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Imaging Myocardial Metabolism

Robert J. Gropler and Craig R. Malloy

Abbreviations

ATP	 Adenosine triphosphate
DNP	 Dynamic nuclear polarization
HP	 Hyperpolarization
LV	 Left ventricle
MRI	 Magnetic resonance imaging
MRS	 Magnetic resonance spectroscopy
PDH	 Pyruvate dehydrogenase
PET	 Positron emission computed tomography
PPP	 Pentose phosphate pathway
RV	 Right ventricle
SPECT	 Single photon emission computed 

tomography
TCA	 Tricarboxylic acid
TG	 Triglycerides

11.1	 �Introduction

Metabolism of exogenous and endogenous sub-
strates, under baseline conditions and in response 
to metabolic and physiological stimuli, is central 
to cardiac myocyte health. The ever-burgeoning 
body of evidence demonstrating the primacy of 
perturbations in intermediary metabolism in the 
pathogenesis of common cardiovascular diseases 
such as ischemic heart disease, heart failure, and 
diabetic cardiomyopathy further supports this 
contention. It is becoming increasingly apparent 
that chronic adaptations in cellular metabolism 
initiate a host of pleiotropic actions detrimental 
to cellular health such as impaired energetics, 
increases in inflammation, oxidative stress, and 
apoptosis. Indeed the importance of altered inter-
mediary metabolism underlying human cardio-
vascular disease is exemplified by the robust drug 
discovery and development efforts to identify 
new metabolic modulators.

Radionuclide imaging by positron emission 
tomography (PET) and single photon emission 
computed tomography (SPECT) are the most pow-
erful used methods to perform in vivo assessments 
of myocardial metabolism. PET is currently the 
gold standard for imaging myocardial metabolism 
in humans. Its high sensitivity, resulting in the 
administration of nano- to picomolar concentrations 
of various radiotracers, and inherent quantitative 
capability permit the measurement of fluxes in 
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absolute rates through key metabolic processes 
without perturbing the biochemical system. SPECT 
can also measure myocardial metabolism under 
baseline conditions but is nonquantitative and lacks 
the availability of an extensive portfolio of meta-
bolic radiotracers. Both methods suffer from the 
inability to simultaneously measure multiple meta-
bolic processes which is certainly desirable given 
the complexity of cellular metabolism in health and 
disease.

Nuclear magnetic resonance (NMR) spectros-
copy and imaging methods are valuable tools, but 
their use in humans is practically impossible due 
to the combination of the low concentration of the 
relevant metabolites plus low NMR sensitivity of 
these nuclei with a detection threshold of milli-
molar concentrations. Hyperpolarization produces 
a temporary redistribution of nuclear spin popula-
tions and partially overcomes this sensitivity limi-
tation while preserving the chemical specificity 
inherent in NMR.  This technology was well 
known within the physics community for decades, 
but it was not until Ardenkjaer-Larsen, Golman, 
and colleagues demonstrated that the hyperpolar-
ized state could be achieved temporarily under 
physiologically relevant conditions that potential 
in vivo assessments could be realized [1, 2]. Since 
this technology is applicable at conventional MR 
fields, it is possible to utilize standard MR scan-
ners, coils, and other technologies, which are safe 
for humans [3]. There is considerable interest in 
developing hyperpolarized MR-based contrast 
agents for cardiac studies in humans. From a meta-
bolic perspective, specific substrates labeled with 
13C offer the potential to simultaneously assess 
diverse metabolic pathways. However, MR imag-
ing of hyperpolarized 13C (13C-HP) does present 
significant challenges for routine imaging such as 
the significant time constraints due to a short T1. 
Furthermore, due to the administration of milli-
molar concentrations of material, metabolic 
conditions are perturbed which complicates the 
interpretation of the measurements.

This first portion of this chapter will summa-
rize the fundamentals of myocardial metabolism 
and important regulatory mechanisms, highlight-

ing aspects that are relevant to design and inter-
pretation of PET or 13C-HP studies. Although 
intermediary metabolism, energy capture, and 
biosynthetic pathways in the heart are complex, 
the key features can be understood as interacting 
modules and pathways. The second portion will 
detail the relative strengths and weaknesses of 
radionuclide imaging focusing on PET and 13C-
HP to assess myocardial metabolism. Compared 
to hyperpolarization methods, clinical radionu-
clide methods are far more mature. There is no 
experience with hyperpolarization methods in 
heart disease in humans. PET and 13C-HP may be 
able to provide complementary information on 
myocardial metabolism. Accordingly, the final 
portion of the chapter will briefly discuss the 
metabolic perturbations associated with some 
common cardiovascular diseases and present 
potential scenarios whereby synergies may be 
realized by combining these two technologies.

11.2	 �Energy Production 
and Related Metabolic 
Pathways

Every metabolic pathway is complex, and control 
mechanisms operate at the level of enzyme expres-
sion, the interactions with cofactors, and the con-
centrations of substrates and products in the local 
environment. A useful generalization is to separate 
heart metabolism into distinct modules such as the 
citric acid cycle, glycolysis, the pentose phosphate 
pathway, and β-oxidation linked by a few key mol-
ecules at metabolic crossroads. These critical mol-
ecules are acetyl-CoA (the final common product 
of multiple pathways), pyruvate (linking the prod-
uct of glycolysis with exogenous pyruvate and lac-
tate), and glucose-6-phosphate (linking glycolysis, 
glycogenolysis, and the pentose phosphate path-
way). This section presents a brief overview of 
helpful concepts for understanding the design and 
interpretation of studies with tracers in the heart. It 
will also serve to point out important aspects of car-
diac metabolism that are currently difficult to 
probe. The focus is on key metabolites at metabolic 
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crossroads since these molecules or their analogues 
are targeted in metabolic imaging.

The vast majority of the energy driving cardiac 
function comes from the oxidation of acetyl-CoA 
in the citric acid cycle. The heart normally gener-
ates acetyl-CoA from a complex mixture of exog-
enous substrates including fatty acids of various 
chain lengths, glucose, lactate, pyruvate and the 
ketones, acetoacetate, and β-hydroxybutyrate 
(Fig. 11.1). The relative concentrations may vary 
dramatically under both physiological and patho-
logical conditions. Studies of isolated hearts in 
which only a single substrate or perhaps two sub-
strates are supplied do not reflect the pattern of 
energy production observed in  vivo. In general, 

the heart readily switches among substrates to 
generate acetyl-CoA [4, 5]. If glucose is the only 
substrate available to the heart, it is readily oxi-
dized to acetyl-CoA, but the contribution of glu-
cose to acetyl-CoA is negligible when a 
physiological mixture of substrates is available [6, 
7]. Under normal conditions of perfusion and 
oxygen tension, the majority of energy production 
in the heart is derived from oxidation of long-
chain fatty acids. A significant contribution is also 
derived from ketones and lactate [6, 7]. During a 
fast, the contribution of ketones to energy produc-
tion increases substantially, and the contribution 
of lactate may increase markedly during exercise 
[8]. Under abnormal conditions, for example, left 
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Fig. 11.1  Processes for energy capture in the heart. The 
heart in vivo is provided with a complex mixture of sub-
strates including long-chain fatty acids, glucose, ketones, 
lactate, and pyruvate in varying combinations. The normal 
heart rapidly shifts among these available substrates as 

well as the stored energy sources, triglycerides, and gly-
cogen, depending on the concentrations of substrates, the 
presence of insulin and other hormones, and the work-
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ventricular (LV) pressure-overload hypertrophy, 
oxidation of glucose increases substantially. 
Consequently, one of the challenges of under-
standing cardiac energy metabolism is that it is 
governed by at least three factors – plasma sub-
strate concentration, normal physiological 
responses to energy demands, and disease.

11.2.1	 �Acetyl-CoA from β-Oxidation 
of Ketones and Fatty Acids

The concentration of fatty acids in plasma 
strongly influences the rate of uptake by the heart. 
The normal range of free fatty acids is roughly 
0.2–0.8 mM but can reach 1.0 mM due to stress 
or conditions such as diabetes or starvation. 
Actually, long-chain fatty acids are water insolu-
ble and therefore are always bound to albumin or 
incorporated into triglyceride (TG), either as chy-
lomicrons or very low-density lipoproteins. After 
transport across the sarcolemma, a long-chain 
fatty acid is transiently bound to a fatty acid bind-
ing protein and subsequently activated by fatty 
acyl-CoA synthase. The product of this reaction, 
long-chain fatty acyl-CoA, may either be esteri-
fied to TG by glycerophosphate acyltransferase 
or converted to long-chain fatty acylcarnitine by 
carnitine palmitoyltransferase (Fig.  11.1). The 
fate of a fatty acid – esterification and storage vs. 
oxidation – is a critical branch point in metabo-
lism of long-chain fatty acids. About 80% of 
radiolabeled oleate or palmitate is rapidly metab-
olized via ß-oxidation and the citric acid cycle. 
This suggests that about 20% of fatty acids enter-
ing a cardiomyocyte must enter the intracardiac 
TGTCA pool. However recent observations sug-
gest preferential oxidation of fatty acids may 
occur via continuous mixing and cycling within 
the TG pool, suggesting the preferential route for 
fatty acid oxidation is still an open question [9]. It 
is important to be aware that cardiomyocytes 
may store TGs because these fatty acids can be 
mobilized during adrenergic stimulation and may 
provide a source of fatty acids for oxidation [10].

As noted above, the majority of long-chain 
fatty acids are oxidized for energy production. 
The cytoplasmic long-chain fatty acyl-CoA can-
not penetrate the inner mitochondrial membrane 
and for this reason is converted to a fatty acyl 

carnitine, described above, by carnitine palmitoyl 
transferase I (CPT-1). Carnitine acyltranslocase 
transports this long-chain acylcarnitine across the 
inner mitochondrial membrane. Finally, the long-
chain acyl-CoA is regenerated in the mitochon-
drial matrix by CPT-2. Within the mitochondria, 
fatty acids undergo repeated cycles of ß-oxidation 
to generate acetyl-CoA for oxidation in the citric 
acid cycle.

[1-11C]acetate has been studied [11] as a tracer 
for the assessment of citric acid cycle flux in the 
myocardium. The time-activity curve of 11C may 
be interpreted in terms of the tricarboxylic acid 
cycle (TCA) flux and oxygen consumption. 
Unlike long-chain fatty acids, acetate may be 
oxidized without the need for the carnitine palmi-
toyl transferase (CPT) system to cross the inner 
mitochondrial membrane. In addition to oxida-
tion in the TCA cycle, acetate also participates in 
an important energy-buffering system in the 
myocardium catalyzed by carnitine acetyltrans-
ferse. This enzyme, located in the mitochondria, 
interconverts acetyl-CoA with acetylcarnitine 
[12, 13, 21]. Consequently, the excess concentra-
tion of acetyl groups, whether derived from 
infused acetate, carbohydrates, or fatty acids, can 
be buffered.

β-Hydroxybutyrate and acetoacetate are 
ketones that arise from metabolism of fatty acids 
in the liver. Like fatty acids, the heart oxidizes 
ketones at a rate dependent on the concentration 
in plasma. Consequently, the contribution of 
ketones to acetyl-CoA can shift dramatically 
depending on nutritional and neurohumoral con-
ditions. The concentration of ketones is normally 
low in a fed, rested mammal, in the range of 
0.03–0.06 millimolar [14, 15]. Considering the 
low concentration of ketones normally present in 
plasma, approximately 10x lower than fatty 
acids, it is perhaps surprising that ketones 
contribute to energy production at all [6]. During 
starvation, heart failure, or poorly managed type 
1 diabetes, the concentrations can rise 
dramatically into the millimolar range and mark-
edly suppress oxidation of both fatty acids and 
carbohydrates. Hence, under these conditions 
ketones may provide essentially all acetyl-CoA 
in the myocardium. For this reason it is important 
to be aware of the nutritional conditions when 
interpreting metabolic imaging studies.
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11.2.2	 �Pyruvate and Lactate

Pyruvate is a substrate for pyruvate dehydroge-
nase (PDH), a regulatory site in cellular metabo-
lism that links the TCA cycle and subsequent 
oxidative phosphorylation with key steps in glu-
cose, lipid, and amino acid metabolism. Pyruvate 
levels in the blood are typically low (normally 
~0.1  mM). Under normal physiological condi-
tions, intracellular pyruvate is readily produced 
by conversion from lactate. However, after bolus 
administration, the heart rapidly oxidizes pyru-
vate. Like the concentration of ketones, the con-
centration of lactate (normally 1.0–1.2 mM) may 
vary substantially depending on the physiologi-
cal response to exercise or disease. The heart is 
normally a net consumer of lactate, although dur-
ing ischemia it may actually produce lactate. The 
enzyme interconverting lactate and pyruvate, lac-
tate dehydrogenase, is highly active in the myo-
cardium, so the heart readily metabolizes lactate 
(after conversion to pyruvate) when the plasma 
concentration rises. Pyruvate has four fates in the 
heart: decarboxylation to form acetyl-CoA for 
subsequent oxidation in the citric acid cycle, 
transamination to alanine, reduction to lactate, 
and carboxylation to form oxaloacetate.

Decarboxylation by PDH is irreversible, and 
this reaction plays a key role in regulating fatty 
acid and carbohydrate oxidation. PDH is located 
in the mitochondrial matrix and flux is regulated 
by both covalent modification and feedback 
inhibition [16]. Interestingly, certain fatty acids 
may paradoxically stimulate PDH [17, 18]. The 
cycle of covalent modification, phosphorylation-
dephosphorylation, is controlled by PDH kinase 
and PDH phosphatase, respectively. High con-
centrations of pyruvate favor flux through PDH 
which is consistent with inhibition of the kinase 
(less phosphorylation of PDH). Flux through 
PDH is also stimulated by a low [acetyl-CoA]/
[free CoA] and a low NADH/NAD+ ratio. In the 
heart, the dominant isoform of PDH kinase is 
PDH kinase 4; its expression is induced by dia-
betes, starvation, and peroxisome proliferator 
activator receptor ligands. Under all these con-
ditions, PDH phosphorylation is expected to 
increase, thereby inhibiting oxidation of pyru-
vate or upstream carbohydrates. Under starva-
tion conditions, this effect is teleologically 

appropriate since it would have the effect of pre-
serving carbohydrates for brain metabolism. 
Dephosphorylation of PDH (activation of PDH) 
by the phosphatase is increased by calcium, 
which in turn is sensitive to adrenergic stimula-
tion or other interventions that drive increased 
[Ca++] in the mitochondria and are associated 
with increased myocardial contractility.

Carboxylation of pyruvate to form oxaloace-
tate is quantitatively a minor pathway in pyruvate 
metabolism compared to potential flux through 
PDH [19–21]. Nevertheless, this pathway is 
likely important in understanding cardiac metab-
olism. The sum of TCA cycle intermediates var-
ies substantially depending on available 
substrates and work state. Since the concentra-
tion of citrate may play a role in regulation of 
glycolysis, the total mass of TCA cycle interme-
diates may influence glucose metabolism. The 
myocardium has the capacity to remodel and 
hypertrophy; thus, metabolic pathways necessary 
for biosynthetic and degradation reactions involv-
ing amino acids are likely important. However, 
no imaging method is available to directly assess 
this reaction in vivo.

In addition to these two reactions in the mito-
chondria, decarboxylation to acetyl-CoA and 
carboxylation to oxaloacetate, pyruvate may also 
undergo exchange reactions in the cytosol. 
Transamination to alanine is catalyzed by ala-
nine aminotransferase in the overall reaction: 
pyruvate + glutamate → alanine + α-ketoglutarate. 
Pyruvate may also be reduced to lactate by lac-
tate dehydrogenase, a reaction requiring NADH 
as a cofactor. Consequently the rate of conver-
sion of pyruvate to lactate (but not alanine) 
should be sensitive to redox conditions.

11.2.3	 �Glucose and Glycogen

Glucose and glycogen are mentioned last 
because at physiological concentrations of fatty 
acids, ketones, and lactate, both substrates con-
tribute little to the overall energy production in 
the healthy, well-oxygenated myocardium. 
Nevertheless, glucose metabolism plays an 
important role in myocardial energetics, for a 
number of reasons. First, glycolysis and glyco-
genolysis provide energy buffers during periods 
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of stress and protect the myocardium during 
periods of brief ischemia. Second, the pentose 
phosphate pathway (PPP) is an important source 
of NADPH which is required for protection of 
the myocardium from oxidative stress. Third, 
adenosine triphosphate (ATP) derived from gly-
colysis may preferentially drive membrane 
bound ion pumps.

Transport of glucose across the sarcolemma 
is sensitive to the concentration of extracellu-
lar glucose and the activity of glucose trans-
porters in the cell membrane. The main 
transporter, GLUT-4, is translocated from 
intracellular vesicles to the membrane in 
response to ischemia, insulin, increased work 
load, or activation of AMP-activated protein 
kinase. The net effect is to increase the avail-
ability of intracellular glucose during periods 
of hyperglycemia or myocardial stress. Once 
glucose enters the cytosol, it is rapidly phos-
phorylated, effectively trapping the carbon 
skeleton in the cytosol because the highly 
charged phosphate group prevents diffusion or 
transport out of the cardiomyocyte. Another 
source of glucose-6-phosphate is degradation 
of glycogen. Glycogenolysis is stimulated in 
the heart by increases in cAMP (due to adren-
ergic stimulation or glucagon), increases in 
[Ca++], increased [inorganic phosphate], or 
reduced ATP.

The overall regulation of glycolysis has 
been intensively investigated and reviewed in 
detail [22]. Two sites of regulation may be 
mentioned briefly. First, phosphofructoki-
nase-1 (PFK-1) uses ATP to convert fructose-
1-phosphate to fructose 1,6-bisphosphate. This 
reaction is activated by adenosine diphosphate, 
adenosine monophosphate, and inorganic 
phosphate (ADP, AMP, and Pi). Consequently, 
during periods of myocardial stress (defined by 
an increased concentration of ATP breakdown 
products), the reaction is accelerated. Citrate is 
a negative regulator of PFK-1, and Philip 
Randle initially proposed that accumulation of 
citrate due to fatty acid oxidation may inhibit 
glycolysis, thus linking mitochondrial metabo-
lism to glycolysis at an early step. A second 
important component in regulation of glycoly-
sis is glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). Glyceraldehyde 3-phosphate is con-
verted to 1,3-diphosphoglycerate and in the 
process generates the NADH produced in gly-
colysis. A high concentration of NADH in the 
cytosol will inhibit glycolysis at this step, as is 
the case during ischemia. Glycolysis is inhib-
ited by accumulation of NADH unless NAD+ 
can be regenerated by conversion of pyruvate 
to lactate and export of lactate.

Other than the generation of pyruvate and 
energy, glucose metabolism may be important 
for other processes. Glucose-6-phosphate is 
the substrate for the PPP (also termed the hex-
ose monophosphate shunt or the phosphoglu-
conate pathway). The PPP has two functions: 
the generation of NADPH, which is used in 
virtually all biosynthetic pathways and also 
reduces oxidized glutathione, and the genera-
tion of pentoses which are necessary for nucle-
otide synthesis. Since these are essential 
cellular processes, it seems likely that the PPP 
is important in the heart [23–25]. However, no 
imaging method is available to specifically 
probe the PPP.

11.2.4	 �Anaplerosis

Anaplerosis refers to any reaction that provides 
a net addition of a carbon skeleton to the TCA 
cycle [21, 26] . This is in contrast to the oxida-
tion of acetyl-CoA in which two carbons are 
added to the TCA cycle with release of two mol-
ecules of CO2 per cycle. Anaplerosis is required 
to maintain the concentration of TCA cycle 
intermediates which may be lost at a slow rate 
during biosynthetic reactions or leakage of 
intermediates from the cardiomyocyte. Pyruvate 
carboxylation is probably the most important 
pathway for anaplerosis with carboxylation of 
propionate, an odd-carbon fatty acid, being a 
lesser contributor [21, 27, 28]. Flux through 
pyruvate carboxylase is low, roughly 5–10% of 
TCA flux [29]. Although most metabolic imag-
ing research has focused on oxidative pathways, 
it is likely that methods to specifically detect 
propionate or pyruvate carboxylation will be 
relevant in understanding cardiac remodeling 
disorders.
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11.2.5	 �Compartmentation 
of Pyruvate Metabolism

There is strong evidence from tracer studies with 
exogenous pyruvate, lactate, and glucose that intra-
cellular pyruvate cannot be treated as one fully 
mixed pool, even under steady-state conditions 
[30]. Years ago, Hassinen and colleagues reported 
that there are two intracellular pools of pyruvate, a 
pool derived from glycolysis and a peripheral pool 
that communicates with extracellular pyruvate, 
intracellular alanine, and intramitochondrial pyru-
vate [27]. These results were confirmed by others 
using the radiotracer technique [31, 32] that dem-
onstrated some intracellular pyruvate is inaccessi-
ble to extracellular lactate. The production ratio of 
[14C]bicarbonate relative to [1-14C]lactate activity 
after administration of [1-14C]]pyruvate was sensi-
tive to the presence of glucose and was interpreted 
as evidence for multiple kinetically distinct pools 
of pyruvate in the heart [19]. Furthermore, acetyl-
CoA derived from pyruvate originating from glu-
cose is channeled preferentially to acetylcarnitine 
compared to acetyl-CoA [33].

13C NMR isotopomer studies also found evidence 
for intracellular compartmentalization of glycolytic 
and glycogenolytic enzymes in isolated rat hearts 
perfused with [1-13C]glucose [34]. Studies with 
[1-13C]glucose [30] found that alanine and acetyl-

CoA enrichments were similar under steady-state 
conditions, but the enrichment in intracellular lactate 
was less than alanine [35]. These observations 
strongly suggest that rapid exchange of extracellular 
labeled pyruvate and lactate with all intracellular 
pools is not consistent with experimental results. 
Hyperpolarization has the potential to monitor evo-
lution of labeled lactate and bicarbonate from 
enriched pyruvate with high temporal resolution, 
offering the opportunity to probe subcellular com-
partments and examine the kinetic flexibility of the 
heart in response to stress and physiological stimuli.

11.3	 �Radionuclide Methods 
to Image Metabolism

Imaging of myocardial metabolism using radio-
nuclides is widely applied in cardiovascular inves-
tigation as well as the clinical management of the 
cardiac patient. Detection of viable myocardium 
based on the metabolic signature of enhanced glu-
cose metabolism in hypoperfused myocardium is 
the most prominent example used in cardiovascu-
lar investigation [36]. Some currently available 
radionuclide approaches to quantify key aspects 
of myocardial metabolism are summarized in 
Table 11.1 and will be described with examples of 
their application in cardiovascular investigation.

Table 11.1  Radiopharmaceuticals and 13C-labeled compounds for cardiac metabolism

Metabolic process Radiopharmaceuticala 13C-labeled compound

Oxygen consumption 15O2, [1-11C]acetate [1-13C]acetate, [2-13C]pyruvate, 
[1-13C]pyruvate

Long-chain fatty acid metabolism

 � Uptake, oxidation, and storage [1-11C]palmitate, 18F-F7, 123I-IPPA2

 � Uptake and oxidation 18F-FTHA, 18F-FTP,18F-FTO, 18F-FCPHA

 � Uptake and storage 123I-BMIPPb

Short-chain fatty acid metabolism

 � Acetylcarnitine metabolism – [1-13C]acetate

 � Butyrate oxidation – [1-13C]butyrate

Carbohydrate metabolism

 � Uptake 18FDG

 � Uptake, glycolysis, oxidation [1-11C]glucose

 � Lactate metabolism [3-11C]Lactate

pH determination

 � CO2 – bicarbonate ratio [1-13C]pyruvate
aAbbreviations defined in text
bSPECT radiopharmaceutical
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11.3.1	 �Single Photon Emission 
Computed Tomography

The advantages of SPECT for cardiac meta-
bolic imaging include a wide distribution of 
the technology, the potential for multiphoton 
energy imaging permitting simultaneous 
assessment of multiple processes, and the long 
physical half-life of SPECT radiotracers 
which facilitates delivery of a radiotracer from 
a central radiopharmacy to multiple geograph-
ical locations. To determine the human rele-
vance of the metabolic phenotypes of rodent 
models of various forms of cardiovascular dis-
ease, numerous small animal imaging SPECT 
and SPECT/CT systems have been developed. 
The major current disadvantage of SPECT is 
the inability to quantify cellular metabolic 
processes primarily because of the relatively 
poor temporal resolution of the technology. 
However, new designs in SPECT technology 
may permit dynamic data acquisitions allow-
ing quantitative or semiquantitative measure-
ments of substrate metabolism.

Currently, there are few available SPECT 
approaches for measuring myocardial metabo-
lism. One of the earliest and most promising 
SPECT radiotracers of fatty acid metabolism was 
15-(p-iodophenyl)-pentadecanoic acid (123I-IPPA) 
[37–39]. This radiotracer demonstrated myocar-
dial kinetics similar to 11C-palmitate. However, 
the poor temporal resolution of SPECT systems 
could not take advantage of the rapid turnover of 
IPPA. However, the recent introduction of higher 
temporal resolution SPECT cameras may result in 
the reemergence of this radiotracer. Currently, the 
most widely used SPECT radiotracer is the alkyl 
branched-chain FA analogue, 123I-beta-methyl-P-

iodophenylpentadecanoic acid (123I-BMIPP) 
(Fig. 11.1 and Table 11.1) [39–42]. Alkyl branch-
ing inhibits β-oxidation, shuttling the radiolabel 
to the TG pool, thereby increasing radiotracer 
retention and improving image quality. No spe-
cific SPECT radiotracers are currently available 
to measure myocardial glucose metabolism. 
However, when combined with the appropriate 
detection scheme and collimator design, myocar-
dial glucose metabolism can be assessed with 
SPECT and 18F-fluorodexoyglucose (18FDG) [43].

11.3.2	 �Positron Emission 
Tomography

The major advantage of PET is a detection 
scheme that permits quantification of radioactiv-
ity within the field of view by utilizing radiotrac-
ers labeled with positron-emitting radionuclides. 
Several of these radionuclides are biologically 
ubiquitous elements such as oxygen (15O), car-
bon (11C), and nitrogen (13N). Fluorine (18F) can 
be substituted for hydroxyl groups which allow 
for its incorporation into a wide variety of sub-
strates or substrate analogues that participate in 
diverse biochemical pathways. Moreover, 
because these radiotracers are administered at 
tracer doses, they do not alter the metabolic pro-
cesses of interest (Tables 11.1 and 11.2). The 
general principle to quantify a myocardial meta-
bolic process based on the tracer method is to 
measure both the delivery of material from 
blood, or input, and the tissue response. The lat-
ter represents the metabolic process of interest 
(Fig. 11.2). With PET,  the radiolabeled metabo-
lite-corrected input function is derived and used 
in conjunction with a mathematical model, or 

Table 11.2  Summary of the effects of heart disease on myocardial substrate metabolism. Little is known about the 
effects of various disorders on ketone metabolism

Fatty acids Glucose Pyruvate or lactate Ketones

LV hypertrophy ↓ ↑ ↑ –

Ischemia ↓↓ ↑ ↓ ↓
Insulin resistance and diabetes ↑ ↓ – –
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some variation, to quantify the metabolic pro-
cesses by optimizing the model against PET-
measured tissue response data (Fig.  11.2). 
Because of the poor spatial resolution of PET, 
both the input and tissue need to be corrected for 
geometric considerations such as partial volume 
and spillover effects. The measured tissue 
response in PET imaging reflects the sum total of 
radioactivity from all radiolabeled species in the 
tissue of interest. As such, the contribution of 
individual species and metabolic rates must be 
determined from the model parameters. PET 
cannot reliably characterize metabolism of 

substrates emanating from intracellular storage 
sites such as TG and glycogen pools. Other dis-
advantages of PET are its complexity in radio-
tracer design, image quantification schemes, and 
expense.

11.3.3	 �Myocardial Oxygen 
Consumption

Because oxygen is the final electron acceptor in 
all pathways of myocardial oxidative metabo-
lism, PET with 15O-oxygen has also been used 
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Fig. 11.2  Processes to quantify metabolic flux by 
PET. Shown here are the steps used to quantify flux through 
various pathways with PET using measurements of myo-
cardial fatty acid with [1-11C]palmitate as an example [59]. 
The left side of this figure again shows the conversion of 
idealized serial PET images from which both arterial and 
regional myocardial time-activity curves can be generated. 
The arterial time-activity curve is corrected for 11C-labeled 
blood metabolites (in this case 11CO2) to generate the arte-
rial input function which reflects the delivery of [1-11C]pal-
mitate to the heart. The myocardial time-activity curve 

reflects the sum total of activity from all radiolabeled spe-
cies in the myocardium. Movement of [1-11C]palmitate into 
the myocardium is corrected for myocardial blood flow (F). 
The kinetic model for [1-11C]palmitate has been divided 
into four key compartments of fatty acid metabolism with 
movement between the compartments determined by vari-
ous rate constants (ks). The kinetic model fits the myocar-
dial time-activity curve with the arterial input function to 
estimate the various rate constants. The rate constants are 
then included in the various differential equations to solve 
for different components of fatty acid metabolism

11  Imaging Myocardial Metabolism



252

to measure myocardial oxygen consumption 
(MVO2). The approach provides a measure of 
myocardial oxygen extraction which when com-
bined with measurements of myocardial blood 
flow and arterial oxygen content directly mea-
sures MVO2. Due to its short physical half-life, 
15O-oxygen is readily applicable in studies 
requiring repetitive assessments, such as those 
with an acute pharmacologic intervention. Its 
major disadvantages are the requirement for an 
on-site cyclotron, the need for a multiple tracer 
study to account for myocardial blood flow and 
blood volume, and the fairly complex compart-
mental modeling to obtain the measurements 
[44–46].

Acetate is a two-carbon fatty acid whose pri-
mary metabolic fate is rapid conversion to 
acetyl-CoA and metabolism through the TCA 
cycle. Because the TCA cycle and oxidative 
phosphorylation are tightly coupled, myocar-
dial turnover of 11C-acetate reflects overall oxi-
dative metabolism or MVO2. Either exponential 
curve fitting or compartmental modeling can be 
used to calculate MVO2. Modeling is typically 
preferable when cardiac output is low because 
marked dispersion of the input function and 
spillover of activity from the lungs to the myo-
cardium is present, which decreases the accu-
racy of the curve-fitting method [11, 47–50]. 
However, it is more complex than exponential 
curve fitting and requires correction of blood 
radioactivity for 11CO2.

11.3.4	 �Carbohydrate Metabolism

18F-Fluorodeoxyglucose, an analogue of glu-
cose, is transported into the cytosol where it 
undergoes hexokinase-mediated phosphoryla-
tion. In general, 18FDG-6-phosphate is trapped 
in the cytosol, and the myocardial uptake of 
18FDG is thought to reflect overall anaerobic 

and aerobic myocardial glycolytic flux [51–54]. 
Myocardial glucose uptake can be assessed in 
either relative or absolute terms (i.e., in nano-
moles ⋅ g−1 ⋅ min−1). For quantification, a math-
ematical correction called the “lumped 
constant” that accounts for the differences in 
glucose transport and hexokinase-mediated 
phosphorylation between FDG and glucose 
must be used to calculate rates of glucose 
uptake. This value may vary depending upon 
the prevailing plasma substrate and hormonal 
conditions, decreasing the accuracy of the mea-
surement of myocardial glucose uptake [53, 
55–57]. The limited kinetics of FDG in tissue 
precludes determination of the metabolic fate 
(i.e., glycogen formation versus glycolysis) of 
the extracted tracer and glucose.

Quantification of myocardial glucose metab-
olism has been performed with PET using glu-
cose radiolabeled in the one-carbon position 
with 11C, [1-11C]glucose. Advantages of this 
approach include the lack of need for a lumped 
constant correction because [1-11C]glucose is 
chemically identical to unlabeled glucose and 
thus has the same metabolic fate as glucose, 
more accurate measurements of myocardial glu-
cose uptake compared with FDG, and the ability 
to estimate the metabolic fate of extracted glu-
cose. Disadvantages of this method include a 
fairly complex synthesis of the tracer, the short 
physical half-life of 11C (requiring an on-site 
cyclotron), compartmental modeling that is 
more demanding with 11C-glucose than it is with 
FDG, and the need to correct the arterial input 
function for the production of 11CO2 and 
11C-lactate.

Lactate metabolism in the heart can be mea-
sured with L-[3-11C]lactate. A multi-compartmental 
model is used to estimate the extraction of lactate 
which correlates well with lactate oxidation mea-
sured by arterial and coronary sinus sampling over 
a wide range of conditions (Fig. 11.3) [58].
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11.3.5	 �Fatty Acid Metabolism

Palmitate is a saturated 16-carbon physiological 
long-chain fatty acid. A major advantage of 
[1-11C]palmitate is that its myocardial kinetics 
including flux through β-oxidation and the TCA 
cycle are representative of oxidation of long-
chain fatty acids. Currently, mathematical model-
ing techniques of the myocardial kinetics are 

used to measure various aspects of myocardial 
fatty acid metabolism uptake, oxidation, and 
storage [59–61]. The use of [1-11C]palmitate does 
suffer from several disadvantages including sub-
optimal image quality, complex analysis, and the 
need for an on-site cyclotron and radiopharma-
ceutical production capability.

To increase the dissemination potential for 
measuring fatty acid metabolism, numerous 
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Fig. 11.3  PET measurement lactate metabolism. 
Representative PET time-activity curves of L-3-11C-
lactate obtained from intralipid (IL), insulin clamp 
(CLAMP), lactate infusion (LACTATE), or lactate and 
phenylephrine (LAC/PHEN) studies and corresponding 
myocardial images obtained 5–10 min after tracer injec-
tion 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 the 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 the lateral 
wall. A apical wall, S  septal wall, L  lateral wall, LV  left 
ventricle. Reproduced with permission Herrero P, et al. J 
Nucl Med. Dec 2007;48:2046-2055
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18F- radiotracers have been developed. Most of the 
PET tracers in this category have been designed to 
reflect myocardial β-oxidation. The largest num-
ber of radiotracers has been developed as 
18F-radiolabeled thia fatty acids (Table  11.1). 
14-(R,S)-18F-fluoro-6-thiaheptadecanoic acid 
(18FTHA) was one of the first radiotracers devel-
oped using this approach. Although in preclinical 
models myocardial uptake and retention tracked 
accordingly with changes in substrate delivery, 
blood flow, and workload, the uptake and retention 
of 18FTHA were insensitive to the inhibition of 
β-oxidation by hypoxia [62–64]. To circumvent 
this problem, 16-18F-fluoro-4-thia-palmitate 
(18FTP) was developed and demonstrated a meta-
bolic trapping function that is proportional to fatty 
acid oxidation under normal oxygenation and 
hypoxic conditions [64, 65]. Because fractional 
oxidation may be greater for oleate than for palmi-
tate, a 4-thia-substituted oleate analogue 
18-18F-fluoro-4-thia-oleate (18FTO) was recently 
developed [66]. In rat heart, FTO demonstrated a 
greater specificity for mitochondrial fatty acid oxi-
dation and superior imaging characteristics than 
18FTP.  Further studies are needed to confirm its 
utility in measuring myocardial FA metabolism in 
humans. The F-18-labeled fatty acid radiotracer, 
trans-9(RS)-18F-fluoro-3,4(RS,RS) methylenehep-
tadecanoic acid (18FCPHA), a beta-methyl fatty 
acid analogue, has also been developed [67]. This 
radiotracer is also trapped after undergoing several 
steps of β-oxidation with uptake in rat heart 
approaching 1.5% injected dose per gram of tissue 
at 5  min postinjection. However, the impact of 
alterations in plasma substrates, work load, and 
blood flow on myocardial kinetics is unknown 
even though the radiotracer has undergone pre-
liminary evaluation in humans [68]. There are 
some limitations with this class of radiotracers. 
Similar to 18FDG, quantification of myocardial 
fatty acid metabolism requires the use of a lumped 
constant to correct for kinetic differences between 
the radiotracer and unlabeled palmitate. 
Furthermore, the extent to which myocardial fatty 
acid uptake can be separated from oxidation based 
on the myocardial kinetics of these radiotracers is 
unknown.

Other measurements of myocardial fatty 
acid metabolism are also accessible. Typically, 

PET measurements of myocardial FA metabo-
lism only reflect the contribution of extracted 
FA bound to albumin or free fatty acids. 
However, myocardial fatty acid metabolism is 
dependent on the plasma delivery of fatty acid 
not just as free fatty acids but also in the form 
bound to TG, either as chylomicrons or very 
low-density lipoproteins. Fatty acids bound to 
TGs are made available to the myocardium via 
their release by lipoprotein lipase located on 
capillary endothelium. A noninvasive protocol 
for the assessment of TG-bound fatty acids has 
proven elusive. One proposed method to cir-
cumvent this problem is to administer the radio-
tracer orally to permit its incorporation into 
chylomicrons which can then be delivered to 
the heart. Using 18FTHA, the approach has 
shown some promise in both rats and humans 
[69, 70]. Consistent with the mode of adminis-
tration, most of the 18F activities were recov-
ered in the chylomicron fraction and with 
myocardial uptake occurring by 1 h and peak-
ing 3  h post-administration. However, there 
remain technical challenges in quantifying the 
response from multiple sources of radiolabeled 
metabolites in the blood (radiolabeled TGs, 
chylomicrons, and nonesterified fatty acids), all 
of which contribute to the signal in PET imag-
ing [71].

The contribution of intracellular or endoge-
nous TG-derived fatty acids to overall energy 
metabolism appears to be altered in various ani-
mal models of cardiac disease such as heart fail-
ure and diabetes. However, relatively little is 
known about regulation of myocardial TG 
metabolism in humans [72, 73]. The lack of 
information is primarily due to the lack of ade-
quate methods for its measurement [74, 75]. To 
help circumvent this problem, two strategies have 
been investigated. The first involves pre-labeling 
the myocardial TG pool with [1-11C]palmitate, 
and once equilibrium is reached, measure the 
washout of activity under various substrate and 
hormonal conditions [76]. The approach was 
evaluated in dog heart where the rate of 11C wash-
out from the myocardium was correlated 
with  arterial and coronary sinus measurements 
of  the  11C-metabolic species under varying 
metabolic conditions such as fasting and 
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hyperinsulinemic-euglycemic clamp with and 
without intralipid. However, the method suffers 
from the limitations of providing only an index of 
myocardial TG turnover and requiring the admin-
istration of a relatively high dose level of 
11C-plamitate which may preclude human use. A 
second approach to measure the turnover of the 
myocardial endogenous TG pool integrates the 
quantification of myocardial lipids by 1H-MRS 
with PET-derived measurement (using [1-11C]
palmitate) of the oxidation rates for extracted 
fatty acids that either enter β-oxidation directly or 
after traversing the TG pool [77]. Using the 
method in obese humans demonstrated that the 
contribution to myocardial β-oxidation from fatty 
acids derived from intracellular TGs was at least 
equal to that of fatty acids extracted from plasma. 
The method is intriguing but does require valida-
tion with independent measurements of TG turn-
over. This is particularly important given the 
recent observations of the preferential oxidation 
of FAs derived from endogenous TGs compared 
with extracted fatty acids [9].

11.4	 �Hyperpolarized 13C

The need for imaging specific metabolic pathways 
is clear from the complex interactions between dis-
ease and intermediary metabolism. Hyperpolarized 
13C technology takes advantage of the chemical 
specificity of 13C NMR to probe multiple specific 
pathways plus the improved sensitivity afforded by 
various hyperpolarization methods. Dissolution 
dynamic nuclear polarization (DNP) is the most 
commonly used method to hyperpolarize 13C, and 
its principles are summarized elsewhere [78–83]. 
The potential value of HP methods is illustrated in 
Fig.  11.4 where the kinetics of metabolism of 
HP[1-13C]pyruvate to HP13CO2, HP[13C]bicarbon-
ate, [1-13C]lactate and [1-13C]alanine were moni-
tored in a single exam of an isolated heart, enabling 
detection of flux through multiple pathways impor-
tant in cardiac physiology.

Integration of hyperpolarized nuclei into a 
human imaging work flow will require the solution 
of three engineering problems. One problem is that 
instruments to generate hyperpolarized materials 
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Fig. 11.4  13C NMR spectroscopy of an isolated rat heart. 
An isolated Langendorff-perfused rat heart was injected 
with hyperpolarized [1-13C]pyruvate. Spectra were 
acquired every 2 s over an observation period of 200 sec-
onds. Each inset is the 13C NMR signal from a specific 
metabolite: lactate, pyruvate, bicarbonate, or CO2. These 

spectra illustrate the rapid metabolism of [1-13C]pyruvate 
to [13C]CO2 and other products. The total duration of data 
acquisition was 200  seconds. Data were redrawn from 
Merritt et  al. Proc Natl Acad Sci USA. 2007; 104: 
19,773-7
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are prototypes with respect to clinical needs. A 
clinical instrument to rapidly and conveniently sup-
ply sterile, highly polarized (>80%) materials in 
sufficient mass for human exams is not available. A 
second challenge is that regardless of the details of 
the DNP process, once generated, the metabolite 
must be rapidly injected to minimize T1 losses of 
polarization. Since the polarization state only exists 
in a magnetic field, it is essential to transfer the 
material from the site of generation to the subject 
through a slowly varying magnetic field. Passage 
through a region with zero field or a region with 
strong magnetic field gradients may eliminate 
polarization. Finally, optimal methods for data 
acquisition are necessary because once the hyper-
polarized materials are no longer frozen at low tem-
peratures, nuclear polarization will irreversibly 
decay to its thermal equilibrium value. One of the 
best molecules for HP exams is [1-13C]pyruvate with 
a carbonyl T1 of ~40 s, so there is generally a critical 
limit of 1–2 min for completion of the entire injec-
tion and image acquisition. Furthermore, the details 
of the imaging sequence are critical because each 
radiofrequency pulse depletes the available 13C mag-
netization. The duration of available signal is there-
fore a combination of the nucleus (generally 15N has 
a longer T1 than 13C), the chemical nature of the 13C 
(generally carbonyls and carboxyls have a longer T1 
than protonated carbons), and the pulse sequence.

In addition to technical challenges, interpreta-
tion of 13C-HP signals is not straightforward. 
Aside from technical issues, the 13C NMR signal 
from any metabolite is proportional to [metabo-
lite] (concentration of metabolite) ⋅ (fractional 
enrichment in 13C) ⋅ (polarization). Consequently, 
for example, an increase in HP[1-13C]lactate sig-
nal could be due to an increase in the pool size of 
lactate, an increase in the 13C enrichment of the 
lactate pool, or an increase in the 13C polarization 
as a consequence of better perfusion or more 
rapid transport of HP[1-13C]pyruvate. In addi-
tion, it will be important to consider the multiple 
interacting biochemical events that could influ-
ence signals from HP products.

11.4.1	 �Probes and Pathways

The ideal 13C-labeled probe for DNP must have four 
properties: safety after intravenous injection, long 

T1, simple handling and efficient polarization, and 
rapid metabolism or the capacity to rapidly provide 
useful information. Characteristically these mole-
cules are low molecular weight and water soluble. 
Thus an important challenge is to consider the met-
abolic pathway of interest and to match the possible 
probes to the pathway, as summarized in Tables 
11.1 and 11.2. Glycolysis, for example, is important 
in understanding cardiac metabolism during isch-
emia, and it would be valuable to be able to com-
pare studies of HP glucose to 18FDG exams by 
PET. Glucose fulfills the other criteria: it is safe and 
water soluble and polarizes efficiently. However the 
T1 of 13C in glucose is short, on the order of a few 
seconds, so human imaging HP with glucose will 
be challenging, although not impossible. On the 
other hand, [1-13C]pyruvate, [1-13C]lactate, or 
[1-13C]acetate all indirectly probe different aspects 
of glucose metabolism and offer simplicity, rela-
tively long T1 value, and the potential to probe 
important pathways. Unlike PET, multiple hyperpo-
larized 13C probes may be injected in a single exper-
iment. Multi-probe polarization or co-polarization 
refers to the simultaneous polarization of more than 
one probe as a single solution injection [84, 85]. 
This approach takes advantage of the chemical shift 
information encoded in the 13C spectrum.

11.4.2	 �Pyruvate

Pyruvate is the reference molecule for DNP of 
the heart because of its central role in cardiac 
metabolism, convenience, ready polarization, 
and relatively long T1 in carbons 1 and 2. [1-13C]
pyruvate is avidly metabolized in the heart to 
[1-13C]lactate, [1-13C]alanine, and [13C]bicar-
bonate (Figs. 11.4 and 11.5); each product can 
be separately imaged in  vivo because of the 
inherent chemical shift dispersion of 13C [86–
89]. Although interpreting each signal is a chal-
lenge because of the interacting effects of pool 
sizes and level of polarization, the capacity to 
image lactate, alanine, and bicarbonate pro-
vides direct information about key metabolic 
events in the heart. For example, the appear-
ance of HP[1-13C]lactate reflects activity of lac-
tate dehydrogenase and the redox state of the 
cytosol. The appearance of HP[1-13C]alanine 
reflects activity of another cytosolic enzyme, 
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alanine aminotransferase. Since activity of this 
enzyme is high and independent of redox poten-
tial, perhaps the HP[1-13C]alanine signal reflects 
perfusion and transport of pyruvate. The decar-
boxylation of [1-13C]pyruvate via PDH gener-
ates 13CO2. Dissolved HP 13CO2 may be directly 
detected in isolated rat [90] and mouse [18] 
hearts. In vivo, HP 13CO2 exchanges rapidly with 
[13C]bicarbonate via carbonic anhydrase and 
enables detection of flux through PDH. Since an 
HP exam can detect both dissolved HP 13CO2 
and [13C]bicarbonate in the heart, pH can be cal-
culated from the Henderson-Hasselbalch rela-
tionship [91]. The capacity to detect four specific 
enzyme-catalyzed reactions – pyruvate dehydro-
genase, alanine aminotransferase, lactate dehy-
drogenase, and carbonic anhydrase – in a single 
exam illustrates the potential of HP technology.

One high-impact cardiac application of HP 
will likely be the detection of PDH flux; the bio-
marker in HP exams is the appearance of HP[13C]
bicarbonate from HP[1-13C]pyruvate [90]. 
Noninvasive detection of flux through PDH 
would be of value in understanding heart dis-
ease because pharmacologic and metabolic 
interventions that target flux through PDH have 
been examined with the goal of protecting isch-
emic myocardium or improving function in the 
failing heart. Since ischemic heart disease is by 
definition a regional abnormality of perfusion 
due to coronary artery disease, the capacity for 

multislice imaging is critical for clinical transla-
tion and was demonstrated recently in a large ani-
mal model [88, 92] and illustrated in Fig. 11.5. 
Reduced [13C]bicarbonate signal in hearts after 
coronary occlusion and reflow was previously 
attributed to an effect of transient ischemia on 
flux into the TCA cycle [86, 87].

[1-13C]pyruvate also serves as an indirect 
probe of the TCA cycle because the HP prod-
ucts related to mitochondrial metabolism, 13CO2 
and [13C]bicarbonate, are generated during flux 
through PDH.  The product entering the TCA 
cycle, acetyl-CoA, is not 13C labeled. Flux of 
pyruvate into the TCA cycle flux may be 
detected directly by placing the 13C in position 2 
of pyruvate (Fig. 11.6), which via PDH is con-
verted to the product [1-13C]acetyl-CoA.  After 
condensation with oxaloacetate in the reaction 
catalyzed by citrate synthase, [5-13C]citrate is 
produced. With further metabolism in the TCA 
cycle, α-ketoglutarate is produced and 
exchanges rapidly with glutamate; both metabo-
lites are labeled in position 5 and glutamate can 
be detected [93, 94]. Since the biochemical 
pathways involved in [1-13C]pyruvate and 
[2-13C]pyruvate are identical, any difference 
in  the rate of appearance of [13C]bicarbonate 
from [1-13C]pyruvate compared to the rate of 
appearance of [5-13C]glutamate from [2-13C]
pyruvate presumably would be due to T1 effects 
or metabolite pool sizes in the TCA cycle.

bicarbonate

LVRV

apex base

Fig. 11.5  Short axis hyperpolarized [1-13C]pyruvate and 
[13C]bicarbonate images of the pig heart. 13C images were 
overlain on the corresponding anatomical images, 
arranged from the mid-left ventricle to the apex, left to 
right. In the upper panel, HP[1-13C]pyruvate is seen filling 

the cavities of the right and left ventricles. In the lower 
panel, HP[13C]bicarbonate was imaged throughout the left 
ventricular myocardium plus small regions of the right 
ventricular free wall. Redrawn from Dominguez-Viqueira 
et al. Magn Reson Med. 2016; 75: 859-65
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11.4.3	 �Lactate

As noted above, the ability to monitor flux through 
PDH may provide important information related 
to mitochondrial function. HP [1-13C]pyruvate is 
safe in human subjects, but the endogenous plasma 
concentration is low. Therefore a bolus markedly 

alters plasma redox ratios, and arrhythmias have 
been reported at very high concentrations during 
intracoronary infusions. An alternative may be 
[1-13C]lactate since lactate is also readily oxidized 
in the heart and the plasma concentration is 
roughly 10× pyruvate. Consequently, a bolus of an 
equivalent mass of lactate in principle has much 
less effect on redox potential. It is feasible to 
hyperpolarize [1-13C]lactate using procedures sim-
ilar to [1-13C]pyruvate [95].

11.4.4	 �Acetate and Butyrate: 
Substrates That Bypass PDH

Pyruvate, in any of the labeling patterns 
described, is the reference molecule for DNP 
because of its central role in cell metabolism,  
ready polarization, and relatively long T1 in car-
bons 1 and 2. However, fatty acids are the pre-
ferred substrate for energy production in the 
heart, and it would be ideal to probe TCA cycle 
metabolism directly. Acetate, the shortest chain 
fatty acid, is present only in low concentration in 
plasma but it is avidly oxidized by the heart. 
After conversion to acetyl-CoA by carnitine 
acetyltransferase, it also exchanges into acetyl-
carnitine. Thus, [1-13C]acetate could in principle 
probe both the TCA cycle via metabolism to 
[5-13C]glutamate and the kinetics of enrichment 
in acetylcarnitine [96, 97]. In healthy rats, HP[1-
13C]acetate was converted to both HP[1-13C]ace-
tylcarnitine and HP[5-13C]citrate [97]. The 
kinetics of appearance of HP[1-13C]acetylcarni-
tine have been studied in a pig model [98], but 
[5-13C]glutamate could not be detected.

Fatty acid oxidation may be studied indirectly 
by examining the inhibition of pyruvate oxidation 
due to the presence of fatty acids. Hyperpolarized 
acetate bypasses PDH and may be considered a 
marker of fatty acid oxidation since it competes 
effectively against pyruvate and it interconverts 
with acetylcarnitine. However, because it bypasses 
β-oxidation,  acetate fails to probe a key aspect of 
cardiac metabolism. [1-13C]butyrate is a water-sol-
uble four-carbon fatty acid that polarizes well. 
Normally it is present in very low concentrations in 
plasma and is thought to be derived from colonic 
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Fig. 11.6  Effect of 13C labeling on detection of metabo-
lism of pyruvate in the TCA cycle. Panel A illustrates con-
version of [1-13C]pyruvate to acetyl-CoA via pyruvate 
dehydrogenase with release of 13CO2. PDH flux is detected 
directly from the appearance of 13CO2 which is propor-
tional to oxidation of pyruvate in the TCA cycle. 
Metabolism of [2-13C]pyruvate in the heart, illustrated in 
Panel B, does not immediately yield 13CO2, but 13C will be 
transferred to position 5 of citrate and glutamate. 
Appearance of [5-13C]glutamate directly demonstrates 
flux through citrate synthase

R.J. Gropler and C.R. Malloy



259

bacteria. Since [1-13C]butyrate is metabolized 
through β-oxidation to [1-13C]acetoacetyl-CoA and 
[1-13C]acetyl-CoA (plus unlabeled acetyl-CoA), in 
principle [5-13C]glutamate, [1-13C]acetylcarnitine, 
and the redox pair, [1-13C]acetoacetate and [1-13C]
beta-hydroxybutyrate, should all be detected. 
Indeed, this is the case in isolated perfused heart 
despite the hyperpolarized 13C having passed 
through a minimum of nine enzyme-catalyzed 
reactions: [1-13C]butyrate → [1-13C]butyryl-
CoA →  [1-13C]β-hydroxybutyryl-CoA →  [1-13C]
acetoacetyl-CoA →  [1-13C]acetyl-CoA →  [5-13C]
citrate → [5-13C]isocitrate → [5-13C]aconitate → 
[5-13C]α-ketoglutarate → [5-13C]glutamate [99].

11.4.5	 �Substrate Competition 
in Hyperpolarization Exams

The heart is exquisitely adapted to adjust fluxes 
in metabolic pathways almost instantaneously in 
response to changes in hemodynamic load as 
well as fluctuating concentrations of extracellular 
substrates. In general, an increase in extracellular 
concentration of a readily oxidized substrate is 
matched rapidly by an increase in oxidation of 
that substrate [105, 106]. This inherent flexibility 
of substrate selection is important in the design 
and interpretation of HP exams.

The normal concentration of pyruvate in plasma 
is ~0.1  mM, and pyruvate at this concentration 
contributes little to acetyl-CoA because of com-
peting substrates [10]. Consequently, the capacity 
of the heart to rapidly switch to pyruvate, as after a 
bolus of HP[1-13C]pyruvate, enables HP imaging 
of the heart. The rate of 13CO2 production is pro-
portional to the rate of acetyl-CoA production × 
the fractional contribution of [1-13C]pyruvate to 
acetyl-CoA. Other factors being equal, the appear-
ance of 13CO2 or [13C]bicarbonate in the heart is 
proportional to the fractional contribution of pyru-
vate to acetyl-CoA. Conversely, a high concentra-
tion of other circulating substrates, ketones, or 
fatty acids, for example, can inhibit oxidation of 
[1-13C]pyruvate even in the high concentrations of 
pyruvate present after a bolus. In isolated hearts 
under conditions mimicking the fed state, 3 mM 
pyruvate was sufficient to produce ~80% of the 

acetyl-CoA [10]. At fatty acid and ketone concen-
trations present in fasting, pyruvate at 6 mM was 
oxidized at a significantly higher rate than at base-
line, but oxidation of fats and ketones still pro-
vided the majority of acetyl-CoA.  Consequently 
and not unexpectedly, the plasma concentration of 
HP [1-13C]pyruvate (or other metabolizable sub-
strate) will influence results. Further, the concen-
tration of competing substrates will also influence 
pyruvate metabolism. Because the TCA cycle can 
oxidize acetyl-CoA from any source, there is no 
strict linkage between flux in the TCA cycle and 
flux in any one of the feeding pathways. Hence, 
the rate of appearance of HP 13CO2 from HP[1-
13C]pyruvate may index flux through pyruvate 
dehydrogenase but not necessarily the TCA cycle.

11.5	 �Complementary Information

The purpose of this section is to consider how the 
unique and complementary attributes of PET and 
HP could be used to better understand myocar-
dial metabolism. The first component will 
describe the potential for methodologic advance-
ments, whereas the second component will pro-
vide a few examples where our understanding of 
metabolism could be enhanced.

PET provides the evolution over time of tissue 
radioactivity with very high sensitivity, measur-
able in three dimensions. Since the accessible 
information is total tissue radioactivity, detection 
of flux (in nanomoles ⋅ g−1 ⋅ min−1) in a particular 
pathway relies on a tracer kinetic model that 
relates externally observed signal to an underlying 
metabolic network. Once the model is described 
mathematically and the relation between individ-
ual rate constants for each reaction and externally 
observed signal is established by validation exper-
iments, typically performed in perfused tissues 
and large animal models, results from human 
patients can be derived. This approach, although 
well accepted, has several limitations. First, the 
arterial input function influences the kinetics of a 
tracer in heart muscle. The arterial input function 
is in turn sensitive to multiple factors including the 
cardiac output, the rate of tracer injection, and the 
mix of radiolabeled entities in the blood. Second, 
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kinetic models rely on knowledge of tissue metab-
olite pool sizes which, in the heart, are sensitive to 
normal physiological changes and disease. This 
limitation would presumably be most important 
for complex multi-compartment processes such as 
the oxidation of [1-11C]acetate in the TCA cycle 
rather than the one-step phosphorylation of 
18FDG. In studies of MVO2 over a wide range, an 
index of TCA cycle flux, there is a good correla-
tion between the rate constant describing acetate 
oxidation and oxygen consumption, implying that 
the sum of metabolite concentrations involved in 
the TCA cycle remains more or less constant under 
normal physiological conditions. Nonetheless, the 
relevance of these measurements in healthy myo-
cardium to patients with disease is uncertain. 
Third, it is difficult to build up experience in 
healthy volunteers or subjects with mild disease 
because of concerns related to exposure to ioniz-
ing radiation. Thus, much of the literature is based 
on patients with known significant heart disease.

In principle, MR imaging of hyperpolarized 
13C tracers overcomes some of these constraints. 
For example, after the injection of HP[1-13C]
pyruvate, the appearance of [1-13C]lactate, [1-13C]
alanine, and [13C]bicarbonate in the myocardium 
can only be interpreted as transit through lactate 
dehydrogenase, alanine aminotransferase, and 
pyruvate dehydrogenase, respectively, without 
the need for any mathematical models. Of course, 
conversion of HP-13C signals to flux information 
will require kinetic models as well. Furthermore, 
the HP 13C signal is depleted by the imaging 
sequence itself in a complex manner depending 
on the interpulse delay, flip angles, and whether 
individual metabolites are irradiated. Intracellular 
T1 values in various tissue compartments are 
uncertain and perhaps even unknowable in intact 
tissues. If absolute flux information is desired, 
then all the factors that influence kinetic mea-
surements by PET  – the arterial input function 
and knowledge of tissue metabolite pool sizes – 
will be equally important for analysis of HP data.

11.5.1	 �Methodologic Advances

Based on the aforementioned discussion, it 
appears exploiting the complementary nature of 
PET and HP MR can provide potential advances. 

Perhaps PET can be used to help advance the 
quantitative capabilities of HP MR. For example, 
a properly calibrated arterial input function and 
tissue response on PET could be used as a gold 
standard to test the accuracy of new MR 
approaches that account for loss of polarization 
due to both the acquisition and the T1 of the 
hyperpolarized molecule in order to derive simi-
larly accurate measurements by HP MR, setting 
the stage for quantitative capability with this 
technology. Conversely, could knowledge of 
downstream metabolic partitioning of an 
extracted substrate measured with HP MR cross-
validate a proposed mathematical model designed 
to interrogate certain metabolic pathways with 
PET? In addition, since PET measures myocar-
dial metabolism without perturbing the system, it 
could be used to provide insight into the return of 
metabolic pathways of interest to baseline condi-
tions following the administration of a 13C HP 
molecule. Such information is fundamental to the 
successful advancement and application of serial 
HP MR studies. Finally, with the advent of PET/
MR, it may be possible to link metabolic dose 
response by HP to the underlying baseline meta-
bolic conditions measured by PET.

11.5.2	 �Applications and Potential 
Synergies

11.5.2.1	 �Myocardial Ischemia
The classic metabolic signature for myocardial 
ischemia is a decline in fatty acid uptake and oxi-
dation and an increase in overall glucose metabo-
lism via augmented anaerobic glycolysis and 
continued, albeit, diminished oxidative metabo-
lism [107]. This metabolic switch permits contin-
ued energy production and cell survival in the 
setting of reduced tissue oxygen. However, unless 
NAD+ can be regenerated by conversion of pyru-
vate to lactate and export of lactate, glycolysis 
will be inhibited by accumulation of NADH, and 
myocardial necrosis will ensue. When the isch-
emic insult is resolved, oxygen availability 
increases and oxidative metabolism resumes. 
Abnormalities in myocardial substrate metabo-
lism present initially may persist well after the 
resolution of ischemia, a pattern termed “isch-
emic memory.”
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PET and SPECT
Demonstration of either accelerated myocardial 
glucose metabolism or reduced fatty acid 
metabolism using 18FDG and 123I-BMIPP, 
respectively, has been used to document isch-
emic memory. For example, over 20 years ago, 
it was shown that PET myocardial FDG uptake 
was increased in patients with unstable angina 

during pain-free episodes [108]. An example is 
shown in Fig. 11.7. Moreover, in patients with 
stable angina, increased FDG uptake was dem-
onstrated following exercise-induced ischemia, 
in the absence of either perfusion deficits 
or  ECG abnormalities [109]. Similar observa-
tions have been made with SPECT using 
123I-BMIPP.  Results of numerous studies have 

a

c

b

Fig. 11.7  Myocardial 
ischemia detected by 
FDG-PET. A patient 
with non-Hodgkin’s 
lymphoma undergoing 
whole-body FDG-PET 
imaging for detection of 
recurrence. (a) Images 
acquired under fasting 
conditions demonstrate 
localized uptake in 
septal, anterior, and 
inferior walls of the 
myocardium, suggestive 
of either ischemia in 
these walls or infarction 
of the lateral wall. (b) 
Rest/stress SPECT 
myocardial perfusion 
imaging demonstrates 
inducible ischemia in 
the same distribution as 
the FDG uptake. (c) 
Coronary angiography 
demonstrates a 
high-grade stenosis in 
the left anterior 
descending artery 
(yellow arrow)
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demonstrated in patients with acute chest pain 
that reductions in myocardial BMIPP uptake 
may persist 24–36 h following the resolution of 
symptoms [110, 111]. Moreover, this “meta-
bolic fingerprint” may be superior to perfusion 
imaging for either identifying coronary artery 
disease as the cause of the chest pain or assign-
ing prognosis [112]. It also appears that rest 
123I-BMIPP imaging may provide unique prog-
nostic information in patients with end-stage 
renal dialysis receiving hemodialysis, a patient 
cohort with a high cardiovascular risk [113]. 
Metabolic imaging with either 18FDG or 
123I-BMIPP has also been used for direct isch-
emia detection during stress testing. 
Abnormalities in vasodilator reserve with per-
fusion tracers will underestimate ischemia if 
oxygen and supply remain balanced. Results of 
initial studies where 18FDG was injected during 
exercise demonstrated greater detection rate for 
moderately severe coronary artery stenoses 
compared with perfusion imaging [48, 114]. 
Despite the promising results with these radio-
tracers, numerous questions still remain such as 
the optimal imaging protocols and the impact 
of alterations in the plasma substrate environ-
ment on diagnostic accuracy, whether added 
diagnostic and prognostic information is pro-
vided over perfusion imaging and whether this 
information alters clinical management.

13C Hyperpolarization
Clinicians can acquire detailed information 
about LV function and wall motion from MRI 
and echocardiography, but it may be difficult to 
readily identify the relations among symptoms, 
coronary anatomy, and the metabolic state of the 
tissue and to predict the likely outcome after 
revascularization. The promise of HP methods 
to probe myocardial ischemia arose early in its 
development [91, 92]. In isolated hearts where 
the timing of ischemia, reperfusion, and deliv-
ery of HP[1-13C]pyruvate can be controlled, 
there is already evidence that spectra of the 
products [1-13C]lactate, 13CO2, and [13C]bicar-
bonate can provide highly specific information 
about myocardial ischemia. Necrotic myocar-

dium cannot produce lactate, CO2, or bicarbon-
ate from HP [1-13C]pyruvate. Brief ischemia not 
sufficient to cause irreversible injury was asso-
ciated with rapid recovery of high-energy phos-
phates, mechanical function, and oxygen 
consumption [115]. Yet even under these condi-
tions where conventional physiological studies 
indicate that the myocardium is “normal,” the 
HP 13C NMR spectrum was dramatically abnor-
mal. Flux through PDH was undetectable, and 
the concentration of lactate was dramatically 
increased, likely due to the strongly reducing 
environment in both the mitochondria, causing 
inhibition of PDH, and in the cytosol, causing 
accumulation of lactate. This profile, absent 
bicarbonate and abnormally high lactate, dem-
onstrates that the cardiomyocytes were func-
tional in the sense that pyruvate is being 
delivered to the cells and that lactate dehydroge-
nase is highly active. Thus, a low ratio of HP 
bicarbonate to HP lactate appears to indicate 
recent brief ischemia when all other conven-
tional measures are normal.

The effects of brief (15  min) or prolonged 
(45  min) occlusion of the circumflex coronary 
artery followed by reperfusion were examined in 
a pig model in vivo [92]. Ejection fraction was 
not measurably altered in this study, indicating 
that the volume of ischemic myocardium was 
relatively small, and the concentration of creatine 
kinase MB was elevated after 45 min but not after 
15 min of ischemia. Delayed enhancement after 
Gd was not detected after brief ischemia. 
Nevertheless (Fig. 11.8) a small but distinct vol-
ume of reduced HP [13C]bicarbonate was 
observed in the circumflex territory 2  h after 
reperfusion. The HP[1-13C]alanine image was not 
influenced by brief ischemia. This study demon-
strated that while a map of perfusion and cyto-
solic function, HP[1-13C]alanine, was normal 
after brief ischemia with 2 h of reperfusion, the 
HP[13C]bicarbonate image was abnormal. This 
finding illustrates the potential sensitivity of HP 
methods for ischemia and is an example of isch-
emic memory: metabolism was abnormal even 
when perfusion and function were apparently 
preserved.
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Potential Synergies
The metabolic fate of a carbohydrate is very sen-
sitive to normal physiological changes and patho-
logical conditions; a good example is oxidation 

of glucose via glycolysis in the TCA cycle under 
normal aerobic conditions compared to export as 
lactate during ischemia. 18FDG accumulates prior 
to the split between aerobic and anaerobic carbo-
hydrate metabolisms and therefore cannot distin-
guish these pathways. Preserved uptake of 18FDG 
and trapping as a phosphorylated product indi-
cate ischemic myocardium, but it is not known if 
this biomarker is detecting preserved mitochon-
drial metabolism (glucose → pyruvate → CO2) or 
preserved cytosolic functions (glucose → lac-
tate). Having the capability to measure the pro-
portional contributions of the cytosolic and 
mitochondrial partitioning of glucose metabo-
lism (measured by 13C-HP) normalized to overall 
glucose metabolism (measured with PET and 
18FDG) would permit delineation of the relative 
importance of these two pathways in maintaining 
cardiomyocyte health in humans with coronary 
artery disease, perhaps laying the foundation for 
novel clinical management paradigms.

11.5.2.2	 �Myocardial Hypertrophy 
and Cardiomyopathies

The metabolic phenotype of a reduction in the 
expression of β-oxidation enzymes, leading to a 
fall in myocardial fatty acid oxidation and an 
increase in glucose use, characterizes both LV 
and right ventricular (RV) hypertrophy [116–
119]. This adaptive response is considered bene-
ficial to cardiac function under acute conditions, 
but under exposure to sustained pressure over-
load, the metabolic switch becomes more perma-
nent, impairing flexibility in myocardial substrate 
use and inducing mitochondrial dysfunction 
[120]. Indeed, interventions in animals that 
involve inhibition of mitochondrial fatty acid 
β-oxidation result in cardiac hypertrophy [116]. 
Further support for this linkage arises from 
observations in humans, where variants in genes 
regulating key aspects of myocardial fatty acid 
metabolism ranging from PPARα to various key 
β-oxidative enzymes are associated with LV 
hypertrophy [121, 122].

In addition to LV hypertrophy, alterations in 
myocardial substrate metabolism have been 
implicated in the pathogenesis of contractile 

bicarbonate

Fig. 11.8  Influence of brief ischemia in the circumflex 
territory on appearance of hyperpolarized [13C] bicarbon-
ate. The left circumflex artery of a pig was occluded for 
15 min followed by 2 h. of reperfusion and intravenous 
injection of HP[1-13C]pyruvate. The bicarbonate signal in 
the circumflex territory was significantly reduced. Images 
from Golman et al. Magn Reson Med. 2008; 59: 1005-13
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dysfunction and heart failure. Animal models of 
heart failure have shown that in the progression 
from cardiac hypertrophy to ventricular dysfunc-
tion, the expression of genes encoding for 
enzymes regulating β-oxidation is coordinately 
decreased, resulting in a shift in myocardial sub-
strate metabolism to primarily glucose use, simi-
lar to that seen in the fetal heart [123, 124]. 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 lipotoxic-
ity. It should be noted this metabolic adaptation 
becomes more complex when there is concomi-
tant insulin resistance [125].

SPECT and PET
In preclinical models of LV hypertrophy, PET 
with FDG has demonstrated that myocardial glu-
cose uptake tracks directly with increasing hyper-
trophy and provides evidence that metabolic 
changes are one of the first myocardial responses 
to increased stress, and these metabolic adapta-
tions may drive the hypertrophic response with 
respect to its functional and structural conse-
quences [126–130]. Similar results have been 
found in man. PET with [1-11C]palmitate in 
humans has shown the reduction in myocardial 
fatty acid oxidation is an independent predictor 
of LV mass in hypertension [131]. Measurements 
of myocardial glucose metabolism with PET and 
18FDG and myocardial structure and function by 
echocardiography were performed in a cross-
sectional study of normal controls and hyperten-
sive patients without or with LV hypertrophy 
[132]. Consistent with the aforementioned obser-
vations obtained in preclinical studies, the rate of 
myocardial glucose uptake PET was higher in 
patients without LV hypertrophy compared with 
controls suggesting the metabolic remodeling 
preceded structural remodeling in these patients. 
But surprisingly, the rate of myocardial glucose 
uptake was lower in hypertensive patients with 
LV hypertrophy when compared with the hyper-
tensive patients without LV hypertrophy. 
Furthermore, it appeared the decline in the rate of 
glucose uptake paralleled the decline in diastolic 
function. These latter findings are at odds with 

preclinical observations and may be attributable 
to the greater preponderance of females and dia-
betics in the LV hypertrophy cohort.

Similar observations of increased myocardial 
18FDG uptake have been obtained in patients with 
RV hypertrophy due to pulmonary hypertension 
[133–135]. The increase in 18FDG uptake corre-
lates with the level of pulmonary hypertension, 
plasma NT-pro-brain natriuretic peptide levels, as 
well as circulating levels of bone marrow-derived 
proangiogenic progenitors (CD34+ and CD133+ 
cells) which are markers of generalized hypoxia-
inducible factor 1-alpha activation, a known 
driver of the hypertrophic response [133]. 
Moreover, an increase RV glucose uptake appears 
to be a marker of poorer prognosis [135, 136]. It 
also appears that measuring RV 18FDG uptake 
can be used to follow therapeutic responses as 
treatment of pulmonary hypertension (e.g., epo-
prostenol or sildenafil) results in a decline in pul-
monary hypertension that is paralleled by a 
decrease in RV myocardial glucose uptake [135, 
137]. Finally, alterations in RV myocardial 
metabolism also occur in RV dysfunction, sec-
ondary to left heart failure [138].

In summary, these studies raise the possibility 
of using metabolic imaging for both prognosis 
assignment and treatment monitoring for patients 
with pressure-overload conditions of either the 
left or right ventricle. However, they also high-
light the complexity of metabolic imaging and 
the need to control the many determinants of 
myocardial metabolism in order to accurately 
attribute a unique metabolic signature to a spe-
cific disease process.

SPECT with BMIPP has demonstrated 
reduced myocardial uptake and increased radio-
tracer clearance in patients with dilated cardio-
myopathy compared with controls [139]. 
Moreover, the magnitude of these metabolic 
abnormalities correlated with other measure-
ments of severe heart failure such as left ventricu-
lar size and plasma β-natriuretic peptide levels. It 
appears these abnormalities in BMIPP kinetics 
reflect the combined effects of reduced fatty acid 
uptake and oxidation as evidenced by PET with 
[1-11C]palmitate studies in a similar patient popu-
lation. In this same study, myocardial glucose 
metabolism was higher in the cardiomyopathic 
patients compared with controls confirming the 
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metabolic shift [140]. Moreover, it appears sex 
impacts the metabolic phenotype in nonischemic 
cardiomyopathy with women exhibiting higher 
levels of myocardial fatty acid uptake (and blood 
flow) compared with males as measured by PET 
using [1-11C]palmitate (Fig.  11.9) [141]. 
However, it should be noted that the presence of 
concomitant insulin resistance appears to be a 

major contributor to the variability in levels of 
myocardial glucose and fatty acid metabolism in 
these patients [142, 143].

Metabolic imaging can also be used to study 
the mechanisms responsible for the effectiveness 
of treatment in dilated cardiomyopathy. For exam-
ple, the administration of the nonselective 
β-blocker, carvedilol, results in a 20% decline in 
myocardial fatty acid uptake [144]. Theoretically, 
decreasing myocardial fatty acid oxidation should 
increase the oxidation of glucose leading to a more 
favorable energetic state and improved LV func-
tion. Alterations in myocardial substrate use are 
now becoming attractive targets for novel treat-
ments for heart failure with prime examples being 
the partial fatty acid oxidation antagonists and the 
insulin sensitizer glucagon-like peptide-1 [145, 
146]. The administration of trimetazidine to 
patients with dilated cardiomyopathy resulted in a 
significant improvement in LV ejection fraction 
[147]. However, the improvement in LV function 
appeared to reflect the complex interplay between 
a mild decrease in myocardial FA oxidation, 
improved whole-body insulin resistance, and syn-
ergistic effects with β-blockade. More recently the 
effects of the GLP-1 agonist, albiglutide, on myo-
cardial glucose and oxidative metabolism were 
assessed with PET and 18FDG and [1-11C]acetate, 
respectively, in patients with NYHA Class II–III 
heart failure. Although there was no detectable 
effect of albiglutide on cardiac function or myo-
cardial glucose and oxygen use, there was a mod-
est increase in peak oxygen consumption, which 
could have been mediated by noncardiac effects 
[148]. However, the study does highlight the 
potential of PET-derived metabolic biomarkers as 
endpoints for CV drug development.

13C Hyperpolarization
Even at this relatively early stage in the develop-
ment of technology for HP studies, preclinical 
models of heart failure have been examined. 
Hypertrophy, induced by thyroxine administra-
tion in rats, was associated with a reduction in 
PDH flux measured by metabolism of HP[1-13C]
pyruvate [149]. Pacing-induced dilated cardio-
myopathy was examined over time in a pig model 
[94]. Early in the period of rapid pacing, HP[13C]
bicarbonate production from HP-[1-13C]pyruvate 
was preserved (Fig.  11.10). The metabolism of 
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Fig. 11.9  PET measurements in nonischemic cardiomy-
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HP[2-13C]pyruvate was used to examine produc-
tion of [5-13C]glutamate in the TCA cycle to 
directly probe citrate synthase. Surprisingly, the 
signal of HP[5-13C]glutamate decreased early 
during hemodynamic stress, demonstrating a dis-
sociation between bicarbonate production from 
[1-13C]pyruvate and [5-13C]glutamate production 
from [2-13C]pyruvate. It is conceivable that mito-
chondrial water content or other structural 
changes may modify the T1 of metabolites early 
in the citric acid cycle, or exchange of metabolite 
upstream from α-ketoglutarate may delay the 
transfer of HP [1-13C]acetyl-CoA to glutamate. 
These data suggest that an integrated investiga-
tion using HP probes could provide new insights 
into the pathophysiology of heart failure.

Potential Synergies
PET with [1-11C]acetate has been investigated 
extensively as a tool to measure myocardial oxy-
gen consumption [52, 53, 64, 150–152]. A chal-
lenge is that regional measurements of acetate 
clearance are converted to oxygen consumption 
or, equivalently, TCA cycle flux by a predeter-

mined relationship. However, it is not feasible to 
model all possible conditions that may influence 
that relationship. The use of HP [1-13C]acetate to 
assess TCA cycle flux is attractive because the 
signal from HP[5-13C]citrate can be resolved 
from the acetate signal in perfused heart models, 
and kinetic analyses have been reported. 
Interestingly, several reports described metabo-
lism of hyperpolarized [1-13C]acetate →  [1-13C]
acetyl-CoA →  [1-13C]acetylcarnitine in a reac-
tion catalyzed by carnitine acetyltransferase 
[102, 103, 153]. The buffering capacity of the 
carnitine-acetylcarnitine system has not been 
incorporated in PET kinetic models. As antici-
pated, both [1-13C]acetylcarnitine and [1-13C]
butyrylcarnitine are detected in the presence of 
HP[1-13C]butyrate [154].

The ability to distinguish metabolism of ace-
tate via oxidative metabolism vs. entry into the 
acetylcarnitine pool may be important in myopa-
thies. Carnitine is absolutely required for normal 
oxidation of fatty acids in the heart, and abnor-
malities of carnitine metabolism have been asso-
ciated with heart failure [155] or abnormal 
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mitochondrial function in the heart [156, 157]. 
Reports of heart failure are presumably due to 
interference with fatty acid oxidation. Dietary 
carnitine supplementation has been suggested in 
heart failure [158]. Since the conversion of hyper-
polarized [1-13C]acetate to [1-13C]acetylcarnitine 
is readily detected, HP methods may prove useful 
in understanding carnitine metabolism and indi-
rectly fatty acid metabolism. As described previ-
ously, metabolism of hyperpolarized [1-13C]
butyrate into the TCA cycle also provides infor-
mation about TCA cycle kinetics [104].

11.5.2.3	 �Obesity, Insulin Resistance, 
and Diabetes

Obesity is a major risk factor for heart failure 
[159]. Moreover, it appears an “obesity cardio-
myopathy” is a distinct clinical entity character-
ized by LV remodeling, reduced cardiac 
efficiency, and diastolic dysfunction, which may 
progress to systolic dysfunction [160]. The 
mechanisms responsible for the relation between 
obesity and heart failure in humans are not well 
understood but may, in part, involve altered myo-
cardial substrate metabolism. Preclinical models 
demonstrate obesity increases myocardial fatty 
acid metabolism, lipid accumulation, and MVO2 
leading to increased oxidative stress, cardiac dys-
function, and apoptosis [161, 162]. Interventions 
that reduce fatty acid accumulation and/or oxida-
tive stress in cardiac myocytes prevent the devel-
opment of myocardial dysfunction in these 
models [161].

Overdependence on fatty acid metabolism 
and a decrease in glucose use typifies the meta-
bolic phenotype in diabetes mellitus [163, 164]. 
The increase in plasma fatty acid delivery due to 
peripheral insulin resistance leads to increased 
myocardial fatty acid uptake. This activates key 
transcriptional pathways such as the PPARα/
PGC-1 signaling network resulting in a further 
increase in myocardial fatty acid uptake and 
oxidation with reciprocal reduction in glucose 
oxidation [165–167]. However, additional 
mechanisms are also likely at play. Insulin-
mediated stimulation of glucose transport is 
impaired by intramyocardial lipid accumulation 
likely through activation of various isoforms of 

protein kinase C [168–170]. Excess fatty acid 
oxidation may also be associated with a decrease 
in the metabolic flexibility of the heart which as 
noted above is a characteristic of the normal 
myocardium [171, 172]. Through poorly under-
stood mechanisms, increased fatty acid oxida-
tion is associated with excess myocardial 
oxygen consumption [173–178]. This effect is 
generally modest, perhaps an increase in oxy-
gen consumption of a few percent up to 30% for 
the same myocardial work. This change is much 
less than the normal variation in oxygen con-
sumption by the heart during minimal exercise. 
However under perfusion-limiting conditions 
such as ischemic heart disease or with impaired 
subendocardial capillary flow during hypertro-
phy, this effect is conceivably significant. 
Moreover, these chronic metabolic adaptations 
can initiate a cascade of events that acting either 
individually or synergistically are detrimental to 
cardiac myocyte health such as an increase in 
oxidative stress, inflammation, and increased 
cell death, all of which can lead to diastolic dys-
function [163, 166].

PET
Imaging of obese young women with PET and 
[1-11C]acetate and [1-11C]palmitate has 
demonstrated that an increase in body mass index 
is associated with a shift in myocardial substrate 
metabolism toward greater fatty acid use that 
increased with worsening insulin resistance 
[173]. Of note, little change in myocardial glu-
cose metabolism was observed. Paralleling the 
preferential use of FAs was an increase in MVO2 
and a decrease in energy transduction. The myo-
cardial metabolic response to obesity appears to 
be sex dependent. For example, using similar 
PET techniques, it has been demonstrated that in 
contrast to obese women, obese men have a 
greater impairment in myocardial glucose metab-
olism [179, 180]. 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. PET studies 
have now documented the salutary effects of 
weight loss on myocardial metabolism, structure, 
and function [181, 182].
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Small animal PET imaging has helped clarify 
the mechanisms responsible for the metabolic 
alterations that occur in diabetes mellitus. For 
example, PET studies with [1-11C]palmitate and 
FDG in relevant genetic models demonstrate that 
PPARα and PPARβ/σ drive different metabolic 
regulatory programs in the diabetic heart [183, 
184]. In a more clinically relevant model of type 
2 diabetes mellitus, the Zucker diabetic fat rat, 
myocardial glucose uptake correlates directly 
and closely with GLUT 4 gene expression, dem-
onstrating the quantitative capability of the tech-
nique [185]. PET measurements in the same 
model demonstrated a decline in myocardial glu-
cose uptake and an increase in fatty acid uptake 
and oxidation. The metabolic adaptations were 
associated with a decline in insulin-mediated 
phosphorylation of Akt which is indicative of 
reduced insulin action and an increase in abun-
dance at the sarcolemma of the fatty acid trans-
porter CD36, respectively [186]. Of note, these 
PET techniques have now been optimized for 
mouse heart [187].

The results of several imaging studies in 
humans have generally reproduced the observa-
tions from preclinical studies and as a result 
greatly expanded our understanding of the 
chronic metabolic adaptations in the diabetic 
heart. PET and [1-11C]palmitate and [1-11C]glu-
cose in patients with type 1 diabetes mellitus 
demonstrate higher levels of fatty acid uptake and 
oxidation compared with nondiabetics primarily 
due to increased plasma FA levels. In contrast, 
glucose uptake is reduced in these patients pri-
marily due to decreased glucose transport mecha-
nisms [65]. 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 [188]. 
However, the myocardium in type 1 diabetic 
patients is responsive to changes in plasma insu-
lin and fatty acid levels but at a cost. Higher insu-
lin levels are needed to achieve the same level of 
glucose uptake and glucose oxidation compared 
with nondiabetics, consistent with myocardial 
insulin resistance. Similarly, in response to higher 
fatty acid plasma levels, myocardial fatty acid 

uptake is increased at the cost of a greater esteri-
fication rate [189].

Results of metabolic imaging studies in 
patients with type 2 diabetes mellitus that were 
composed of various combinations of PET, 1H-
MRS, 31P-MRS, MRI, and echocardiography 
have yielded remarkably consistent results that in 
general parallel preclinical observations and sup-
port the mechanistic framework for diabetes-
induced chronic metabolic adaptations. These 
observations include a systemic environment 
typified by reduced whole-body insulin sensitiv-
ity and increased plasma fatty acid and TG levels 
that is paralleled by a PET-derived myocardial 
metabolic profile that includes increased fatty 
acid uptake and oxidation and reduced glucose 
uptake, the magnitude of which is dependent 
upon whether the measurements are performed in 
the fasted state or during insulin clamp [190–
193]. In general, results of 1H-MRS studies dem-
onstrate an increase in myocardial lipid content 
and decline in energetics that are associated with 
LV diastolic and in some cases systolic dysfunc-
tion [194–196]. It appears changes in the myo-
cardial metabolic-functional relationship parallel 
the progressive worsening in the systemic profile 
as one transitions from a lean condition to obesity 
without diabetes to concomitant obesity [191, 
193]. It also appears the sexual dimorphism in 
myocardial metabolism that exists in lean sub-
jects and obese nondiabetics is present in patients 
with concomitant obesity and type 2 diabetes 
mellitus. In these patients, women appear to have 
more pronounced augmentation in myocardial 
fatty acid metabolism and a greater propensity to 
form TG compared with diabetic men [191]. In 
contrast, diabetic men appear to have a greater 
impairment in myocardial glucose uptake and 
oxidation compared with diabetic women 
(Figs. 11.11 and 11.12) [180]. These results are 
intriguing given the greater susceptibility of 
females with type 2 diabetes mellitus to develop 
heart failure and exhibit a poorer prognosis when 
compared with male diabetics [197–199].

The effects of antidiabetic therapies in 
humans on myocardial metabolism have been 
evaluated by PET.  For example, differential 
effects of the PPARγ agonists pioglitazone, 
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rosiglitazone, and the biguanide and metformin 
on myocardial glucose and fatty acid metabo-
lism have been assessed using PET with FDG or 
[1-11C]glucose and [1-11C]palmitate, respec-
tively. Treatment with either rosiglitazone or 

pioglitazone results in an increase in insulin-
stimulated myocardial glucose uptake. In con-
trast, insulin-stimulated myocardial glucose 
uptake is either unchanged or reduced with met-
formin therapy [200, 201]. In male diabetics, 
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Fig. 11.11  Sexual dimorphism in myocardial metabo-
lism in obesity and diabetes. Measurements of the frac-
tional uptake of glucose, glycogen deposition, glycolysis, 
and oxidation measured by PET with [1-11C]glucose in 
lean, obese, and diabetic men (Top) and women (Bottom). 

Data suggest that men exhibit a greater decline in glucose 
metabolism compared with women as one transitions 
from lean to obese to diabetes. Reproduced with permis-
sion Peterson LP et al., Am J Physiol Heart Circ Physiol 
308: H1510–H15
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pioglitazone therapy does not have a significant 
effect on myocardial fatty acid metabolism 
[200]. The lack of a decrease in fatty acid metab-
olism and variable response in myocardial glu-
cose uptake with these therapies may be 
explained by different responses in men and 
women. In men, metformin alone decreases 
whole-body fatty acid clearance, which results 
in increased plasma fatty acid levels, myocardial 
fatty acid uptake and oxidation, and lower myo-
cardial glucose uptake. In women, myocardial 
glucose uptake is increased. When metformin 
and rosiglitazone are combined, women exhibit 
increased whole-body fatty acid clearance, 
which decreases plasma fatty acid levels and 

myocardial fatty acid uptake. This effect is much 
less pronounced in men. Group and sex also 
interacted in determining myocardial glucose 
uptake. Thus, in diabetes, different therapeutic 
regimens impact myocardial metabolism in a 
sex-specific manner. Of note for all of the studies 
above, metabolic response could not be pre-
dicted by changes in the plasma glucose or 
HgBA1C levels. Although requiring further eval-
uation in larger studies, these observations sug-
gest metabolic imaging may be used to follow 
the effects of therapies designed to alter myocar-
dial substrate metabolism in patients with dis-
eases such as diabetes mellitus where more 
readily available clinical parameters are not 
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Fig. 11.12  Effects of a Western diet on appearance of 
hyperpolarized [13C]bicarbonate in the rat heart. Upper 
panel shows, left to right, a conventional MRI, a 13C MR 
image of pyruvate in the right and left ventricular cavities, 
and a 13C MR image of HP[13C]bicarbonate in the anterior 
wall of the myocardium. The inhomogeneous [13C]bicar-
bonate signal is due to the high local sensitivity of the 
surface coil. Bottom panel: Stacked plots showing the 

evolution of HP[13C]bicarbonate and other metabolites in 
the myocardium after infusion of HP[1-13C]bicarbonate. 
Eating a high-fat, high-sucrose Western diet (WD) was 
associated with suppression of HP[13C]bicarbonate 
appearance, presumably due to increased oxidation of 
fatty acids. Data from Seymour et  al. Cardiovasc Res. 
2015; 106: 249-60

R.J. Gropler and C.R. Malloy



271

predictive of a therapeutic response. Moreover, 
they suggest more personalized approaches that 
incorporate patient gender may be useful in 
designing diabetic therapies.

HP MR
Compared to PET technology, there are limited 
examples of studies in vivo using HP-13C to exam-
ine cardiac lipotoxicity in insulin resistance and 
diabetes mellitus. Nonetheless, early-stage investi-
gations have begun to explore the metabolic con-
sequences of diabetes and high fat diets. For 
example, it is known that malonyl-CoA is a critical 
regulator of fatty acid oxidation and the concentra-
tion of malonyl-CoA in diabetic myocardium is 
reduced. Since carnitine acetyltransferase is inhib-
ited by malonyl-CoA, the rate of conversion of 
acetate to acetylcarnitine could be increased, 
potentially providing an important imaging bio-
marker of abnormal fatty acid oxidation. 
Metabolism of [1-13C]acetate has been examined 
by hyperpolarization methods in perfused hearts 
and in vivo demonstrating the capacity to detect 
metabolism to [1-13C]acetylcarnitine [101, 103, 
153]. The effect of type 1 diabetes, modeled by 
administration of streptozotocin to rats, was exam-
ined using HP[1-13C]acetate [202]. As outlined 
above, after activation by acetyl-CoA synthetase 
to acetyl-CoA, [1-13C]acetate may be metabolized 
to [1-13C]acetylcarnitine or [5-13C]citrate. The 
focus of this study was on detection of [1-13C]ace-
tylcarnitine because the chemical shift difference 
between [5-13C]citrate and [1-13C]acetate is too 
small for resolution in  vivo at clinical fields, 
although sufficient resolution is achievable in per-
fused hearts [102]. However, in spite of marked 
hyperglycemia after 3 weeks, induced by strepto-
zotocin, there was no effect of type 1 diabetes on 
HP[1-13C]acetylcarnitine/HP[1-13C]acetate. 
Although further study is necessary to interpret 
this finding, these results may indicate that flux 
through the acetyl-CoA pool is small compared to 
the activity of an exchange reaction and that a 
reduction in activity of carnitine acetyltransferase 
is for this reason undetectable. These results were 
consistent with other exams detecting the products 
of [1-13C]acetate metabolism: signal is modest 
compared to results from HP[1-13C]pyruvate.

“Western” diets, modeled in rodents by high 
saturated lipid and sucrose content, are associ-
ated with insulin resistance and reduced left ven-
tricular function [203–205]. In its early stages, 
exposure to an excess of dietary fat may result in 
lipotoxicity. High fat diets rapidly inhibit PDH 
flux [206], at least in part due to selective increase 
in the expression of pyruvate dehydrogenase 
kinase. This effect is very rapid and sustained, 
occurring within the first day on a diet, and 
implies that PDH flux will be sensitized to the 
inhibitory effects of fatty acids, presumably due 
to high [acetyl-CoA]/[CoA]. These observations 
predict that an imaging biomarker of PDH flux 
and conversion of HP[1-13C]pyruvate to HP[13C]
bicarbonate will be inhibited. High-quality [13C]
bicarbonate images were achieved, and as antici-
pated, PDH flux was reduced [207]. This occurred 
in the absence of structural or functional deterio-
ration, suggesting that HP methods may be a very 
sensitive indicator of early changes in metabo-
lism due to diet.

Potential Synergies
As emphasized above, the heart must be capable 
of quickly managing major shifts in the demand 
for energy production as well as discontinuities 
in the hormonal and substrate environment. This 
adaptability has been termed “metabolic flexibil-
ity” which in the context of type 2 diabetes is 
equivalent to insulin resistance. There is little 
information about the evolution of metabolic 
inflexibility in the hearts of adolescents at risk for 
type 2 diabetes and cardiac lipotoxicity because 
studies with ionizing radiation are difficult to jus-
tify. There is a significant need for imaging tech-
nology enabling metabolic exams in children that 
can be used over time to assess baseline physiol-
ogy as well as the response to interventions. 
Combined PET and 13C-HP studies employing 
PET/MR may help this regard. Strategies are cur-
rently designed and evaluated to permit whole-
body PET/MR imaging with very low injectable 
doses of 18FDG and MR attenuation resulting in 
significantly reduced radiation exposure. As a 
consequence, the PET component of the PET/
MR study could be used for both baseline meta-
bolic measurements and identifying key organs 
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or specific regions of interest where glucose 
metabolism is altered. In the latter, more in-depth 
metabolic interrogation could be performed with 
13C-HP.

11.6	 �The Future: Validation 
and the Potential 
of Combined PET and 13C-HP

By dint of the aforementioned discussion, the 
combining of capabilities of PET and HPMR to 
simultaneously measure both imaging readouts 
with PET/MR has the potential to open entirely 
new avenues of scientific discovery. For example, 
it would now be possible to cross-calibrate and 
cross-validate both imaging technologies. From 
HPMR perspective, metabolic measurements 
using various 13C tracers can be compared with 
their PET 11C radiotracer counterparts to deter-
mine impact of non-tracer doses of substrate on 
myocardial metabolism. Conversely, measure-
ments of various components of myocardial 
metabolism measured with PET and compart-
mental modeling (e.g., oxidation and storage) can 
be referenced to the true metabolic fate of the 
exogenous substrate measured with HPMR. Most 
exciting is the potential use of the quantitative 
capabilities of PET to facilitate the HPMR quan-
tification of substrate flux through metabolic 
pathways of interest. Such information is attain-
able from a PET-derived input function, an MR 
tissue response, and knowledge of the MR tracer 
blood concentration. Such information is critical 
for the accurate interpretation of HPMR-derived 
measurements of disease effects and dose 
response. Finally, it is conceivable that investiga-
tions using hyperpolarized compounds may actu-
ally enable further development of new PET 
agents and further encourage the development of 
PET/MR. Clearly, significant technical develop-
ments in probe development and image acquisi-
tion, analysis, and display are going to be required 
to move these examples from theory to practice.

Even with these major advances, translation to 
clinical application of these combined imaging 
approaches will require overcoming several chal-
lenges. The typical paradigm for developing new 

imaging tests has been used to perform the exam 
in patients with suspected or known disease and 
then to compare the results to a “gold standard” 
metric which may be an accepted exam or results 
from pathology [208]. These studies typically 
report sensitivity, specificity, or receiver operating 
characteristic (ROC) analysis. More recently, 
investigators and policy makers have recognized 
that the number of potential imaging approaches 
and probes is steadily increasing and recognizing 
appropriate use may be difficult. Questions of clin-
ical utility are premature at this point in the devel-
opment of hyperpolarization because the 
technology is still evolving rapidly and numerous 
refinements are anticipated in the next few years. 
Nevertheless investigators should consider that the 
technology will likely be evaluated based on three 
classes of data to support clinical translation: ana-
lytical validity, clinical validity, and clinical utility 
[209, 210]. Analytic validity means the reproduc-
ibility and reliability of a measurement. Does an 
HP image really measure what it claims? Can the 
measurement be performed reliably? Clinical 
validity refers to the relation between the imaging 
results and a clinical outcome or diagnosis of 
interest. Does an HP image detect clinically mean-
ingful information, as judged by a reference stan-
dard? Very importantly, has HP imaging been 
tested against a technology with which clinicians 
are comfortable? Clinical utility is the most diffi-
cult challenge and tests whether the use of HP 
imaging results in a favorable redistribution of 
benefits compared to risks and costs. Does the use 
of HP imaging lead to improved outcomes, com-
pared to nonuse? Eventually, these questions will 
need to be addressed, presumably through large 
multicenter prospective trials.
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