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TABLE 2. Regional Myocardial Blood Flow

LC'x LAD

Group Endo Mid Epi Inner 2/3 Trans Endo Mid Epi Inner 2/3 Trans

Control (n=8)
Baseline 1.45±0.20 1.32±0.21 1.15±0.17 1.38±0.21 1.31±0.19 1.54±0.20 1.33±0.22 0.98±0.16 1.43±0.20 1.28±0.19
Occlusion 0.02+0.01 0.03±0.01 0.11±0.02 0.03±0.01 0.05±0.01 1.49±0.15 1.26±0.14 0.88±0.10 1.38±0.14 1.21±0.13

55 min
P1 (n=8)

Baseline 1.01±0.13 0.94±0.12 0.84±0.11 0.98±0.13 0.93±0.12 1.07±0.14 0.92±0.13 0.69±0.09 1.00±0.14 0.90±0.12
Preconditioning 0.03±0.01 0.04±0.01 0.10±0.02 0.04±0.01 0.06±0.01 1.08±0.13 0.93±0.13 0.70±0.09 1.01±0.13 0.91±0.12

occlusion
Occlusion 0.05±0.02* 0.07±0.02* 0.14±0.03* 0.06±0.02* 0.09±0.02* 1.02±0.11t 0.89±0.12 0.65±0.10 0.96±0.11 0.85±0.11

55 min

Values are mean±SEM (ml/min/g).
LCx, left circumflex coronary artery; LAD, left anterior descending coronary artery; Endo, subendocardium; Mid, midmyocardium; Epi,

subepicardium; Inner 2/3, subendocardium and midmyocardium; Trans; transmural.
*pc0.05 by two-tail paired t test (P1 occlusion compared with Occlusion 60 min); tp<0.05 compared with control by ANOVA factorial

Scheffe's F test.

flow determinations. The infarct sizes as a percent-
age of risk area and left ventricle were 2.9±2.3% and
1.2±1.0%, respectively, and did not differ signifi-
cantly from microsphere (+) dogs with subendocar-
dial flows below 0.15 or 0.10 ml/min/g tissue. The risk
area as a percentage of left ventricle was 35.5 ±2.4%,
similar to microsphere (+) groups (p=NS).
When a similar analysis of infarct size with control

animals was performed, there was no significant differ-
ence between microsphere (-) and microsphere (+)
dogs. Infarct size as a percentage of the risk region was
24.5±4.5% in microsphere (-) dogs and 35.7±7.7%
(p=NS) in microsphere (+) dogs. Infarct size as a
percentage of the left ventricle was 10.7±2.3% and
14.3±3.4% for microsphere (-) and microsphere (+)
dogs, respectively (p=NS). The sizes of the risk regions
were also similar, averaging 41.3±2.3% in the micro-
sphere (-) and 39.4±1.5% (p=NS) of the left ventri-
cle in the microsphere (+) dogs.

Regional Myocardial Blood Flow Measurements
Regional myocardial blood flow in the subendocar-

dial, midmyocardial, and subepicardial thirds, as well
as average flow in the inner two thirds and across the
entire myocardial wall of the left ventricle, are sum-
marized in Table 2 for the subsets of control and P1
animals in which radiolabeled microspheres were
used. Baseline values are presented for both the
control and P1 groups of animals. A microsphere
flow determination was made in the P1 group at the
time of the 5-minute preconditioning episode. Both
groups had regional coronary blood flow determina-
tions obtained 55 minutes after occlusion of the LCx.
As noted above, animals entered into the final data
analysis had to satisfy the criterion that subendocar-
dial flow did not exceed 0.15 ml/min/g. A previous
study suggested that regional blood flows below this
value were associated with irreversible myocardial
injury.9A more stringent cutoff value for subendocar-
dial collateral blood flow, less than 0.10 ml/min/g,

also was used to analyze infarct size, but only one
animal from the P1 group had to be eliminated.

Regional myocardial blood flow was not altered
significantly in any of the myocardial layers of the left
anterior descending coronary artery perfused territory
(control area) compared with baseline blood flows.
The mean subendocardial and transmural collateral
blood flows in the LCx region during the 5-minute
P1 preconditioning occlusion were 0.03+±0.01 and
0.06±0.01 ml/min/g, respectively. During the sus-
tained (60-minute) ischemic period in the control
group, subendocardial and transmural collateral blood
flows were 0.02± 0.01 and 0.05 ±0.01 ml/min/g, respec-
tively, in the LCx region. Collateral blood flow during
the sustained ischemic period in the P1 group was
0.05 ±0.02 ml/min/g in the subendocardium and
0.09±0.02 ml/min/g transmurally, which are values not
significantly different from the control group values.
Therefore, differences in regional myocardial blood
flow in the control and P1 groups during the 60-
minute period of LCx occlusion could not account for
the marked discrepancy in infarct size observed
between the control and P1 groups. An increase in
collateral blood flow was observed in the P1 group
between the measurements obtained midway through
the 5-minute preconditioning occlusion and those
obtained after 55 minutes of the 60-minute period of
ischemia (Table 2). The flow values, however,
remained lower than our exclusion criterion, support-
ing the view that they had limited biological signifi-
cance. More important is the observation that there
were no significant differences between the control
and P1 groups in terms of regional myocardial blood
flow in any of the myocardial layers or combinations of
layers (Table 2).

Figure 4 illustrates the relation between infarct
size as a percentage of risk area and collateral blood
flow to the inner two thirds of the LCx-dependent
myocardium during the sustained ischemic period.
Homogeneity of slopes was analyzed, demonstrating
that there was no significant interaction between the
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EFFECT OF PRECONDITIONING ON MYOCARDIAL INFARCT SIZI
AS RELATED TO REGIONAL MYOCARDIAL BLOOD FLOW
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REGIONAL MYOCARDIAL BLOOD FLOW

(Inner 2/3 Left Ventricular Wall)

E FIGURE 4. Plot of infarct size expressed as a
percentage of the risk region and regional myo-
cardial flow to the inner two thirds of the left
ventricular wall in the area at risk. Precondition-
ing in the P1 group consisted of one 5-minute
episode of coronary artery occlusion followed by
10 minutes of reperfusion. Animals in the control
group (n=8, a) and P1 group (n=8, o) were
subjected to 60 minutes of regional ischemia by
occlusion of the left circumflex coronary artery
followed by reperfusion for 6 hours. In both
groups, there is an inverse linear relation between
the normalized infarct size and regional collateral
blood flow. Normalized infarct size in precondi-
tioned hearts was smaller with respect to any
given value for collateral blood flow compared
with the normalized infarct size in control hearts.

0.20 Each point represents data from one experimen-
tal animal.

covariate and the treatment (F=0.004, p=0.948).
The regression lines for the control and precondi-
tioned group (P1) were significantly different by
analysis of covariance (F ratio 18.9, p=0.001). The
regression line relating infarct size to collateral blood
flow in the P1 group was shifted markedly downward
compared with the control infarct-flow relation.
Therefore, for a given collateral blood flow (below
approximately 0.07 ml/min/g), infarct size as a per-
centage of the risk area was dramatically smaller in
the P1 group.
Because randomization alone does not ensure

equivalent distribution of independent variables,
covariate analysis for several known covariates (area
at risk, regional collateral blood flow, and rate-
pressure product) was also performed, and it dem-
onstrated compatability among these determinants of
infarct size. The difference in infarct size observed
between the two subset groups of control and P1
animals could not be explained by an unequal distri-
bution of one or more of the independent variables
that might have biased the final results.

Discussion
The model of ischemic preconditioning we used

involved either one, six, or 12 sequential episodes of
5-minute LCx occlusions, each followed by 10 min-
utes of reperfusion. Infarct size due to a subsequent
prolonged coronary occlusion was drastically reduced
by the preconditioning regimens compared with con-
trol hearts that were not preconditioned, confirming
the results of Murry et al,9 who first reported the
salutary effects of preconditioning in terms of infarct
size modification. Our findings also extend those of
Murry et a19 in several respects. Infarct size expressed
as a percentage of the risk region or as a percentage of
the left ventricle was similar in each of the groups
subjected to preconditioning stimuli regardless of the
number of preconditioning events. A single, 5-minute
ischemic episode before a sustained coronary occlusion

of 60 minutes in duration was sufficient to precondition
the myocardium. Multiple, repetitive ischemic periods
did not add to the protective effect, nor did they
diminish the extent of the protection. Furthermore, the
occlusion time over which preconditioning was demon-
strated to be effective was 60 rather than 40 minutes. In
our view, the most notable finding is the observation
that intermittent ischemia is not required to induce the
preconditioning effect. Only a brief 5-minute prior
ischemic period is necessary.
The major predictors of myocardial necrosis in the

canine heart include the size of the anatomic risk
area, collateral blood flow, and myocardial oxygen
consumption.17 There were no significant differences
in area at risk. Rate-pressure product, an indirect
measure of myocardial oxygen consumption, also did
not differ significantly among the groups. The exclu-
sion criteria used in this laboratory assist in prevent-
ing entry of animals with high collateral blood flow
into the experimental protocol. Dogs without ST
segment elevation, epicardial cyanosis, and akinesia
are excluded from further consideration. In the sub-
set of control and P1 dogs, all subendocardial collat-
eral blood flows were below 0.15 ml/min/g tissue, a
value proposed as ensuring ischemia.9 Collateral
blood flow was measured in the central risk zone,
which is representative for the risk area given the
abrupt nature of the interface between ischemic and
nonischemic myocardium produced by acute coro-
nary occlusion.18-20
The extremely low value of collateral blood flow to

the subendocardium and inner two thirds of the left
ventricular wall (Table 2 and Figure 4) indicates that
factors other than collateral blood flow were respon-
sible for protecting ischemic myocardium from pro-
gressing to the point of irreversible injury. There was
a slight, but statistically significant, rise in ischemic
LC'x collateral flow between the preconditioning
occlusion and the sustained occlusion in P1 animals.
The extent of regional collateral blood flow during
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the sustained ischemic episode, however, remained
very low and was not statistically different from that
in the control group. The possibility exists that myo-
cardial blood flow was significant and reduced isch-
emic injury in the P6 and P12 groups because radio-
active microspheres were not used. However, we
believe that with the use of our other exclusion
criteria, only dogs with low collateral blood flows
were likely to have been included. Another limitation
is the small number of animals in the P6 and P12
groups. Because there were only five animals in each
group, a larger number of dogs may show a significant
difference between preconditioned groups. The
power between the P1 and P6 is low (<10%) and
would required a large number of dogs to detect a
significant difference (a= 0.05) with acceptable
power (80%). The difference in infarct size among
the preconditioned groups is small (<5%), which we
believe is not physiologically significant.

In rats, preconditioning21 with four 5-minute peri-
ods of regional ischemia and reperfusion followed by
45 minutes of sustained ischemia was accompanied
by a reduction in infarct size (22.3±3.7% in controls
to 3.0±3.9% in preconditioned hearts). After reflow,
preconditioned hearts were characterized by signifi-
cant recovery of phosphocreatine and ATP (mea-
sured with in vivo phosphorous 31 nuclear magnetic
resonance imaging) compared with control hearts,
suggesting that preservation or accelerated repletion
of high-energy phosphate stores contribute to the
beneficial effects of preconditioning. Myocardial
myeloperoxidase activity also was determined in
these experiments and was found to be lower in
preconditioned than in control hearts. Because the
polymorphonuclear leukocyte is a principal source of
the enzyme, the data support the possibility that a
reduction of neutrophil-mediated injury may contrib-
ute to the preconditioning effect. On the other hand,
fewer neutrophils might have accumulated simply
because the infarcts were smaller in the precondi-
tioned group. It is not apparent at present, however,
by what mechanism(s) preconditioning stimuli could
influence the accumulation of polymorphonuclear
leukocytes, development of local inflammatory
responses, or tissue injury in reperfused myocardium.

In addition to modification of infarct size, precon-
ditioning is reported to influence the electrophysio-
logical effects of ischemia. In a rodent model of
preconditioning, Shiki and Hearse22 demonstrated a
reduction of reperfusion-induced arrhythmias. Rats
were subjected to 5 minutes of left anterior descend-
ing coronary artery occlusion and reperfused for 10,
20, 30, 60, 120 minutes, 1 day, or 3 days. The hearts
were exposed to another 5 minutes of ischemia and
reperfusion. There was a significant reduction of
reperfusion-induced ventricular fibrillation up to a
reperfusion period of 60 minutes and significant
reduction of reperfusion-induced ventricular tachy-
cardia up to a reperfusion period of 30 minutes. It
was concluded that preconditioning reduces the inci-

effects degenerate in a time-dependent manner.
Miyazaki and Zipes23 studied autonomic denervation
in a canine model of preconditioning, using four brief
ischemic periods, followed by a 3-hour sustained
ischemic period. Efferent sympathetic and vagal
responses were preserved in preconditioned dogs
compared with control dogs that underwent 3 hours
of left anterior descending coronary artery occlusion
alone. There was no reduction of infarct size, how-
ever, in preconditioned dogs after 3 hours of sus-
tained ischemia, an observation consistent with the
study by Murry et al.9

In a number of studies, the relation between
repetitive coronary artery occlusions and myocardial
high-energy phosphate stores was examined.6-8,24
The observations from several groups are in agree-
ment and indicate that repetitive occlusion followed
by intermittent reperfusion are not associated with a
cumulative metabolic deficit. There is no further
decrement in high-energy phosphate stores beyond
that which is observed to occur with the initial brief
occlusion, and there is a decrease in the rate of
high-energy phosphate utilization or a "sparing"
effect with each subsequent brief ischemic episode.
Furthermore, intermittent periods of reperfusion
between episodes of myocardial ischemia provide a
protective effect in terms of preventing a cumulative
deterioration of myocardial ultrastructure so that
four 10-minute periods of coronary artery occlusion
when separated by 20-minute periods of reperfusion
produce no more ultrastructural damage than a
single 10-minute occlusion.25
The reduction in regional function, or myocardial

stunning, that results from the initial ischemic insult
may account for the reduced rate of energy utiliza-
tion, thereby protecting the myocardium during sub-
sequent brief ischemic periods. Dissociation between
myocardial stunning and the preconditioning effect,
however, is suggested by the preliminary report of
Murry et al,26 who demonstrated that 120 minutes of
reperfusion reduced the effects of preconditioning on
infarct size but did not reverse myocardial stunning.
Washout of catabolites has also been proposed9'27

as a possible mechanism for preventing or minimizing
the cumulative effects of multiple ischemic events,
and it may contribute to the phenomenon of precon-
ditioning. The accumulation of catabolites such as
lactate, hydrogen ion, and NADH during the period
of ischemia could lead to the transition from revers-
ible to irreversible damage. Therefore, intermittent
reperfusion could remove harmful products of anaer-
obic metabolism. Neely and Grotyohann27 showed
that functional recovery correlated closely with tissue
lactate concentration rather than adenine nucleotide
concentrations and functional improvement could be
abolished by the addition of lactate to the perfusion
medium. The investigators concluded that the accu-
mulation of glycolytic intermediates rather than the
depletion of high-energy phosphate stores was
responsible for functional deterioration of the heart.
Depletion of glycogen stores during repetitive occlu-dence of reperfusion arrhythmias, but the protective
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sions and the failure to support the production of
lactate during prolonged anaerobiosis could contrib-
ute to the protective effects of preconditioning when
the heart is subjected to a more prolonged insult.
Whether or not such a mechanism explains the
beneficial effect of a single preconditioning ischemic
insult of 5 minutes in duration is not known.
The mechanism by which preconditioning protects

the heart is unknown and clearly warrants further
investigation. It has not been elucidated by this
present study. We have shown the mechanism does
not depend on multiple ischemic periods, is induced
rapidly, and is effective over occlusion periods of at
least 1 hour. Whether preconditioning exists in
humans is speculative, but its demonstration in the
dog,9,23,26 rat,21,22 pig,28 and rabbit29 suggests that this
intriguing laboratory observation extends to the clin-
ical situation in which patients experience repetitive
ischemic episodes of brief duration. Patients with
unstable angina or chest pain in the hours to days
before a myocardial infarction might have a longer
time period to reperfusion with thrombolytic therapy
or angioplasty and may experience less myocardial
necrosis. Similarly, patients who have an abrupt
reocclusion after thrombolytic therapy or angioplasty
may suffer less myocardial necrosis or have a longer
period available for effective reperfusion with "res-
cue angioplasty." Patients with failed thrombolysis or
angioplasty may also have an increased time frame
for successful emergency bypass surgery and revascu-
larization. Preconditioning may also play a role in
open heart surgery with intermittent perfusion dur-
ing cardioplegic arrest.
The practical value of preconditioning is difficult to

assess at this early stage of investigation. Because the
preconditioning effect implies that myocardial cells
are capable of rapidly adapting to brief stresses in a
manner that is protective, however, the potential
biological importance of the effect may be substantial.
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