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MYOCARDIAL ISCHEMIA and infarction continue to be
major causes of perioperative morbidity and mortality in

adult patients undergoing noncardiac surgery. However, de-
spite numerous studies that investigated almost every predictor
of postoperative myocardial infarction (PMI), its mechanism is
still the subject of debate.1,2 The last decade has seen intense
clinical research interest in perioperative myocardial ischemia
and infarction. This effort has shed new light on the field and
resolved some of the controversy surrounding the entity of
PMI. Based on several new studies, the following are now
generally accepted.

1. Perioperative myocardial ischemia peaks during the
early postoperative period and is significantly associ-
ated with myocardial infarction and cardiac complica-
tions.3-5 Intraoperative ischemia is less common and is
infrequently associated with PMI. Thus, in contrast to
earlier concerns, anesthesia per se, either general or
regional, if administered without complications, is not
a risk factor for the high-risk cardiac patient undergo-
ing noncardiac surgery. Rather, it is postoperative
stress (including emergence from anesthesia), which
precipitates ischemia, infarction, and cardiac mortal-
ity.

2. PMI is preceded almost exclusively by ST depres-
sion-type ischemia. ST elevation-type ischemia
leading to the majority of infarctions in nonsurgical
patients is relatively uncommon after noncardiac
surgery.5

3. PMI is mostly silent (�50%) and most often is a
non-Q wave rather than Q-wave infarction.5-7

4. The majority of PMIs occur within the first 24 to 48
hours after surgery,3-6 not on the third to fifth postop-
erative days as reported in the older literature.8,9

5. Mortality after PMI is �10% to 15%, similar to the
in-hospital mortality after nonsurgical non-Q infarc-
tion. This is in contrast to older data showing a higher
(�50%) mortality after PMI.10,11

In light of these data, it is justified to re-examine the follow-
ing questions concerning the pathophysiology of PMI. Is the
pathophysiology of PMI different from the typical nonsurgical
myocardial infarction (MI)? Does the understanding of the
pathophysiology affect the ability to effectively prevent, diag-
nose, or treat PMI? And does the pathophysiology of PMI teach
anything about MI in general?

THE PATHOGENESIS OF MI IN NONSURGICAL PATIENTS

The Vulnerable Plaque

A central concept in the current understanding of the patho-
genesis of MI is the distinction between stable and unstable or
“vulnerable” coronary plaque.12,13 Histopathological studies
have shown that rapidly growing atheromatous plaques are
composed of a substantial inner lipid core containing a large
mass of thrombogenic lipids and macrophages bearing tissue
factors. The lipid core in these plaques is surrounded by a
relatively thin fibrous cap, which often exhibits local inflam-
mation, degradation, and repair of its matrix. In these young
and rapidly growing plaques, if the matrix removal from the
fibrous cap by inflammation exceeds the deposition of the
fibrous cap matrix overlying the lipid-rich, necrotic core of the
plaque, it becomes unstable and vulnerable to fissuring and
rupture. In contrast, the mature or stable atheromatous plaque is
characterized by a small inner lipid core covered by a relatively
thick and stable fibrous cap.

Cycles of small fissuring and disruptions of the fibrous cap,
leading to local platelet aggregation, mild degrees of thrombo-
sis, myocyte migration, and healing of the fibrous matrix, are
believed to be part of the natural evolution of the growing
atheromatous plaque. By this mechanism, relatively slowly
accruing epicardial coronary plaques may progress to high-
grade stenosis or even to complete occlusion without precipi-
tating acute MI because this slow process is usually accompa-
nied by the concomitant growth of collateral coronary
circulation. However, during the same process of atherosclero-
sis, in those plaques that are lipid laden and with thin and
unstable fibrous cap, abrupt rupture of the plaque may occur.
Plaque disruption is thought to occur as a result of the physical
shear forces acting on it from inside the lumen or secondary to
inflammatory and degradation processes within the plaque it-
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self. In either case, the acute plaque disruption leads to a
complex interaction among the lipids, smooth-muscle cells,
macrophages, and collages exposed from the lipid core to the
circulation, which promote an excessive local platelet activa-
tion and thrombin generation. The resultant thrombus may
occlude the coronary blood vessel and interrupt coronary blood
flow, leading to myocardial ischemia. If ischemia is severe and
prolonged, myocardial necrosis may occur. Thus, rupture of an
unstable or vulnerable coronary plaque is considered to be the
common pathophysiologic mechanism of the vast majority of
acute coronary syndromes ranging from unstable angina
through non-Q-wave acute MI (AMI) and Q-wave AMI.

Acute Coronary Syndromes

Because the entire spectrum of acute coronary syndromes,
unstable ischemia, Q-wave, and non-Q MI, is believed to arise
from the same pathophysiologic pathway (ie, rupture of a
vulnerable plaque and subsequent coronary thrombosis), they
are also perceived as a continuum of clinical-pathological phe-
nomena. The differences in the clinical manifestations of the
various acute coronary syndromes, according to this model, are
determined by the degree and duration of plaque rupture,
thrombus deposition, and coronary occlusion. Minor, repeated
plaque rupture accompanied by relatively short-term or partial
coronary occlusion by thrombosis or vasoconstriction causes
unstable angina pectoris.13 More severe plaque rupture with
prolonged, yet reversible coronary occlusion in the presence of
adequate collateral circulation leads to non-Q MI (NQMI).
Severe and prolonged coronary occlusion, especially if the
affected myocardial territory is fed by poor collateral circula-
tion, may result in Q-wave infarction.

The onset of an acute coronary syndrome is often triggered
by external factors or conditions.14 Myocardial infarction oc-
curs at increased frequency in the morning,15,16 particularly
within the first hour after awakening17; on Mondays, during
winter months and on colder days the year around; and during
emotional stress18 and vigorous exercise.19 The pathophysio-
logic mechanisms responsible for the nonrandom and appar-
ently triggered onset of infarction are unknown but are thought
to be related to (1) plaque disruption triggered by surges in
sympathetic activity with sudden increases in blood pressure,
pulse rate, heart contraction, and coronary blood flow20; (2)
coronary thrombosis on previously disrupted or complicated
plaques, caused by fluctuations in the systemic thrombotic
tendency because of platelet hyperaggregability, hypercoagu-
lability, and/or impaired fibrinolysis; and (3) vasoconstriction,
occurring either locally, around an unstable coronary plaque, or
generalized secondary to sympathetic stimulation.

Acute coronary thrombosis is thought to occur secondary to
an abrupt plaque rupture or change in the morphology of the
coronary plaque. Yet, primary hypercoagulable or thromogenic
state of the circulation can favor focal thrombosis: Platelet
aggregation and the generation of thrombin may be activated
by circulating catecholamines.21 Hypercoagulability and en-
hanced platelet reactivity at the site of vascular damage occur
in hypercholesterolemia,22 in cigarette smokers,23 and in met-
abolic abnormalities such as high plasma levels of homocys-
teine and lipoprotein. Hypercholesterolemia and cigarette
smoking are also associated with abnormal endothelial func-

tion, thus favoring thrombosis, vasoconstriction, and local in-
flammation in the vascular wall.24 Although some studies sug-
gested that defective fibrinolysis, more specifically high levels
of plasminogen-activator inhibitor, is a risk factor for ischemic
heart disease and MI,25 the results of other studies were less
convincing.26

The Degree of Coronary Stenosis

It was long assumed that the risk of myocardial infarction
posed to the patient with a given coronary artery stenosis is
related to the severity of coronary obstruction: The greater the
degree of narrowing, the greater is the risk of myocardial
infarction and death. Conversely, mild or moderate stenoses
(less than 50%) were assumed to pose less risk.27-29 Among
medically treated patients in the Coronary Artery Surgery
Study, 12-year survival was 91% in patients with chronic
angina and angiographically normal vessels, 86% in single-
vessel disease with 30% to 50% obstruction, 79% in patients
with 50% to 70% stenosis, and 74% in patients with 70%
stenosis or more.30 However, this concept has been challenged
lately. Studies using repeated angiograms to investigate the
effects of lipid-lowering drugs have shown that although active
lipid-lowering treatment decreased the severity of coronary
stenosis by only 0.3% to 1.1%, there was a striking reduction
from 19% to 6% in clinical events (fatal or nonfatal myocardial
infarction).31 A plausible explanation for this apparent discrep-
ancy was that endothelial function and the propensity for
plaque rupture were significantly reduced by the lipid-lowering
drugs.

Additional studies have shown that sudden total or near-total
arterial occlusion frequently develops in arteries that previously
appeared to have minimal stenosis.32-34 Ambrose and col-
leagues31 compared the degree of baseline coronary stenosis in
patients who underwent 2 separate coronary arteriograms and
had experienced either MI or new total occlusion without
infarction during that interval. In the infarct group, 78% of the
culprit lesions were initially of less than 70% stenosis; whereas
in the noninfarct group, 61% of the lesions that subsequently
progressed to total occlusion were initially greater than 70%.
The lesions responsible for Q-wave MI (QMI) were character-
ized by a mean coronary stenosis of only 34%. Little and
colleagues32 reviewed the coronary arteriograms of patients
from both before and shortly after AMI. They found that 66%
of the culprit arteries had less than 50% stenosis on the initial
arteriogram, and almost all of them had less than 70% stenosis.
This discrepancy between the angiographic severity of coro-
nary stenosis and the likelihood of MI is explained by the
inability of the angiogram to identify unstable plaques that are
at high risk of rupture and distinguish them from critical yet
stable coronary stenosis. Moreover, these data corroborate the
concept that the younger and less mature coronary plaques are
the ones most likely to rupture and cause acute infarction.

However, these data contradict earlier evidence that both the
number of coronary vessels involved in the disease and the
severity of stenosis are important predictors of survival. Hence,
there is an unresolved contradiction between 2 sets of data: one
showing that MI occurs mainly in patients with low-grade
coronary stenosis and the other showing that high-grade coro-
nary stenosis is associated with worse long-term survival. If MI
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occurs more often in patients with low-grade stenosis, why
would patients with high-grade coronary stenosis have poorer
long-term survival? The most common, yet unproven, expla-
nation for this apparent paradox is that patients with high-grade
coronary artery disease have a higher incidence of sudden
death, presumably secondary to fatal arrhythmia or congestive
heart failure. It is also hypothesized that patients with high-
grade stenoses may concurrently have low-grade coronary le-
sions, which may disrupt and cause myocardial infarction. The
possible role of prolonged, stress-induced ischemia in the myo-
cardial deterioration of patients with high-grade stenoses and
low threshold for ischemia is rarely discussed in this context.

QMI Versus NQMI

Delineation of the differences between QMI and NQMI is
essential to understanding the pathophysiology of PMI. The
distinction between QMI and NQMI was proposed in the early
1980s based on evidence that the terms transmural and non-
transmural infarction did not correlate with anatomic findings.
The differentiation between QMI and NQMI became a standard
clinical practice with the demonstration that the evolution of Q
waves bears important prognostic implications. More than a
decade ago, it already became apparent that (1) NQMI involves
a smaller volume of myocardial necrosis than QMI; (2) short-
term (in-hospital) mortality of NQMI is lower than that of
QMI; (3) NQMI has a higher incidence of recurrent angina and
reinfarction, reflecting a greater residual jeopardized myocar-
dium than QMI; and (4) the long-term morbidity and mortality
after NQMI are at least equal, and in most studies higher than
after QMI.35

Because the development of Q waves cannot be predicted on
the patient’s arrival to the emergency room and may not occur
for many hours after the onset of acute MI, the differentiation
between ST-segment elevation versus non-ST elevation MI is
more important at the time of initial presentation of MI. In
current cardiology practice, whether or not a Q wave develops
is less important than the establishment of ST elevation because
of its implication for therapeutic thrombolysis. This even led
some cardiologists to advocate that the distinction between
QMI and NQMI is meaningless and should be abandoned.36

Nevertheless, in clinical practice, as well as in clinical inves-
tigations, NQMI maintains its firm position as a separate clin-
ical entity.

Angiographic Findings in QMI Versus NQMI

Numerous angiographic as well as autopsy studies have
shown that the prevalence of total coronary occlusion in the
infarct-related artery (IRA) in QMI is very high (�90%) in the
first 6 hours after the initiation of infarction but tends to decline
to 45% to 53% within days or weeks because of spontaneous
thrombolysis and recanalization.37,38 In marked contrast, stud-
ies using repeated angiography found that total coronary oc-
clusion of the IRA occurs in only 26% to 39% of the patients
in the first hours after NQMI39 and that this proportion in-
creases moderately over the next hours and days after the
infarction, in contrast to the spontaneous recanalization in
Q-wave infarction.40 Moreover, Dewood et al40 found a steno-
sis of 70% or more of the IRA in almost all patients (97%) who

had angiography within the first 24 hours after NQMI and in all
patients who had angiography 72 hours to a week after the
onset of infarction (Fig 1).40 In addition, collateral vessels
beyond the occluded artery were seen in more than 85% of the
patients with total coronary occlusion early after the NQMI,2

implying that the IRA was either occluded or had a high-grade
stenosis long before the NQMI because it usually takes days or
weeks for collateral circulation to develop. These findings are
therefore in marked contrast to the other studies showing that
the majority of myocardial infarctions occur in coronary arter-
ies with less than 70% stenosis.

It is almost impossible to resolve these conflicting data
unless clinicians accept that there are 2 types of MI. One starts
with an abrupt occlusion of a relatively insignificant (�70%)
coronary stenosis. This type of infarction is more likely to
present with ST elevation-type ischemia and result in QMI. The
other type begins with a relatively high-grade stenosis (�70%)
and is probably more likely to present with ST depression-type
ischemia and culminate in NQMI. Obviously, there may be a
significant overlap between those 2 types of infarctions.41 Be-
tween one third to half of the patients with NQMI present with
ST-segment elevation42 and approximately 25% of patients
admitted with ST elevation do not develop Q waves. The
primary coronary interventions currently performed by either
thrombolysis, percutaneous transluminal coronary angioplasty
(PTCA), or coronary stenting early after the onset of ST ele-
vation-type infarction also prevent many infarctions from
evolving into Q-wave MIs.

Clinical Characteristics of Patients With NQMI

Many studies compared the pre-admission clinical charac-
teristics of patients with NQMI and QMI. In 1 study of 3,700
patients aged 65 to 79 years admitted to 2 different hospitals,
patients with NQMI had a higher prevalence of diabetes mel-
litus, previous congestive heart failure, and angina pectoris than
those who developed QMI.43 Up to 70% of patients with NQMI
have had a prior MI44 and have a higher prevalence of baseline
ECG abnormalities such as ST depression, T-wave inversion,
left ventricular hypertrophy, and left bundle-branch block.

Fig 1. Prevalence of total coronary artery occlusion during the

early hours of transmural myocardial infarction. (Reprinted with per-

mission.37) 1980;303:897.
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Prognosis After NQMI

Although NQMI is considered a smaller infarction than
QMI,35 its prognostic implications are not at all negligible.
Leibson and Klein45 summarized the data of all the investiga-
tions comparing short-term and long-term survival in patients
with QMI versus NQMI (Table 1). The overall data consis-
tently show that although the early, in-hospital morbidity and
mortality after NQMI are lower than after QMI, long-term
survival is worse after NQMI. It is conceivable, therefore, that
the prognosis after NQMI are determined not only by the acute
infarction itself, which is considered smaller in NQMI versus
QMI. Rather, long-term prognosis after NQMI is poorer com-
pared with QMI because these patients are generally sicker,
have more advanced coronary artery disease, have poorer left
ventricular function, and have a larger volume of myocardium
at risk.44

ST Depression Versus ST Elevation-Type NQMI

Numerous studies suggest that ST depression appears to
indicate a more unfavorable outcome than ST elevation. A
meta-analysis of 15 studies compared the outcome of the pa-
tients with NQMI on the basis of ST elevation, ST depression,
and T-wave inversion.44 Death and reinfarction during hospi-
talization developed in 18% of those with ST depression, 8%
with ST elevation, and 6% with isolated T-wave changes.
Postdischarge events were also higher in the ST depression
group, with 22% mortality or reinfarction in patients with ST
depression, compared with 9% in the ST elevation group and
16.5% in the isolated T wave abnormality group. Another study
that evaluated NQMI subgroups showed that patients with ST
depression had a lower left ventricular ejection fraction on
admission compared with patients who had ST elevation on
admission (44% v 51%); they had more in-hospital complica-
tions and a higher 1-year mortality (29% v 11%).46 Thus,
NQMI patients presenting with ST depression are sicker and
have poorer prognosis than those admitted with ST-segment
elevation.

Pathophysiology of NQMI

Reconciling the evidence of coronary thrombosis as the
proximate cause of infarction with angiographic studies show-
ing open infarct-related artery after NQMI has led to the
following hypothesis on the mechanism of NQMI: angioscopic
visualization of dynamic, forming, and dissolving thrombus in
the coronary arteries of patients with unstable coronary syn-

dromes suggests that not all intracoronary thrombi are perma-
nent and that NQMI may result from transient or incomplete
coronary occlusion by thrombus. This theory is partially sup-
ported by studies47 showing that patients dying of NQMI more
often have patent infarct vessels and are twice as likely to
manifest contraction band necrosis, a histologic feature of
reperfusion, when compared with patients dying of similar size
QMI. This hypothesis is also supported by the findings that
NQMIs tend to be smaller, with earlier peak of serum creatine
kinase-MB isoenzyme (CK-MB) suggesting washout phenom-
enon.48 Coronary thrombus was reported in 47% of patients
with NQMI catheterized within 24 hours of chest pain,49 and
both aspirin and heparin have been shown to be clinically
effective in patients with NQMI.50 This theory, however, does
not provide a good explanation why thrombolysis has been
disappointing and may be harmful in the treatment of unstable
angina and NQMI.51 In current practice, only ST elevation-type
ischemia is an indication for thrombolytic therapy, and ST
depression is an absolute contraindication for such treatment.52

Similarly, the fact that antiplatelet and antithrombotic therapy
improve outcome does not necessarily prove that coronary
thrombosis is the initial event in the evolution of NQMI, rather
that the prevention of subsequent thrombosis by these medica-
tions after the onset of ischemia improves outcome in unstable
angina pectoris (AP) and NQMI.53 The pathophysiology of
NQMI is therefore much more complex and the increase in
myocardial oxygen consumption per unit time in the setting of
fixed coronary stenosis may also have a role in the genesis of
at least some portion of NQMIs.

IS PMI DIFFERENT?

One major difference between PMI and nonsurgical MI is
that nonsurgical MI occurs mostly outside the hospital and
when the patients arrive at the emergency room they already
have signs and symptoms of acute infarction. Therefore, the
causes and circumstances leading to onset of nonsurgical MI
can only be retroactively speculated. In contrast, PMI occurs
inside the hospital mainly within the first few days after surgery
while these patients can still be intensely monitored and ob-
served. In particular, studies using continuous ECG monitoring
starting before surgery and continuing for hours or days after
the end of surgery allow for a unique insight into the whole
process of MI from before, during, and after the evolution of
PMI, a process that is rarely attainable in nonsurgical MI.

Table 1. In-hospital and Long-Term Mortality After Q Wave Versus non–Q Wave MI

In-hospital Mortality Long-Term Mortality

QMI NQMI QMI NQMI

Total
No. of

Patients % Deaths

Total
No. of

Patients % Deaths

Total
No. of

Patients % Deaths

Total
No. of

Patients % Deaths

Early series (1973-1981) 3,436 25% (11%-28%) 1,072 15% (3%-23%) 1,835 25.4% (18%-30%) 624 35% (17%-49%)
Late series (1985-1995) 5,369 16% (5%-29%) 2,360 9% (0%-17%) 5,516 12.1% (�1%-64%) 2,280 16.4% (2%-59%)

NOTE. Patients with NQMI have lower in-hospital mortality but higher long-term mortality than patients with QMI. QMI versus NQMI, p value �

0.001. QMI versus NQMI, p value � 0.001.
Abbreviations: QMI, Q wave myocardial infarction; NQMI, non–Q wave myocardial infarction.
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The Role of Prolonged, Stress-Induced, ST Depression-Type
Ischemia

Numerous studies have shown that Holter-detected silent
ischemia is associated with cardiac morbidity and mortality in
ambulatory patients with CAD,54,55 as well as in high-risk
cardiac patients undergoing noncardiac surgery.3,4 A number of
investigations have also attempted to show improved cardiac
outcome by prophylactic therapy to prevent silent ambulatory
or postoperative ischemia.56-58 Nevertheless, whether silent
ischemia is just a marker for more extensive CAD or may also
play a mechanistic role in the evolution of myocardial infarc-
tion and cardiac death has always been debated.59,60

Several studies using perioperative ECG monitoring have
shown that postoperative ischemia duration, and not only isch-
emia per se, is associated with cardiac complications after
major noncardiac surgery (Table 2). However, these studies
using Holter monitoring and CK-MB to detect perioperative
ischemia and infarction may not have been accurate enough to
determine the true association between the electrocardiographic
signs of ischemia and the biochemical evidence of PMI. Holter
monitoring as used in these studies, especially those using only
2 ECG leads, is of relatively limited sensitivity (37%-50%) and
specificity (88%-92%) for detecting myocardial ischemia.61,62

Similarly, the most common biochemical marker for infarction,
CK-MB isoenzyme, is of inadequate specificity for identifying
PMI.63

By using continuous 12-lead ECG with ST trend monitoring
and troponin-I (cTn-I) measurements in the first 3 postoperative
days in 185 patients undergoing major vascular surgery, it has
recently been shown5 that the rise in cTn-I (peak levels:
21.1�26.5 ng/mL; range, 3.3-100.2) occurred during or shortly
after prolonged (�100 minutes), silent, postoperative ischemia
and that the duration of ischemia was strongly associated with
the peak cTn-I level. Moreover, ischemia was preceded in all
cases by an increase in heart rate (heart rate at the onset of
ischemia was 104 � 19 and at peak ischemia 115 � 19,
compared with 86 � 14 in the 30 minutes before the onset of
ischemia) and the majority (67%) of ischemic events, including
those culminating in PMI, started within 2 hours from the end
of surgery and emergence from anesthesia (Fig 2). In addition,
ischemic ECG changes were transient and reverted completely
to baseline in all patients including those with PMI, except for
1 patient with new, persistent T-wave inversion. Rapp et al64

who correlated postoperative Holter monitoring results with

cardiac troponin-T measurements in 20 patients undergoing
major vascular surgery have obtained similar results.

Postoperative ischemia and infarction most often start at or
shortly after the end of surgery, a time characterized by in-
creases in heart rate, blood pressure, sympathetic discharge,
and procoagulant activity.65 Two studies6,66 showed that the
increase in troponin-I or T signifying PMI occurred in most
patients already within 12 to 24 hours after surgery. In 1 of
these studies,66 the increase in cTn-I, measured every 6 hours
postoperatively, occurred already within 6 to 12 hours after
surgery in 75% of the patients with PMI. By extrapolation, it
can be concluded that the ischemia leading to the PMI started
6 to 8 hours before the rise in troponin-I, which is approxi-
mately the time of the end of surgery. These findings are in line
with the recent data using continuous, on-line 12-lead ECG
monitoring in which the majority of prolonged ischemic events
begin around the end of surgery.5

The Role of Prolonged Tachycardia

The acute effects of tachycardia have been studied exten-
sively. Heart rate is a well-known determinant of myocardial
energy demand as well as supply.67 It is well recognized that an
increase in heart rate in the presence of stable coronary artery

Table 2. Studies Using Perioperative Holter Monitoring in Which Postoperative Ischemia Duration Has Been Reported

Reference
No. of

Patients
Postoperative Ischemia

Duration: Mean � SD (median) Association Between Ischemia Duration and Outcome

Frank et al61 1 9 h Patient died
Mangano et al62 100 207 � 350 [51] min Not reported
Pasternack et al63 385 7.0 � 12.1 h Cardiac complications if ischemia longer than 1% of monitoring time
Raby et al64 115 85 � ? More cumulative ischemia in patients with cardiac events (mean: 136 v

53 min p � not significant)
Landesberg et al4 151 171 � 264 [65] min Cumulative ischemia �120 min predicted cardiac complications
Ganz et al65 1 12 h Patient died
Andrews et al66 145 125 � 143 Cumulative ischemia �120 min predicted cardiac complications
Fleisher et al67 145 Not reported Ischemia �30 min most significantly associated with cardiac

complications

Fig 2. Time of onset of longest ischemia relative to surgery in

vascular surgery patients monitored with continuous 12-lead ECG.

(Reprinted with permission.5)
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stenosis causes impairment of subendocardial/epicardial blood
flow distribution because of the shortening of the diastolic time
interval, and thus may cause subendocardial ischemia and
myocardial dysfunction. The short-term effects of tachycardia-
induced ischemia on myocardial perfusion-contraction match-
ing in patients as well as in animals with limited coronary blood
flow have been well shown.68,69 Tachycardia has also been
shown to increase infarct size after acute coronary occlusion in
dogs70 but not in pigs (presumably because of the poor coro-
nary collateral circulation in pigs and consequently the creation
of maximal ischemia in the territory of the occluded coronary
artery, regardless of changes in heart rate).66 In contrast, other
studies reported normal recovery of regional systolic myocar-
dial function in dogs with severe coronary stenosis after 30
minutes of rapid atrial pacing71 or gradual recovery to near
normal myocardial function during reperfusion after sustained
(9 hours) regional dysfunction produced by prolonged coronary
stenosis.72

Numerous clinical trials have indicated that elevated heart
rate is a significant independent predictor of reinfarction and
mortality after acute MI.73,74 Heart rate correlates with the
circadian variation in the occurrence of acute MI,75 and
�-blockade significantly reduces mortality after acute MI in
proportion to the decrease in heart rate. Nevertheless, the
potential role of heart rate in the pathogenesis of MI has
received relatively minor attention.73 One experimental study
has shown that prolonged tachycardia-induced ischemia, last-
ing 1 to 4 hours, in the presence of fixed coronary stenosis that
causes no ischemia at resting heart rate, leads to patchy sub-
endocardial necrosis in the open-chest anticoagulated dog
model.76

The Beneficial Effect of �-Blockers

�-Blocking agents improve long-term survival in patients
with known coronary artery disease. A meta-analysis of trials
from the prethrombolytic era involving �27,000 patients
showed that �-blocker therapy started in the convalescence
period of acute MI reduces long-term mortality by 23%.77

There is no difference between cardioselective and noncardi-
oselective �-blockers in their beneficial effect, yet �-blockers
with intrinsic agonist activity do not have the same beneficial
effect on long-term survival as pure �-blocking agents do.
�-Blockers are especially helpful for reducing mortality in
patients with pump failure, silent myocardial ischemia, and in
those who do not undergo coronary revascularization.78,79 Mor-
tality is reduced even in patients who receive less than 50% of
the dosage found to be effective in preventing cardiac death in
large randomized trials.80

There is also a growing bulk of evidence showing that
�-blockade reduces perioperative myocardial ischemia81 and
cardiac complications in patients undergoing noncardiac sur-
gery.82,83 A randomized controlled trial of prophylactic atenolol
therapy, administered just during the perioperative period in
patients at risk for cardiac complications, showed a reduction in
long-term (6 months up to 2 years) mortality, although not
associated with a significant reduction in perioperative cardiac
morbidity or mortality.84 In a more recent randomized placebo-
controlled trial in high-risk patients undergoing major vascular
surgery, oral bisoprolol at a dose of 5 or 10 mg daily, begun at

least 7 days before and continued until the 30th day after
surgery, reduced 30-day cardiac death, and nonfatal PMI from
34% in the control group to 3.4% in the bisoprolol group.2 This
latter study is especially unique because it is the first study
showing that �-blockade prevents MI and cardiac death in the
short term, not only in long-term survival. Despite the indis-
putable importance of this study, it presented no clue for the
possible mechanism by which �-blockade had such an out-
standing effect on perioperative cardiac outcome.

The mechanism by which �-blockers prevent myocardial
infarction is apparently unclear. �-Blockers have no proven
antiatherogenic, antithrombotic, fibrinolytic, or antispas-
modic effects in humans. On the contrary, �-blockers may
induce or potentiate atherogenic dyslipoproteinemia,85 plate-
let aggregation,86 and vasoconstriction.87 It is generally ac-
cepted that an important mechanism by which �-blockers
prevent myocardial infarction is by blunting cardiovascular
sympathetic surges. More specifically, it is quite convincing
that the protective effect of �-blockers is related to their
heart rate–lowering efficacy: the lower the heart rate, the
better the protection against reinfarction and sudden death73

as well as fewer perioperative cardiac events. Only �-block-
ers without intrinsic sympathomimetic activity reduce mor-
tality in patients after myocardial infarction.88 A similar
effect on reinfarction has been obtained by the heart rate–
reducing calcium antagonists, such as verapamil89 and dil-
tiazem,90 in sharp contrast to the results obtained with the
heart rate–increasing calcium antagonist nifedipine.91 Al-
though heart rate data in those trials showing the beneficial
effect of �-blockers on mortality after myocardial infarction
were usually presented for descriptive purposes only, the
trends generally showed increased mortality with higher
heart rates.73 A retrospective analysis of the data from the
Timolol Multicenter Study92 showed the prognostic impor-
tance of resting heart rate on mortality and that the beneficial
effect of timolol on mortality was primarily related to heart
rate reduction. A significant relation between heart rate
reduction and the percent reduction in mortality was also
obtained with meta-analysis of several other trials.93

One mechanism by which �-blockers and possibly heart
rate–reducing calcium antagonists prevent infarction is by de-
laying or preventing plaque disruption by reducing the mechan-
ical and hemodynamic stress on vulnerable plaques. Another
mechanism often suggested is the ability of �-blockers to
prevent catecholamine-induced fatal arrhythmia. An alternative
mechanism, however, which is more in line with the findings
on prolonged, perioperative ischemia, is that �-blockers pre-
vent myocardial infarction by preventing prolonged, stress-
induced (or tachycardia-induced) ST depression-type ischemia
even in the presence of stable, yet severe nonvulnerable coro-
nary plaques.

Plaque Rupture and Coronary Thrombosis in Pathologic
Studies

Autopsy studies have shown that acute coronary occlusion
often cannot be found in patients who die following postoper-
ative myocardial infarction.94 Recently, two retrospective stud-
ies specifically investigated the coronary pathology of fatal
PMI. Dawood et al95 performed histopathological analyses of
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the coronary arteries of 42 patients who died from PMI within
30 days after surgery, comparing them to 25 randomly selected
non-postoperative fatal infarctions. In only 7% of the patients
with PMI was plaque rupture identified. Intra-plaque hemor-
rhage, with or without plaque fissuring, was found in 45%, and
intra-coronary thrombosis in 28%. All together 55% of the
patients had at least one of these intra-coronary pathologies. In
45% of the patients none of the above pathologies has been
found. Although intra-plaque hemorrhage is frequently found
in patients who die secondary to unstable coronary syndromes,
intra-plaque hemorrhage if not associated with fissuring or
damage to the fibrous cap may also be an incidental finding in
patients with atherosclerosis.96 Moreover, intraluminal coro-
nary thrombosis found in postmortem studies does not neces-
sarily imply that thrombosis was the initial cause of infarction.
Rather, coronary thrombosis may also occur as a result of the
low coronary blood flow and stasis during prolonged ischemia,
in coronary arteries with severe but stable stenosis.12

Cohen and Aretz97 analyzed the coronary pathology of 26
patients who died within 76 hours from a PMI. Sixteen patients
(61.5%) had pathologically confirmed transmural MI, and 10
(38.4%) had subendocardial MI. Plaque rupture was found in
12 (46%) of the patients, 7 (64%) of whom also had coronary
thrombosis. Two other patients had coronary thrombosis but no
plaque rupture. An interesting finding in their study was the
difference in the time from surgery to death between the 2
groups of patients with and without plaque rupture. Although
the time to death in the patients with plaque rupture was more
or less evenly distributed along the 17 postoperative days, most
(71%) of the patients without plaque rupture died within the
first 3 postoperative days with a peak incidence at the second
postoperative day (Fig 3). Hence, there are 2 types of fatal PMI:
one that occurs randomly during the whole postoperative pe-
riod and is associated with plaque rupture and one that is not
associated with plaque rupture and occurs mostly in the imme-
diate (2-3 days) postoperative period. The fact that the patients
without evidence of plaque rupture died early postoperatively is
compatible with the data from the other studies showing that
the majority of PMIs occur early postoperatively after pro-
longed stress-induced ischemia triggered by the surge in sym-
pathetic output in the immediate postoperative period. Because
death after PMI is relatively uncommon and because mortality
after acute coronary plaque rupture is expected to be higher
than after stress-induced ischemia, the fact that only roughly
50% of the patients who died from PMI had plaque rupture or
coronary thrombosis implies that the incidence of plaque rup-
ture and coronary thrombosis in nonfatal PMI is probably
significantly lower than 50%. Again, this is in marked contrast
to the much higher incidence of plaque rupture and coronary
thrombosis in nonsurgical MI.98

SUMMARY: THE PATHOPHYSIOLOGY OF PMI

As mentioned earlier, the exact mechanism underlying PMI
is not known and is most commonly believed to resemble that
of nonsurgical MI (ie, acute plaque rupture and coronary
thrombosis caused by the abrupt increases in blood pressure,
heart rate, coronary tone, and platelet aggregability99 and the
decrease in fibrinolytic activity100 occurring postoperatively).
However, when combining all the data on perioperative isch-

emia and infarction in high-risk patients undergoing noncardiac
surgery, it is also possible to propose the following scenario
(schematic representation in Fig 4).

1. Ischemia starts in most patients (67%) immediately
after the end of surgery and during emergence from
anesthesia,4 a time period characterized by increased
heart rate, blood pressure, sympathetic discharge,101

and procoagulant activity.53 Such ischemia is most
often silent and is almost exclusively denoted by ST
depression on continuous ECG monitoring. Postoper-
ative ischemia is preceded by an increase in heart rate,
although heart rate at peak ischemia may not exceed
90 to 100 beats/min. If not monitored continuously by
ST trend analysis, the silent, postoperative ischemia
may easily be overlooked because the ischemic ST
changes revert completely to baseline in almost all
cases, even in patients who exhibit prolonged isch-
emia and MI as indicated by an increase in cardiac
troponin levels.5 In approximately one-third of the
patients with unnoticed or untreated ischemia, postop-
erative ischemia lasts more than 100 minutes.

2. Patients with prolonged ST depression-type ischemia
may subsequently have an increase in troponin signi-

Fig 3. Time from the end of surgery to death in the 2 groups of

patients, with and without plaque rupture on pathological examina-

tion of the coronary arteries.
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fying PMI. Only approximately 50% of PMI patients
will show signs or symptoms of MI.4 The other 50%
of PMIs are silent and will be completely unnoticed
unless serum troponin levels are routinely taken and if
the ECG with ST trend analysis is not continuously
monitored in the postoperative period. The increase in
troponin starts in most patients within 8 to 24 hours
from the end of surgery, which corresponds to the time
of onset of prolonged ischemia shortly after the end of
surgery.

3. Because the increase in troponin occurs during or
shortly after prolonged ST depression-type ischemia,
without sudden conversion to ST elevation, it is as-
sumed that PMI is most likely the consequence of the
prolongation of stress-induced ischemia and not be-
cause of plaque rupture. Whether stress-induced isch-
emia, per se, in the presence of severe, yet fixed
coronary stenosis is sufficient to cause PMI or PMI
occurs secondary to coronary thrombosis caused by
low coronary flow and stasis or with the addition of
coronary vasoconstriction associated with prolonged
ischemia102,103 is unknown. Nevertheless, postopera-
tive ischemia can quite easily be prevented or treated
by �-blockers, hence preventing subsequent PMI and
cardiac complications.

4. In approximately 50% of the patients who die second-
ary to PMI, no plaque rupture or thrombosis is found
in their coronary arteries at autopsy, despite their
extensive coronary artery disease. The peak incidence
of cardiac death in these patients is in the first 1 to 3
postoperative days,76 which corresponds to the peak
incidence of prolonged, stress-induced, ST depres-
sion-type PMI. In the other 50% of patients with fatal
PMI, in whom plaque rupture or coronary thrombosis
is detected, the timing of death is evenly distributed in
the postoperative period, with no special correlation to
the end of surgery.76

A Generalized Model of MI

An important lesson from the studies on PMI for medi-
cine in general, not only for perioperative physicians, is
that prolonged, stress-induced, ST depression-type ischemia
may lead to myocardial infarction. There is not enough
evidence to argue conclusively against plaque rupture as
the final pathway, though, and it is doubtful if such evi-
dence will ever be available. Based on the abundance of
data gathered on PMI in the last decade, it is highly likely
that NQMI may occur not only as a result of sudden rupture
of an unstable coronary plaque but also because of the
prolonged stress-induced, ST depression-type ischemia in

Fig 4. The time sequence of perioperative ischemia, infarction, and cardiac death after noncardiac surgery.
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the presence of severe yet stable coronary artery disease.
This concept may help explain the benefits of �-blockers in
preventing MI and cardiac death in the general cardiac
population as well as in postoperative patients. This mech-
anism may also explain the marked differences in the an-
giographic findings between QMI and NQMI and possibly
the nonresponsiveness of ST depression-type infarction to
thrombolytic therapy.

In summary, in addition to the well-known mechanism of
plaque rupture and coronary thrombosis as the primary cause of
MI, there is an additional mechanism of prolonged, stress-
induced infarction. Although plaque rupture and coronary
thrombosis-type infarction occurs mainly with relatively non-
occluding coronary plaques (�70% stenosis), stress-induced
infarction occurs in patients with more severe, probably criti-
cal, yet stable coronary artery disease (Fig 5).
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