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 Reviewing the results of coronary bypass surgery tri-
als and identifying patients with coronary artery disease

and chronic left ventricular dysfunction that improved upon
revascularization, Rahimtoola proposed the concept of myo-
cardial hibernation. He suggested that the observed dysfunc-
tion was not the result of an ongoing energetic deficit, but an
adaptive downregulation of contractile function to preserve
myocardial integrity and viability [1]. Shortly thereafter, the
concept of myocardial hibernation was further popularized
by Braunwald and Rutherford [2] who emphasized the need
for its recognition and therapy through revascularization.

At the same time, experiments in chronically instrumented
conscious dogs demonstrated that regional myocardial func-
tion and blood flow were reduced proportionately during
ischaemia [3, 4], ie, there was no imbalance between de-
mand/function and supply/flow, as previously assumed, but a
state of perfusion-contraction matching [5] that could be sus-
tained for up to 5 [6] or 24 hours [7] of coronary stenosis
without necrosis and with eventual full recovery of function
upon reperfusion, again supporting the concept of myocar-
dial hibernation.

Energetics and metabolism

In anesthetized pigs with regional ischaemia, metabolic pa-
rameters such as myocardial lactate consumption [8], creat-
ine phosphate content [9] and the free energy change of ATP-
hydrolysis [10], after an initial reduction, recovered towards
their pre-ischaemic baseline values during ongoing ischae-
mia, consistent with the idea that the reduced function was
an adaptation to reduced blood flow which, in fact, permit-
ted the recovery of the initially perturbed metabolic balance
[11]. Further experimental studies documented the persist-
ence of an inotropic reserve in hibernating myocardium [12]
and this primarily experimental finding prompted again clini-
cal studies using stress echocardiography to demonstrate vi-
ability of dysfunctional myocardium in patients with coro-
nary artery disease [13–15].

Mechanism(s)

The mechanism(s) of the almost immediate down-regula-
tion of contractile function in response to reduction in

myocardial blood flow, permitting the development of
myocardial hibernation, are currently unclear, but several
potential mediators have been excluded (β-adrenoceptors
[16], adenosine [17], activation of ATP-dependent potas-
sium channels [17], for review, see [18]). Endogenous ni-
tric oxide is also not involved in the immediate down-
regulation of baseline contractile function. However, con-
tractile function for any given blood flow and oxygen con-
sumption is lower without than with endogenous nitric
oxide. Thus, endogenous nitric oxide contributes to suc-
cessful hibernation by reducing futile oxygen consump-
tion and maintaining contractile function as high as possi-
ble without any additional energetic costs, most probably
through preservation of contractile calcium sensitivity
[19]. While calcium sensitivity is preserved in short-term
hibernating myocardium, calcium responsiveness – due
to a decrease in the maximal calcium-activated force – is
reduced [20]. The expression of calcium regulatory pro-
teins (SERCA, phospholamban, calsequestrin, troponin in-
hibitor) is not altered during experimental short-term hi-
bernation [21], suggesting an unaltered intracellular cal-
cium handling. Therefore, the downregulation of contrac-
tile function during moderate ischaemia appears to be at
the level of the myofilaments themselfs.

Morphology

Morphological alterations in animal models with chronic
coronary stenosis are remarkably similar to those found in
patients with chronic hibernation, ie, the number of myo-
fibrils is reduced while mitochondria and glycogen de-
posits are increased [22–28]. The interstitium contains
cellular debris, increased numbers of macrophages and
fibroblasts and increased collagen [24, 25, 28, 29]. Recently,
apoptosis was also detected in experimental [30] and hu-
man hibernating myocardium [25]. Up to a certain degree
these degenerative alterations appear to be reversible [24].
In addition, changes in the distribution of titin and
cardiotin have been observed, and together with the ex-
pression of alpha-smooth muscle actin in hibernating myo-
cardium, these alterations have been suggested to repre-
sent hibernation-induced dedifferentiation of cardiomyo-
cytes [29].
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Patients with chronic coronary artery disease frequently have ventricular dysfunction that recovers upon reperfusion. The
concept of myocardial hibernation views the observed reduction in contractile function not as the result of an ongoing
energetic deficit, but as an adaptive downregulation that serves to maintain myocardial integrity and viability. Experimental
studies have indeed demonstrated reduction in regional myocardial function in proportion to the reduction of resting blood
flow (perfusion-contraction matching) that recovered upon reperfusion. Furthermore, recovery of energy and substrate
metabolism during ongoing ischaemia, the potential for recruitment of inotropic reserve and lack of necrosis are established
features of hibernation. Similarly, in most patients, baseline blood flow is reduced in the dysfunctional myocardium. Morpho-
logically, the hibernating myocardium displays features of dedifferentiation, with loss of cardiomyocytes and myofibrils, and
of degeneration, with increased interstitial fibrosis. The mechanisms of hibernation, apart from reduced calcium responsive-
ness, are not clear at present. With the identification of the underlying mechanism(s) of hibernation, it can potentially be
recruited and reinforced pharmacologically to delay impending myocardial infarction. J Clin Basic Cardiol 2000; 3: 143–4.
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Ischaemia versus stunning

The existence of cumulative stunning secondary to repeated
episodes of stress-induced ischaemia in regions with nor-
mal blood flow at rest, but reduced coronary reserve, was
proposed as an alternative mechanism underlying the ob-
served regional contractile dysfunction in studies with
chronic coronary stenosis. This possibility certainly exists,
as do other more complex scenarios of flow and function in
the setting of coronary stenosis [31], but has not not been
systematically investigated and, above all, does not exclude
the existence of hibernation in other studies.

Almost all of the existing experimental studies on hiber-
nation over longer than a few hours duration can be criti-
cized because of the limited observation periods and the
lack of continuous monitoring of both regional myocardial
blood flow and function, so that the history of the observed
dysfunction is not known. Clearly, however, reduced blood
flow at rest is observed in dysfunctional regions of con-
scious, chronically instrumented animals with chronic coro-
nary stenosis, consistent with the original concept of
Rahimtoola [1]. The majority of quantitative data available
in patients, also indicates reduced blood flow at rest in the
dysfunctional region as compared to an intraindividual re-
mote reference region, consistent with the original con-
cept of hibernation (for review, see [18]). However, it must
be acknowledged that reduced blood flow at rest does not
exclude superimposed episodes of stress-induced ischae-
mia, resulting in stunning. In most patients with chronic
ischemic dysfunction, there will also be an admixture of
some necrotic/fibrotic tissue.

Conclusion

Conceptually, it appears that the process of hibernation in-
volves an initial biochemical signal inducing contractile
quiescence and energetic recovery, followed by altered gene
and protein expression and finally altered morphology, in-
cluding apoptosis, to cope with reduced myocardial blood
flow and maintain myocardial viability in the affected re-
gion. Clinically, the recognition of viability in chronic dys-
functional myocardium of patients with coronary artery dis-
ease and the selection for revascularization is of utmost
importance [2]. Given the presence of viable myocardium,
the distinction between chronic hibernation and cumula-
tive stunning may be of only academic value, since
revascularization is mandatory in any event [32]. Somewhat
paradoxically, it appears that therapeutic approaches will
aim at mimicking and reinforcing short-term hibernation,
but at removing chronic hibernation. A better mechanistic
understanding is therefore particularly important for short-
term hibernation.
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