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Abstract Brief ischemia to the myocardium initiates a
cascade of biochemical events in cardiac myocytes that
protects the heart muscle during subsequent ischemic in-
sults. This phenomenon is called ischemic preconditioning.
If an acute myocardial infarction is preceded by prein-
farction angina, it results in smaller infarction size, fewer
cardiac arrhythmias, and better-left ventricular function.
During coronary intervention, brief balloon inflation pro-
tects the heart during subsequent inflations. Patients vary in
the degree of preconditioning and those patients who have
the ability to demonstrate a significant preconditioning
effect will have lesser incidence of subsequent cardiac
events. Preconditioning protects the myocardium during
coronary artery bypass surgery, particularly in the off-
pump procedure, yet the thoracic surgery community has
not universally adopted this technique.

Keywords Coronary artery bypass surgery - Ischemic
preconditioning - Percutaneous transluminal coronary
angioplasty - Preinfarction angina

S. H. Rezkalla (>X) - R. A. Kloner

Department of Cardiology, Marshfield Clinic, 1000 North Oak
Avenue, Marshfield, WI 54449, USA

e-mail: rezkalla.shereif @marshfieldclinic.org

R. A. Kloner
The Heart Institute, Good Samaritan Hospital, Los Angeles, CA,
USA

R. A. Kloner
Division of Cardiovascular Medicine, Keck School of Medicine,
University of Southern California, Los Angeles, CA, USA

Introduction

Whereas it was initially believed that repeated episodes of
angina may result in a worsened cardiac insult, there is
evidence that brief episodes of transient ischemia may
actually have a protective effect. Lange et al. first dem-
onstrated that the rate of ATP depletion is less upon re-
peated ischemic episodes compared to those associated
with a single ischemic episode [1]. In their landmark study,
Murry et al. described the benefit of brief episodes of
transient ischemia on the myocardium and termed this
phenomenon ‘ischemic preconditioning’ [2]. In a canine
model of coronary ischemia these investigators performed
four 5-min coronary occlusions separated by 5 min of
reperfusion prior to a 40-min occlusion and reperfusion.
Myocardial infarct size was measured and compared to a
second group of animals which underwent 40 min of
occlusion followed by reperfusion to serve as a control to
the treated group. A 25% reduction in infarct size was
observed in the group of animals subjected to repeated
brief occlusions prior to the 40-min occlusion, and the
phenomenon of ischemic preconditioning was first recog-
nized. Various implications of ischemic preconditioning in
humans will be explored herein in order to increase clini-
cian awareness of this important phenomenon.

Preconditioning and acute myocardial infarction

Since brief episodes of ischemia prior to a prolonged cor-
onary occlusion resulted in smaller infarct size in animals,
would angina prior to myocardial infarction result in a
similar benefit in humans? This issue was addressed in a
subanalysis of the TIMI-4 study. Out of 416 study patients,
the 218 who experienced angina preceding the infarction
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demonstrated a smaller infarction size and more clinically
favorable outcome. Patients with preinfarction angina were
less likely to experience severe congestive heart failure or
shock (1%) versus patients without preinfarction angina
(7%, P = 0.006) [3]. Their findings were confirmed pro-
spectively in the TIMI-9B study, which further noted a
lower 30-day cardiac event rate and a trend towards lower
creatine kinase levels when onset of angina occurred within
24 h of the myocardial infarction event [4]. Multiple other
studies further confirmed that preinfarction angina is pro-
tective in the setting of acute Q wave or ST segment ele-
vation myocardial infarction, resulting in decreased infarct
size, and better clinical outcome [5]. It is likely that similar
benefits may be achieved during non-Q wave myocardial
infarction as well [6].

While preinfarction angina offers a prognostic value
in humans, it has no therapeutic value in high-risk
patients or in patients with known coronary artery dis-
ease. The value of exercise and preconditioning mimetic
drugs as preconditioning stimuli will be reviewed, as
well as other drugs that may neutralize or limit the
benefit of preconditioning.

Exercise and preconditioning

Zdrenghea et al. sought to mimic the beneficial effect of
angina-induced preconditioning utilizing an exercise regi-
men [7]. Patients with known coronary artery disease
underwent two sequential exercise stress tests 1 h apart.
The study tested the hypothesis that the first exercise
exposure would provide a protective effect that would
manifest during the second test. Patients demonstrated less
ischemia as measured by the degree of ST-segment
depression at peak exercise during the second stress test
compared to the first. In another study by Rinaldi et al., the
window of preconditioning with exercise was even shorter
with benefit shown at 30 min yet no longer observed at
60 min [8]. Other studies confirmed the benefit of exercise
and suggested that the mechanism is likely secondary to
preconditioning rather than to collateral recruitment [9].
Tomai et al. conducted an important study on exercise
and preconditioning [10]. Fifteen consecutive patients with
chronic stable angina and angiographically validated cor-
onary artery disease underwent three treadmill exercise
tests—two on day one of the study and a third test 24 h later.
The second stress test showed a clear benefit manifested by
decreased cardiac ischemia, yet this benefit was lost during
a third stress test performed 1 day later. This observation
suggested that exercise mainly triggers the early phase of
preconditioning. However, animal data [11] and some hu-
man studies [9] showed that exercise may induce delayed
preconditioning as well. These data underscore the
importance of regular exercise programs to our patients.
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The elderly seem to have an attenuated benefit of pre-
conditioning. Regular exercise in this vulnerable group of
patients appears to preserve the benefits of preconditioning
[12]. Thus, supervised regular daily exercise should be a
principal component in the management of patients with
coronary artery disease, particularly the elderly.

Preconditioning mimetic drugs

Drug-induced effects reminiscent of preconditioning have
been reported for some pharmacologic agents. Some of the
preconditioning mimetic drugs most widely studied in
various ischemic models include adenosine, nicorandil, and
nitroglycerin. Heidland et al. administered intracoronary
adenosine or placebo to 30 patients during percutaneous
coronary angioplasty of the left anterior descending coro-
nary artery prior to balloon inflation. Patients who received
intracoronary adenosine tolerated longer balloon inflations
and had less objective evidence of ischemia compared to
controls [13]. Similar protective effects were noted when
adenosine was added to the cardioplegic solution during
coronary artery bypass surgery. Compared with controls,
outcomes of treated patients included a better ejection
fraction, less incidence of myocardial infarction, and a
more favorable postoperative course [14, 15]. Can adeno-
sine offer a cardioprotective effect during acute myocardial
infarction? During the Acute Myocardial Infarction Study
of Adenosine (AMISTAD-II) study, 2118 patients with
evolving acute anterior myocardial infarction were ran-
domized to treatment with 50 pg/kg/min adenosine, 70 pg/
kg/min adenosine, or placebo. The drug was given within
15 min of thrombolytic therapy or prior to primary inter-
vention. The high-dose adenosine group had smaller
infarction size, the hallmark evidence of cardioprotection,
ascertained by technetium 99m Sestamibi tomography
[16]. A recent substudy of AMISTAD-II showed that
patients who had reperfusion therapy within 3.2 h of
symptoms benefited most from adenosine. In these patients
adenosine reduced 1 month mortality (5.2% vs. 9.2%,
P =0.014), 6 month mortality (7.3% vs. 11.2%,
P = 0.033), and the primary 6 month composite endpoint
of death and heart failure (12.0% vs. 17.2%, P = 0.022)
[17]. Since the drug was administered during the acute
infarction, the term ‘conditioning’ is more appropriate. It is
also quite possible that the mechanism of the beneficial
effect is not entirely based on a conditioning effect, but was
also related to reduced incidence of coronary no-reflow
and/or other known beneficial effects of the drug.
Nicorandil, a K-ATP channel activator, is an emerging
drug that is now approved for treatment of angina in sev-
eral countries, but not yet available in the United States.
Administration of nicorandil to patients experiencing acute
myocardial infarction undergoing acute intervention
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resulted in improvement in left ventricular function, more
favorable ventricular remodeling, and decreased incidence
of cardiac events in one study [18]. These benefits were
thought to be mediated in part through the vasodilatory
properties of the drug, its favorable effect on coronary
microcirculation, and further through its cardiac condi-
tioning effect. Matsuo et al. studied 44 patients with angina
who underwent percutaneous when transluminal coronary
angioplasty of the proximal left anterior descending coro-
nary artery. Patients were randomly assigned to an intra-
venous injection of nicorandil or saline 5 min before
balloon inflation. The treatment group had significantly less
ischemia per electrocardiogram documentation. There was
no difference in either group relative to cardiac perfusion
during balloon occlusion as measured by technetium-99m-
tetrofosmin single photon emission computed tomography.
The study suggested that at least a significant part of the
beneficial effect of nicorandil was due to a conditioning
effect and not solely to an increase in coronary blood flow
[19]. Unfortunately, a larger multi-center trial (called the
J-WIND study) recently reported that nicorandil did not
reduce myocardial infarction size [20]. When it was
administered chronically to patients who had had a myo-
cardial infarction, it did reduce recurrent ischemia [21].

Intravenous nitroglycerin is yet another drug that
appears to have preconditioning properties. Over the last
few decades, many studies investigated nitrates in acute
coronary syndromes and acute ST segment elevation
myocardial infarction with mixed outcomes. Despite these
equivocal results, most clinicians continued to use nitro-
glycerin for patient treatment, suggesting a perceived or
real clinical benefit. Studies in the 1980s suggested that
intracoronary injection of nitroglycerin ameliorated ische-
mia during balloon angioplasty with benefits thought to be
related to venous dilation with less preload and/or dilation
of coronary collaterals. In fact, intravenous nitroglycerin
does induce cardiac preconditioning as demonstrated in the
study by Leesar et al. These investigators randomized 66
patients to receive either intravenous nitroglycerin or saline
for 4 h a day prior to coronary angioplasty. On the fol-
lowing day, angioplasty in the group of patients who
received nitroglycerin resulted in significantly less ische-
mia during balloon inflation compared to controls [22].
This benefit persisted long after the vasodilatory effects of
nitroglycerin had subsided, strongly suggesting a precon-
ditioning effect for the drug.

Clinical situations unfavorable to preconditioning

Two situations appear to lack the normal tissue adaptive
process to ischemia, namely older age and diabetes. Abete
et al. studied 503 patients who presented with acute myo-
cardial infarction [23]. Patients who were older than

65 years of age did not show any clinical benefit from
preinfarction angina. Only patients younger than 65 years
with preinfarction angina had a lower incidence of car-
diogenic shock, congestive heart failure, and in-hospital
death. Preconditioning in the elderly was only preserved in
patients who maintained a high level of exercise [24],
further promoting that patients of all ages should be in-
volved in some supervised daily exercise routine. Attenu-
ation of the preconditioning effect was also noted in the
presence of diabetes mellitus. Ishihara et al. studied 611
patients with a first anterior wall myocardial infarction.
Patients with diabetes and with preinfarction angina had
smaller infarction size as judged by the peak creatine ki-
nase enzyme release. However, among the 121 patients
with non-insulin dependent diabetes mellitus, no clinical
benefit from prodromal angina was observed [25]. The lack
of ischemic preconditioning effect does not seem to be
limited to non-insulin diabetes mellitus but extends to all
patients with hyperglycemia [26]. Notably, use of sulfo-
nylurea hypoglycemic agents may interfere with ischemic
preconditioning, and their use is associated with incidence
of increased cardiovascular events [27-29]. It remains
controversial whether the incidence of increased cardio-
vascular events is intrinsic to the diabetic drugs or is
associated with the suboptimal blood sugar control. More
controlled prospective studies are needed to definitively
characterize the factors contributing to the observed in-
crease in event rates in diabetic patients.

Preconditioning and left ventricular function

Since preconditioning results in smaller infarction size, it
preserves left ventricular function with less incidence of
congestive heart failure. In the TIMI-4 study, preinfarction
angina patients had smaller infarction size and the combined
incidence of significant congestive heart failure or shock
were 1% versus 7% in the control group (P = 0.006) [3].

Ischemic preconditioning and arrhythmias

As already stated, ischemic preconditioning results in
smaller infarction size and less compromise to cardiac
function. Would the incidence of cardiac arrhythmias de-
crease concomitantly? Two controlled studies were con-
ducted to test the hypothesis that ischemic preconditioning
may decrease the incidence of ventricular arrhythmias. Wu
et al. randomized 86 patients undergoing coronary artery
bypass surgery to either an ischemic preconditioning pro-
tocol or control group [30]. Ischemic preconditioning was
accomplished by aortic cross clamping for 2 min followed
by 3 min of reperfusion prior to surgery. Patients in the
preconditioning group demonstrated less ventricular
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tachycardia at perfusion and in the first 24 h following
surgery. Utilizing the model of human angioplasty, atrial
and ventricular ectopic beats were less frequent in the
aftermath of ischemic preconditioning [31]. Gheeraert
et al. examined 136 patients who had experienced an out-
of-hospital cardiac arrest in the course of acute myocardial
infarction. Patients who had preinfarction angina were
more likely to survive the cardiac arrest [32]. Collectively,
these data demonstrate that ischemic preconditioning re-
sulted in a lower incidence of cardiac arrhythmias in var-
ious clinical settings.

Preconditioning during percutaneous coronary
intervention

In the late 1970s, Andreas Gruntzig introduced percuta-
neous coronary angioplasty. A major limitation to sus-
tained balloon inflation, in order to optimize balloon
outcome, was the development of significant regional
ischemia and consequent severe chest pain, hypotension,
and cardiac arrhythmias. To avoid these complications, an
alternative protocol was instituted consisting of multiple
balloon inflations with each inflation lasting for only 60—
90 s. Notably, ischemic changes observed during the first
inflation were usually attenuated with subsequent inflations
and initially this was attributable to collateral recruitment
that occurs with the first inflation. Argaud et al. studied 36
patients who underwent balloon coronary angioplasty. The
degree of myocardial ischemia was measured using intra-
coronary electrocardiogram, and the size of the area at risk
and the degree of the collateral perfusion were measured
using photon emission computed tomography. The degree
of ischemia during the second balloon inflation was less
than the first, yet there was no difference in the degree of
the collateral perfusion [33]. This landmark study proved
that preconditioning occurred during coronary balloon
angioplasty. With the introduction of the modern stents,
coronary occlusion now rarely exceeds 30 s, and in gen-
eral, preconditioning the myocardium in this clinical set-
ting will not have clinical value. The only exception would
be in the context of a high-risk complex balloon procedure.
The preconditioning effect afforded by transient balloon
occlusions and reperfusions of the coronary artery could
protect the distal myocardium during subsequent balloon
occlusion. In their study of 382 patients during coronary
balloon angioplasty, Laskey and Beach made two impor-
tant observations. First, patients differ in their degree of
preconditioning, with some patients experiencing attenu-
ated preconditioning, particularly those who are elderly
and/or diabetic. Second, in-hospital ischemic events were
more likely to occur in those patients who had attenuated
ischemic preconditioning [34].

@ Springer

Could preconditioning mimetic drugs be beneficial in
the clinical setting for use during coronary intervention?
We believe it is unlikely since the majority of procedures
are done with one brief inflation during stent development.
A notable exception may be during acute coronary syn-
dromes where the drug nicorandil may have some potential
as a preconditioning mimetic drug [35], as well as a known
treatment for no-reflow phenomenon [36].

Preconditioning and coronary artery bypass surgery
On-pump bypass surgery

Preconditioning mimetics were investigated during on-
pump bypass surgery. However, the data did not always
show a consistent benefit. Mentzer et al. showed that pa-
tients who received adenosine required less frequent use of
postoperative dopamine or nitroglycerin [14]. However,
Belhomme et al. failed to show a benefit [37]. Nicorandil
also did not consistently prove to be useful when used
during coronary bypass surgery [38, 39]. None of these
conditioning mimetic drugs are now being utilized rou-
tinely in conjunction with on-pump coronary bypass sur-
gery. A plethora of studies reported on the benefit of some
volatile anesthetics [18]. However, the availability of such
drugs currently in various hospitals depends on their safety
profile and cost. The only reliable technique to achieve
preconditioning is to perform an aortic cross clamp, fol-
lowed by 1 or 2 min of reperfusion prior to the start of
surgery. While in clinical studies that technique was of
benefit in achieving a higher cardiac index, [40] its current
use is not widespread. Cross clamping always carries a risk
of causing embolic stroke during the surgery, and is un-
likely to be popular, particularly in elderly patients with
significant aortic atherosclerosis. Thus, currently there is
no clinically useful preconditioning tool that is routinely
utilized during on-pump bypass surgery.

Off-pump bypass surgery

In off-pump bypass surgery, arterial bypasses are done by
individually clamping the artery, making the distal anas-
tomosis, and then releasing the clamp. The process of
clamping the coronary artery for 1 or 2 min and then
releasing the clamp to allow a 2-3 min reperfusion fol-
lowed by re clamping, duplicates the known model of
preconditioning. Wu et al. randomized a group of patients
undergoing off-pump coronary artery bypass surgery to a
preconditioning ischemic protocol or control group. The
preconditioning protocol was produced by a temporary
occlusion of the coronary artery followed by reperfusion
and a second coronary occlusion to perform the distal
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anastomosis. Patients in the preconditioning protocol had
less ventricular and supraventricular arrhythmias compared
with controls. Patients also had a lower heart rate compared
to controls [41]. While this cardioprotective technique
carries great potential, it has not been adopted by most
thoracic surgeons [41].

Conclusion

Brief ischemia prior to a longer duration of ischemia results
in a biochemical cascade that renders the heart resistant to
ischemia. Angina prior to acute myocardial infarction re-
sults in a smaller infarct, better left ventricular function,
and reduced incidence of ventricular arrhythmias. Ischemic
preconditioning is attenuated in diabetics and in the el-
derly, yet it can be enhanced by regular daily exercise.
Since preinfarction angina can only be of prognostic sig-
nificance, most research work focuses on potential benefits
of preconditioning mimetic drugs to minimize the adverse
outcomes related to ischemia.

The value of ischemic preconditioning is limited in
patients with coronary intervention since the majority of
these patients require only a single, very brief balloon
inflation. Preconditioning mimetic drugs may be useful
only in high-risk patients and those with acute coronary
syndromes. Among patients undergoing coronary artery
bypass surgery, many techniques to precondition the heart
were studied. Surgeon surveys suggest that most of these
techniques are not routinely utilized. Temporary occlusion
of coronary arteries prior to performing distal anastomosis
appears to be the only single technique that is simple to
perform, and proven to be of some value during off-pump
bypass.
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