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Review

Reduction of infarct size
An attractive concept: useful- or possible in humans?
W K(JBLER, A DOOREY*
From the Abteilung Innere Medizin III (Kardiologie), University ofHeidelberg, Germany

The extent of myocardial infarction-that is, the
amount of necrotic myocardial tissue-is a main
determinant of early and late prognosis in patients
with acute myocardial infarction.'
A vast number of animal experiments have been

carried out in this field which have greatly contributed
to our understanding of myocardial infarction, infarct
extension, and the resulting haemodynamic,
metabolic, and electrophysiological consequences. In
addition, several careful clinical studies have been
carried out. Despite these efforts spanning more than
a decade, there is still no generally accepted method of
reducing infarct size that is available for routine clini-
cal use. Apart from the methodological problems of
such research this dilemma seems to be predomi-
nantly due to biological, and especially metabolic,
problems, which are discussed briefly in this paper.

Reduction in infarct size has been sought through
many different approaches. In essence, they can be
classified according to three main aims: (a) the reduc-
tion of myocardial energy demands; (b) the stimula-
tion of glycolytic energy production; and (c) reperfu-
sion in order to re-establish the blood supply and
hence oxygen availability.

Reduction of myocardial energy demands

Although for varied reasons the results of many
experimental infarct reduction studies are controver-
sial, it is nowadays widely accepted that reduction in
myocardial energy demands by the administration of
beta blockers, nitrates, or calcium antagonists can
lead to a delay in the development of irreversible
ischaemic damage in the affected area.2 3

It seems doubtful, however, that these positive
results from animal experimentation can also be
expected to apply to the clinical situation of a patient
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with acute myocardial infarction. According to
enzyme distribution patterns and metabolic profiles of
high energy phosphates and glycolytic intermediates
in early ischaemia, energy metabolism in the
ischaemic human myocardium follows the same prin-
ciples as, for example, in the canine heart.4 During
the early phase of ischaemia mainly creatine phos-
phate (CP) breaks down, coincident with and prob-
ably closely related to the development of diastolic
pump failure.5 This decline in CP can be ameliorated
by a reduction in myocardial energy demands-for
example, by cardioplegia.6 In the beating heart in
situ, however, this period during which amelioration
is possible lasts for only a few minutes. Thereafter the
energy deficit in ischaemic myocardium-that is, net
adenosine triphosphate (ATP) breakdown-can be
influenced by a reduction in myocardial energy
demands only to a very minor degree.6 As a patient
with acute myocardial infarction will generally be
under medical care at the earliest 30-60 minutes after
the onset of symptoms-that is, after the onset of
myocardial ischaemia-probably all interventions
used to delay the infarcting process can be instituted
only after CP breakdown has appreciably progressed.
The effect of these interventions, therefore, has to be
presumed to be greatly attenuated.

Although the experimental results have not always
been convincingly positive, and the foregoing theoret-
ical considerations even suggest an attenuated effect
in patients, several well conducted studies in humans
indicate a reduction in infarct size after the adminis-
tration of beta blockers7-9 or nitrates. '0 In evaluating
these results reduced enzyme washout from the
infarcting area (underestimation of infarct size), con-
sequent to pharmacologically reduced energy
demands and hence reduced perfusion in and around
the ischaemic zone, has to be taken into account. At
least one study included non-enzymatic (electrocar-
diographic) criteria of infarct size as well.9

Stimulation of anaerobic energy production

Insufficient myocardial oxygen supply leads via the
5
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pasteur effect to an activation of anaerobic glycolytic
energy production. Based on the activities of glycoly-
tic enzymes in the human or canine heart-as assessed
in vitro under nearly "optimal" conditions-
glycolytic rates of flux could be expected to be
sufficient to cover myocardial energy demands under
ischaemic conditions. In vivo, however, such high
rates of flux have never been measured, especially not
during ischaemic conditions. This is due to the mul-
tistage regulation and control of the glycolytic chain.
(This control of the metabolic chain is of great
physiological importance, since it enables almost
instantaneous adaptation of the rate of flux to the
actual energy demands.) The main regulatory effec-
tors, apart from some glycolytic intermediates and the
ratio of nicotinamide adenine dinucleotide (NAD) to
NADH (the reduced form), are the nucleotide phos-
phates, such as ATP, adenosine diphosphate (ADP),
and adenosine monophosphate adenylic acid (AMP),
inorganic phosphate, and the pH.6
The fall in the concentration of the high energy

phosphates, such as CP and ATP, in the ischaemic
myocardium can be slowed down by the reduction in
myocardial energy demands. This, however, leads to
a proportional reduction in the glycolytic flux due to
the multistage control of this metabolic chain.6

In practice, stimulation of anaerobic glycolytic
energy production has been achieved only by prevent-
ing or reducing intracellular acidosis by the applica-
tion of buffer substances. "I Such a buffer-for
example, histidine-should be able rapidly to pene-
trate into the intracellular space, a prerequisite which
cannot be adequately fulfilled under ischaemic condi-
tions, as the buffer probably cannot be brought to the
ischaemic area in sufficient concentration.

In order to stimulate glycolytic flux, the administra-
tion of substrates for glycolytic energy production-
such as glucose-has been advocated, usually in com-
bination with insulin and potassium.'2 Even if the
problem of bringing sufficient amounts of glucose to
the ischaemic area could be obviated, this therapeutic
approach would still probably not be very rewarding.
Because of the multistage control of the glycolytic
pathway its overall rate of flux is not determined by
the concentration of the main substrates, free glucose
and glycogen. In the ischaemic canine heart, for
example, free glucose is extensively metabolised only
during the very early stages, and thereafter glycogen
serves as a glycolytic substrate almost exclusively, as
free glucose utilisation is blocked at the hexokinase
reaction owing to accumulation of glucose-6-
phosphate, as a consequence of the rate limiting step
at the phosphofructokinase reaction. At this time glu-
cose concentrations even increase owing to debranch-
ing of the glycogen tree. At least in the ischaemic
canine myocardium, glycolytic flux stops despite
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sufficient myocardial contents of glycogen and glu-
cose. This halt of glycolytic flux occurs at the level of
the phosphofructokinase reaction and is probably due
to the lack of ATP for the phosphorylation of
fructose-6-phosphate to fructose-l, 6-diphosphate.6
The main beneficial effect of glucose-insulin-

potassium administration may be the subsequent
reduction in plasma free fatty acid concentrations,
substances which'can increase myocardial oxygen
consumption'3 and which may also exert an arrhyth-
mogenic effect. 14 15

Early reperfusion to re-establish blood supply and
hence oxygen availability

The most critical substrate lacking in infarcting
myocardium is oxygen, which becomes rate limiting
for oxydative phosphorylation at very low values-
that is, <1 mm Hg (critical oxygen tension). Hence,
oxydative phosphorylation falls precipitously as
oxygen tension declines to this range. As a conse-
quence, for a given myocardial cell a situation of
partly aerobic and partly anaerobic energy production
seems to be rather unlikely. This view is supported by
observations in monolayers of cultured heart cells,
whose function and high energy phosphate concentra-
tions decline sharply with decreasing oxygen tension
below a critical value.'617 Thus early reperfusion to
re-establish blood supply and oxygen availability is
probably the most promising approach to infarct
reduction. Pertinent attempts began almost 20 years
ago with intravenous administration of streptokinase.
The generally negative results of these studies could
probably be related in part to an excessive ischaemic
period. A delay of 12-72 hours was usually allowed
between the onset of symptoms and the start of treat-
ment. This time lag is probably sufficient to induce
irreversible ischaemic myocardial damage.

Thrombolytic treatment has again received great
interest after Rentrop et al reported on its intracoron-
ary use in patients with acute myocardial infarc-
tion. 18 19 This form of treatment had been first tried
by Chazov et al.20 It is now well established that with
the intracoronary administration of streptokinase an
occluded "infarct" vessel can be reopened in 70-900/o
of patients. In fact almost every centre which uses this
form of treatment has found that in some patients
after thrombolytic reopening of the infarct vessel a
dramatic improvement occurs in left ventricular func-
tion, the electrocardiogram reverts to normal, low
creatine kinase values develop in plasma, and the per-
fusion defect in thallium-201 scintigrams disappears.
Even though observations in individual patients have
been so encouraging, however, the overall benefit of
this form of treatment has not been firmly established
despite a large number of clinical trials.2' Four con-
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trolled randomised trials have yielded confficting
results, two being positive2223 and the other two
negative.24-26 The failure consistently to confirm
the efficacy of such a theoretically promising techni-
que may be attributed to any of three different causes:

(a) the treatment may be harmful in some patients, (b)
it may not be effective or of only marginal effective-
ness in most patients, or (c) the protocols of the
studies have been far from optimal-for example, the
acceptance of an excessive ischaemic period.

HARMFUL EFFECTS
The possible hazards of thrombolytic treatment
include mainly haemorrhagic complications and com-

plications due to the invasive procedure. Haemor-
rhagic complications occur in as many as 10P/o of
cases, but a fatal outcome that can be attributed to the
intervention occurs in <1%.27 28
The myocardial complications due to thrombolytic

treatment are probably less serious. They include the
occurrence of reperfusion arrhythmias (which are
surprisingly benign in humans),29 30 myocardial
haemorrhage (generally restricted to the necrotic
zone),3' and myocardial damage due to calcium over-

load (occurring predominantly in already irreversibly
damaged areas).32-3 Thus reperfusion may acceler-
ate the necrobiotic process but does not induce addi-
tional irreversible myocardial damage.

BENEFICIAL EFFECTS
The beneficial effects of thrombolytic treatment in
acute myocardial infarction depend mainly on two
factors: (a) the duration of ischaemia in the affected
area, and (b) the residual blood supply allowed by
subtotal occlusion of the infarct vessel or the presence
of collaterals or both.36 As this residual flow cannot be
assessed by non-invasive techniques, the limits of an
ischaemic period that still allows successful reperfu-
sion (that is, reduction in infarct size) cannot be
given. As a rule of thumb the following criteria may
favour reperfusion: (a) anginal pain for more than
10-15 min but not exceeding 3-4 hours; (b) ST eleva-
tion (> 1 mm in leads I, II, and III) (>2 mm in leads
V1-V6); (c) creatine kinase values still within normal
limits; and (d) no contraindications (advanced age,
haemorrhagic disorders, known malignancy, etc).
From the foregoing discussion it should be obvious

that to improve the functional results of reperfusion,
shortening of the ischaemic period should always be a

primary aim. The ischaemic period can be shortened
either by accelerating transport of the patient to hos-
pital or by accelerating the process of reopening the
infarct vessel or both. When the intracoronary route
of thrombolysis administration is used a major delay
often cannot be avoided while the cardiac catheterisa-
tion laboratory is being prepared. During this time

7

intravenous infusion of streptokinase could be started
immediately after informed consent has been obtained
from the patient. At coronary angiography 45% of the
infarct vessels are open after this treatment, and a
further 25-35% of infarct vessels may be subsequently
reopened by the intracoronary administration of
streptokinase. In this way the functional results of
thrombolysis in acute myocardial infarction could be
improved.37

After reperfusion of the infarct vessel has been
achieved, reocclusion occurs in about 10-25% of cases
during the hospital stay.2738 This high reocclusion
rate would indicate the consideration of subsequent
revascularisation procedures, such as angioplasy or
bypass surgery or both. These procedures, however,
entail added risks, and their use should at least be
based on a potential beneficial effect-that is, the
presence of salvaged myocardium in the perfusion
area of the reopened vessel. The following criteria
may favour subsequent revascularisation: (a) recur-
rence of anginal pain; (b) no new Q waves on the elec-
trocardiogram; (c) a moderate increase in creatine
kinase activity in plasma (<1000 IU/1); (d) a pro-
nounced reduction in the thallium-201 perfusion
defect after reperfusion; and (e) no contraindications.
By applying such criteria revascularisation of irrevers-
ibly damaged myocardial tissue-a procedure of
doubtful benefit at best-may be prevented.

Conclusions

The reduction of myocardial infarct size is a concept
of great potential clinical importance. At present, the
reopening of an occluded infarct vessel by throm-
bolysis seems to be the most promising approach.
Although clearly effective in some patients, the gen-
eral benefit of thrombolytic treatment in acute
myocardial infarction has not yet been definitively
established. Before this procedure can be finally
evaluated the patients who may benefit may have to be
more clearly identified, the procedure itself may have
to be improved to reduce the ischaemic period of the
infarcting myocardium and thus delay ischaemic
damage, and criteria for subsequent revascularisation
procedures have to be established. The final evalu-
ation thus has to be based on randomised controlled
clinical trials.
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