Tracing Cardiac Metabolism In Vivo:
One Substrate at a Time
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In the myocardial cell, a series of enzyme-catalyzed reactions re-
sults in the efficient transfer of chemical energy into mechanical
energy. The goals of this article are to emphasize the ability of
noninvasive imaging techniques using isotopic tracers to detect
the metabolic footprints of heart disease and to propose that car-
diac metabolic imaging is more than a useful adjunct to current
myocardial perfusion imaging studies. A strength of metabolic
imaging is in the assessment of regional myocardial differences
in metabolic activity, probing for 1 substrate at a time. We
hope that new and developing methods of cardiac imaging will
lead to the earlier detection of heart disease and improve the
management and quality of life for patients afflicted with ische-
mic and nonischemic heart muscle disorders.
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The importance of intermediary metabolism to sustain
the function of the heart has long been appreciated. For
example, it was known early in the 1900s that oxidative
metabolism of energy-providing substrates—fatty acids,
carbohydrates, amino acids, and even adenine nucleotides—
is essential for the pumping function of the heart (/). Only
much more recently has it become possible to assess cardiac
metabolism both noninvasively and dynamically. However,
even the most sophisticated techniques can still assess only
the proverbial tip of the iceberg (2).

Much progress has been made during the past half century
inimaging the cardiovascular system. However, the needs for
the early detection and management of most forms of heart
disease are still not completely met. Quantitative methods
that integrate cardiovascular physiology and metabolism
should be able to meet this challenge. Recent advances in
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this field are both conceptual and technical. For example, in
the stressed heart, metabolic remodeling precedes, triggers,
and maintains functional and structural remodeling (3). At
the same time, much has been learned about the biochemical
derangements underlying metabolic and structural remodel-
ing of the heart.

The bewildering network of pathways of intermediary
metabolism is well documented in any textbook of bio-
chemistry. For our purposes, the principles of cardiac
metabolism can be more easily understood if approached
from the following vantage point: in the myocardial cell,
a series of enzyme-catalyzed reactions results in the efficient
transfer of chemical energy into mechanical energy. Despite
the biochemical complexity involved in this transaction, the
overall activity of metabolic pathways (or flux through the
pathways) can be readily traced throughout the entire heart. I
will therefore begin our exploration into the subject of
cardiac metabolism with a brief overview of the key sub-
strates used for energy provision; then I will focus on the
metabolic tracers that can be used to noninvasively view
these reactions in vivo and methods to visualize them. The
ultimate goals of this discussion are to emphasize the ability
of isotopic tracers to detect the metabolic footprints of heart
disease and to propose that cardiac metabolic imaging is
more than a useful adjunct to current myocardial perfusion
imaging studies. The goal is that metabolic imaging will lead
to targeted, noninvasive information as a basis for interven-
tions in the treatment of heart disease, including ischemia,
hypertrophy, and heart failure.

METABOLISM: A BOOK WITH MANY CHAPTERS

Cardiac metabolism is a book with many chapters, all
expounding on the principal theme of the dynamic state of
energy transfer and the dynamic state of functional proteins
that constitute the myocardium itself. The former describes
intermediary metabolism, and the latter refers to the turnover
of myocardial proteins, most of which are enzymes, contrac-
tile elements, receptors, or transporters.

Metabolic imaging uses the tools of radionuclide tracers
or magnetic resonance to trace either the flux of energy-
providing substrates or the steady-state concentrations of
metabolites by noninvasive methods. Although there are
noninvasive methods to assess receptor physiology, reliable
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methods for the noninvasive assessment of myocardial
protein turnover are currently not available.

TRANSFER OF ENERGY, THE PRIME MOVER OF
METABOLISM

As stated, the key function of intermediary metabolism is
the regulated, controlled transfer of chemical energy to
adenosine triphosphate (ATP) and, by implication, to con-
traction of the heart muscle (4). This is a complex process, the
details of which were discovered over a period of many years,
and includes 3 phases: pathway identification (up until the
1950s), pathway regulation (up until the 1990s), and quan-
tification of pathway fluxes (until the present). Pathway
identification dates back to the discovery of the first law of
thermodynamics. In his experiments on the chemistry of
muscle contraction, Helmholtz observed that a chemical
transformation of the compounds within the muscle itself
was necessary for muscular contraction (5). Within the
cardiovascular system, the myocardium requires an uninter-
rupted supply of energy-providing substrates to support
rhythmic contractions (6). It is the oxidative metabolism of
energy-providing substrates that provides this energy, and the
amount of energy used is controlled by the oxygen demands
of the myocardium.

As an organ designed for continuous, rthythmic aerobic
work under constantly changing environmental conditions,
the heart uses a variety of oxidizable substrates for energy
provision. Acute changes in myocardial energy demands are
met by changes in flux through existing metabolic pathways
(3,7). In contrast, with chronic changes in its environment,
the heart adapts to chronic conditions by changing the rates
of synthesis and degradation of the enzyme proteins that
constitute the catalysts of metabolic pathways (8). The
bottom line is that through these complex and highly
regulated mechanisms, the heart manages to maintain a bal-
ance of energy supply proportional to its needs.

Using a variety of available methods—such as nuclear
magnetic resonance (NMR) spectroscopy, MRI, PET, and
SPECT—for assessing metabolic activity of the heart, both
investigators and physicians can metabolically identify heart
muscle tissue that is reversibly dysfunctional compared with
tissue that is irreversibly so. For this reason, the past decade
has witnessed renewed interest in cardiac metabolism. For
example, we have proposed that metabolic changes often
antedate functional contractile changes, and that these
changes can be traced by noninvasive imaging methods (3).
Others have shown that in the human heart, glucose use is
inversely proportional to fatty acid use by the heart (9), and
that in the heart of obese women, increased myocardial
oxygen consumption is associated with a decrease in effi-
ciency (/0). Another, already well-established, hypothesis is
that metabolic activity correlates with the viability of stressed
or injured myocardial tissue (8). The endpoint of both of
these lines of reasoning is that noninvasive imaging tech-
niques can be used to evaluate these metabolic changes to
assess the health of the heart.
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METABOLIC CYCLES

The greater the cardiac output, the higher the rate of
substrate use to provide for the increase in oxygen demand.
Increased rates of oxygen consumption are directly corre-
lated with increased rates of coronary blood flow. An
important principle is that myocardial energy metabolism
is not reflected by the tissue content of ATP but rather by the
rate of ATP turnover (/7).

Irrespective of the kind of substrate, the most efficient
forms of energy transfer move through a series of intercon-
nected cycles (Fig. 1) that improve the efficiency of energy
transfer. In this scheme, energy transfer begins with cycles
(systemic circulation and perfusion) and ends with cycles
(cross-bridges of the sarcomeres) (4,12). The metabolic
pathways inside the cell include several interconnected
cycles, most notably the Krebs cycle, the proton gradient in
the respiratory chain, and the ATP cycle. Metabolic cycles
transform substrates into usable energy via a series of
enzyme-catalyzed reactions. As Figure 1 shows, tracers for
perfusion (?°'TI, 82Rb, 3NH3), Krebs cycle activity (''C-
acetate), proton production (!'H), and high-energy phos-
phates (3'P) are either intermediary metabolites or substrates
for metabolic activity. Metabolic imaging cannot image the
cycles themselves, but it can assess flux through the overall
pathway of cycles instead.

OPPORTUNITIES FOR IMAGING METABOLISM

The heart is a metabolic omnivore—that is, it feeds on
a variety of substrates (/3). Its metabolic machinery has the
capacity to produce ATP from many different substrates,
chiefly from fatty acids and glucose (6). The breakdown of
substrates can be divided into several stages (Fig. 2). Each of

Traceable
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FIGURE 1. Transfer of energy from coronary circulation to
contractile elements (cross-bridges) moves through series of
moiety-conserved cycles. Substrates and metabolites can
be traced by noninvasive methods. NADH = reduced
nicotinamide adenine dinucleotide; PCr = phosphocreatine.
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FIGURE 2. Substrate metabolism in heart can be divided
into substrate uptake and metabolism (1), oxidation (2), and
ATP production (3). Each state can be traced.

the stages can be selectively probed with positron-labeled
tracers (substrates, acetate, and oxygen) or with stable
isotopes (13C and 3'P). The first stage of this process is the
uptake of substrate by the cell for metabolism in a pathway,
the end products of which include acetyl-coenzyme A
(acetyl-CoA). The second stage consists of oxidation of
acetyl-CoA and the subsequent generation of reducing
equivalents and CO, in the Krebs cycle. The third stage
consists of the reducing equivalents generated in stage II
undergoing a reaction with molecular oxygen in the re-
spiratory chain, in which electron transfer is coupled to
rephosphorylation of adenosine diphosphate to ATP. Table 1
lists several positron-labeled tracers and tracer analogs
available to clinicians and investigators for the assessment
of the 3 stages of energy substrate metabolism in the heart (or
any other organ in the living mammalian organism). As
Figure 3 shows, there are tracers to assess myocardial
perfusion, to assess substrate uptake and retention (e.g., the
glucose tracer analog '8F-FDG or the long-chain fatty acid
tracer analog), to assess flux of entire metabolic pathways,
and to assess citric acid cycle flux. Metabolic activity in the
heart is highly regulated and strongly influenced by the
physiologic environment. All these factors affect tracer
activity in vivo. The following paragraphs illustrate this
point by comparing mechanisms of metabolic regulation
unraveled ex vivo (through perfusion experiments) or in vivo
(through transgenesis) with findings obtained with metabolic
imaging techniques (mostly PET) in humans or animal
models of disease. The main point is that, for the most part,
it is not difficult to translate the findings from the laboratory
to the human heart and vice versa. Some of the principles of
substrate metabolism by the heart will now be discussed in
detail.
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Fatty Acid Metabolism and Substrate Interaction

In the postprandial state and under resting conditions,
long-chain fatty acids are the main fuel source for the heart
(14). Fatty acids suppress glucose oxidation at the level of the
enzyme pyruvate dehydrogenase (15, 16). Transcriptionally,
long-chain fatty acid oxidation is regulated by the peroxi-
some proliferator—activated receptor-a, a nuclear receptor
that binds to the peroxisome proliferator response element
to upregulate the transcription and translation of genes for
all the enzymes involved in the -oxidation of fatty acids
(17). However, the main orchestrator of this complex is the
peroxisome proliferator—activated receptor-y coactivator
PGCla (18,19). The discovery of the PGC-1 family of
coactivators (20) led to the identification of PGCla as an
inducer of mitochondrial biogenesis and, consequently, to
tightly coupled respiration and high rates of ATP produc-
tion in the heart (27). The critical role of PGCla in the
physiologic control of myocardial energy substrate metabo-
lism has recently been well reviewed (22).

However, the heart also uses a storage system of endog-
enous substrates (glycogen and triglycerides) to buffer
changes in the dietary or hemodynamic state (23,24). For
example, with an acute increase in workload of the isolated
working rat heart, there is a resulting acute increase in
myocardial oxygen consumption and CO, production (25).
During this process, the heart oxidizes carbohydrates to meet
the increased energy demands for contraction. Although
long-chain fatty acids are the predominant fuel for energy
provision for the mammalian heart in the normal state,
carbohydrates are the fuel for the fetal heart (26) and for
the adult heart in a state of exercise or stress (27). In the
stressed heart in vivo, the efficiency of glucose as substrate
exceeds the efficiency of fatty acids as substrate by as much
as40% (28). This metabolic flexibility is an inherent property
of the normal heart, and the relative predominance of a fuel
for respiration depends on its arterial substrate concentration
and on hormonal influences, workload, and oxygen supply.
Simply put, it seems that for a given environment, the heart
oxidizes the most efficient substrate (28).

Although plasma fatty acid and triglyceride levels vary
depending on the dietary state of the whole organism,
fluctuations in plasma glucose levels are relatively minor
and are tightly controlled by insulin. Under resting condi-
tions, glucose contributes about 30% of the fuel for respira-
tion to the heart (6,29,30), mostly through the generation of
acetyl-CoA. However, there is also carboxylation of pyru-
vate, and pyruvate derived from glucose serves as an
anaplerotic substrate for the Krebs cycle (37). Anaplerosis,
which means “filling up” of cycle intermediates, is a pre-
requisite for normal cycle flux (32,33) and essential for the
initiation of fatty acid oxidation in the heart (34).

In the normal, nondiabetic mammalian organism, glu-
cose levels in the blood are tightly regulated at approxi-
mately 5 mM (or 90 mg/dL). When the normal heart is
stressed, it oxidizes first glycogen, then glucose and lactate
(35); thus, with exercise and the subsequent depletion of
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Tracers and analogs

Tracers

11C-glucose
11C-palmitate

11C-B-methyl heptadecanoic acid
11C-lactate

TABLE 1. Tracers, Tracer Analogs, and Metabolic Processes They Identify

Metabolic process

Glucose metabolism (uptake, glycolysis, glycogen synthesis, oxidation)

Long-chain and straight-chain fatty acid uptake, triglyceride synthesis,
and fatty acid oxidation

Long-chain and branched-chain fatty acid uptake

Lactate oxidation

11C-acetate

150-0,

[N-methyl-""C]a. methylaminoisobutyric acid
11C-glutamate

11C-aspartate

18N-glutamate

18N-ammonia

Acetate oxidation, oxygen consumption

Amino acid oxidation

Myocardial perfusion (metabolic trapping)

38K Myocardial perfusion (ion pump)
81Rb or 82Rb
52Mn Myocardial perfusion (diffusion)
150-H,0
Tracer analogs
18F-FDG Glucose uptake (transport and phosphorylation)

18F-fluoro-6-thia-heptadecanoic acid
123]-iodophenyl-pentadecanoic acid
18F-fluoro-4-thia-palmitate
18F-fluoro-3,4-methylene-heptadecanoic acid
123]-8-methyl-p-iodophenyl-pentadecanoic acid
123]-metaiodobenzylguanidine
(S)-"8F-fluoroethylcarbozol

64Cu-ATSM [diacetyl-bis(N4-methylthiosemicarbazone)]
18F-fluoromisonidazole

Long-chain and straight-chain fatty acid uptake

Adrenergic receptor metabolism

Hypoxia

glycogen stores, blood lactate levels rise and blood lactate
replaces all other substrates as fuel for the heart. Further-
more, element isotopic tracer studies have shown that the
normal human heart simultaneously produces and oxidizes
lactate, as well as using glucose to form glycogen when the
body is in a fasted, resting state (37). In excellent tracer
kinetic studies of the human heart, it has been estimated
that half the amount of exogenous glucose is shunted first
into glycogen before it is oxidized (36). Glucose and lactate
extraction by the heart rises with an increase in workload,
even in the presence of competing substrates both in vivo
(37) and ex vivo (25). This observation is of interest
because pyruvate is the common metabolic product of
glucose, glycogen, and lactate metabolism, and because
pyruvate competes effectively for the fuel of respiration.
The likely mechanism involves inhibition of carnitine
palmityl transferase I (CPTI) by malonyl-CoA (25,38,39).
With sustained inotropic stimulation of the heart, however,
rates of fatty acid oxidation increase, most likely by
activation of the enzyme malonyl-CoA decarboxylase and
de-inhibition of CPTI (40).

Imaging Glucose and Fatty Acid Metabolism

Tracers for the assessment of glucose metabolism in the
intact heart include ''C-glucose and the glucose tracer
analog '8F-FDG (Fig. 4). '8F-FDG is phosphorylated by
hexokinase to '8F-FDG 6-phosphate but is not metabolized

further in the glycolytic pathway and is thus trapped in the
myocardium. Increased uptake of glucose, and therefore
I8F-FDG, by ischemic myocardium occurs in response to
ischemic ATP depletion, with the aim of maintaining
cellular viability (41).

The tracer analog technique to assess glucose transport
and phosphorylation has been validated in the isolated

Labeled fatty acid analog Labeled glucose analog
"C substrate \ o
\ci,ated analog
150 H2150

FIGURE 3. Positron-labeled tracer analogs for either fatty
acids or glucose are transported into heart muscle cell and
retained, whereas positron-labeled tracer substrates (''C
compounds and '90,) are taken up, metabolized, and
released (as either 1'CO, or H,'°0).
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FIGURE 4. Progressive accumulation of glucose tracer
analog '8F-FDG by isolated working rat heart perfused with
Krebs-Henseleit bicarbonate saline containing glucose (5
mM) as substrate. Input function (radioactivity in perfusate)
was stable (lower curve). At 60 min, perfusate was switched
to same saline without tracer analog (lower curve). Tissue
retention of tracer analog was stable (upper curve). Cardiac
work was same throughout experiment. Ci = intracellular
concentration; Cp = perfusate concentration; dt = change
in time; t = time. (Adapted from (42).)

working rat heart, in which '8F-FDG accumulates in a linear
fashion and is retained when the perfusate is switched to
tracer-free medium (right side of diagram in Fig. 4) (42).
Quantification of myocardial glucose uptake requires a sta-
ble tracer—tracee ratio and a stable “lumped constant,”
which is a correction factor in the tracer kinetic model for
the assessment of glucose uptake and phosphorylation by 2-
deoxyglucose accounting for differences between '8F-FDG
and natural glucose. It consists of 6 separate constants and
was first developed for brain studies (43). Although it is
assumed that the lumped constant is constant in the heart in
situ, the lumped constant changes under non-steady-state
conditions—for example, with the administration of insulin
(44) and with reperfusion after ischemia (45); we have
proposed a tracer kinetic model that takes into account
changes of the lumped constant under non—steady-state
conditions (46). Similar considerations involving a lumped
constant and its variability also apply to tracer analogs of
fatty acids such as '8F-labeled 4-thia palmitate and 15-!8F-
fluoro-3-oxapentadecanoate, which have been used to
assess derangements of myocardial fatty acid metabolism
in heart failure (47). Rates of glucose metabolism can be
directly assessed with the tracer ''C-glucose, which pro-
vides accurate quantification of myocardial glucose use in
vivo. This approach is much more demanding for the
investigator because it requires blood sampling with me-
tabolite analysis. Few laboratories are able to perform this
protocol (48). '8F-FDG therefore remains the most popular
method for the assessment of myocardial glucose metabo-
lism.

I8F-FDG uptake by the heart depends on the glucose
concentration in the plasma, the rate of glucose delivery to
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the heart, and the rate of glucose use by the heart muscle
cells. An elevated plasma glucose concentration will de-
crease the fractional extraction of '8F-FDG and thus
decrease the quality of the myocardial '8F-FDG uptake
image (49,50). In addition, studies have shown that certain
conditions can enhance '8F-FDG uptake by increasing
regional glucose use. Such factors include an increase in
myocardial work, an increase in catecholamines, or a de-
crease in plasma levels of free fatty acids (4,57). However,
the most important reason for an increase in regional
myocardial glucose uptake is reprogramming of hibernat-
ing myocardium to the fetal gene program (52-55). There
have been many attempts to standardize the metabolic
environment for myocardial '8F-FDG imaging with PET.
These include oral glucose loading (50-75 g) to stimulate
insulin secretion by the B-cells. Studies have shown that
oral glucose loading has a positive effect on image quality,
with a more homogeneously distributed tracer analog in
comparison with a fasting state (56). However, as men-
tioned previously, an increase in glucose concentration can
lower the fractional use of '8F-FDG and decrease the
quality of the image, thus counteracting the positive effect
of increased regional glucose use. Patients with coronary
artery disease, especially those with underlying diabetes,
will still have poor image quality with oral glucose loading
(56). A little-known alternative to '8F-FDG imaging in
myocardial ischemia is enhanced '3N-glutamate uptake
(57). However, this method awaits further development.

The euglycemic hyperinsulinemic clamp is an approach
that mimics the postabsorptive steady state and has thus
become an alternative approach to oral glucose loading for
enhancing glucose and '8F-FDG use (49,58). Even in
patients with diabetes, insulin clamping has yielded myo-
cardial molecular images of high diagnostic value (59).
However, similar degrees of glucose uptake variability exist
between oral glucose loading and insulin clamping, most
likely secondary to the variability in free fatty acid and
lactate levels (59). A relatively easy approach to reduce
plasma free fatty acid concentrations and improve image
quality is the oral administration of nicotinic acid, which
inhibits peripheral lipolysis (50,60).

To conclude this section, both the complexity and the
magnitude of myocardial energy metabolism can be over-
whelming if not approached systematically beginning at the
cellular level. Mitochondrial metabolism provides the
human heart with more than 5 kg of ATP per day (57). In
addition to the network of energy transfer of the heart,
recent studies have stressed the diverse functions of cardiac
metabolism. Besides providing energy for muscle contrac-
tion, the metabolism of substrates also provides signals for
growth, gene expression, apoptosis, and programmed cell
survival. Although the role of metabolic signaling in
myocardial stunning and hibernation has already been
recognized (61), its role in cardiac growth and gene
expression has not yet been systematically addressed. Here
metabolic imaging may be in a unique position to shed light
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on some of the unanswered questions regarding both short-
and long-term adaptation of the heart to various forms to
stress (62).

Imaging Metabolic Adaptation and Maladaptation
of the Heart

The heart adapts or does not adapt in response to changes
in its physiologic environment (Fig. 5). Here the physiologic
environment of the heart includes the hemodynamic, the
metabolic, and the circulatory environments. Like Opie and
Sack, who introduced the concept of metabolic plasticity
(63), we have argued that changes in the environment of the
heart give rise to specific metabolic signals affecting cardiac
structure and function (64).

Perhaps the most dramatic example of chronic metabolic
adaptation is hibernating myocardium. Hibernating myocar-
dium is a chronically dysfunctional myocardium and is most
likely the result of extensive cellular reprogramming due to
repetitive episodes of ischemia or chronic hypoperfusion
(65). Functionally hibernating myocardium is characterized
by an improvement of contractile function with reperfusion
or inotropic stimulation. Metabolically, hibernating myocar-
dium is characterized by a switch from fat to glucose
metabolism, accompanied by reactivation of the fetal gene
program (66). Because glucose transport and phosphorylation
are readily traced by the uptake and retention of '3F-FDG,
hibernating myocardium is readily detected by enhanced
glucose uptake and glycogen accumulation in the same
regions (67). Although rates of glucose oxidation are

Switch
/ (hypothetical) \
Adaption Maladaption

Hibernation Lipotoxicity
T Glycogen T Triglycerides
Preserved Impaired
cardiometabolic cardiometabolic
reserve reserve

FIGURE 5. Adaptive and maladaptive stress responses of
myocardium. Adaptive response of myocardial hibernation
has distinctly different features from maladaptive response
of myocardial lipotoxicity. Both processes can be traced by
noninvasive methods. (Adapted from (64).)
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reduced, the glycogen content of hibernating myocardium is
dramatically increased (68). A direct correlation exists
between glycogen content and myocardial levels of ATP
(69), and one may be tempted to speculate that improved
energetics is the result of improved glycogen metabolism in
hibernating myocardium. However, the true mechanism for
viability remodeling of ischemic myocardium is likely to
be much more complex, and good evidence exists for the
activation of a gene expression program of cell survival (68).
The similarities between the hibernating and the fetal
myocardium suggest an innate mechanism of myocardial
protection. In time, molecular imaging may shed more light
on this process.

A fitting example for chronic metabolic maladaptation is
the lipotoxic heart. Lipotoxicity, or glucolipotoxicity, is the
result of severe metabolic dysregulation in the face of excess
substrate supply and impaired substrate oxidation (70,71). In
contrast to hibernating myocardium, the metabolic changes
are maladaptive and are reversible only with the restoration
of a normal metabolic milieu (72). Consequences of dysre-
gulated oxidative metabolism of glucose and fatty acids are
the accumulation of glycosylated proteins, triglycerides,
reactive oxygen species, diacylglycerol, and ceramide,
among others (73). Dysregulated fatty acid metabolism
provides a rich source of metabolic signals, some of which
are regulators of gene expression by binding to specific
transcription factors.

Failing human heart muscle has a high percentage of
triglyceride accumulation. Triglyceride levels are highest in
obese patients and in patients with type 2 diabetes mellitus.
Triglycerides in cardiomyocytes, or ectopic fat, are consid-
ered markers rather than mediators of lipotoxicity (74). The
advent of MRI is providing an opportunity to image
intramyocardial triglycerides in vivo (75). The same group
of investigators found that increased myocardial triglycer-
ide content was accompanied by increased ventricular mass
and decreased septal thickening (76). Good evidence also
exists for ectopic triglyceride accumulation in the interven-
tricular septum of patients with type 2 diabetes or the
metabolic syndrome (77). Myocardial steatosis has been
associated with impaired left ventricular function in pa-
tients with uncomplicated type 2 diabetes (78). Myocardial
triglyceride accumulation can be reversed with either
exercise or pharmacologic intervention.

Myocardial proton MR spectroscopy to study triglycer-
ide content is a promising new tool to assess the effects of
nutritional interventions on myocardial lipid metabolism in
relation to heart function (79). The in vivo assessment of
myocardial triglyceride content and turnover has already
provided new insights into the pathophysiology of the heart
in obesity and diabetes (77,80).

CONCLUSION

Based on the principles of cardiac metabolism, I have
reviewed the biochemical basis for the various imaging
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modalities available to track the footprints of normal and 16
deranged metabolic activity in the heart. Akin to flow .
imaging with radionuclide tracers, a strength of metabolic
imaging is in the assessment of regional myocardial differ-

. . .. . . 1
ences in metabolic activity, probing for 1 substrate at a time. 8
A strong case has been made for the utility of metabolic
imaging in the detection of viable yet dysfunctional myo- 19
cardium that could benefit from reperfusion. At the same
time, we have still much to learn about the molecular basis of
metabolic derangements in all forms of heart disease. The in ~ 20.
vivo metabolic imaging of regenerative processes, including
remodeling of the heart muscle through controlled protein  ,;.
synthesis and degradation, is still beyond the scope of current
imaging modalities. However, it is our hope that new and .
developing methods of cardiac imaging will lead to the )
earlier detection of heart disease and improve the manage-
ment and quality of life for patients afflicted with ischemic 2>
and nonischemic heart muscle disorders. .
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