2. Hemodynamic Effects of Increasing Halothane Concentration without and during Constriction of the Left Anterior Descending Coronary Artery in Dogs (n = 11)
Preconstriction Halothane Concentration (Per Cent) During Ci iction b C ion (Per Cent)
0.5 1.0 15 20 a5 05 1.0 1.5 20 0.5
Heart rate (b/min){ 113 % 7 14 = 7 14 = 7 110 = 6 1o = 7 13 x= 8 15 += 7 116 = 8 16 = 7 14 = 7
Systolic arterial
pressure (torr) 95 + 3 85 + 31 76 =* 2% 62 = 2% 93 = 3 97 %+ 3 89 = 3% 80 * 2% 61 =+ 4¢ 9 £ 3
Diastolic arterial X
pressure (torr) 70 + 3 61 * 34| 52 + 3% | 41 =+ 3¢ 67 = 3 72 % 4 64 * 34| 56 * 34| 39 x 44 69 = 4
LVEDP (torr) 5.1 % 0.6 5.3% 07 59+ 07*| 606 £ 07% 56 + 07 54 *+ 07 55+ 0.6 63 x 07 73 £ 08* 56 + 07
Coronary perfusion
pressure (torr) 65 = 3 56 & 3| 46 % 3t M 3 61 + 3 67 * 4 59 + 3+ | 30 % 33| 32 = 44 63 + 4
LV dP/dt max. '
(torr/s) 1380+ 55 |[1155 .45} | 930 % 354 (685 £ 40f |1265 =+ 60+ |1285 = 65 [1090 =* 65f | 945 = 65 | 640 < 65% |1250 =+ 70

* P < 0.05 compared to preconstriction control or postconstriction control.
p Py p s
1 P < 0.01 compared to preconstriction control or postconstriction control.

length and percentage decrease in shortening were sim-
ilar in the two areas. Thus, the effect of increasing halo-
thane concentration was the same in the two segments
under study prior to constriction of the artery supplying
one of the areas. No changes consistent with ischemia,
i.e., systolic lengthening or postsystolic shortening, were
observed in any myocardial segment.

Constriction

Left circumflex segment. In the LC area there were
no statistically significant differences between the pre-
constriction and constriction data.

Left anterior descending segment. At 0.5 per cent halo-
thane, the end-diastolic length and L max S were un-
changed during the constriction period as compared to

~ the preconstriction period. The minimum length (L min
S) was slightly greater when compared to preconstriction
control, though not significantly different from the pre-
constriction recovery (i.e., 0.5 per cent halothane). Sys-
tolic shortening (AL;) and per cent shortening were re-
duced significantly from the preconstriction control
period by 10.2 per cent and 10.5 per cent, respectively.
Thus, a modest decrease of regional ventricular perfor-
mance was evident at 0.5 per cent halothane. The only
evidence suggestive of ischemia at 0.5 per cent halothane
was the presence of minimal postsystolic shortening.

During 1.0 and 1.5 per cent halothane, EDL was
unchanged from preconstriction, though L min S was
greater and AL, and per cent shortening were decreased.
At 2 per cent halothane, EDL and L max S were in-
creased significantly compared to preconstriction, in ad-
dition to worsening of the above changes. Fifteen min
after returning the halothane concentrations to 0.5 per
cent all these variables had recovered to the constriction
control values. Figure 4 shows the per cent shortening
of the two segments normalized to the beginning of each
halothane exposure. There is a greater degree of depres-

$ P < 0.001 compared to preconstriction control or postconstriction control.

sion with increasing inspired halothane concentration in
the LAD territory during constriction than prior to con-
striction. At 2 per cent halothane the difference is sig-
nificant.

Eight of eleven LAD segments demonstrated changes
indicative of myocardial ischemia during the postcon-
striction halothane exposure. Four segments showed
frank paradoxical motion, with increased end-systolic
length relative to end-diastolic length (fig. 5). All eight
demonstrated postsystolic shortening. Figure 6 shows the
increase of end-diastolic length of the LC segment plotted
against the LAD segments, expressed as the per cent of
increase at 2 per cent halothane compared to 0.5 per cent
halothane. Seven of eight muscle segments demonstrating
ischemia had greater increases in end-diastolic length of
the LAD than the LC, whereas the increases in length
of the non-ischemic LAD segments were similar to those
of the LC segments. '

Epicardial Electrocardiogram

Three hearts were studied. No ST segment changes
indicative of ischemia were observed at any time in the

LC segment or in the LAD segment prior to constriction.

Minor ST segment elevation (maximal 1.5 mV) occurred
in all three LAD segments, but only after frank paradox
was established.

Discussion

The single most important finding of this study is that
an inspired concentration of halothane, tolerated well by
myocardium supplied by a normal coronary artery, com-
monly produces dysfunction and paradox, changes char-
acteristic of myocardial ischemia,’'® in an area supplied
by a critically narrowed coronary artery. Ischemic re-
gional ventricular dysfunction occurs despite anesthetic-
concentration appropriate systemic hemodynamics, nor-
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TaBLE 3. Effect of Increasing Halothane Conceniration upon Regional Ventricular Function before and during Constriction of the Left Anterior
Descending Coronary Artery in Dogs (n = 11)

Preconstriction 1alothane Concentration (Per Cent)

During Constriction Halothane Concentration {Per Cent)

0.5 1.0 1.5 20 05 05 1.0 1.5 20 0.5
LAD

L max §

{(mm) 13.08 + 0.81 | 13.11 = 0.80 | 13.23 + 0.80 | 13.49 + 0.80 113.21 + 0.83 | 13.22 + 0.86 | 13.28 + 0.83 |13.47 £ 0.81 14.01 + 0.81* | 13.28 * 0.8

EDL (mm) 12.97 % 0.80 | 13.01 + 0.79 [13.15 £ 079 | 13.41 + 0.79 |13.15 % 0.81 | 13.10 £ 0.85 | 13.18 £ 0.82 |13.40 + 0.80 | 13.96 % 0.80* [ 13.15 + 0.79

L Min S

{mm) 10.45 + 0.66 | 10.63 * 0.65 [ 11.02 £ 0.64 | 11.55 + 0.65 | 10.68 = 0.64 | 10.86 £ 0.73* [ 11.15 £ 0.70f | 11.70 £ 0.69* | 13.00 £ 0.74% | 11.06 + 0.65*
ALs (mm) 263 + 023 | 248 £ 023 | 221 %025 | 1.94 £ 025 | 2.54 £ 0.23 | 236 + 0.22* | 2.13 £ 0.22f | 1.77 £ 0.24* | 1.01 + 0.33§ | 2.22 £ 0.25¢
Per cent

Shortening 200 + 1.3 (188 %13 16.5

+
N

14.1

"
&

19.0

34

179 % 13¢ [ 160

I+

1.3 | 13.0 = 1.4* 69 * 21§ 1165 == 134

L.C
L max S ‘
(mm) 10.75 = 0.64 | 10.82 x 0.62 | 10.89 + 0.63 | 11.08 = 0.63 | 10.82 %

EDL (mm) 10.69 £ 0.63 [ 10.75 + 0.61 | 10.88 £ 0.62 [ 11.05 % 0.63 (1077 %

23
+

L min 8§

0.61 | 10.84 + 0.66 |10.92 £ 0.68 |11.01 £ 0.70 | 11.35 = 0.77 | 1090 + 0.73
0.60 | 10.80 + 0.65 | 10.87 + 0.67 |[10.98 = 0,70 | 11.33 = 0.76 | 10.85 + 0.71

(mm) 937 % 056 | 9.50 £ 0.56 | 9.66 £ 0.56 | 10,01 * 0.56 | 9.44 * 0.53 | 9.49 % 0.57 9.56 = 0.58 | 9.70 x 0.61 9.70 + 0.62 9.49 % 0.61
ALg (mm) 1.38 £ 0.10 [ 1.32 £ 009 | 1.23 £ 0.10 | 1.06 £ 0.12 | 1.38 + 0.09 { 1.35 & 0.10 1.35 £ 012 1.31 = 0.11 1.24 £ 0,18 1.41 = 0.13
Per cent

Shortening i28 +05 [123 %06 |11.3 +06 95 x09 |127 *05 [124 =05 123 = 05 119 +05 109 * 1.1 128 * 0.6

Values are means £ SEM.

L max § = maxithum length during systole; EDL = End-diastolic length; L min § =
minimum length during systole; ALg = decrease of length during systole.

* P < 0.05 compared to same period preconstriction.

mal global left ventricular function, and minor changes
in the epicardial electrocardiogram. The cause of the
dysfunction appears to be a localized decrease in coronary
perfusion, most probably associated with a pressure gra-
dient across the constriction in the coronary artery. Since
prolonged ischemia may lead to myocardial tissue death,
we hypothesize that clinically unsuspected intra-anes-
thetic compromise of such an area may be an important
cause of perioperative myocardial infarction despite the
absence of an identifiable episode of ischemia or hemo-
dynamic instability. '
Studies employing occlusion of a canine coronary ar-
tery,"" which mimics a recent myocardial infarction, have
conclusively shown that some anesthetic drugs, 7.e., 0.7
per cent halothane and a morphine-based “lytic cock-
tail,” may importantly decrease the magnitude of myo-
cardial tissue death."®'? Individuals with recent myo-
cardial infarction constitute a small subgroup of patients
with coronary artery disease presenting for anesthesia
and surgery. Patients with narrowed rather than recently
occluded coronary arteries, constitute a far larger group
of patients. Thus we believe it is important to study the
effect of anesthetics when a coronary artery is narrowed.
The model we have employed in the present study
does have a narrowed coronary artery. Under control
conditions, the function is normal in both the control
segment and the segment supplied by the narrowed cor-
onary artery. Moreover, we demonstrated that the area
supplied by the constricted artery is unable to contract

1 I < 0.01 compared to same period preconstriction.
$ P < 0.001 compared 10 same period preconstriction.
§ P < 0.0001 compared to same period preconstriction.

normally when the arterial oxygen content is decreased
by hypoxic hypoxia. We believe that the constriction
prevents the coronary artery flow from increasing suf-
ficiently to meet the increased flow requirement. Thus,
this area would appear to be comparable to an area
causing angina pectoris, in which the available vascular
supply is able to meet basal oxygen demands but is un-
ablé to respond normally to stress. '
Flow across a constriction is dependent upon the pres-
sure difference across that constriction and the duration
of flow (diastole). In the normal coronary circulation,
the vascular bed dilates (i.e., autoregulates) progressively
in response to a decreased driving pressure in order to
maintain the flow constant.'”> When a critical pressure
is reached, flow becomes proportional to pressure. The
driving pressure required to maintain a given flow across
a tube with a constriction is greater than that required
to maintain the flow in the absence of that constriction.
These studies were performed in the presence of increas-
ing inspired halothane concentrations, constant heart
rate, and decreasing arterial blood pressure. It is there-
fore reasonable to assume that heart segments which
demonstrated dysfunction and paradox did so because
the blood flow and oxygen delivery were insufficient to
meet oxygen demands, though other contributory factors
can not be excluded. Figure 7 supports the assumption
that flow was important. In this dog the ventricular pre-

mature beat, with its very short time for coronary flow,

is paradoxical in the narrowed segment, indicative of
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ECG

F1G. 3. Effect of hypoxic hypoxia
imposed by inhalation of N for 90
seconds. Prior to hypoxia (left
panel). Shortening occurs normally

in both the LAD and LC segments. LEFrAVg"ﬁ/% gggg@%%—
During hypoxia (right panel). Lit- © o (mmHg)
tle systolic shortening occurs in the
constricted (LAD) area, and mid LVdPdf
systolic lengthening is present. In (mmHg/sec)
the LC segment, the pattern of
shortening remains normal, the ve- LAD
locity and magnitude of shortening SEGME/VTL_E/VGTH
are greater than prior to hypoxia, (mm)
and the end diastolic length is less.
These changes are indicative of en-
hanced contractility. LC
SEGMENTL[A(/GTH
LEFT ATRIAL PRESSURE
(mm Hg)

severe ischemia. After a compensatory pause, which al-
lows for added diastolic duration, that segment shortens
normally. This is compatible with sufficient flow across
the constriction to satisfy the oxygen requirement for
normal contraction. The initial beats, with an interme-
diate RR interval and filling time, show impaired, though
present, systolic shortening and postsystolic shortening,

F1G. 4. Effect of increasing halo-

LAD SEGMENT
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indicative of moderate ischemia. In contrast, shortening
is normal in all beats in the segment fed by the normal
coronary artery. This isolated observation is a dramatic
example of the beat-to-beat dependence of heart muscle
function upon adequate oxygen supply.' Thus, although
the regional ischemia observed in these studies, in which
heart rate remained constant, appeared to be due prin-

LC SEGMENT

thane concentration upon systolic
shortening of the LAD and LC seg-
ments prior to and during constric-
tion of the LAD segment (mean
+ SEM). The results have been
normalized to the beginning of each
halothane exposure. Shortening in
the two segments is decreased sim-
ilarly with increasing halothane
concentration prior to constriction
of LAD. During constriction, the
LAD segment shortens less at each
concentration of " halothane. This
becomes significant at 2 per cent.
In contrast, function of the control o
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for details.
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F1G. 5. The spectrum of ischemic ventricular segment dysfunction associated with 2 per cent inspired halothane in LAD segments supplied
by a narrowed coronary artery. A. Mild dysfunction, with most shortening taking place during systole. Postsystolic shortening is apparent. B.
Hypokinesis, little systolic shortening occurs. Postsystolic shortening is prominent. C. Frank paradox, with systolic lengthening and all shortening
occurring after aortic valve closure. Note that LC segment contraction is normal in all three panels.
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F1G. 6. Increase in end-diastolic length of LAD (constricted) and
LC (unconstricted) segments associated with increasing halothane con-
centration from 0.5 per cent to 2.0 per cent. In 7 of 8 LAD segments
which became ischemic, the halothane-associated increase of EDL was
greater than the increase of EDL of the LC segment. In the LAD
segments which did not become ischemic, the EDL did not increase
disproportionately. Thus the greater elevation of EDL appears to be
related o ischemia rather than being a direct effect of the halothane.
See text for details,

cipally to pressure-mediated decrease in coronary blood
flow distal to the narrowing, we believe it would be
misleading to emphasize the pressure dependence to the
exclusion of the factors regulating myocardial oxygen
balance in the interpretation of our data.

Furthermore, our studies dramatically demonstrate
the limitations of calculated coronary perfusion pressure
in the presence of a coronary constriction. In the clinical
setting, estimates of coronary perfusion pressure always
employ aortic diastolic pressure. The coronary artery
diastolic pressure in a patent arterial system does equal
aortic diastolic pressure. With high-grade stenosis, as
present in these studies and coronary arteriosclerosis,
indirect estimation of coronary artery diastolic pressure
is not possible, and may range anywhere between aortic
diastolic pressure and zero. Thus, the presence of a
“normal” or ‘“anesthetic concentration appropriate”
blood pressure gives no dssurance of positive net regional
myocardial oxygen balance or lack of regional ischemic
dysfunction. In fact, use of this value may be detrimental
by leading to a false sense of security.

The present studies confirm that halothane causes a
significant dose-dependent reduction of myocardial per-
formance similar to that reported previously.'>'* The
presence of a constriction of the LAD did not change the
response to halothane of any measured hemodynamic
variable, including LV dP/dT, an index of global myo-
cardial performance.

Two reasons for the absence of global impairment of
function in these studies may be suggested. The area
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F1G. 7. Effect of changing dia-
stolic filling period upon a con-

stricted LAD segment and uncon- £CG

stricted LC segment during 2 per
cent inspired halothane. Regular
sinus beats (S) are associated with
moderate ischemia in the LAD seg-
ment and normal contraction in the
LC segment. The ventricular pre-
mature contraction (V) is associated
with a shorter duration of coronary
filling. The LC segment shortening
pattern remains normal. However,
the LAD segment is {rankly para-
doxical; i.e., the LAD segment
lengthens during ventricular con-

traction, and shortening occurs only LC SEGMENT LENGTH

with the decline of ventricular pres- (mm)
sure during the relaxation period. LEFT ATRIAL PRESSURE
The sinus beat after the subsequent (mm Hg)
compensatory pause (C) is asso-
ciated with the longest diastolic fll-
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ing period. This allows sufficient coronary flow so that the LAD contraction pattern normalizes, indicating the absence of ischemia in that
previously ischemic LAD segment during that beat. The contraction pattern of the LC segment remains normal. See text for details.

supplied by the left anterior descending coronary artery
distal to the second diagonal branch is relatively small.
When dysfunction occurs in a small area of the left ven-
tricular wall it may not cause detectable impairment of
global function. A second reason for the absence of im-
pairment of global function may be the behavior of the
control (i.e., LC) segment. Prior to constriction, the per
cent shortening was similar in two segments. During the
administration of halothane, as the LAD became more
dysfunctional, LC segment shortening was preserved (fig.
4). This was most evident in those hearts with the most
severe LAD segment dysfunction. Whether this is due
to local compensation, decreased impedance of the isch-
emic segment, or another unknown mechanism has not
been clarified.

As figure 6 shows, at 2 per cent halothane, seven of
eight hearts which demonstrated ischemic dysfunction
had a greater increase of end-diastolic segment length
in the narrowed segment relative to the increase in the
normal (LC) segment. This was not true of segments
that did not become ischemic. Thus, it is reasonable to
assume that this excess increase in end-diastolic length
was caused by ischemia rather than by global left ven-
tricular dilatation. Once established, diastolic segmental
distension may help to perpetuate ischemia by increasing
tissue pressure. This, in turn, may lead to a vicious cycle
in which subendocardial perfusion is not adequate even
though aortic diastolic pressure returns to normal. Tissue
compression of subendocardial vessels and elevation of
the minimum inflow pressure required for diastolic per-
fusion may be responsible for this phenomenon.'

We have termed the shortening that occurs following
aortic valve closure “postsystolic shortening,” since the
end of systole is classically defined by aortic valve clo-
sure.'” Kumada et al. referred to this as “late systolic
shortening,” despite the fact that it takes place after com-
pletion of systole.'® It is unclear whether this shortening
is active or passive (elastic recoil).®'® Regardless of the
mechanism, however, it does not contribute to the ejection
of blood into the aorta.

The absence of early and reliable changes in the epi-
cardial electrocardiogram recorded from the site of mal-
function is disappointing. The literature validating the
correlation of epicardial ST segment elevation after cor-
onary occlusion and subsequent tissue death is copi-
ous.'™ Our previous work demonstrating decrease by
halothane of ischemia as estimated by electrocardiogra-
phy was confirmed by recent work demonstrating de-
crease in anatomic infarct size by a 12-h halothane ex-
posure after coronary occlusion.? Perhaps the epicardial
electrocardiogram is most reliable in the presence of an
occluded artery. Any coronary flow that does occur in

“the presence of a constriction may well be distributed

primarily to the subepicardial area closest to the epicar-
dial electrocardiographic lead.* Thus, the reasons for
lack of detectable changes in the epicardial electrocar-
diogram may include preservation of ‘epicardial flow
across the constricted orifice, despite a decrease in en-
docardial flow. Guyton and associates have shown that
the endocardial electrocardiogram reflects ischemia as-
sociated with decreased coronary perfusion pressure
prior to changes in the epicardial electrocardiogram.?!
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Smith et al. have also shown that the epicardial and
endocardial electrocardiographic ST segment elevation
is similar after an occlusion duration of 5 min.?? Thus,
there appears to be a qualitative difference between the
effects of an occlusion and a constriction in regard to
epicardial electrocardiography, which may explain our
findings. Further studies including both total coronary
flow and coronary flow distribution plus simultaneous
epicardial and endocardial electrocardiograms would
appear to be necessary to further clarify this issue.

Three recent investigations of halothane and coronary
artery narrowing have been published since these studies
were performed. Verrier et al. showed a decreased per-
fusion pressure requirement at 1 MAC halothane com-
pared to nitrous oxide.”® Behrenbeck has shown that
decrease of coronary blood flow to 25-30 per cent of
control causes the same magnitude of impairment of ven-
tricular wall thickening at 0.5 to 1.5 MAC halothane.?*
Hickey et al. demonstrated that canine heart muscle sup-
plied by an artery with a “moderate” stenosis tolerated
halothane-induced deliberate hypotension without be-
coming ischemic, whereas regional ischemia occurred
despite a decreased oxygen requirement when hypoten-
sion was induced for two hours in the presence of a
“severe” stenosis.® All of these studies are compatible
with our data. A reason that three of our eleven dogs did
not become ischemic may be that the degree of constric-
tion in those arteries was comparable to Hickey’s mod-
erate stenoses, whereas that constriction in the eight other
dogs was equivalent to their severe stenoses.

This study has not directly addressed the definition
of a prudent or adequate arterial pressure during clinical
anesthesia. In patients with known ischemic heart dis-
ease, few anesthetists, (certainly including the authors)
would be content with a diastolic arterial pressure of 40
torr! Our use of the terms ‘“normal” and ‘“anesthetic
concentration appropriate” hemodynamics are employed
to attempt to convey the message that regional ischemia
may occur in areas supplied by stenotic coronary arteries
despite an apparently benign anesthetic course with un-
impressive deviations from normal hemodynamic values.
It is likely that with lengthy and/or sequential stenoses,
local coronary flow below that required to satisfy oxygen
requirements may occur at a higher arterial pressure
than in this study, particularly if the heart rate is ele-
vated, the ventricle is distended, the hematocrit is de-
creased, etc. The assumption that hemodynamic values
different from those present during the awake, non-isch-
emic state are safe may consequently be erroneous when
coronary stenoses are present. Until on-line monitoring
of regional myocardial ischemia is feasible, maintenance
of intra-anesthetic hemodynamics within ranges known

Anesthesiology
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to be associated with absence of myocardial ischemia in
the awake individual appears to remain a reasonable goal
and elusive ideal.

It is important to emphasize that no implication can
be derived from these studies concerning the relative ad-
vantages or disadvantages of halothane over other an-
esthetic agents or regimens in the management of patients
with coronary artery disease. These data neither confirm
nor refute those data demonstrating a decrease of myo-
cardial tissue death associated with halothane adminis-
tration in the animal with an occluded coronary artery.
Rather, they may establish the necessity for studying the
interaction between anesthetic drugs and non-occlusive
coronary artery disease in a model which has a coronary
artery constriction rather than an occlusion. In addition,
the implications of the changes in segmental wall motion
must be confirmed by other studies documenting mag-
nitude and distribution of coronary flow, metabolic con-
sequences, tissue oxygen tensions, endocardial electro-
cardiograms, and other indices reflecting myocardial
oxygen supply and demand. If the prevailing opinions
are correct, the contraction abnormalities that we have
observed are characteristic of and specific for ischemia.’ '
Prolonged ischemia is associated with tissue death. We
believe the major importance of our studies is that ‘“nor-
mal” systemic hemodynamics and global ventricular
function during anesthesia may be associated with re-
gional myocardial ischemia. This may be an important
mechanism for perioperative infarction despite the ab-
sence of clinically identifiable ischemia.

The authors acknowledge the contributions of Dr. Siegfried Hagl
and Dipl. Ing. Werner Heimisch, Deutsches Herzzentrum, Munich,

West Germany, who gave generously of their knowledge and technical
skills.
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