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INTRODUCTION
Flexibility in myocardial substrate metabolism for energy production is fundamental to cardiac
health. This loss in plasticity or flexibility leads to an over dependence on the metabolism of
an individual category of substrates with the predominance in fatty acid metabolism
characteristic of diabetic heart disease and the accelerated glucose use associated with pressure-
overload left ventricular hypertrophy being prime examples. Important unresolved questions
include the extent to which these metabolic patterns are adaptive and have the propensity to
become maladaptive, what are the key determinants of these metabolic perturbations, do they
alter prognosis, and do they represent robust targets for novel therapeutics. Accelerating our
understanding of the role of alterations in myocardial substrate metabolism cardiac disease is
the development of transgenic models targeting key aspects of myocardial substrate use.
However, the relevance of the metabolic phenotype of these models to the corresponding
human condition is frequently unclear. In addition, applied genomics have identified numerous
gene variants intimately involved in the regulation of myocardial substrate use. Yet, identifying
the clinically significant genetic variants remains elusive. For all these reasons, there is a strong
demand for accurate non-invasive imaging approaches of myocardial substrate metabolism
that can facilitate the crosstalk between the bench and the bedside leading to improved patient
management paradigms. Currently the most successful example is the detection of ischemic
but viable myocardium with PET and 18F-fluorodexoglucose (FDG) for the management of
patients with ischemic cardiomyopathy. In this review potential future applications of
metabolic imaging, particularly radionuclide approaches, for assessment of cardiovascular
disease are discussed.

Overview of Myocardial Metabolism-The Need for Flexibility
The heart is an omnivore capable of switching between one substrate to another for energy
production. This flexibility in substrate use occurs in response to numerous stimuli including
substrate availability, the hormonal environment, the level of tissue perfusion, and the level of
workload by the heart (Figure 1).1, 2 The control of substrate switching can either represent an
acute or chronic adaptation in response to either short or prolonged alterations in the
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physiological environment. Examples of acute or short term adaptations would include
inhibitory effects of fatty acid oxidation on glucose oxidation as well as the converse, in
addition of the oxidation of fatty acids by glucose oxidation as well as the increasing oxidation
of glycogen, lactate and glucose in response to increasing workload. Regulating these rapid
changes are a host enzymes such as pyruvate dehydrogenase complex and enzyme carnitine
palmitoyl transferase 1 which is regulated by the concentration of malonyl-CoA.3–7

In contrast, chronic metabolic adaptations reflect alterations in the metabolic machinery of the
heart. These changes occur primarily at the transcriptional level through the coordinated up-
regulation of enzymes and proteins in key metabolic pathways. A prominent example in this
case is the nuclear receptor peroxisome proliferator-activated receptor alpha (PPARα), which
is a key regulator of myocardial fatty acid uptake, oxidation and storage.8 For example, in
diabetes mellitus, PPARα activity is increased leading to an up-regulation in genes controlling
fatty acid uptake and oxidation.9 In contrast, pressure-overload hypertrophy PPARα activity
is reduced leading to a down-regulation of genes controlling fat metabolism and in turn leading
to an up-regulation of glucose use.10 These chronic adaptations can induce numerous
detrimental effects that extend beyond alterations in energy production and may include
increases in oxygen free radical production, impaired energetics, increases in apoptosis, and
the induction of left ventricular dysfunction. Discussed in the subsequent sections is how
metabolic imaging has helped characterize this loss of metabolic flexibility due to these chronic
adaptations in various disease processes.

Methods to Image Myocardial Metabolism
There are currently three methods to image myocardial metabolism noninvasively, magnetic
resonance spectroscopy (MRS), single photon emission computed tomography (SPECT) and
positron emission tomography (PET). A summary of each technique is listed below:

MRS—This technology offers numerous advantages for the measurement of myocardial
metabolism. They include the ability to measure multiple metabolic pathways simultaneously,
relative ease in performing serial measurements, and the lack of ionizing radiation. When
combined with MRI, near simultaneous measurements of myocardial perfusion and mechanical
function are possible. MRS allows direct measurement of biochemical information about in
vivo processes. This biochemical data can be acquired repeatedly with minimal interference to
tissue function. A number of biologically important nuclei can be measured including
phosphorous (31P), hydrogen (1H), carbon (13C), sodium (23Na), nitrogen (15N) and fluorine
(19F). The basic principle of MRS relies on the fact that the chemical environment of a nuclei
induces local magnetic fields that shifts its resonance frequency. The different frequency shift
for different metabolites results in an NMR signal consisting of one or more discrete resonance
frequencies. The Fourier transform of the acquired signal produces a spectrum with peaks at
distinct frequencies. The MRS spectrum displays the signal intensity as a function of frequency
measured in parts per million (ppm) relative to the frequency of a reference compound. The
signal intensity at a given frequency is proportional to the amount of the respective metabolite
and can be used to determine the absolute concentration of the metabolite using appropriate
calibrating reference signal.11, 12

MRS is limited by inherent low signal-to-noise, concomitant limited spatial resolution,
intravoxel signal contamination and long acquisition times. Compared with nuclear imaging
methods, MRS has a much lower sensitivity (detecting millimolar as opposed to nanomolar
concentrations). Thus, although recent studies suggest imaging of cardiac metabolism using
C-13 labeled agents is possible in intact animals, studies in humans are still not possible.13 Of
note, cardiac applications for MRS become more limited as one moves from rodent to man as
opposed to nuclear methods where the reverse occurs. This appears to be a function of both
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the higher field strength in the small bore systems and the use of radiofrequency coils that are
in closer proximity to the entire heart used in small animal imaging. These advantages
overcome the need for markedly improved spatial resolution. Indeed, as opposed to rodent
hearts where the measurements of the left ventricular myocardium is obtained, measurements
in human myocardium are typically limited to the anterior myocardium. Currently, only 31P
and 1H have been widely used for in vivo clinical cardiac examinations focusing on myocardial
energetics (31P) and lipid accumulation (1H).11, 13, 14

Single Photon Emission Computed Tomography (SPECT)—An advantage of
SPECT is the inherent high sensitivity of the radionuclide method to measure metabolic
processes. The technology is widely available in both the clinical and research setting. With
ECG-gating, measurements of myocardial function can be obtained simultaneously. Because
of the long-physical half-life of SPECT radionuclides radiopharmecutical delivery to multiple
sites is possible, facilitating the performance of multi-center studies that incorporate
measurements of myocardial substrate metabolism. Theoretically, assessing more than one
metabolic process simultaneously is possible if the heart is imaged after the administration of
radiopharmaceuticals labeled with radionuclides with different primary photon energies.
Finally, small animal SPECT and SPECT/CT systems are rapidly advancing, facilitating the
performance of myocardial metabolic studies in rodent models of cardiac disease. The major
disadvantage of SPECT is the inability to quantify cellular metabolic processes primarily
because of the technical limitations of SPECT (relatively poor temporal and spatial resolution
and inaccurate correction for photon attenuation).

Metabolic processes that can be measure by SPECT include:

• Glucose Metabolism: No specific SPECT radiotracers are currently available to
measure myocardial glucose metabolism. However, when combined with the
appropriate detection scheme or collimator design, myocardial glucose metabolism
can be measured with SPECT and FDG15.

• Fatty Acid Metabolism: Over the past 20 years numerous radiotracers have been
developed to assess myocardial fatty acid metabolsim with SPECT. On the earliest
and most promising was 15-(p-iodophenyl)-pentadecanoic acid (IPPA).16–18 This
radiotacer demonstrated rapid accumulation in the heart and exhibited clearance
kinetics that followed a biexponential function characteristic for 11C-palmitate.
Moreover, the clearance rates correlated directly with β-oxidation. Initial studies in
humans with coronary atherosclerosis demonstrated reduced uptake and washout and
in regions subtended by occlude arteries19. Thus, the kinetics of IPPA made it quite
attractive as a radiotracer of fatty acid metabolism. Unfortunately, SPECT systems
did not have the temporal resolution to take advantage of the rapid turnover of IPPA.
As a consequence quantification of myocardial fatty acid metabolism was not possible
and image quality was reduced. This led to the development of branched-chain
analogs of IPPA, such as 123I-beta-methyl-P-iodophenylpentadecanoic acid (BMIPP)
(Figure 2).18–21 Alkyl branching inhibits β-oxidation and shunting radiolabel to the
triglyceride pool thereby increasing radiotracer retention. The metabolic stability of
BMIPP affords retention of radioactivity in the heart long enough to allow sufficient
blood clearance such that high-quality SPECT imaging can be performed.

PET—The two major advantages of PET are its intrinsic quantitative capability and the use
of radiopharmaceuticals labeled with the positron-emitting radionuclides. The PET detection
scheme permits accurate quantification of activity in the field of view. The positron-emitting
radionuclides of the biologically ubiquitous elements oxygen (15O), carbon (11C), and nitrogen
(13N), as well as fluorine (18F) substituting for hydrogen, can be incorporated into a wide
variety of substrates or substrate analogues that participate in diverse biochemical pathways
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without altering the biochemical properties of the substrate of interest (Figure 2). By combining
the knowledge of the metabolic pathways of interest with kinetic models that faithfully describe
the fate of the tracer in tissue, an accurate interpretation of the tracer kinetics as they relate to
the metabolic process of interest can be achieved. The major disadvantages of PET are its
complexity in both radiotracer design and image quantification schemes and expense.
Metabolic processes that are typically measured with PET are:

• Myocardial Oxygen Consumption (MVO2):

– 15O-oxygen: Because oxygen is the final electron acceptor in all pathways
of aerobic myocardial metabolism, PET with 15O-oxygen has also been used
to measure MVO2. The major advantage of the approach is that it provides
a measure of myocardial oxygen extraction and measures MVO2 directly.
Due to the short half-life of this tracer, 15O-oxygen is readily applicable in
studies requiring repetitive assessments, such as those with an acute
pharmacologic intervention. Its major disadvantages are the need for a
multiple-tracer study (to account for myocardial blood flow and blood
volume) and fairly complex compartmental modeling to obtain the
measurements. 22–24

– 11C-acetate: PET using 11C-acetate is the preferred method of measuring
MVO2 noninvasively. Once taken up by the heart, acetate, a two-carbon
chain free fatty acid, is rapidly converted to acetyl–CoA. The primary
metabolic fate of acetyl-CoA is metabolism through the tricarboxylic acid
cycle. Because of the tight coupling of the tricarboxylic acid cycle and
oxidative phosphorylation, the myocardial turnover of 11C-acetate reflects
overall flux in the tricarboxylic acid cycle and, thus, overall oxidative
metabolism or MVO2. Either exponential curve fitting or compartmental
modeling is used to calculate MVO2. The latter is typically preferable in
situations of low cardiac output where marked splaying of the input function
and spill-over of activity from the lungs to the myocardium can decrease the
accuracy of the curve-fitting method.25–29

• Carbohydrate metabolism:

– FDG: Most studies of myocardial glucose metabolism with PET have used
FDG. This radiotracer competes with glucose for facilitated transport into
the sarcolemma then for hexokinase-mediated phosphorylation. The
resultant F-FDG-6-phosphate is trapped in the cytosol and the myocardial
uptake of FDG is thought to reflect overall anaerobic and aerobic myocardial
glycolytic flux.30–33 Regional myocardial glucose utilization can be
assessed in either relative or in absolute terms (i.e., in nmol·g−1·min−1). In
the latter case, a mathematical correction for the kinetic differences between
FDG and glucose called the lumped constant” must be used calculate rates
of glucose. However, this value may vary depending upon the prevailing
plasma substrate and hormonal conditions decreasing the accuracy of the
measurement.32, 34–36 Other disadvantages of FDG include the limited
metabolic fate of FDG in tissue, precluding determination of the metabolic
fate (i.e., glycogen formation vs. glycolysis) of the extracted tracer and
glucose, and limitations on the performance of serial measurements of
myocardial glucose utilization because of the relatively long physical half-
life of 18F. On the other hand, the myocardial kinetics of 18F-FDG have been
well characterized, the acquisition scheme is relatively straightforward, and
its production has become routine owing in part to the rapid growth of its
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clinical use in oncology; as such, it remains the most widely used tracer for
determination of myocardial glucose metabolism.

– Carbon-11 glucose: More recently, quantification of myocardial glucose
utilization has been performed with PET using glucose radiolabeled in the
1-carbon position with 11C (11C-glucose). Because 11C-glucose is
chemically identical to unlabeled glucose it has the same metabolic fate as
glucose thus, obviating the need for the lumped constant correction. It has
been demonstrated that measurements of myocardial glucose utilization
based on compartmental modeling of tracer kinetics are more accurate
with 11C-glucose than with FDG.37, 38 Moreover, it has been recently
demonstrated that PET with 11C-glucose permits the estimation of glycogen
synthesis, glycolysis and glucose oxidation (Figures 3 and 4).39

Disadvantages of this method include, compartmental modeling that is more
demanding with 11C-glucose than it is with FDG, the need to correct the
arterial input function for the production of 11CO2 and 11C-lactate, a fairly
complex synthesis of the tracer, and short physical half-life of 11C requires
an on-site cyclotron.

– 11C-lactate Lactate metabolism in the heart correlates with serum lactate
level at rest but this relationship may vary with exercise or ischemia.
Recently, a multi-compartment model was developed for the assessment of
myocardial lactate metabolism using PET and L-3[11C] lactic acid. Under a
wide variety of conditions, PET derived extraction of lactate correlated well
with lactate oxidation measured by arterial and coronary sinus sampling
(Figure 5).40 This model may help delineate the clinical role of lactate
metabolism in a variety of pathological conditions such as diabetes mellitus
and myocardial ischemia. Moreover, when combined with either FDG
or 11C-glucose it permits a more comprehensive measurement of myocardial
carbohydrate metabolism.

• Fatty acid metabolism:

– 11C-palmitate: The major advantage of 11C-palmitate is that its myocardial
kinetics is identical to labeled palmitate. With appropriate mathematical
modeling techniques its use permits the assessment of various aspects of
myocardial fatty acid metabolism such as uptake, oxidation and storage.41–
44 This is an important attribute because exactly which component of
myocardial fatty acid metabolism is the contributor(s) to a pathologic process
is frequently not fully elucidated. However, this approach does suffer from
several disadvantages including, reduced image quality and specificity, a
more complex analysis, and the need for an on-site cyclotron and
radiopharmaceutical production capability.

– Fatty acid tracers that are trapped: Most of the PET tracers in this category
have been designed to reflect myocardial β-oxidation. 14-(R,S)-18F-
fluoro-6-thiaheptadecanoic acid (FTHA) was one of the first radiotracers
developed using this approach. Initial results were promising with uptake
and retention in the myocardium accordingly with changes in substrate
delivery, blood flow and workload in animal models.45, 46 As a consequence,
PET with FTHA was used to evaluate the effects of various diseases such as
coronary artery disease and cardiomyopathy on myocardial fatty acid
metabolism.47, 48 However, enthusiasm for FTHA has waned somewhat
primarily because its uptake and retention has been shown to be insensitive
to the inhibition of β-oxidation by hypoxia.49 Subsequently, 16-18F-
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fluoro-4-thia-palmitate (FTP) has been developed. This modification retains
the metabolic trapping function of the tracer which is proportional to fatty
acid oxidaion under normal oxygenation and hypoxic conditions.49, 50

However, the lumped constant for FTP relatively independent of the
substrate environment but is very sensitive to the presence of ischemia. Thus,
the ability quantify fatty acid oxidation with this radiotracer is still unclear.
Currently, FTP is undergoing commercialization as entering early phase-1
evaluation. Recently, a new F-18–labeled fatty acid radiotracer, trans-9
(RS)-18F-fluoro-3,4(RS,RS) methyleneheptadecanoic acid (FCPHA), has
been developed.51 Results of initial studies show that uptake of FCPHA into
rat myocardium was approximately 1.5% injected dose per gram tissue at 5
minutes with little change over a period of 60 minutes and low blood activity
over the same period. However, the impact of alterations in plasma
substrates, work load and blood flow on myocardial kinetics is unknown.
This radiotracer is also undergoing commercialization.

Gender and Aging
Both gender and aging impact the myocardial metabolic phenotype. Results of studies in animal
models show that there are sex differences in myocardial substrate metabolism, with female
rats exhibiting less myocardial glucose and more fatty acid metabolism.52, 53 Recently, using
PET with 11C-glucose and 11C-plamitate, these observations were confirmed in young healthy
volunteers.54 Women exhibited lower levels of glucose metabolism compared with men
(Figure 6). Although, no differences in myocardial fatty acid metabolism were noted, women
also exhibited higher MVO2 compared with men as measured by PET with 11C-acetate. These
gender differences in substrate metabolism become more pronounced as one transition to more
pathologic conditions. For example in addition to the changes in glucose metabolism and
MVO2, obese women exhibited higher fatty acid uptake and oxidation compared with obese
men.55 Of note, in both these studies, the differences in myocardial metabolism could not be
explained by differences in myocardial blood flow, insulin sensitivity, hemodynamics,
myocardial work, or the plasma substrate environment.

In various experimental models aging, the contribution of fatty acid oxidation to overall
myocardial substrate metabolism declines with age.56, 57 It appears the cause for the decrease
in fatty acid oxidation is multifactorial including changes in mitochondrial lipid content, lipid
composition and protein interactions as well as oxygen free radical injury, a decline in carnitine
palmitoyltransferase-1 activity, and a age-related decline in myocardial PPARα activity.58–
60 Using the PET approaches described above, it has been shown that a similar metabolic shift
occurs in healthy older humans.61 Moreover, older individuals are not able to increase glucose
utilization in response to β-adrenergic stimulation with dobutamine to the same extent as
younger individuals. This impaired metabolic response may represent a stress-related energy
deprivation state in the aging heart or potentially indicate that the heart is more susceptible to
injury during periods of ischemia.62 Recently it has been shown that this impairment in
metabolic reserve can be ameliorated by endurance exercise training in older subjects.63 In
keeping with the discussion above, it appears the myocardial metabolic response to dobutmaine
following endurance exercise training is gender specific with men demonstrating an increase
in myocardial metabolism whereas women exhibited increase in both glucose and fatty acid
metabolism. Although, requiring further study, these gender and age differences in metabolism
may provide a partial explanation for the gender- and age-related outcome differences for
various cardiovascular diseases where altered myocardial metabolism plays a role.
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Ischemia
Under conditions of mild to moderate myocardial ischemia, fatty acid oxidation ceases and
anaerobic metabolism supervenes. Glucose becomes the primary substrate for both increased
anaerobic glycolysis and for continued, albeit, diminished oxidative metabolism.64 This
metabolic switch is prerequisite for continued a energy production and cell survival. When the
ischemic insult is reversed, oxygen availability increases and oxidative metabolism resumes.
However it appears that, these abnormalities myocardial substrate metabolism may persist well
after the resolution of ischemia, so called “ischemic memory”. Demonstration of either
accelerated myocardial glucose metabolism or reduced fatty acid metabolism using FDG and
BMIPP, respectively, has been used to document this phenomena. For example, over twenty
years ago it was shown that PET myocardial FDG uptake was increased in patients with
unstable angina during pain-free episodes.65 Moreover, in patients with stable angina increased
FDG uptake was demonstrated following exercise-induced ischemia-in the absence of either
perfusion deficits or ECG abnormalities66. Similar observations have been made with SPECT
using BMIPP. Results of numerous studies have demonstrated in patients with acute chest pain
that abnormalities in myocardial BMIPP uptake may persist 24–36 hrs following the resolution
of symptoms (Figure 7).67, 68 Moreover, this “metabolic fingerprint” is superior to perfusion
imaging for either identifying coronary artery disease as the cause of the chest pain or assigning
prognosis.67 The persistence of the metabolic defect increases the flexibility of radiotracer
administration as it allows for delivery of a unit dose after the patient has already been
evaluated. This is in contrast to the use of perfusion radiotracers which frequently must be
available on-site due to the narrow time window from the resolution of symptoms and
normalization of the flow deficit. Based on these observations, BMIPP is currently undergoing
Phase 3 evaluation for acute chest pain imaging. Metabolic imaging with either FDG or BMIPP
has also been for direct ischemia detection during stress testing. The thought process being that
abnormalities in vasodilator reserve with perfusion tracers will underestimate ischemia if
oxygen and supply remain balanced. Results of initial studies where FDG were injected during
appears to support this contention with a greater detection rate for moderately severe coronary
artery stenoses compared with perfusion imaging.15 Despite the promising results with these
radiotracers, numerous questions still remain as the optimal imaging protocols, the impact of
alterations in the plasma substrate environment on diagnostic accuracy, whether added
diagnostic and prognostic information is provided over perfusion imaging, and whether this
information alters clinical management.

Hypertension/Left Ventricular Hypertrophy
There is well-established linkage between abnormalities in myocardial substrate metabolism
and left ventricular hypertrophy. In animal models of pressure-overload left ventricular
hypertrophy there is a reduction in the expression of of β-oxidation enzymes, leading to a fall
in myocardial fatty acid oxidation and an increase in glucose use.69, 70 Moreover, interventions
in animals that involve inhibition of mitochondrial fatty acid β-oxidation result in cardiac
hypertrophy.70 In humans, variants in genes regulating key aspects of myocardial fatty acid
metabolism ranging from PPARa to various key β-oxidative enzymes are associated with left
ventricular hypertrophy.71, 72

This metabolic shift has been confirmed in-vivo in an animal model of hypertrophy.73 PET
with FDG demonstrated myocardial glucose uptake tracked directly with increasing
hypertrophy. Similar results have been found in man. PET with 11C-palmitate in humans has
shown the reduction in myocardial fatty acid oxidation is an independent predictor of left
ventricular mass in hypertension.74 Combining measurements of left ventricular myocardial
external work (either by echocardiography or MRI) with measurements of MVO2 performed
by PET with 11C-acetate or 15O-oxygen, it is possible to estimate cardiac efficiency23, 75. Using
this approach in patients with hypertension-induced left ventricular hypertrophy has shown

Bashir and Gropler Page 7

Cardiol Clin. Author manuscript; available in PMC 2010 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that the decline in myocardial fatty acid metabolism is associated with a decline in efficiency,
a condition that may increase the potential for the development of heart failure. PET has also
been used to phenotype patients with hypertrophic cardiomyopathy attributable to a known
specific variant in the α-tropomyosin gene.76 It was observed that increased myocardial
perfusion, fatty acid metabolism, and efficiency characterize patients with mild hypertrophy
whereas these metabolic alterations decrease as hypertrophy becomes more advanced. The
results may represent differential penetrance of the gene variant or the effect of modifier gene
(s), potentially helping in their identification. Although, requiring further study in larger patient
populations, this study suggests that metabolic imaging may identify relevant gene variants
without waiting for more end-stage manifestations such as left ventricular remodeling and
dysfunction to occur.

Nonischemic Dilated Cardiomyopathy
In addition to left ventricular hypertrophy, alterations in myocardial substrate metabolism have
been implicated in the pathogenesis of contractile dysfunction and heart failure. Animal models
of heart failure have shown that in the progression from cardiac hypertrophy to ventricular
dysfunction, the expression of genes encoding for enzymes regulating β-oxidation is
coordinately decreased, resulting in a shift in myocardial substrate metabolism to primarily
glucose use, similar to that seen in the fetal heart.69, 77, 78 These metabolic changes are
paralleled by re-expression of fetal isoforms of a variety of contractile and calcium regulatory
proteins program. The reactivation of the metabolic fetal gene program may have numerous
detrimental consequences on myocardial contractile function ranging from energy deprivation
to the inability to process fatty acids leading to accumulation of nonoxidized toxic fatty acid
derivatives, resulting in lipotoxicity. It should be noted that alterations in myocardial substrate
use are now becoming attractive targets for novel treatments for heart failure with prime
examples being the partial fatty acid oxidation antagonists and the insulin sensitizer glucagon-
like peptide-1.79

The down-regulation in myocardial fatty acid metabolism leading to an over-dependence on
glucose use in heart failure has been well documented using both PET and SPECT techniques.
For example, PET using 11C-palmitate and 11C-glucose demonstrated that, myocardial fatty
acid uptake and oxidation are lower in patients with nonischemic dilated cardiomyopathy when
compared with aged matched controls. In contrast myocardial glucose utilization was higher
in the cardiomyopathic patients.42 The metabolic findings cannot be explained by differences
in plasma substrates or insulin, blood flow or MVO2. Similarly, SPECT with BMIPP
demonstrated reduced myocardial uptake and increased clearance radiotracer in patients with
dilated cardiomyopathy compared with controls.80 Moreover, the magnitude of the
perturbations correlated with other measurements of heart failure severity such as left
ventricular size and plasma b-natruietic peptide levels. PET has also been used provide
mechanistic insights into the myocardial metabolic perturbations associated with heart failure.
For example, abrupt lowering of fatty acid delivery with acipimox results in reduced fatty acid
uptake, MVO2, and cardiac work and no change cardiac efficiency in normal volunteers.81 In
contrast, patients with nonischemic dilated cardiomyopathy exhibited a decrease in myocardial
fatty acid uptake and cardiac work, no change in MVO2 and a decline in efficiency. Although
limited by a small sample size, these results appear to reinforce to the central role of loss
flexibility in myocardial substrate metabolism in the pathogenesis of heart failure with even
minor changes in substrate delivery having detrimental consequences on cardiac energy
transduction.

Metabolic imaging can also been used to study the mechanisms responsible for the
effectiveness of treatment in cardiomyopathy. For example, the efficacy of β-blocker therapy
in treatment of heart failure patients is well established. Treatment with the selective β-blocker
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metoprolol results in a reduction in oxidative metabolism and an improvement in cardiac
efficiency as measured by PET in patients with left ventricular dysfunction.82 With similar
PET techniques, myocardial efficiency has been shown to be improved in patients with heart
failure who undergo either exercise training or cardiac resynchronization therapy, implicating
improved myocardial energetics as a potential mechanism.83, 84 Moreover, treatment with
cardiac resynchronization therapy resulted in homogenization of initially heterogeneously
distributed glucose metabolism.85 There is significant interest in the partial fatty acid oxidation
inhibitors for the treatment of heart failure. Theoretically, decreasing myocardial fatty acid
oxidation should increase the oxidation of glucose leading to a more favorable energetic state
and improved left ventricular function. In a recent study, the administration of trimetizidine to
patients with dilated cardiomyopathy resulted in a significant improvement in left ventricular
ejection fraction.86 However, the improvement in left ventricular function appeared to reflect
the complex interplay between a mild decrease in myocardial fatty acid oxidation, improved
whole-body insulin resistance and synergestic effects with β-blockade. Metabolic imaging can
also be used to predict the response to specific therapies in heart failure patients. For example,
in patients with dilated cardiomyopathy, the percent of glucose uptake, as measured by PET
with FDG can be used as a predictor for the effectiveness of β-blocker therapy.87 Moreover,
in patients with ischemic cardiomyopathy the extent of viable myocardium as measured with
PET and FDG correlated with the hemodynamic response after cardiac resynchronization
therapy suggesting a role for PET in discriminating responders from non-responders.88

Diabetes Mellitus
Cardiovascular disease is the leading cause of morbidity and mortality in patients with diabetes
mellitus.89 The mechanisms by which diabetes mellitus confers this increased cardiovascular
risk are multifactorial and complex with possibilities including an increased prevalence of
hyperlipidemia and hypertension, impaired fibrinolysis, abnormal myocardial endothelial
function and reduced sympathetic neuronal function. There is a burgeoning body of evidence
to suggest that abnormalities in myocardial substrate metabolism contribute to the
cardiovascular abnormalities observed in diabetic patients.90, 91 As mentioned previously the
metabolic phenotype in diabetes is an overdependence on fatty acid metabolism and a decrease
in glucose use. Multiple mechanisms contribute to this phenotype. These include increased
plasma delivery of fatty acids due peripheral insulin resistance, decreased insulin signaling,
and activation of key transcriptional pathways such as the PPARα/PGC-1 signaling network.
92–94 Both insulin-mediated glucose transport and glucose transporter expression decline in
diabetes mellitus. However, rates of myocardial glucose uptake are frequently normal due to
the presence of hyperglycemia. Further metabolism of extracted glucose declines. The increase
in myocardial fatty acid utilization results in increased citrate levels which inhibit
phosphofructokinase. Glucose oxidation is inhibited at the level of pyruvate dehydrogenase
complex due to increased mitochondrial acetyl-CoA levels and the phosphorylation of pyruvate
dehydrogenase kinase 4 by PPARα activation. Consequently, the maintenance of myocardial
glucose uptake but a decrease in downstream metabolism results in an accumulation of glucose
metabolites. Potential detrimental effects associated with this shift in metabolism include:
impaired mechanical function due to the inability to increase glucose metabolism in response
to increase myocardial work, depletion of tricarboxylic acid cycle intermediates due to reduced
anapleurosis, electrical instability and apoptosis, a greater sensitivity to myocardial ischemia
and myocardial lipid accumulation or lipotoxicity leading increased apoptosis.

Small animal imaging has helped clarify the mechanisms responsible for the metabolic
alterations that occur in diabetes mellitus. Potential mechanisms underlying diabetic
cardiomyopathy have been studied in transgenic mice. For example, mice with cardiac-
restricted overexpression of PPARα demonstrate a metabolic phenotype that is similar to
diabetic hearts.95 Small animal PET studies with 11C-palmitate and FDG in these mice
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demonstrate an increase in fatty acid uptake and oxidation and an abnormal suppression of
glucose uptake. In contrast, in mice with cardiac-restricted overexpression of PPARβ/σ small
animal PET measurements demonstrated an increase glucose uptake and reduced fatty acid
uptake and oxidation.96 Taken is sum these observations demonstrate that PPARα and
PPARβ/σ drive different metabolic regulatory programs in the heart and that imaging can help
characterize genetic manipulations in mouse heart. However, from an imaging perspective,
these studies also demonstrate the challenges in imaging the mouse heart due to its small size
as only semi-quantitative measurements of tracer uptake were performed. However,
quantitative measures of myocardial substrate metabolism are now possible with small animal
PET in rat heart. For example, rates of myocardial glucose uptake correlate directly and closely
and GLUT 4 gene expression in the Zucker-Diabetic-Fat (ZDF) rat, a model of type-2 diabetes
mellitus.97 Moreover, rates of myocardial glucose uptake and fatty acid uptake and oxidation
measured with PET in the same disease model demonstrated the importance of increased fatty
acid delivery to defining the metabolic phenotype in diabetes (Figure 8).98

Numerous imaging studies have been performed in humans to assess the impact of diabetes
mellitus on myocardial glucose metabolism. These studies have been primarily limited to PET
using FDG.99–101 In general, rates myocardial glucose uptake are reduced in patients either
type 1 or type 2 diabetes mellitus compared with non-diabetics except in under conditions of
marked hyperglycemia or supraphysiological levels in plasma insulin (such as occurs with a
hyperinsulinemic-euglycemic clamp. Increased myocardial fatty acid uptake measured by
arterial-coronary sinus balance studies has been reported in humans with type-1 diabetes
mellitus without coronary artery disease.102 Although, the impact of plasma levels of free fatty
acids on the level of myocardial fatty acid uptake was not determined, a negative correlation
between myocardial glucose uptake and plasma fatty acid levels was observed. Recently
studies using PET and 11C-plamitate and 11C-glucose in patients with type-1 diabetes mellitus
have helped clarify the myocardial metabolic phenotype in this disease. For example, diabetic
patients exhibited higher levels of fatty acid uptake and oxidation compared with non-diabetics
primarily due to increased plasma fatty acid levels. In contrast, glucose uptake was reduced in
these patients primarily due to decreased glucose transport mechanisms.43 Moreover, the
metabolic fate of extracted glucose is impaired in diabetes with reduced rates of glycolysis and
glucose oxidation which become more pronounced with increases in cardiac work induced by
dobutamine (Figure 9).103 However, the diabetic myocardium is responsive to changes in
plasma insulin and fatty acid levels but at a cost. Higher insulin levels are needed to achieve
the same level of glucose uptake and glucose oxidation compared with non-diabetics consistent
with myocardial insulin resistance (both). Similarly, in response to higher fatty acid plasma
levels, myocardial fatty acid uptake is increased however at a cost of a greater esterification
rate.103, 104

The increase in plasma fatty acids are an attractive target to reduce the over dependence of the
myocardium on fatty acid metabolism and perhaps improve energetics and function of the left
ventricle. For example, the use of the insulin sensitizing agent troglitazone in ZDF rats results
in reduced plasma fatty acid levels, decreased myocardial lipid accumulation, reduced
apoptosis and improved left ventricular function.105 In PET with FDG studies in patients with
type-2 diabetes mellitus, before and 26 weeks after treatment with rosiglitazone, demonstrated
nearly a 40% increase in insulin-stimulated myocardial glucose uptake, implying reduced fatty
acid uptake, which was attributed in large part to suppression in plasma fatty acid levels.106

Of note, similar metabolic changes were not seen with the biguanide, metformin whose
mechanism of action is designed to reduce hepatic glucose production. The metabolic response
could not be predicted by changes in the plasma glucose or HgBA1C levels. Thus, metabolic
imaging can be used to follow the effects of therapies designed to alter myocardial substrate
metabolism in patients with diseases such as diabetes mellitus where more readily available
clinical parameters are not predictive of a therapeutic response.
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Obesity and Insulin Resistance
It is now apparent that a significant increase in body mass index (BMI) induces marked
increases in myocardial fatty acid metabolism. For example, in either dietary-induced or
transgenic models of obesity myocardial fatty acid uptake and oxidation are significantly
increased.105, 107 This increase at least initially, reflects the increase in fatty acid delivery to
the heart due to increased lipolysis from both visceral/abdominal and subcutaneous fat stores
secondary to insulin resistance. Similar to diabetes mellitus, the increased delivery of fatty
acids likely initiates a cascade of events that lead to increased fatty acid metabolism. Ultimately,
fatty acid uptake may exceed oxidation leading to extracted fatty acids entering non-oxidative
pathways most likely initially forming triglycerides. As mentioned above, the accumulation of
the neutral fats or triglycerides may ultimately become detrimental.105

Imaging of obese young women with PET and 11C-acetate and 11C-palmitate has demonstrated
that an increase in BMI is associated with a shift in myocardial substrate metabolism toward
greater fatty acid use. Moreover, this dependence on myocardial fatty acid metabolism
increased with worsening insulin resistance.44 Of note, little change in myocardial glucose
metabolism was observed. Paralleling the preferential use of fatty acids was an increase in
MVO2 and a decrease in energy transduction. These findings suggest that metabolic changes
in obesity may play a role in the pathogenesis of cardiac dysfunction. Of note, the myocardial
metabolic response to obesity appears to gender dependent.55 For example, using similar PET
techniques it has been recently demonstrated that in contrast to obese women, obese men had
a greater impairment in myocardial glucose metabolism per level plasma insulin, suggesting
greater myocardial insulin resistance. In addition, obesity had less effect on myocardial fatty
acid metabolism in men. In contrast, MVO2 was higher in the obese women compared with
obese men. Thus it appears there appears to be a complex interplay between gender and obesity
in influencing myocardial substrate metabolism.

Beyond the Myocardium - Vascular Imaging
Atherosclerosis is a dynamic immune inflammatory process. It is characterized by cycles of
intense activity and progression followed by intervals of stabilization. A common result of this
process is coronary artery luminal stenosis that compromises myocardial blood flow and
induces ischemia during stress. However, the most devastating event is acute plaque rupture
with thrombosis leading to myocardial infarction and frequently, sudden cardiac death.
Moreover, for many patients acute plaque rupture is the initial clinical event. Despite the
plethora of currently available imaging tools to detect and characterize the extent and severity
coronary atherosclerosis, none of them identify patients with active disease and who are at risk
of plaque rupture. To this end, FDG is being evaluated for the detection of “biologically active”
atherosclerosis based on the premise that the tracer accumulates in activated macrophages
which are a key component atherosclerotic plaque. Several groups have established that
inflamed arterial vessels have increased uptake of FDG as measured by PET. The increased
uptake has been noted in animal models of atherosclerosis, and demonstrated in verified in
humans with atherosclerosis of the carotid artery and aorta.108–111 Moreover, a significant
correlation between FDG uptake and macrophage staining and CD68 staining has recently been
established. Of interest a decrease in carotid artery FDG uptake is correlative with an increase
in plasma high-density lipoprotein levels following statin therapy (Figure 10).110 However
many questions remain such as the site of localization of radiotracer (e.g., plaque or smooth
muscle), the suitability of the method for evaluating the coronary arteries, and whether the
information provides more refined risk stratification compared with other more widely
applicable methods or if it alters therapy.
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Future Needs
The continued growth of metabolic imaging will require advances in several areas. First will
be the continued improvement in instrumentation design, both at the human level as well as at
the level of imaging of small animals. For example, accurate tracer quantification may be
possible with new SPECT/CT systems where accurate attenuation correction can be performed.
Advances in PET detector design and post-detector electronics will result in improved counting
statistics which should improve the ability to perform more complex compartmental modeling
permitting more complete characterization of the metabolism of a given substrate. Second,
there is a key need for the development of new radiopharmaceuticals that permit
characterization of key metabolic pathways such as uptake, storage or oxidation that are linked
to disease manifestations. Moreover, new radiopharmaceuticals are needed to provide insights
into the pleiotropic aspects of metabolism such as the relationships between substrate
metabolism and cell growth, cell survival and energy transduction. Third, the availability of
radiopharmaceuticals radiolabeled with either F-18 or I-123 will be needed for the performance
of appropriately powered clinical trials designed to answer key questions about metabolic
imaging regarding diagnostic accuracy, risk stratification and monitoring of therapy in specific
patient populations. Taken together, these advances will facilitate the translation of metabolic
imaging to the clinic.
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Figure 1.
Summary of myocardial substrate metabolism demonstrating the need for flexibility in
myocardial substrate use to maintain myocardial health. DCM, Dilated cardiomyopathy; IR,
insulin resistance; DM, diabetes mellitus. Reproduced with permission from Herrero P, Gropler
RJ. Imaging of myocardial metabolism. J Nucl Cardiol 2005;12(3):345–358.
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Figure 2.
Summary of the various PET and SPECT radiopharmaceuticals to assess myocardial substrate
metabolism. FTHA, F-18 fluoro-6-thia-heptadecanoic acid. FCPHA, trans-9(RS)-18F-
fluoro-3,4(RS,RS) methyleneheptadecanoic acid, BMIPP. 123I-beta-methyl-P
iodophenylpentadecanoic acid HK, Hexokinase; PFK, phosphorfructokinase; ADP, adenosine
diphosphate; TCA; tricarboxcylic acid cycle; PDH, pyruvate dehydrogenase; TG, triglyceride;
G3PDH, glyceraldehyde 3-phosphate dehydrogenase;αGP, alpha-glycerol phosphate.
Reproduced with permission from Herrero P, Gropler RJ. Imaging of myocardial metabolism.
J Nucl Cardiol 2005;12(3):345–358.
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FIGURE 3.
Correlation between PET and arterial and coronary sinus (ART/CS) measurement of fractional
glycolysis (A) and glucose oxidation (B). Reproduced with permission from Herrero P,
Kisrieva-Ware Z, Dence CS, et al. PET measurements of myocardial glucose metabolism with
1-11C-glucose and kinetic modeling. J Nucl Med. Jun 2007;48(6):955–964.
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FIGURE 4.
Correlation between glycogen formation expressed as fraction of myocardial glucose obtained
from ART/CS 11C measurements (y-axis) and heart 13C-glycogen content (x-axis) (A).
Corresponding correlation between PET 11C and heart 13C-glycogen measurements (B). Fasted
group was excluded from analysis because of negligible glucose extraction. Reproduced with
permission from Herrero P, Kisrieva-Ware Z, Dence CS, et al. PET measurements of
myocardial glucose metabolism with 1-11C-glucose and kinetic modeling. J Nucl Med. Jun
2007;48(6):955–964.
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FIGURE 5.
Representative PET time–activity curves of L-3-11C-lactate obtained from intralipid (IL),
insulin clamp (CLAMP), lactate infusion (LACTATE), or lactate and phenylepherine (LAC/
PHEN) studies and corresponding myocardial images obtained 5–10 min after tracer injection
and depicting primarily early tracer uptake. Images are displayed on horizontal long axis.
Blood 11C = 11C time–activity curves obtained from region of interest (ROI) placed on left
atrium; blood 11C-lactate = blood 11C time–activity curves after removing 11CO2, 11C-neutral,
and 11C-basic metabolites; myocardial 11C = 11C time–activity curves obtained from ROI
placed on lateral wall. A = apical wall; S = septal wall; L = lateral wall; LV = left ventricle.
Reproduced with permission from Herrero P, Dence CS, Coggan AR, Kisrieva-Ware Z,
Eisenbeis P, Gropler RJ. L-3-11C-lactate as a PET tracer of myocardial lactate metabolism: a
feasibility study. J Nucl Med. Dec 2007;48(12):2046–2055.
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Figure 6.
Sex-related differences in myocardial glucose extraction fraction (MGEF) and myocardial
glucose utilization (MGU). Reproduced with permission from Peterson LR, Soto PF, Herrero
P, Schechtman KB, Dence C, Gropler RJ. Sex differences in myocardial oxygen and glucose
metabolism. J Nucl Cardiol. Jul 2007;14(4):573–581.
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Figure 7.
(A) Coronary angiogram of a 48-year-old woman with rest angina in the early morning. Seven
days later, coronary angiography shows no significant stenosis in either coronary artery. After
injection of ergonovine maleate into the right coronary artery, total spasm was provoked
(left), with severe chest pain and electrocardiographic changes. After isosorbide dinitrate was
injected, the spasm was completely resolved (right). (B) Series of rest tetrofosmin perfusion
and BMIPP single-photon emission computed tomography images. No significant abnormal
perfusion is observed on the rest tetrofosmin images at the time of hospital admission.
However, the BMIPP images show reduced uptake in the inferior region on the next day.
Reproduced with permission from Kawai Y, Tsukamoto E, Nozaki Y, Morita K, Sakurai M,
Tamaki N. Significance of reduced uptake of iodinated fatty acid analogue for the evaluation
of patients with acute chest pain. J Am Coll Cardiol. Dec 2001;38(7):1888–1894.
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Figure 8.
Fatty acid metabolism measurements obtained in ZDF and lean rats by compartmental
modeling of 11C-palmitate PET data. MFAUP = myocardial fatty acid uptake; MFAU =
myocardial fatty acid utilization; MFAO = myocardial fatty acid oxidation; MFAO/MFAU
myocardial FFA that was oxidized. *P < 0.001; **P < 0.01 Reproduced with permission from
Welch MJ, Lewis JS, Kim J, Sharp TL, Dence CS, Gropler RJ, Herrero P. Assessment of
myocardial metabolism in diabetic rats using small-animal PET: a feasibility study. J Nucl
Med. Apr 2006;47(4):689–697.
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Figure 9.
Measurements of overall myocardial glucose uptake (MGU), glycolysis, glucose oxidation and
glycogen synthesis for normal volunteers (NV), type-1 diabetic patients studied under baseline
metabolic conditions (DM1) and diabetic patients studied during hyperinsulinemic-euglycemic
clamp (DM1-C) both at rest (open bars) and during dobutamine (closed bars). Reproduced with
permission from Herrero P, McGill JB, Lesniak D, et al. PET detection of the impact of
dobutamine on myocardial glucose metabolism in women with type 1 diabetes mellitus. J Nucl
Cardiol. November-December 2008;15(6):598–604.
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Figure 10.
A. Effects of simvastatin on 18FDG uptake in atherosclerotic plaque inflammation.
Representative 18FDG-PET images at baseline and after 3 months of treatment (post-
treatment) with dietary management alone (diet) or simvastatin. (Top) Dietary management
alone had no effect on 18FDG uptakes (arrows) in the aortic arch and the carotid arteries.
(Middle) 18F-fluorodeoxyglucose uptakes were attenuated by simvastatin treatment. (Bottom)
The co-registered images of 18FDG-PET and CT clearly show that the plaque 18FDG uptakes
(arrowheads) disappeared after 3-month treatment with simvastatin. 10B. Correlations of
changes in plaque 18F-fluorodeoxyglucose uptakes (ΔSUV) with alterations in HDL
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cholesterol (ΔHDL, mg/dl) and LDL cholesterol (ΔLDL, mg/dl) after 3-month treatment with
dietary management alone (diet) or simvastatin. ΔSUV had a significant correlation only with
ΔHDL in the statin group (LDL) cholesterol (A) and high-density lipoprotein (HDL)
cholesterol. Reproduced with permission from Tahara N, Kai H, Ishibashi M, et al. Simvastatin
attenuates plaque inflammation: evaluation by fluorodeoxyglucose positron emission
tomography. J Am Coll Cardiol. Nov 7 2006;48(9):1825–1831.
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