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Speed and Sensitivity of Mechanical Versus
Electrographic Indicators to Mild or Moderate
Myocardial Ischemia in the Pig

Seiji Watanabe, M.D.,* Charles W. Buffington, M.D.

Background: Intraoperative myocardial ischemia may be
detected and quantified by indexes of myocardial contraction
or by clectrography. The relative reliability of these two ap-
proaches is controversial. Two issues are relevant: the timing
of events after the onset of mild to moderate ischemia, and
the sensitivity of measures to ischemia at steady state.

Metbods: In eight pigs, a carotid-to-left anterior descending
coronary artery shunt with a flow meter was installed. Flow
to the left anterior descending coronary artery was reduced
in steps of 10% from baseline values to 50% of baseline. Wall
thickness, myocardial QRS amplitude, and ST-segment devia-
tion were measured every 1 min for 6 min at cach step. Re-
gional myocardial lactate extraction was measured at 6 min.

Results: Linear relations were found between the percentage
of baseline coronary flow and all four dependent variables at
steady state, indicating equal sensitivity (defined as rate of
change with respect to flow reduction) to myocardial isch-
emia. After flow reduction, decreases in systolic wall thick-
ening occurred first and were followed by a QRS amplitude
decrease and then ST-segment elevation. The onset of ischemia
was carlier with more severe reductions of coronary flow.

Conclusions: Mechanical and clectric measures of myocar-
dial ischemia show equal sensitivity at steady state even
though regional contraction changed more quickly than did
QRS amplitude or the ST-segment after an abrupt reduction
in coronary flow. (Key words: Animals: swine. Complications:
myocardial ischemia. Heart: coronary stenosis; electrophys-
iology; myocardial contractility; myocardial oxygen con-
sumption. Metabolism: lactate. Monitoring: electrocardiog-
raphy.)
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DETECTION of myocardial ischemia is important dur-
ing anesthesia in patients with coronary artery disease.
Perioperative ischemia has been linked to morbid out-
comes such as myocardial infarction, cardiac failure,
and death.'™ Presumably, early detection and prompt
treatment of perioperative ischemia would decrease
the incidence and severity of such events.

The relative reliability of measures of myocardial
contraction, such as those provided by transesophageal
echocardiography (TEE), and measures of myocardial
electric activity obtained from the electrocardiogram
(ECG), is a matter of controversy. Two questions have
been raised: which technique provides the earlier in-
dication of ischemia, and which provides the more
sensitive response to myocardial ischemia? Numerous
studies in both animals and humans have demonstrated
that regional myocardial contraction decreases rapidly
after total coronary occlusion, and that ECG evidence
of ischemia lags contractile failure by seconds to min-
utes.® Scant attention has been paid, however, to the
rate of change of TEE and ECG variables after the onset
of less severe ischemia. This question is important be-
causc the ischemia that occurs in a clinical setting is
rarcly complete. Rather, mild to moderate imbalances
in oxygen supply and demand occur as a result of either
changes in systemic hemodynamics or parstial coronary
occlusion by spasm or platelet aggregates.

The issuc of sensitivity is controversial in part because
the experimental approaches have varied. Some studies
have defined sensitivity in terms of “‘first noticeable
change”’; some have used an arbitrary criterion to es-
tablish a positive response; and others have used sta-
tistical tests to define a significant response. Many stud-
ies have been performed in dogs, whose relative abun-
dance of intercoronary collateral vessels leads to an
unpredictable response to coronary occlusion that fur-
ther complicates the analysis.

Therefore, the purpose of the current study was to
compare the time courses of systolic wall thickening,
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§T-segment deviation, and QRS amplitude after graded
reductions in coronary flow. We measured myocardial
lactate flux as an indicator of ischemia and used the
values of other dependent variables corresponding to
the transition to lactate production to determine the
time when these variables indicated the onset of myo-
cardial ischemia. The results confirm the previous ob-
servation that mechanical dysfunction precedes ECG
changes after an abrupt decrease in flow and show that
this lag time increases with mild flow reduction. The
results also demonstrate linear relations among all four
dependent variables and percentage reduction of cor-
onary flow at steady state, suggesting equal sensitivity
to ischemia.

Materials and Methods

General Preparation

The protocol was approved by the Institutional Ani-
mal Care and Use Committee of the University of Pitts-
burgh. Eight technically successful experiments were
accomplished in 23 farm-bred pigs (20-25 kg) of ci-
ther sex. Experimental difficulties resulted largely from
coronary cannulation. Eleven pigs died after coronary
dissection, occlusion of a septal branch, or coronary
spasm. In four pigs, reliable samples of regional venous
blood could not be obtained.

The pigs were given acetylsalicylic acid (25 mg- kg™
orally) the night before surgery to decrease platelet
activation by the external perfusion circuit (sce be-
low). Before each experiment, the pigs received ket-
amine (10 mg-kg™' intramuscular) and then were
anesthetized with halothane (0.5-2.5% end-tidal con-
centration). After tracheal intubation with a cuffed tube
through a tracheostomy, the lungs were ventilated with
oxygen and air delivered by a positive-pressure respir-
ator (Harvard, South Natick, MA) with 5 cmH,O posi-
tive end-expiratory pressure. The partial pressure of
oxygen in arterial blood was kept greater than 200
mmHg by controlling the flow of oxygen. Tidal volume
was fixed at 15 ml-kg™' and respiratory rate adjusted
to keep the arterial carbon dioxide tension at 35-40
mmHg. Blood gas tensions and pIH were measured at
intervals during the experiment (Radiometer, Copen-
hagen, Denmark).

Arterial pressure was measured with a saline-filled
transducer (Gould, Cleveland, OH) through a polyeth-
ylene catheter placed into the thoracic aorta via the
right brachial artery. Left ventricular (LV) pressure was
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measured with a micromanometer (Millar, Houston,
TX) inserted through a purse-string suture in the left
atrial appendage. The heart was exposed by left tho-
racotomy and suspended in a pericardial cradle. Several
ribs were removed to improve access to the heart. Wires
were sutured to the left atrium for pacing (Metronic
5880A, Mcdtronic, Minneapolis, MN). Heart rate was
held constant at approximately 140 beats - min™'. The
pericardium was left open. Halothane was discontinued
after instrumentation, and anesthesia was maintained
with morphine (3 mg- kg™ subcutaneously) and pen-
tobarbital (25 mg-kg™' intravenously [iv] plus 0.3
mg- kg™ - min~" iv). Metacurine (4 mg iv initial bolus
and subscquent 2 mg iv bolus doses as needed) was
used for muscle relaxation.

Regional Wall Thickening

Regional myocardial contraction was measured in the
arca supplied by the left anterior descending coronary
artery (LAD) with a pair of ultrasonic crystals and a
sonomicrometer (Triton, San Dicgo, CA). A 1-2-mm-
diameter lensed piczocelectric crystal was inserted
through a stab wound in the epicardium and tunneled
tangentially to a position at the endocardial surface. A
2-3-mm-diameter lensed crystal was sewn to the
epicardium at the location that minimized the distance
between erystals. The pair of crystals measured wall
thickness. A temporary occlusion of the LAD, after the
crystal pair was in place, confirmed that the set was
located in the ischemic area. At autopsy, the inner crys-
tal of the wall thickness pair was located by blunt dis-
scection. Each inner crystal was within 3 mm of the
subendocardium. The orientation of the crystal sets was

checked to ensure that the set was perpendicular to

the epicardium.

Myocardial Electrographic Measurements

Stainless steel wires (Medwire, Mount Vernon, NY),
coated with Teflon except for the distal 2 mm, were
inserted into both the subendocardium and the sub-
epicardium to serve as intramyocardial electrodes. The
clectrode was pushed into the LV cavity and then with-
drawn until a hook at the tip engaged the muscle. Elec-
trograms were recorded from endocardium and epi-
cardium (model 13-4615-58, Gould) relative to a ref-
erence clectrode at the T6 level on the animal’s back.
The amplifier of the myocardial electrogram had a low-
frequency cutoff of 0.1 Hz and high-frequency cutoff
of 3 kHz and a notch filter at 60 Hz. The clectric circuit
was calibrated by applying a 10-mV direct-current sig-
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nal to the electrodes (General Resistance, Branford,
CT) at the end of cach experiment.

Coronary Perfusion

The proximal LAD was dissccted free from the epi-
cardium, and papaverine in saline (2.5 mg-mi™") was
poured over the artery to minimize spasm. Lidocaine
(30 mg iv) and heparin (750 U« kg™ iv bolus plus 250
U-kg™'+-h™") were given, and a 4-mm-long, thin-
walled, 14-G Teflon tube was inserted into the LAD and
tied into place. Blood from the left carotid artery was
supplied to this cannula by a shunt. After cannulation,
the shunt was clamped for 10 s, and release of the
clamp clicited a brisk reactive hyperemia with a peak
flow 1.5-2.0 times resting flow in all animals. The
shunt was made of thick-walled Silastic tubing (3.0
mm ID, Dow Corning, Midland, MI) and incorporated
an clectromagnetic flow probe and an adjustable screw
clamp. The inside of the shunt was coated with a sili-
cone compound (Prosil-28, PCR, Gainesville, FL) and
dried before use. A flow meter (Zepeda SWE-4RD, Scat-
tle, WA) was used to measure total coronary flow. The
flow meter was calibrated with the pig’s blood by timed
collection after cach experiment.

Regional Lactate Metabolism

A 22-G catheter was inserted retrograde into a small
vein in the territory supplied by the LAD. Usually, a
vein parallel to the second diagonal branch of the LAD
was used for this purpose. Small samples of blood (0.5-
0.6 ml) were slowly withdrawn over 20-30 s from this
catheter, and a simultancous blood arterial sample was
obtained. The samples were stored on ice for 10-15
min until measurement of oxygen content (OSM3 He-
moximeter, Copenhagen, Denmark), oxygen tension
(ABL Radiometer), and lactate concentration (Yellow
Springs Instruments, Yellow Springs, OH).

Experimental Protocol

Insertion of the intramyocardial electrodes often
produced an injury current characterized by ST-segment
clevation. The ST segment returned to within 1 mV of
the TQ bascline within 15-60 min. The heart rate was
stabilized at 140 beats - min™" by atrial pacing. Arterial
blood pressure was not controlled. Hemodynamic,
electrographic, and regional wall thickness data were
recorded, and coronary flow was measured. Matched
arterial and coronary venous blood samples were ob-
tained for analysis of lactate and oxygen content. Then
the screw clamp was abruptly tightened to reduce cor-
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onary flow by about 10% from the initial baseline value.
Flow tended to decrease abruptly and then increase
slightly over 10-20 s as autoregulation compensated
for the decrease in coronary pressure. A second, small
adjustment of the screw clamp was frequently made to
offset this compensation and to maintain constant flow.
Mcasurements were recorded every 1 min for 6 min
after flow reduction, and then blood samples were ob-
ained. The stenosis was released; a reactive hyperemia
occurred; and coronary flow was permitted to return
to the baseline value.

In subscquent experimental trials, coronary flow was
reduced by approximately 20, 30, 40, and 50% of the
initial bascline flow. Flow reductions were not ran-
domized because myocardial stunning can occur after
severe flow reduction (sce below). The animal was
kilied with potassium chloride (1 ml-kg™' iv) while
deeply ancsthetized. Post mortem examination re-
vealed that the electrodes and sonomicrometer crystals
were located within the central arca of the perfused
zone in all animals.

Coronary Embolization

To determine whether the experimental procedures
induced vascular collapse, we performed an additional
experiment in five animals. The LAD was completely
occluded for 45 s and regional contraction and distal
coronary pressure recorded. The occlusion was re-
leased, and after a recovery period, a suspension of 50-
pm—diameter glass beads in blood (total volume 2-2.5
ml) was injected into the LAD to stop flow at a capillary
level. This approach maintains proximal coronary ar-
tery pressure and should prevent vascular collapse. The
time course of contractile failure after microemboli-
zation was compared with that after coronary occlusion
to determine the influence of vascular collapse.

Myocardial Electrogram versus Surface

Electrocardiogram

In five different animals a median sternotomy was
done instead of a left thoracotomy. Myocardial clec-
trodes and an LAD occluder were installed, and then
the pericardium and chest were closed tightly. A drain-
age tube was inserted to evacuate air from the pleural
space. After a baseline measurement had been obtained,
the LAD was completely occluded, and myocardial
electrograms and a surface ECG from a V3 lcad over-
lying the ischemic area were recorded for 90 s. The
surface ECG was recorded from subcutancous ncedle
clectrodes placed in the standard configuration using
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an amplifier with a low-frequency cutoff of 0.3 Hz and
high-frequency cutoff of 50 Hz (model 13-4615-64A,
Gould).

Data Collection and Analysis

Aortic pressure, LV pressure, regional wall thickness,
and regional electrograms were recorded on a poly-
graph (Gould). (Thesc signals were also digitized at 2
kHz by a 12-bit analog-to-digital converter [Canopus,
Kobe, Japan]and recorded on floppy disk for later com-
puterized analysis [NEC, Tokyo, Japan]). The first de-
rivative of LV pressure with respect to time (LV
dP-dc™") was obtained with an analog circuit (model
13-4615-71, Gould). To allow accurate timing of the
start and end of systole, a paper speed of 100 mm +s™"
was uscd. The beginning of systole was considered as
the time when LV dP - dt ™! first left the baseline, before
peak positive LV dP-dt™'. The end of systole was as-
sumed to occur 25 ms before peak negative LV dP-de™!.
The absolute change in wall thickness during systole
was calculated as end-systolic wall thickness minus end-
diastolic wall thickness and was normalized to end-
diastolic thickness.

The myocardial electrogram showed an ‘1S complex
that resembled the surface ECG lead V3 (fig. 1). The
QRS amplitude (primarily a reflection of S-wave am-
plitude) was measured in millivolts relative to the PR
baseline. The elevation or depression of the ST segment
was measured relative to the PR isoclectric line 100
ms after the beginning of QRS complex. These waves
were measured and stored with a visual waveform cd-
itorial software (Wave Master II, Canopus).

Steady-state Data. The flow during cach experi-
mental trial was expressed as a percentage of the initial
baseline value at the beginning of the experiment. De-
pendent variables (hemodynamics, wall thickness, and
clectrogram amplitudes) measured at steady state were
plotted against percent flow reduction in each animal.
Sequential points were connected by straight lines. Be-
cause of experimental variability, the target value for
flow reduction was not always precisely achieved.
Consequently, values for the dependent variables at
uniform percent reductions of coronary flow (Z.e., 10,
20, . . . 50%) were obtained by interpolation and av-
eraged. Steady-state values of lactate metabolism were
plotted against absolute coronary flow in each animal
(fig. 2, top). A best-fit curve was constructed by eye,
and the flow value at which lactate extraction changed
to production was obtained by interpolation. Similar
plots of absolute coronary flow versus wall thickening,
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¥ Preconlind ECG ﬁﬂ

Camplole Dechesion of LAG

Fig. 1. Lead V3 precordial electrocardiogram and endocardial
electrogram tracing from one pig. After abrupt occlusion of
the LAD acute ischemia produced synchronous and propor-
tional changes in the amplitude of the QRS complex and ST
segment of both leads. These data suggest that the local clec-
trographic changes that were observed in the current study
should also be observed in electrocardiogram complexes re-
corded from the body surface. (Paper speed 100 mm - min™
and 100 mm-s7')

QRS amplitude, and ST deviation (for both endocardial
and cpicardial clectrograms) were constructed. Be-
cause of a small residual effect due to myocardial stun-
ning (sce below), values for these variables were nor-
malized to the value obtained just before cach flow
reduction. The value of these normalized dependent
variables occurring at the flow value corresponding to
the onsct of lactate production (““threshold value™)
was obtained.

Dynamic Events. To demonstrate the time course
of the ischemic cascade, the normalized dependent
variables (see above) were plotted against time for cach
trial in each animal (fig. 2, third level). Then the time
at which the dependent variable crossed the threshold
value corresponding to lactate production was tabu-
lated. These times were considered to represent the
“onset of ischemia’ for a given dependent variable.
The onset times were plotted against corresponding
flow reductions in cach animal, and interpolations were
made for averaging.

Statistical Analysis. Descriptive statistics were cal-
culated (SPSS/PC version 4.0, 1990). The relationships
between degree of coronary flow reduction and all de-
pendent variables at 6 min were calculated by linear
regression analysis. The onset times corresponding to
tactate production for the dependent variables data
were compared by regression analysis. The data are
presented as the mean * 1 standard error of the mean.

Results

Most dependent variables were stable throughout the
experiment (table 1); however, a small cffect of time
or preceding ischemia was noted in systolic wall thick-
ening. Thickening decreased from an initial value of
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Fig. 2. The process used to calculate onset time of myocardial
ischemia as indicated by changes in regional wall thickening
and QRS amplitude in each animal. First, steady-state values
of lactate metabolism were plotted against absolute coronary
flow, and a best-fit curve relating the two variables was con-
structed by eye (zop). The flow value at which lactate extrac-
tion changed to production was obtained by interpolation.
Then, the values of myocardial contraction and electrogram
parameters corresponding to this flow value were determined
(second level). To demonstrate the time course of events after
abrupt flow reduction, the dependent variables were plotted
for each run against time in each animal (third level). Then
the time at which the dependent variable crossed the “thresh-
old” value corresponding to lactate production at steady state
was tabulated. These times were considered to represent the
“onset” of ischemia for a given dependent variable. The onset
times were plotted against corresponding coronary flow in
each animal and interpolations made for the purpose of av-
craging (bottom).
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27% before the first flow reduction to 22% before the
final trial, probably because of mild myocardial stun-
ning.

Steady-state Results

Arterial blood pressure and heart rate were stable
during the entire experiment (data not shown), as ev-
idenced by values during steady state at 6 min after
abrupt reduction in coronary flow (table 2). The rate—
pressure product was on the order of 13,000
mmHg - beat - min~'. Regional myocardial oxygen con-
sumption in the LAD perfusion territory was about 2.3
ml-min~" at full flow and decreased to 1.6 ml- min™'
at the lowest flow (£ < 0.05). LV end-diastolic pressure
increased with decreasing flow (P < 0.05). Change in
systolic wall thickening (expressed as a percentage of
end-diastolic wall thickness) decreased in a lincar
fashion with decreases in coronary flow, from 27% at
100% flow to 9% at 50% flow (P < 0.05). Myocardial
lactate extraction was positive (48%) at 100% flow and
became negative at about 80% flow. Proportional in-
creases in lactate production occurred with further de-
creases in flow (P < 0.05). Linear decreases in endo-
cardial QRS amplitude and ST deviation from baseline
occurred with decreased flow (P < 0.05). In contrast,
small decreases in QRS amplitude and even smaller
changes in the ST deviation of the epicardial electro-
gram were noted with decreased flow.

The steady-state correlates of lactate production were
determined for each animal (see above) and averaged
(table 3). Lactate production occurred when coronary
flow was reduced by 20%. This flow corresponded to
a 30% decrease in systolic thickening, a 20% decrease
in endocardial QRS amplitude, a 1.8-mV deviation of
the endocardial ST segment, a 12% decrease in epicar-
dial QRS amplitude, and a 0.5-mV deviation of the epi-
cardial ST segment.

Dynamic Results

The time course of events after the abrupt reduction
of coronary flow was consistent among animals. An ex-
ample is shown in figure 2. Rapid changes occurred in
systolic thickening, whereas less rapid changes oc-
curred in the electrograms. All changes were completed
well within the 6 min allowed for steady state, with
the exception of small progressive changes in QRS am-
plitude in several animals during the most severe flow
reduction (data not shown).

The time after flow reduction necessary for each de-
pendent variable to reach the threshold value corre-
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Table 1. Values Before Flow Reduction

Experimental Trial 1 3 4 5

Systolic arterial pressure

(mmHg) 924 +27 93.1+1.4 91.56+23 909+ 25 88.7 + 2.5
Heart rate (beats/min) 141 =13 141 £1.3 141 £ 1.3 141 £1.3 141 + 1.7
End-diastolic wall thickness {mm) 6.7 £0.5 6.8+ 0.5 6.7 £ 0.5 6.8+ 0.5 6.5+ 05
Systolic wall thickening (%)* 276 + 3.7 28.3+3.9 243+4.0 23.5+ 3.8 228+ 35
Endocardial electrogram

QRS amplitude (mV) 16714 156 +1.3 15.5 + 1.3 155+ 1.3 15114

ST segment deviation (mV) 06 +02 0.6 + 0.1 0.6 + 0.1 0.3 +0.1 0.3+0.1
Epicardial electrogram

QRS amplitude (mV) 143 £ 21 148+ 19 145+ 22 144 +23 154 + 2.3

ST segment deviation (mV) 03+02 0.0+ 0.1 0.0+0.2 -0.1+02 -0.3+0.1
Coronary flow (ml/min) 274 +17 27.0+1.7 261413 26.3+15 249+ 1.1
Number of animals 8 8 8 7t

Data are mean + SEM.

* (End-systolic wall thickness ~ end-diastolic wall thickness)/end-diastolic wall thickness X 100.

1 One animal missed the 5th trial.

sponding to myocardial lactate production is shown in
figure 3. Systolic wall thickening reached threshold
value first, usually within 20-40 s. Endocardial QRS
amplitude reached threshold value next, usually within
60-90 s, and endocardial ST deviation reached thresh-
old last, often requiring 100-150 s. The onset time for
all dependent variables decreased as the severity of flow
restriction increased (P < 0.05).

Coronary Embolization

A straight-line relation between systolic thickening
and time after occlusion of coronary flow was assumed.
Individual correlation coefficients averaged 0.93 (range
0.88-0.96) and improved to 0.95 (P < 0.01) when
treatment (coded for microspherc embolization vs.
coronary occlusion) was included in the regression
model. Although a significant increase in predictive
ability was achieved with the addition of the treatment
code, the physiologic significance of such a small effect
is uncertain. Inspection of the plots of decrease in sys-
tolic thickening after coronary occlusion and that oc-
curring after microembolization revealed very similar
time courses (fig. 4, left). Proximal coronary pressure
was maintained at systemic levels after microemboli-
zation, but decreased rapidly after coronary occlusion
(fig. 4, right).

Myocardial Electrogram versus Surfuce

Electrocardiogram

The major wave of the myocardial electrogram QRS
complex corresponded in time to the S wave of the V;

Ancsthesiology, V 80, No 3, Mar 1994

surface ECG. After total coronary occlusion for 90 s
(fig. 1 and tabie 4), the changes in amplitude of the
respective waves occurred simultancously. Myocardial
QRS amplitude correlated directly with S-wave and in-
versely with R-wave amplitude of the surface ECG (r?
= 0.94-0.95). The ST segment of both the precordial
ECG and the endocardial clectrogram was clevated. R?
was 0.79 £ 0.08 for the five animals, and the slope
constant was positive.

Discussion

We determined how graded reductions in coronary
blood flow affect myocardial contraction, electrograms,
and lactate metabolism in a region of the pig heart.
Linear relations were found between the degree of flow
reduction and the three dependent variables at steady
state. Contractile dysfunction occurred earlier than
electrogram changes after flow reduction, although the
time difference decreased with more severe ischemia.
Changes in the amplitude of the clectrogram complex
occurred carlier than changes in the ST segment.

Assumptions and Characteristics of the Model

We assumed that 6 min was long enough to achieve
a steady state for lactate metabolism. This assumption
is supported by data from a previous study® in which
lactate production occurred quickly during mild isch-
emia: values obtained at 5 min were approximately
90% of the peak values after 10 min of ischemia. We
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Table 2. Values at 6 Min After Coronary Flow Reduction

Coronary Flow Reduction 50% 40% 30% 20% 10%
(% of Baseline)" Reduction Reduction Reduction Reduction Reduction Baseline
Systolic arterial pressure 89+ 3 89+ 2 91+ 2 92+ 2 93+ 2 92+3
(mmHg)
Heart rate (beats/min™") 1414 2 141 £ 1 141 1 141 1 141 1 141 £1
RPP (x1079) 12.5 + 0.4 125+ 03 128 £ 0.4 13.0 £ 0.4 13.0 0.4 13.0+ 0.4
MVo, (Ml Oz/min~"}t 1.65 + 0.13 1.81+0.13 2.06 + 0.16 231+ 0.15 237 +0.17 2.34 + 0.19
LVEDP (mmHg)§ 8.5+ 1.1 77+1.0 72+08 6.4 +0.9 57x1.1 54111
Systolic wall thickening (%)t 9.2+39 135+ 3.9 16.7 = 4.2 201 + 4.1 23.9 + 3.7 27.8 +3.7
EDWT (mm) 6.3 + 0.5 6.4+ 05 6.6+ 0.5 6.7 £ 0.5 6.8 + 0.5 6.7 0.5
AWTsys (mm)t 0.6 +0.2 09+ 0.2 1.1 +0.3 1.3+03 1.6+ 0.2 1.8+0.2
Myocardial lactate extraction —133 + 24 -87 + 21 -41 + 18 ~-1+8 334 48+ 5
(%)
Myocardial lactate flux {(mm)t ~-143+18 -103+ 2.2 -6.6+ 3.2 04 +17 80+12 136+ 20
Endocardial electrogram
QRS amplitude (mV)} 6.6+ 2 87120 103+ 2.0 121+ 18 145+ 15 15.7 £ 1.4
ST segment deviation 51+12 43+ 09 34+ 07 2.5+ 0.6 1.6 +0.5 0.6 +0.2
(mV)§
Epicardial electrogram
QRS Amplitude (mV)i 9.8 27 112+ 26 123+ 2.6 181+ 24 138422 14.3 + 2.1
ST segment deviation 1.7+ 0.8 1.0+ 0.8 0.8 +0.6 0.7 + 05 04+03 0302

(MV)§

Data are mean + SEM (n = 8).

RPP = rate pressure product; MVo, = myocardial oxygen consumption; LVEDP = left ventricular end-diastolic pressure; EDWT = end-diastolic wall thickness;

AWTsys = change in wall thickness during systole.
* Baseline is flow value at start of experiment.

T (End-systolic wall thickness — end-diastolic wall thickness)/end-diastolic wall thickness X 100.
Data have been rounded after averaging.

1 95% of confidence area of slope of linear regression did not include zero, and its value was positive (P < 0.05).
§ 95% of confidence area of slope of linear regression did not include zero, and its value was negative (P < 0.05).

intentionally limited the period of ischemia to mini-
mize long-lasting cffects such as stunning. Lactate pro-
duction is a well-accepted standard indicating myo-

cardial ischemia.””"" Factors that confound interpre-
tation of lactate data tend to give false-negative results.
For example, venous samples may be an admixture of

Table 3. Steady-State Correlates of Lactate Production

Endocardial Electrogram Epicardial Electrogram

Systolic
Coronary )\/Nall QRS ST Segment QRS ST Segment
Flow Thickening Amplitude Deviation Amplitude Deviation
Animal {ml/min=") (%) (mv) {(mV) (mv) (mVv)
1 25 (82) 20 (84) 15 (84) 0.9 21 (95) -1.1
2 24 (88) 13 (56) 8 (63) 2.0 5 (68) 1.5
3 15 (70) 36 (78) 16 (75) 14 20 (97) 0.3
4 26 (85) 19 (78) 7 (70) 3.5 10 (90) 0.1
5 22 (65) 16 (74) 12 (98) 0.3 14 (91) 0.8
6 22 (72) 18 (69) 8 (72) 1.7 10 (81) 1.3
7 17 (92} 5 (40) 15 (88) 2.1 10 (81) 0.7
8 19 (79) 30 (75) 18 (85) 2.1 13 (94) 0.5
Mean 21.3(79.1) 19.5 (69.4) 12.2 (79.3) 1.8 12.8 (87.1) 0.5
SEM 1.3 3.5 15 0.4 1.9 0.3

* {(End-systolic wall thickness — end-diastolic wall thickness)/end-diastolic wall thickness x 100.
t Numbers in parentheses are percentage of baseline values.
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Fig. 3. The time after coronary flow reduction at which each
dependent variable reached the threshold value correspond-
ing to myocardial lactate production is plotted as a function
of flow level. Regression analysis using dummy variables de-
termined that the onset time indicated by reduced systolic
wall thickening (squares) was shorter than the onset time de-
termined by endocardial QRS amplitude (circles), which was
shorter than that of endocardial ST-segment deviation (tri-
angles). The onset time of each variable decreased in propor-
tion to the severity in reduction of coronary flow (P < 0.05,
slopes not equal to zero).

blood draining from ischemic and nonischemic myo-
cardium, and lactate extraction by the nonischemic re-
gion may obscure lactate production by the ischemic
zone.'? Thus, net lactate production by the myocardium
is a reliable and conservative indicator of myocardial
ischemia.

We used consecutive 10% decrements in flow instead
of random flow reductions. This was done to minimize
any carryover effects from myocardial stunning and
(possible) cellular necrosis resulting from the most se-
vere ischemia. A small reduction in bascline myocardial
contraction was present in several animals after recov-
ery from the next-to-last trial, a finding that is consistent
with mild stunning. Although we did not test for cel-
lular necrosis and thus cannot conclusively rule it out,
such a result is unlikely, given the short duration of
ischemia. Nicklas et al. found no histochemical or ul-
trastructural evidence of myocardial necrosis even after
16 5-min total coronary occlusions in dogs,'? but that
conclusion may or may not apply to pigs.

A second carryover effect of some concern is the pos-
sibility that early ischemia influenced the response to
later flow reduction through the phenomenon of pre-
conditioning." The concept is based on the observation

Anesthesiology, V 80, No 3, Mar 1994

that myocardial pH and high-cnergy compounds are
reduced at a slower rate during a second episode of
coronary occlusion than during the initial episode.
Such an effect scems unlikely in the current experiment
because of the short duration and mild degree of isch-
emia produced by the first three to four flow reductions.

Another assumption about the model is that little ar-
terial blood reached the LAD zone via collateral vesscls.
We did not measure collateral flow in our animals and
thus cannot exclude the possibility. In general, coro-
nary pressure (measured in the perfusion circuit) de-
creased to only 3-6 mmHg more than left atrial pres-
sure within 15 s when the perfusion circuit was
clamped. This finding suggests little collateral low. In
comparison, a similar mancuver in dogs results in pres-
sures 12-20 mmHg higher than left atrial pressure (data
not shown). A previous study of normal pig hearts using
the Schlesinger technique of injection found no evi-
dence of interarterial coronary communications in 44
of 45 animals."® A study of collateral flow in pigs during
complete coronary occlusion also showed very low
levels.'® Therefore, it scems unlikely that our mea-
surements of LAD inflow seriously underestimated distal
myocardial flow.

We assumed that the myocardial ¢lectrogram mea-
sured local electric events and was not greatly influ-
enced by electric activity in other arcas of the heart. If
we had used a monopolar clectrode to measure intra-
cellular potentials, then this assumption would cer-
tainly be correct; we wanted to obtain a signal from
more than just once cell, however, and used a bipolar
clectrode system to measure the difference in potential
between the intramyocardial clectrode and a reference

1206088600 08
Poo s aaga 80
4 a

Systolic Wall Thickening (%)
.3
Distal Coronary Pressure (mmHg)
-]

LR ] v 3 ® % D &
Heart Beat After Flow Stops Heart Beat After Flow Stops
Fig. 4. In five pigs, loss of contractile function was observed
after total coronary occlusion (triangles) and then after mi-
croembolization with 50-um glass beads (circles). The results
from one pig (left) illustrate the similar time courses. This
similarity occurred despite considerable differences in prox-
imal coronary pressure (right), suggesting that vascular col-
lapse was not an important influence in contractile dysfunc-
tion in our model.

20z Iudy 61 uo 3sanb Aq ypd'GL000-000£0766 1-Z¥S0000/S269ZE/28S/€/08/4Pd-01011e/ABO|0ISOUISBUER/WOD IIEUYDIDA|IS ZESE//:dY WOI) papeojumoq



590

S. WATANABE AND C. W. BUFFINGTON

Table 4. Relation Between Surface V; Electrocardiogram and Myocardial Electrogram

Dependent Independent
Variable Slope Variable Constant Coefficient
Surface V; SWA 0.12 (0.06) X END-QRS -0.60 (0.77) r? = 0.95 (0.02)
0.15 (0.04) X EPI-QRS -—1.04 (0.89) r? = 0.94 (0.03)
Surface V3 ST 0.07 (0.03) X END-ST +0.10 (0.19) r? = 0.79 (0.08)
0.07 (0.04) X EPI-ST +0.02 (0.03) 2 = 0.88 (0.05)

Linear regression analysis mean (SD).

Surface V; SWA = S wave amplitude of surface V, electrocardiogram (ECG); END-QRS = endocardial QRS amplitude (n = 5); EPI-QRS = epicardial QRS amplitude
{n = 4); Surface V, ST = ST segment deviation from isoelectric line of surface V5 ECG; END-ST = endocardial ST segment deviation from isoelectric line (n = 5);

EPI-ST = epicardial ST segment deviation from isoelectric fine (n = 4).

clectrode on the pig’s back. Electric activity in non-
ischemic regions of the heart could have influenced
the measurement. We assumed that the clectric activity
of normal myocardium was relatively constant and that
these far-field effects would be small.

Interpretation

The current study confirms the results of several pre-
vious investigations and extends our understanding of
experimental ischemia. For decades, students of car-
diovascular physiology have investigated myocardial
ischemia and its manifestations. Early studies demon-
strated a rapid loss of contractile function,'” ECG ST-
segment  changes,' and myocardial lactate  pro-
duction'? after myocardial ischemia. Subsequent stud-
ics refined these concepts in different models and under
various conditions. The stimulus for these efforts has
been the need to diagnose and quantify myocardial
ischemia in patients with coronary disease and to assess
the impact of therapy on ischemia both in experimental
animals and in patients.

The current study differs in important ways from prior
work. First, partial coronary occlusion was used to pro-
duce mild to moderate ischemia rather than total cor-
onary occlusion, which produces intense ischemia.
Second, clectric, biochemical, and mechanical mea-
sures of ischemia were measured at the same time.
Third, and most important, an accepted standard of
ischemia (the onsct of lactate production), rather than
an arbitrary criterion, was used to define the moment
that clectric and mechanical factors indicated ischemia.
As a result, we can draw valid conclusions about the
timing of events during ischemia.

Steady-state Data. Myocardial lactate cxtraction
changed to production with about a 20% decrease in
LAD flow. That ischemia occurred with such scemingly
minor reductions in flow suggests that coronary auto-
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regulation was intact and that the ““100% bascline flow
values were close to the ischemic threshold. Sympa-
thetic coronary constriction may have been present in
these open-chest animals, an effect that would restrict
coronary flow at bascline but should not effect the se-
verity of ischemia during flow reduction.*” If autoreg-
ulation was not intact, or if some exogenous vasodilator
had been present at baseline, then a curvilinear relation
between percent flow reduction and the dependent
variables might have been observed. The myocardium
would initially compensate for reduced flow by in-
creasing oxygen extraction, and little ischemia would
result until this compensatory mechanism had been
exhausted. Curvilinear relations of this sort have been
observed between coronary flow and contraction'' 22
as well as lactate metabolism.'"'?'2? In these studies,
reasonably linear relations were observed between
coronary flow and the dependent variable at lower flow
ranges. The slope of these relations appears to depend
on the species studied, being steeper in pigs (which
lack collateral vessels) than in dogs. Previous studies
have found a reasonably linear relation between de-
creasing flow and ST-segment elevation measured from
electrodes in the endocardium,?' but subepicardial
leads have shown ST-segment depression with mild flow
reduction and demonstrate clevation only when isch-
emia becomes transmural.?® These linear relations are
unlikely to hold true for greater degrees of ischemia
in which substrate depletion limits lactate production
and abolishes regional contraction.

The term ‘‘scnsitive’” has been used by other authors
in their comparison of clectric, mechanical, and met-
abolic measures of myocardial ischemia. The implicit
definition of ‘‘sensitive’’ has varied between studies.
Some authors have used the term in a statistical sense,
defining sensitivity as ‘‘positivity in the presence of
discase.” This analysis requires a criterion value sep-
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arating positive from negative results (as well as criteria
separating ischemia from nonischemia). Such definite
thresholds are difficult to establish for continuous vari-
ables. Particularly in clinical studies,"*® arbitrary cri-
teria for positivity are used, and no accepted standard
measure of ischemia is available. A less precise defi-
nition of sensitivity is related to the magnitude of
changes observed: variables that change a great deal
during ischemia are considered more sensitive than
variables that change only slightly. Of course, the size
of the response signal can be clectronically amplified,
$0 a cogent approach is to consider the responsc as a
fraction of the maximum change clicited. In this
scheme, a “‘sensitive’ response variable has a large rate
of change with respect to the change of the measured
quantity. When this strategy is applied to the current
data at steady state (fig. 5), roughly linear response
rates in all variables are noted as flow is reduced. This
finding argues strongly that mechanical, electric, and
mctabolic effects of ischemia provide equally sensitive
measures of the cellular consequences of flow depri-
vation. Finally, the term ‘‘sensitivity” is often used
when the rate of change of a measured variable with
respect to time is discussed. We believe that “‘onset
time’ is a more precise description of this concept.

Dynamic Events. Analysis of the time dependence
of events after abrupt flow reduction demonstrated that
regional wall thickening reached the threshold of myo-
cardial ischemia in 20-40 s, faster than either endo-
cardial QRS amplitude (60-90 s) or ST-segment de-
viation (100-150 s). The time differences were greater
after mild coronary flow reduction and decreased with
more scvere reductions. Battler and colleagues have
published similar results in dogs,” although they doc-
umented time to onset at only two levels of coronary
stenosis and did not actually measure coronary flow.
Their results demonstrate statistically significant
changes in wall thickening at 1 min after imposition
of both “‘mild” and “moderate’’ coronary stenoses, with
significant elevation in endocardial ST segments at 2
min and epicardial ST segments at 3—-4 min. No uni-
versally accepted standard establishing ischemia was
used in their study, and no analysis of QRS amplitude
was reported. The faster onset times in the current study
likely result from a higher heart rate (140 wvs. 70
beats - min~") and the species difference.

Why does contractile dysfunction precede electric
changes during the onsct of ischemia? The answer likely
relates to the subcellular events that occur when ox-
ygen supply is restricted. The decrease in contractile
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Fig. 5. Plots of myocardial lactate flux (plus signs), systolic
thickening (circles), endocardial ST-segment deviation
(squares), and endocardial QRS amplitude (diamonds) against
coronary flow at steady state reveal linear relations indicating
equal sensitivity of all variables to myocardial ischemia. Av-
erage data from eight animals are shown (error bars are omit-
ted to enhance comparison). Relations were scaled to eliminate
the “gain factor.” A variable with greater sensitivity to isch-
emia would change more with small decreases in flow. Lactate
production occurred at about 80% of baseline flow. These data
do not reflect the speed with which variables change after an
abrupt decrease in coronary flow, but rather the steady values
seen after 6 min.

force is closcly correlated with a decrease in the ratio
of phosphocreatinine to inorganic phosphate, a mea-
sure of the energy reserve of the myocardium.?’ A sec-
ond factor that may play a role in some models is loss
of muscle turgor due to decompression of coronary
arteries.”® We tested the effects of “vascular collapse”
on carly contractile dysfunction after total coronary
occlusion in our model, rcasoning that such an effect
would most likely be seen with the largest decrease in
coronary pressure. We found a statistically significant
difference in time course between the two methods of
flow reduction, but the absolute magnitude of the effect
was small (1-4 s; fig. 4). These results are similar to
those obtained by Schultz and colleagues in a model
of acute regional ischemia® and suggest that the pri-
mary origin of regional dysfunction in our model is
ischemia and not vascular collapse.

The reason myocardial clectrogram changes lag be-
hind contractile dysfunction early in ischemia is un-
known. In fact, the mechanism linking ischemia to ST-
segment changes is only partially understood. ST-seg-
ment ‘‘elevation” actually results from depression of
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the TQ bascline, an event linked to increased extra-
cellular potassium ion concentration.® During carly
ischemia, the diffusion of inorganic phosphate and lac-
tate across the cell membrane requires efflux of posi-
tively charged ions (predominantly potassium) to
maintain clectroneutrality.?' It is tempting to speculate
that increase in extracellular potassium ion concentra-
tion (and thus ST-segment change) is delayed because
cquilibration in the extracellular space is not instan-
tancous and washout of potassium ion and lactate oc-
curs during partial (low-flow) ischemia.

One of the principal findings of the current study was
that QRS amplitude decreased as the severity of isch-
emia increased, and that this event occurred more rap-
idly than did change in the ST segment. A previous
study has demonstrated decreased action potential am-
plitude in ischemic myocardium.*? Ischemia alters
resting membrane potential (by potassium ion cfflux)
without altering the active-phase potential, which de-
pends on sodium and calcium gradients and the con-
ductance of these ions. Thus, a smaller change in po-
tential occurs in each cell during activation. Ischemia
also alters conduction velocity between cells,™ leading
to “‘smearing’’ of the aggregate potential derived from
a group of cells. QRS amplitude also depends on the
thickness of the ventricular wall near the electrode.
Thinning, such as occurs during ischemia,* moves in-
dividual generators farther away from the electrode and
results in a smaller compound action potential. This
last mechanism probably accounts for the increased
speed with which QRS amplitude changes after the on-
set of flow reduction. Thus, the amplitude of the com-
plex is probably aftected by a fast component (ven-
tricular thinning caused by ischemia) and a slower
component related to changes is resting membranc po-
tential. In support of this notion, we found a direct
relation between endocardial QRS amplitude and end-
diastolic thickness (average r = 0.81 = 0.08 in cight
animals) in the current study. Ours is not the first in-
vestigation of QRS complex changes with ischemia.*®
Bashour et al. noted a transient transformation of R
waves into Q waves caused by reversible ischemia.®
Ribicro et al. investigated the decrease in QRS ampli-
tude of the epicardial electrogram with ischemia.®’

Clinical Implications

Previous clinical studies have demonstrated that TEE
ischemia occurs more frequently than ECG ischemia
in paticnts with coronary artery discasc undergoing
ancesthesia and surgery. For exumple, Haagmark et al.

Ancsthesiology, V 80, No 3, Mar 1994

detected regional wall motion and abnormalities twice
as frequently as ECG ischemia in their patients,?® and
Leung et al. found that 82% of such abnormalitics after
cardiopulmonary bypass during coronary artery bypass
surgery were not accompanied by ECG changes.” These
obscrvations have led to the assertion that TEE moni-
toring provides the most sensitive and specific approach
to intraoperative ischemia detection.™* The current
results do not entirely support this notion, however,
because they demonstrate equal sensitivity for regional
contraction and ECG parameters at steady state. Equal
sensitivity to ischemia for these modalities implies that
some episodes of “TEE ischemia’ are not actually
causcd by ischemia.

The current study confirms the impression that ECG
changes, particularly ST-segment changes, lag regional
contraction abnormalitics after the onset of ischemia.
The results suggest that QRS amplitude decreases
quickly, however, opening the possibility that the QRS
complex may be a beweer criterion for ECG-based isch-
emia detection than the ST segment. We found that
decreases in myocardial contraction were always ac-
companicd by changes in QRS amplitude and ST seg-
ment at steady state. This finding contrasts with the
often-quoted concept put forward by Battler and col-
leagues that regional contraction abnormalitics can oc-
cur in the absence of ECG changes.®

Limitations

As with all laboratory studies, caution should be ex-
ercised when extrapolating these results to the clinical
sciting. We made special efforts to reduce confounding
influences, such as altered hemodynamics, that may be
present in the operating room and intensive care unit.
In particular, acute increases in preload that result in
changes in ventricular volume will likely decrease R
wave amplitude®® and could lead to a mistaken diag-
nosis of ischemia. Changes in body position that affect
the distance from the heart to the recording electrode
also will influence R-wave amplitude.’® Of course,
monitoring of regional wall motion as an indicator of
myocardial ischemia is not without problems.*' Re-
gional contraction is known to be sensitive to changes
in preload and afterload,*? and stunning can produce
wall motion abnormalities in the absence of ischemia.
Although TEE permits continuous monitoring of re-
gional wall motion during anesthesia, problems defin-
ing end systole and the correct reference point make
computerized detection of regional abnormalities dif-
ficult.** Direct observation of echocardiographic im-
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ages can provide an impression of regional contraction,
but this approach is less accurate than experimental
techniques such as crystal implantation, which allows
precise measurement of regional dimensions. Valid
samples of regional venous blood are even more diffi-
cult to obtain in the clinical setting than in a laboratory,
and the time lag between sampling and analysis de-
creases the cfficiency of myocardial metabolism as an
on-line monitor for ischemia. Finally, changes in body
position, ventilation, plasma ion concentration, and
ventricular volume alter the ECG in ways that cither
accentuate or mask the changes caused by ischemia,

This study confirms a close correlation among me-
chanical, clectric, and metabolic consequences of
myocardial ischemia. Regional wall thickening, ST-
segment elevation, and QRS amplitude changed in a
linear fashion with decreases in coronary flow. When
relative (rather than absolute) changes were consid-
cred, mechanical and electric measures were equally
sensitive to ischemia. After an abrupt decrease in cor-
onary flow, regional wall thickening declined to values
correlated with myocardial lactate production more
quickly than ST-segment changes. QRS amplitude
changed before the ST segment, and therefore may be
a better criterion for ECG-based detection of intra-
operative ischemia.

The project coutd not have been done without the expert technical
assistance of David Lentz, Mare Wallace, and Susan Dasce. The authors
thank Carolyn Cuba for expert secretarial assistance and Lisa Cohn
for editorial comments.
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