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ABSTRACT

The term
infrequently used in Nuclear Cardiology. It often is used
synonymously for tissue viability, although technically there are
some differences. Viability is a prospective definition, but it does
not imply evidence of functional recovery after interventions
whereas hibernation is a retrospective definition based on
evidence of functional recovery after interventions. But for
practical clinical purposes both carries the similar meaning. The
aim of this review article is to summarize our current

“Hibernation” is a challenging term but not

understanding of the concept of hibernation and its clinical
implications in patients with coronary artery disease (CAD) and
the role of FDG PET study in its proper evaluation.

INTRODUCTION

Myocardial ischemia is a clinical syndrome
manifesting a variety of tissue effects and global
cardiac effects that impair cardiac function. When
ischemia is severe and prolonged, it causes myocyte
death and results in loss of contractile function and
tissue infarction. In cases of less severe ischemia, some
myocytes remain viable but have depressed contractile
function. Heyndrickx et al described a phenomenon of
prolonged depression of regional function after a
reversible episode of ischemia in dogs (1); later, this
was called myocardial stunning (2, 3, 4, 5). Repetitive
stunning may evolve into hibernating myocardium.

Hibernating Myocardium typically represents a chronic

process whereas stunned myocardium is typically
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related to an acute infarction or ischaemic insult.
Differentiation from stunned myocardium can be
difficult, but in which usually there is maintained, or
nearly maintained, perfusion with a wall motion
abnormality (hibernating myocardium will have
abnormal perfusion and a wall motion abnormality).
On stress and rest, a perfusion defect will be present
(e.g. on both stress-rest images using 99mTc
sestamibi or 99m Tc tetrofosmin SPECT or 82Rb or
13N ammonia positron emission tomography-
computed tomography (PET-CT). However, due to
retained viability, the tissue will demonstrate uptake
of FDG (Table 1), which will discriminate between
infarction and hibernating myocardium (6).

Hibernating and stunned myocardium are potential
sequele of ischemia. In simple words these can be
expressed as transient ischemia (stunned myocardium)
with
dysfunction, chronic ischemia with contractile dysfunction

restored blood flow with transient contractile

(hibernating myocardium) and infarction (cell death).
Clinically, discerning the etiology of depressed
myocardial contractile function is difficult, whether it is
due to stunned myocardium, silent ischemia, or
hibernating myocardium. Finding all three entities in the
same patient with chronic myocardial dysfunction is not
uncommon. The critical difference is that blood flow is
normal or near normal with stunning but is reduced in the

other two conditions. Some authors
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have suggested that stunning, silent ischemia, and
hibernating myocardium are processes by which the
myocardium adapts to reduced myocardial oxygen
supply to maintain cellular integrity. However, this
theory has not yet been confirmed by animal and
human experiments (6).

Acute myocardial ischemia rapidly impairs contractile
function (7). This dysfunction can persist for several
hours after transient nonlethal ischemia but eventually
is followed by full functional recovery (1). The latter
phenomenon is known as myocardial stunning (8, 9,
10). In patients with CAD, repeated episodes of
demand ischemia may lead to cumulative stunning that
could be a substrate in the development of chronic
postischemic LV dysfunction (11).

DISCUSSION
Mechanisms for myocardial stunning and hibernation

There are two major hypotheses for myocardial stunning:

(i) a oxygen-free radical hypothesis and (ii) a calcium
overload hypothesis (12, 13, 14, 15). Post ischemic
dysfunction may be due to cytotoxic oxygen-derived
free radicals (ie, hydroxyl radicals, superoxide anions)
that are thought to be generated during occlusion or,

upon reperfusion. Such radicals cause lipid per
oxidation, altering their function and structure.
Normal cardiac contraction depends on the

maintenance of calcium cycling and homeostasis
across the mitochondrial membrane and sarcoplasmic
reticulum during each cardiac cycle. Brief ischemia
followed by reperfusion damages Ca2+ pump and ion
channels of the sarcoplasmic reticulum. This results in
the electromechanical uncoupling of energy generation
that myocardial
stunning. Calcium accumulates in the cell at the time of
reperfusion and that is followed by a partial failure of
normal beat-to-beat calcium cycling, which perhaps
occurs at the level of the sarcoplasmic reticulum. This
mechanism is proposed to account for contractile
myocytes
myocardium appear normal when examined by light

from contraction characterizes

dysfunction.  Structurally, in  stunned
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microscopy. The appearance of glycogen vacuoles
adjacent to mitochondria and of myofibrillary loss are
noted in most cases of hibernating myocardium when
examined by electron microscopy. Several controversies
exist regarding these histologic changes (16, 17).

Several animal models have been proposed to
demonstrate the physiologic significance of coronary
stenosis, in which a regulation of flow and down-
regulation of metabolism lead to hibernating myocardium.
The key determinant of this adaptive process is a
reduction in the coronary perfusion reserve that results
from critical coronary stenosis. Conti demonstrated that
the production of an acute and critical reduction in
coronary flow reserve (CFR) in chronically instrumented
pigs leads to an accelerated progression of chronic
stunning proceeding to hibernation in less than 2 weeks
(18, 19, 20, 21, 22, 23). The time frame for the transition
from stunning to hibernation can be fairly short, and it is
directly related to the degree of flow impairment in a
stenotic coronary artery that supplies the dysfunctional
segment. As the ischemic threshold decreases with a
reduction in the CFR, repetitive stunning results in a delay
in the recovery of function that becomes longer than the

interval between ischemic episodes (12, 13, 14).

In patients with severe CAD, therefore, the limited
flow reserve leads to development of myocardial
ischemia, even with a small increase in the oxygen
demand, such as in ordinary daily activities and
exercise. Thus, intermittent episodes of ischemia and,
consequently, post ischemic stunning (which should
occur frequently in patients with severe CAD) might
play a role in the development of chronic reversible LV
dysfunction. Collectively, these findings indicate that
that progresses to
hibernating myocardium is associated with regional
down-regulation of the sarcoplasmic reticulum, with
changes in calcium regulation and gene expression.
These changes are accompanied by modest increases in
myocyte apoptosis and a reduction in the regional
myocyte nuclear density. These same structural and

chronic  repetitive ischemia

functional findings occur in patients with dilated
cardiomyopathy of ischemic origin (6).
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Features of Hibernation

Hibernating myocardium is characterized by the
following:

+ Episodic and/or chronically reduced blood flow,
which is directly responsible for the decrease in
the myocardial contractile function.

» Tissue ischemia and resultant remodeling
without necrosis, which causes prioritization of
metabolic process in the myocardial cell relative

to contractile function.
* Residual contractile reserve in response to inotropic
stimulation (in at least half of clinical cases).

* Recovery of contractile function after successful
revascularization.

Hibernating myocardium is suspected in all patients
with CADs and moderate-to-severe chronic LV
dysfunction. As many as 50% of patients with previous
infarction may have areas of hibernating tissue mixed
with scar tissue, even in the presence of Q waves on
the electrocardiogram. The extent and severity of
dysfunction vary considerably.
Hibernating myocardium may be limited to a discrete
portion of ventricle with normal systolic function, or it

ventricular can

may involve global impairment of LV function and
result in the clinical syndrome of heart failure. Thus,
the clinical dilemma exists regarding attempted
coronary artery bypass grafting (CABG) in high-risk
patients to restore global ventricular function versus

orthotopic cardiac transplantation (24, 25, 26, 27).
Viability Studies

Myocardial perfusion imaging (MPI) is used to estimate
myocardial blood flow (MBF) and metabolic activity.
Several factors limit the use of thallium and technetium-
based agents to accurately quantify MBF. Positron
emission tomography (PET) overcomes important
limitations by providing attenuation correction, enabling
quantification of the concentration of the radiotracer in
the organ of interest. Initial PET studies revealed that

hibernating segments correspond to
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areas with qualitatively reduced perfusion, in the presence
of preserved fluorodeoxyglucose (FDG) uptake. This
resulted in the concept of perfusion and metabolism
mismatch in which flow is reduced but metabolic integrity
is retained. In addition to cardiac PET, there are other
diagnostic imaging techniques that are also commonly
used to determine myocardial viability such as SPECT,
(MRI)
echocardiography. The diagnostic accuracy of 18F FDG

cardiac magnetic resonance imaging and
PET compares well with other established techniques for
viability assessment (SPECT, echocardiography, and
cardiac MRI), with sensitivity being superior to other
techniques, although cardiac PET is not as widely

available as other techniques (28).

Compared with thallium imaging, FDG-PET imaging
provides better results for the differentiation of viable
myocardium from scarred myocardium. Brunken et al
published data from a comparison of tomographic
thallium images with PET images; 47% of the
irreversible thallium defects were identified as viable
on PET images (29). Tamaki et al subsequently
confirmed these findings in 2 comparative studies of
SPECT and PET in which 38-42% of the irreversible
thallium defects had enhanced FDG uptake suggestive
of viable myocardium (30, 31). Thus, conventional
stress-redistribution 201 TI imaging has a low
predictive value in the identification of viable
myocardium when compared with PET.

Invasive coronary angiography is the gold standard for
the identification of obstructive coronary lesions,
however, it lacks the sensitivity and specificity for the
early detection of coronary artery disease, quantitative
analysis of plague composition and cardiac function
assessment (32, 33). The most recently published
PROSPECT (Providing Regional Observations to
Study Predictors of Events in the Coronary Tree) trial
highlights the value of non- or less-invasive imaging
modalities to evaluate high-risk plaque for more
accurate risk stratification of patients with coronary
artery disease, as invasive angiography was found to
have poor predictive accuracy in identifying patients
with high risk of developing acute cardiac events (29).
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In routine clinical practice, cardiac SPECT or PET is
commonly used for the assessment of myocardial
perfusion and metabolism, while invasive coronary
angiography is reserved for confirming disease
extent and performing revascularization.

18F FDG PET

Tillisch, et al. (34) in their first pioneering study
reported the value of 18F FDG PET to predict
reversibility of cardiac wall motion abnormalities in 17
patients with ischemic cardiomyopathy. The overall
sensitivity and specificity of 18F FDG PET to
demonstrate functional recovery after surgery was 95%
and 80%, respectively. A meta-analysis of 24 studies
has reported a weighted sensitivity and specificity of
92% and 63%, respectively, with a positive and
negative predictive value of 74% and 87%,
respectively, for the diagnosis of hibernating
myocardium and prediction of patient outcomes (35).

Early studies demonstrated that myocardial ischemia and
infarction could be distinguished by analysis of positron
emission tomography (PET) images of the perfusion tracer
13N-labeled ammonia (L3NH3) and the glucose analog 18F-
fluorodeoxyglucose (FDG) acquired after an oral glucose
load (34). Regions that showed a concordant reduction in
both myocardial blood flow and FDG uptake (“flow-
metabolism match”) were considered to be irreversibly
injured, whereas regions in which FDG uptake was relatively
preserved or increased despite having a perfusion defect
(“flow-metabolism mismatch’) were considered ischemic but
still viable (36). Three patterns of myocardial viability may
occur with a PET perfusion-metabolism mismatch protocol.
The perfusion metabolism match pattern demonstrates either
a concordantly reduced, absent, or regional myocardial
perfusion and FDG uptake. If severe, this implies transmural
infarction and irreversible LV function. A pattern in which
mild-to-moderate flow is matched to metabolism suggests
the presence of both viable and nonviable tissue in a given
region of myocardium. On the other hand, when regional
myocardial FDG uptake is disproportionately enhanced
compared with blood flow, the pattern is termed perfusion-
metabolism mismatch. This pattern closely resembles that of
hibernating myocardium.
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Table 1: Summary of MPI and FDG Metabolism
interpretations.

Normal Y. Y Y: Y

Ischemia N Y Y Y

Stunning N X N v

Hibernating N N N Y

Infarction N N N N
Protocol

The patients are fasted for at least 6 h before the scan and
baseline blood sugar is checked. About 45-60 min after
injection of the 50-75 g of glucose loading, blood sugar is
checked. If it is < 140 mg/dL, 400 MBq (10 mCi) of 18F
FDG is injected intravenously. If it is > 140 mg/dL,
regular insulin is injected intravenously according to
blood glucose level (2, 3 and 5 U of regular insulin for
140-160, 160-180, and 180200 mg/dL of blood glucose,
respectively). About 45-60 min after 18F FDG injection
myocardial 18F FDG PET study is performed. PET
acquisition parameters are as follows: myocardium is
covered in one bed position (5 min per bed position) with
ECG gating (8 frames/RR cycle).

The American College of Cardiology/American Heart

Association Task Force Practice  Guidelines
(ACC/AHA/ASNC)
analysis of PET studies based on a validated segmental
scoring system. A 17-segment model analysis was
proposed using a 5-point scale system in direct proportion
to the observed count density of the segment: 0 = normal
perfusion, 1 = mild defect, 2 = moderate defect, 3 = severe

defect and 4 = absent uptake (37).

on
recommends a semi-quantitative

Study findings clearly indicate that oxidative metabolism
is preserved in ischemic and hibernating myocardium. In
ischemic and hibernating myocardium, regional substrate
utilization shifts from free fatty acids to glucose (38, 39,
40). The production of the glucose protein transporter
(GLUT) protein
Schwaiger et al, as is the expression of myocardial glucose

is increased, as demonstrated by
transporter messenger RNA protein in patients with

advanced CAD (41). Glucose utilization
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is, in turn, influenced by a number of factors, such as

coronary perfusion, cardiac work, and insulin and
hormonal effects. FDG is a glucose analogue that is
intracellularly phosphorylated to FDG-6-phosphate in the
myocardium. An increased uptake of 18F FDG in relation
to perfusion or flow-metabolism mismatch is indicative of
hibernating myocardium, whereas matched defects are
indicative of scar tissue; values in between these represent
healthy myocardial tissue mixed with fibrosis (42).
Preoperative measurement of the regional flow and
uptake of 18F FDG can be used to accurately predict
functional recovery after revascularization in patients with

depressed ventricular function.

The uptake of FDG by the myocardium and scan
quality depend on many factors such as dietary state,
cardiac workload, sympathetic drive, and the presence
and severity of ischemia (43). Many patients with heart
failure are insulin resistant, and the amount of
endogenous insulin released after oral glucose loading
will not induce maximal stimulation of myocardial
glucose/FDG uptake (44). To minimize these problems
and to avoid the need of a simultaneous 13NH3 scan,
which requires a cyclotron on site, an alternative
protocol, the main feature of which is the use of the
hyperinsulinemic  euglycemic clamp, has been
developed (45). During the clamp, plasma free fatty
acid levels are dramatically reduced, and metabolism in
insulin-sensitive tissues switches to glucose use (46,
47). FDG is injected during the steady-state phase of
the clamp, resulting in high and rapid myocardial FDG
uptake and low tracer concentration in the blood pool,
leading to improved image quality even in patients
with insulin resistance. The scan acquisition time is
reduced to 15 to 20 minutes, starting 20 to 30 minutes
after FDG injection. This approach has been tested in a
European multicenter study (48).

The main strengths of PET compared with SPECT are its
superior spatial resolution and attenuation correction. PET
is generally regarded as the gold standard for viability
assessment. Reduced availability of PET scanners and the
need for a cyclotron on site have been the main limitations
to wider clinical applications. Recently, however, the
number of scanners available has
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increased to ~1200 in the United States and 400 in
Europe. In the United States, the annual procedure
volume for cardiology was estimated to be 154 000,
of which =68 000 were viability and =86 000 were
rubidium-82 perfusion scans (information from
scanner manufacturers) (49).

Although 18F FDG PET is regarded as the gold
standard for the diagnosis of myocardial viability
(50), cardiac PET is not widely available as opposed
to SPECT. Furthermore, the high cost of PET
camera and cyclotron technology limit the extensive
use of this technique in many clinical centers.

CONCLUSION

Cardiac PET utilizing 18F FDG is considered the
most sensitive modality for detecting hibernating
viable myocardium and predicting left ventricular
functional recovery post-coronary revascularization.
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