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Abstract

Metabolic imaging is a field of molecular imaging that focuses and targets changes in metabolic
pathways for the evaluation of different clinical conditions. Targeting and quantifying metabolic
changes non-invasively is a powerful approach to facilitate diagnosis and evaluate therapeutic
response. This review addresses only techniques targeting metabolic pathways. Other molecular
imaging strategies, such as affinity/receptor imaging or microenvironment-dependent methods are
beyond the scope of this review. Here we describe the current state of the art in clinically
translatable metabolic imaging modalities. Specifically, we will focus on positron emission
tomography (PET) and magnetic resonance spectroscopy (MRS), including conventional 1H

and 13C MRS at thermal equilibrium and hyperpolarized magnetic resonance imaging (HP MRI).
In this paper, we first provide an overview of metabolic pathways that are altered in many
pathological conditions and the corresponding probes and techniques used to study those
alterations. We will then describe the application of metabolic imaging to several common
diseases including cancer, neurodegeneration, cardiac ischemia, and infection/inflammation.

1. Introduction

Metabolism refers to a set of enzyme-catalyzed biochemical reactions that take place within
cells to maintain homeostasis. These reactions are organized into metabolic pathways, which
are finely regulated by enzyme concentrations and catalytic efficacy as well as cofactor
concentrations. In the clinic, several non-invasive imaging techniques have been developed
to identify altered metabolic pathways characteristic of a variety of diseases.

Positron emission tomography (PET) and proton magnetic resonance spectroscopy (*H-
MRS) represent the majority of current non-invasive imaging techniques used to follow
metabolism in vivo. With PET, it is possible to visualize the accumulation of radioactive
molecules in a specific tissue or organ, with the anatomic location confirmed using
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coregistered computed tomography (CT) or magnetic resonance imaging (MRI). The most
widely utilized PET metabolic probe has been [18F]fluoro-deoxyglucose ([18F]FDG), which
is accumulated in highly glycolytic tissues. The main advantages of PET are that it is easy to
perform, incredibly sensitive and provides reasonable spatial resolution (approximately
5mm isotropic for PET), although it suffers from lack of specificity due to the inability to
resolve different radioactive molecules non-invasively. Magnetic resonance spectroscopy
imaging (MRSI), like PET, is a technique that allows the detection of metabolites spatially
resolved in vivo, but without the use of ionizing radiation. For example, for brain MRSI,
using long echo time (TEs) it is possible to visualize choline (Cho) used to evaluate
membrane turnover and proliferation, creatine (Cr) for tissues energetics, N-acetylaspartate
(NAA) for mitochondria and neuronal integrity, and lactate for anaerobic metabolism. Using
short TEs, it is possible to identify additional metabolites; myo-inositol, glutamate,
glutamine and glycine. 'H MRSI can be obtained in 10-15 minutes and, is therefore, easily
incorporated into a routine imaging clinical study minimizing discomfort to the patient.L: 2
One of the limitations of this technique is low sensitivity, with metabolite concentrations
required to be on the order of mM.

For the most part, patient MRS exams have used *H, though despite technical challenges,
there has also been considerable interest in using 13C magnetic resonance spectroscopy
imaging (13C MRSI) to study of the backbone of organic compounds in specific tissues. The
MRI-detectable nucleus 13C accounts for only 1.1% of molecular carbon and thus renders
thermal equilibrium 13C MRSI limited for rapid study of endogenous 13C. To increase
sensitivity and increase spectral resolution, isotopically enriched molecules are infused

and 13C spectroscopy is performed, often with 1H decoupling.3-> These enriched compounds
are virtually identical to the parent compound and typically provide no appreciable isotope
effect in the time scale of the experiment. Infusions can raise the concentration of 13C
upwards of 103 to 10% fold and therefore the metabolism of these molecules may be studied
without background contamination of endogenous pools.® In contrast to PET, which can
quantify the dynamic flux of radioactive probes over time, the most widely implemented
MRS methodologies estimate metabolite concentrations at steady state.’

Another emerging non-invasive technique that is rapidly growing as a molecular imaging
methodology is hyperpolarized MRI (HP MRI). HP MRI allows the detection of 13C-
enriched molecules with a signal increased several orders of magnitude (up to 107) in
comparison to conventional spectroscopy. With this technique it is possible to follow single
and multiple metabolic pathways using one or a combination of several HP probes. The
great advantage of this technique is that after the injection, it is possible to follow in real-
time the conversion of a substrate to its metabolic products, whereas PET can only detect the
incorporation of radiolabeled probes in a tissue without distinguishing the parent compound
from the formed radiolabeled product.8: ® HP MRI, could then, overcome the limitations of
conventional H and 13C MRSI and provide complimentary information to PET studies in
the future.

In the following sections, the main metabolic pathways with respective probes designed to
target those pathways are described in detail.
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a) Glycolysis
Is a 10-step metabolic pathway that takes place in the cytosol of cells and predominantly
oxidizes glucose to pyruvate, resulting in increased ATP and NADH.10 Glucose is taken up
from a range of glucose transporters (GLUTS), comprised of 14 isoforms with specific
expression pattern, substrate specificity and kinetics.11- 12 In mammalian cells, after entering
the cell glucose is typically converted by hexokinase to glucose-6-phosphate (G6P). G6P has
the potential to then continue into the glycolytic pathway, ending in the formation of
pyruvate or it can leave glycolysis and enter the pentose phosphate pathway (PPP), which is
essential for the regulation of the redox status as well as ribose synthesis. Glycolysis can
also be altered in several pathological conditions and targeting cellular transport and early
metabolism has been the subject of extensive PET and MRSI research. [18F]FDG PET is a
powerful clinical tool able to evaluate the upstream glycolytic pathway non-invasively.
[18F]FDG is transported efficiently into the cells by GLUT transporters and in the cytosol is
phosphorylated by Hexokinase 11 to [*8F]JFDG-6-Phosphate and is trapped in the cell.
[18F]FDG-6-P can be dephosphorylated by glucose-6-phoshatase (G6P) and then released
into the extracellular space.13 This tracer has been used successfully for a variety of human
diseases, but primarily for cancer diagnosis and therapy follow-up. Several other
applications in neurology and cardiology have been described. While [18F]JFDG has
remarkable sensitivity, lack of specificity can present a diagnostic problem. One approach to
improving specificity and identifying specific metabolites has been the use of 13C agents. In
order to study glycolysis, 13C glucose has been used to follow 13C, both at steady state and
using dynamic HP studies. Additionally, with 1H MRI it is possible to detect some products
of glycolysis, including pyruvate. Moreover, HP [1-13C] pyruvate has been developed to
study the formation of HP lactate in vivo. This conversion is particularly relevant to cancer,
for which a high rate of glycolysis is observed.

b) Tri-carboxylic acid (TCA) cycle
In normoxia, the two carbons of the acetyl moiety of acetyl-CoA are predominantly derived
from glycolytic flux. The formation of acetyl-CoA is catalyzed by pyruvate dehydrogenase
(PDH) by the ligation of acetyl group to coenzyme A. Under hypoxic conditions, the flux
from glucose to citrate decrease and the acetyl-CoA is mainly directed towards fatty acid
biosynthesis.1* Because acetate acts as a key player in both pathways, [11C] acetate has been
developed to study its incorporation noninvasively using PET. [11C]Acetate is taken up by
the monocarboxylate transporter (MCTs) and then converted in [*1CJacetyl-CoA by a
mitochondrial enzyme, acetyl CoA synthetase (ACSS). [11CJacetyl-CoA as described above
can either enter TCA cycle or be addressed into fatty acid metabolism.1® 16 Because of its
versatility, [1C] acetate has been employed in several areas of medicine and research as a
non-invasive tool, including cardiology and oncology.16 Analogously, in 13C NMR
spectroscopy, infusions of [2-13C] acetate have been used to follow metabolic flux non-
invasively as well as hyperpolarized [1-13C] acetate.1”-21 Hyperpolarized [2-13C] pyruvate
can be used to follow the downstream TCA cycle. Pyruvate is converted to acetyl-coenzyme
A (acetyl-CoA) by pyruvate dehydrogenase (PDH). Acetyl-CoA then enter the TCA and
then further 13C label downstream to the TCA intermediate, such as [1-13C]citrate and
[5-13C]glutamate.??
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¢) Choline metabolism

Cho is an essential constituent of cells and mitochondrial membranes, and an important
precursor of the neurotransmitter acetylcholine (Ach). Because of its ubiquitous presence,
Cho can affect both signaling and metabolic pathways.2% High levels of Cho intermediates
and enzymes in Cho metabolism are observed during cell transformation, tumor growth and
invasion.24 25 Phosphocholine and total Cho, as well choline kinase-alpha (ChoKa),
phosphatidylcholine-specific Phospholipase D and C are overexpressed in activated cancer
cells and, therefore, suggests Cho and its metabolites as potential targets for molecular
imaging.24 [18F] fluorocholine and [11C]choline are PET tracers developed to target this
pathway. Additionally, pool size measurements using 1H-MRSI of total Cho provide a
possible approach to assess turnover and proliferation.

d) Creatinine metabolism- the Creatine Kinase (CK)/Phosphocreatine (PCr)/Creatine (Cr)

system

Cr is a nitrogenous organic intermediate derived from arginine, methionine and glycine.
Upon phosphorylation, it is mainly utilized to supply energy to tissues, in particular muscle.
In tissues with high energy demands, such as the heart and brain, the transport from ATP
production sites (mitochondria) requires an efficient system for transport, namely
CK/PCr/Cr.26: 27 Cr levels are often used in IH-MRS to assess tissue energetics. This
analysis can be supplemented by less sensitive approaches to measure PCr and ATP, such
as 31P spectroscopy.28: 29

e) Amino acid metabolism

Here we present a few examples, which highlight the general direction of metabolic imaging
of amino acid metabolism.

Glutamine/glutamate—L-glutamine is an essential amino acid important for cell survival
and proliferation. It can be metabolized through multiple pathways and a precursor of
proteins, amino sugars, purines/pyrimidines and nucleic acids. Glutamine is the most
abundant extra cellular amino acid (0.7mM) whereas glutamate, the immediate metabolite of
glutamine, is most abundant intracellularly (2-20mM).30: 31 Several radioactive probes
labeled with different isotopes have been produced for PET imaging to visualize glutamine/
glutamate metabolism; ([18F](2S,4S)-4-(3-fluoropropil)glutamine, [*8F](2S,4R)-4-(3-
fluoropropil)glutamine and L-[5-11C]- glutamine), which is mostly used for visualizing
glutaminolysis in tumors not detected by [18F]FDG.32-35 Labeled [13C] glutamine has been
used in normal 13C MRS as well in hyperpolarized MRI, in order to follow the glutamine-
derived metabolites in vivo.36-38 HP [5-13C] glutamine has been used in vitro to detect
glutaminase activity in human hepatocellular carcinoma.3® A recent paper from Canapé et
al., describes the possibility to follow glutaminolysis in prostate cancer cells before and after
anticancer treatment. First, they show a linear correlation between more glutaminolytic
phenotype and cell proliferation detected by HP [5-13C] glutamine. Moreover, use of this
HP probe allowed the possibility to follow the efficacy of drug treatment.39

Methionine, one carbon metabolism—Methionine is a sulfur-containing amino acid
essential for the biosynthesis of proteins. Methyl groups derived from this cycle are the
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major source of post-translational modification methylation metabolism of proteins and
comprise an important role in epigenetic alterations.? L-methyl-11C-methionine has been
synthesized and used routinely in PET for cancer imaging.*! 42 Typically, the role of 11C-
methionine is in imaging an increase in protein synthesis and this has been predominantly
applied to the study of high grade brain tumors. The use of 11C-methionine though has been
limited to sites with cyclotrons onsite due to the short half-life of 11C, though it has provided
a useful alternative when standard 18F-FDG PET is difficult to use.

maging

Cancer is a heterogeneous group of diseases characterized by uncontrolled cell growth and
spread of transformed cells from the organ of origin. In 2015, more than 1,658,370 new
cases are expected to be diagnosed with more than 500,000 people expected to die of the
disease. After heart disease, cancer is the second leading cause of death in US.*3 In the past
25 years, the link between cancer and metabolism has become a subject of increased interest
with atypical metabolism now recognized as an important hallmark of cancer.** While
normal resting cells use predominantly fatty acid oxidation and glucose oxidation to produce
ATP, cancer cells shift their metabolism to meet the higher bioenergetics demands. One of
the most characteristic phenomena seen in cancer cells is the Warburg effect.4>: 46 Cancer
cells shift from oxidative phosphorylation to aerobic glycolysis. Most of the glucose that
enters the glycolytic pathway is therefore converted to lactate, rather than metabolized in the
mitochondria by the TCA cycle.#> 47 Another well-known metabolism alteration in cancer
cells is altered glutamine uptake and metabolism. Glutamine after entering the cell is
metabolized to a-ketoglutarate, an important intermediate that can feed the TCA cycle.*8
Cancer cells not only increase their catabolism, but also their anabolic metabolism for
macromolecule biosynthesis, such as proteins, lipids, and nucleotides. The unbalanced
reactive oxygen species (ROS) production resulting from cell transformation and changed
metabolism is countered by production of macromolecules, which are able to quench ROS
and allow these cells to maintain redox homeostasis.*: 50

a) FDG PET and radiolabeled amino acids

[18F]FDG is one of a handful of FDA approved PET tracers and undoubtedly the most
applied tracer for cancer diagnosis, staging and treatment follow-up.5! FDG PET is a semi-
quantitative approach, widely used in clinical practice for lymphoma staging and solid tumor
imaging such as lung, breast, colorectal, head and neck cancer imaging.5-53 FDG PET is of
limited use in prostate cancer imaging due to the proximity of the prostate to the urinary
tract, it's route of excretion.>* [11C]choline and [18F]fluorocholine have been applied in
prostate cancer imaging with contradictory results, thus, making localized prostate cancer
metabolic imaging by PET a difficult target.>®

Due to increased protein synthesis in cancer cells, several radiopharmaceuticals based on
amino acid analogues have been produced. L-methyl- 11C-methionine is the one of the more
promising radiotracers used in the evaluation of tumors using PET (MET PET). It has been
successfully used for the detection and staging of brain tumors, especially glioblastoma.
Using this tracer is possible to differentiate high grade to low grade glial neoplasms.>® A
recent paper by Venneti et al., describes the potential of radiolabeled glutamine analogues
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for the metabolic evaluation of gliomas in vivo. [18F]FDG shows a selective high uptake in
progressive glioma but not in neuroinflammation, suggesting that this tracer is specific for
tumor detection.>”

has been applied in parallel with anatomic MRI for evaluating biochemical changes
associated with neoplasia, mainly applied to the diagnosis, preoperative evaluation, and
post-treatment monitoring of brain, breast and prostate cancer.>® 1H MRSI is most
commonly used for the clinical evaluation of brain tumors, and may be helpful in staging
glial neoplasms. Brain tumors include a variety of subtypes with a wide range of
histopathology, phenotypes and therefore a variety of treatment possibilities.5® Lactate or
lipid presence in the tumor lesions can be considered a hallmark of tumor aggressiveness
and therefore may aid in glioma grading in vivo.0 Because of their high proliferation rate,
Cho is another biochemical marker used to evaluate the aggressiveness of gliomas, with a
higher concentration found in tumors than in normal brain tissue. Together with Cho
analysis, quantification of NAA is performed to evaluate neuronal death induced by the
tumor.81 2 Cho and NAA quantification using 1H MRSI is particularly useful for radiation
treatment follow-up because it is able to distinguish recurrent tumor from radiation necrosis.
In both cases, NAA is decreased because of the neuronal loss, but it is possible to see the
efficacy of the radiation in the tumor region by a strong decrease of Cho (proliferation
marker).53 Cho measurements are also used for the characterization of breast cancer and its
response to chemotherapy. Chen et al. published a recent article describing the clinical
evaluation of neoadjuvant chemotherapy (NAC) using MRI for breast cancer. MRSI is able
to detect early changes in lipids metabolism. The authors suggest that performing diffusion
weighted imaging (DWI), dynamic contrast-enhanced MRI (DCE-MRI) together with MRSI
will generate a more complete evaluation of treatment response. Therefore, multi-parametric
MRI is proposed as a new tool to evaluate NAC treatment response.%4

MSRI is a very powerful tool to identify prostate cancer. Cho and citrate are important
metabolites evaluated in prostate cancer to assess cell proliferation and prostate gland
secretory function. Citrate is abundant in healthy glandular tissues, and its production and
secretion is drastically reduced in prostate cancer due to changes in zinc transporter
activity.65 66

c) 13C MRSI and HP MRI

In the setting of cancer metabolic imaging, 13C MRSI at thermal equilibrium has limited
application due to its low sensitivity in comparison to TH MRSI.%7 Thus, with the
introduction of HP MRI techniques, altered metabolism in cancer has evolved as a major
target. HP [1-13C] pyruvate is the most widely used molecule in HP MRI. It is taken up from
the blood stream and transported into cells via monocarboxylate transporters (MCTSs) and
subsequently converted into lactate by lactate dehydrogenase (LDH) with NADH as a
cofactor. Cancer cells harboring deregulated glycolytic metabolism therefore show increased
lactate production, relative to benign tissues. This phenotype has been successfully
demonstrated in a wide range of cancers including prostate, breast, metastatic renal
carcinoma, gliomas and lymphoma. Moreover, HP pyruvate has been used to not only
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differentiate metabolic rates between tumor and surrounding healthy tissues, but also
metabolic differences within the tumor correlating with the heterogeneity of the tumor
lesion.68-70 |n addition to pyruvate, many other HP probes have been developed and used to
study metabolic pathways in cancer, including HP [1-13C] Vitamin C and [1-13C]
dehydroascorbic acid to measure the redox status of cancer cells, [5-13C] glutamine to for
glutaminolysis and [13C] bicarbonate to measure the acidic tumoral microenvironment.”1-74

3. Brain metabolism imaging

The central nervous system (CNS) is the most metabolic active organ in the human body.
The main source of energy for the brain is the oxidation of glucose, where it consumes 20%
of the total glucose derived energy from the body, and most of this energy is then used in
synaptic activity. Under resting conditions, all of the brain regions are metabolically active
with a cerebral metabolic rate for glucose (CMRGIc) of 56 mg per kg of brain tissue, at a
ratio of 4.1:1 of oxygen to glucose consumption. The total glucose consumption is strongly
upregulated during functional brain activation (0.4:1) indicating preferential increased
glycolysis and vice versa down-regulation when function is depressed.”® Local rates of
glucose consumption in different brain compartments are determined by functional and
energetic needs. Because glucose is the main source of energy for the brain, [\8F]FDG has
been used to determine different transport rates from blood to the brain by a carrier-
mediated diffusion mechanism. In the brain, it is promptly metabolized via the glycolytic
pathway (described above).”® [18F]JFDG pharmacokinetic modeling using Patlak analysis,
with an arterial or image-derived input function, is the most widely accepted clinical PET
tool to quantitatively estimate the CMRGlc.””

Magnetic resonance techniques have also been explored to study brain metabolism. 13C
MRSI performed after infusion of [1-13C] glucose and [1-13C] acetate has been used to
determine hyper-metabolism or hypo-metabolism with varying brain pathologies.”® 7° For
example, these methods can provide information about metabolic alterations in hepatic
encephalopathy, demonstrating altered brain glucose oxidation with an impaired metabolism
to glutamate. [1-13C] acetate can be used to evaluate TCA cycle rate and glutamate and
glutamine cycling in patients affected by epilepsy who are glucose intolerant.”® In addition,
MRI using hyperpolarized xenon (129Xe) has been used to evaluate the brain activation in
normal rats after pain stimuli. The 129Xe distribution is co-localized with the activation
pattern of the rat brain and determined by conventional blood oxygenation level dependent
imaging (BOLD) MRI.80

a) Neurodegenerative diseases

Are pathological conditions affecting neurons, the functional units of the brain. The
classification of these diseases depend of their etiology, pathophysiology and anatomical
localization.8 Neurodegenerative diseases are progressive pathologies with a poor
prognosis, and typically with a complex onset overlapping other pathologies rendering them
very difficult to diagnose.82 With that in mind, metabolic imaging has been utilized
extensively to try and aid in the characterization of these disorders, demonstrating the wide
potential of variability in this group of diseases.
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Alzheimer disease (AD) is characterized microscopically by a deposition of plaque in
neurofibrillary tangles, loss of synaptic connections, loss of neurons and hypometabolism.83
The incidence rate of AD among people 65+ years of age is 19.4 and 15.0 per 1000 person-
years for Europe and USA, respectively, and increases exponentially with age.84 AD
patients are characterized by a specific [L8F]FDG hypo-metabolism pattern in the posterior
cingulate cortex, temporal-parietal regions and in the frontal lobes.8%: 86 This hypo-
metabolism in AD patients can also present in regions of varying amyloid deposition, and
not necessarily directly correlated. Klupp et al. performed a longitudinal study in 15 initial
diagnoses of mild, probable AD patients using 11C-Pittsburgh compound B (11C-PiB) to
image plaque deposition and [18F]FDG PET to image FDG metabolism. They found that
AD patients present a typical pattern of amyloid deposition and hypometabolism in the
prefrontal region. Moreover, they describe a point-to-cause relationship between increase in
toxic amyloid and metabolic decrease in the distal brain area due to disturbed neuronal
activity and functionality.8” 1H MRSI has further shown that AD patients demonstrate a
lower level of NAA in comparison to controls. Moreover, the myo-inositol to Cr level
increases substantially in Alzheimer affected patients, which is correlated with glial
proliferation.88

Parkinson's disease (PD) is a slow progression neurodegenerative disorder with a high
incidence in elderly people, increasing exponentially with age. The deposition of
neuromyelin and loss of dopaminergic neurons in the substantia nigra are the hallmarks of
this pathology.8% %0 There is significant evidence that mitochondrial respiratory chain
dysfunction and oxidative stress could play a role in PD pathogenesis.?! Most of the
techniques for imaging Parkinson are based on specific molecular target, rather than
metabolism. Hypometabolism mapping of the brain has been performed using [18F]FDG,
showing a cerebral hypometabolic pattern in the contralateral parieto-occipital and frontal
region.92 In 2014 a study correlated hypometabolism using FDG PET with hypoxic regions
using H,1%0 PET. Studies using 1H and 31P MRSI are still under examination because of
their contradictory outcomes.93

Multiple Sclerosis (MS) is an autoimmune inflammatory disease of the CNS characterized
by the activation of microglia with subsequent astrocyte demyelination. This pathology is
not typically considered a neurodegenerative disease, because astrocytes are involved
directly in the pathogenesis and not neurons, but evidence is mounting which describe the
autonomous neurodegenerative process contributing to whole nervous system degeneration
in MS.%4 [18F]FDG has been used to detect activation of microglia because of the increase
metabolic rate of these specialized macrophages. An interesting study published in 2014,
described for the first time the use of [}1C]acetate as a potential diagnostic tools for the MS.
In this study, increased uptake of [11C]acetate was shown in hypertrophic MS lesions. More
PET probes have been synthesized recently, but only those which target specific markers on
the activated microglia of myelin, which are outside of the scope of this review. NAA is a
marker for mitochondrial and neuronal integrity, lactate, anaerobic metabolism, and in this
specific case, they were used simultaneously to evaluate axonal integrity in patients affected
by MS.95: 96 Brain quantification of NAA with 1H MRSI is widely used to assess MS and,
with a significant reduction in NAA-levels in MS, lesions are observed in comparison to
normal appearing white matter. 2. 46 97
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b) Traumatic Brain Injuries (TBI)

TBI is the most frequent cause of death in people under the age of 45 and is a primary cause
of morbidity in developed countries, with a incidence of 250 per 100,000 people in the
European Union and around 100 per 100,000 people in the USA.%8: 99 TBJ can be
represented with the Glasgow Coma Scale, which ranges from mild injuries, where the
lesions are reversible with a complete neurological recovery, to severe injuries, where
patients present comatose and are unable to follow commands.190 Hypometabolism after
TBI can easily be diagnosed by PET FDG and correlates with the most negative behavioral
and cognitive outcomes.10% 102 1H_MRS has been used to evaluate changes in myelination,
neuronal density and edema after TBI.193 Increases in lactate levels has been observed
indicating hypoxia/ischemia in focal injuries. Reduced NAA/Cr and NAA/Cho are also
observed in patients within the first 24 hours post-injury, indicating neuronal loss and
metabolic depression. Elevated Cho and macromolecules are often observed in those
patients, further indicating neuronal loss.104

Metabolic imaging is currently used in brain diseases, predominantly through glycolysis
with FDG PET and H MRSI for NAA and Cho/Cr, but this is an untapped area, which
requires further insight and investigation. The main limitation of brain metabolic imaging is
the overlapping of various symptoms and metabolic characteristics with different
pathologies. A careful analysis of the symptoms and an accurate standardization is required
to understand the correlation between the cause and effect of specific brain diseases.

4. Cardiac metabolism imaging

Under normoxic conditions, oxidative phosphorylation is the principal pathway involved in
producing energy. In a normal heart, the major source of ATP is fatty acids, which is
preferable over carbohydrate sources. According to Randle cycle, in the presence of both
substrates, between 60 to 90% of oxygen is consumed to oxidize fatty acids.1%° Both
substrates are absorbed to the cytosol trough specific transporters and, after internalization,
are metabolized and these metabolic intermediates are transported into the inner
mitochondrial membrane to supply the Krebs cycle for the production of NADH, FADH,
and GTP. These reducing equivalents are then used by the electron transport chain for the
production of ATP.106. 107 Dyring ischemia, reversible metabolic adaptations will occur to
survive hypo-oxygenation due to the lack of oxygen supply in blood. Mitochondrial
oxidation is suppressed and anaerobic metabolism can proceed. If this metabolic shift is
impaired, first a contractile dysfunction will occur leading to cell death and, finally, tissues
Necrosis.

Several PET tracers have been used to image the qualitative and semi-quantitatively
metabolic pathways involved in heart metabolism. For free fatty acid metabolic imaging,
[1C]palmitate has been produced and used to follow beta-oxidation.108: 109 This tracer is
taken up into active cells and undergoes beta-oxidation, leading the production of 11CO,. In
1977, E. Weiss et al. demonstrated for the first time, that [11C]palmitate could visualize
qualitative heart infarction by diminished uptake of the radiotracer in ischemic injuries.
Moreover, they have demonstrated that it is not just a matter of limited perfusion of the
infarcted area, but that the decrease correlates with a low level of CPK and necrosiss.108: 109
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Indeed, [11C]palmitate is widely used in cardiologic imaging. One of its limitations is the
accessibility for imaging centers without cyclotrons due to its short half life (20 min),
therefore other radiopharmaceutical analogues using long half-life isotopes have been
synthesized including, [123] BMIPP.

Clearance rates of [11C] acetate have been widely used to assess myocardial oxygen
consumption (MVO2). Amino acid metabolism in the ischemic heart has also been
evaluated. Branched-chain amino acid (BCAA) catabolism appears to be upregulated in
cardiac tissues. BCAAs are essential for protein synthesis, energy homeostasis and signaling
pathways. The catabolic products of these amino acids are acetyl-CoA and succinyl-CoA,
which are consumed through direction into the TCA cycle for NADH production.110
However, during pathological conditions, such as heart failure, myocardial cells suffer from
energy starvation, leading to metabolic adaptations, such as increased catabolism of AAs to
replenish the energy balance needed for cell survival.111: 112 Aside from 11C acetate, two
other radiolabeled amino acids have been used to evaluate cardiac conditions, [13N]
glutamate and [11C] methionine. In both cases, investigators reported increased
radiopharmaceutical accumulation in the infarcted areas, while retention of the perfusion
tracers, [£3N] ammonia or 201Thallium, remained unchanged.113. 114

Cardiac magnetic resonance (CMR) is a well-established technique used as a routine clinical
practice to investigate cardiac function and viability.11®> Myocardial lipids and total Cr are
two important markers evaluated in CMR in order to understand healthy or pathological
cardiac metabolism.115 31p magnetic resonance spectroscopy (3'P MRS) is another
technique widely used in cardiac imaging to evaluate the phosphocreatine (PCr) to
adenosine triphosphate (ATP) ratio, providing an index of the energetic state of the
heart.116-118 |n patients with heart failure due to impaired cardiac metabolism, the PCr/ATP
level is significantly decreased. This alteration correlates with the degree of heart failure and
potentially predicts mortality in patients with dilated cardiomyophaty.119 120

Invivo 13C MRI studies at thermodynamic equilibrium have been limited in animal models
due the low sensitivity of MRS. Most studies have been performed after infusion of 13C
enriched molecules using very long scan times, and thus, limited to the study of steady-state
metabolite concentrations.121: 122 To overcome this low sensitivity, preliminary studies in
animal models have been performed to evaluate the feasibility of HP MRI for cardiac
metabolic imaging.122 HP [1-13C] pyruvate was used in perfused rodent hearts to assess
PDH flux by quantifying its metabolite, 13C bicarbonate. PDH is an essential regulatory
enzyme of the Randle cycle (described above).123: 124 Recent work in a porcine ischemic
heart model has further demonstrated the feasibility of HP [1-13C] pyruvate to distinguish
early metabolic changes found within intact cells during ischemia. Lactate, alanine and
bicarbonate maps may provide information about the metabolic status and viability of
ischemic myocardium.12°

Currently, MRS is the most promising technique able to supply information about
metabolism and pathophysiology of many cardiac conditions. MRS provides insight into
cardiac metabolism and, in particular, energetics of the cardiac tissue in normal and disease
states without exposing the patient to ionizing radiation. The future of cardiac metabolic
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imaging relies on technology development, such as increases in magnetic field strength for
MRI scanners. This will provide increased signal for stable 13C molecules and respective
metabolites. Nonetheless, HP MRI may represent a novel technique in this regard, that may
combine with the use of 3T and lower MRI scanner since the signal-to-noise ratio derived
from the 13C-labeled metabolites is already increased several orders of magnitude.
Moreover, using lower magnetic fields may be possible to prolong the relaxation time of
the 13C molecules and therefore follow their metabolism for longer timeframes.

5. Inflammation/Infection

The inflammatory cascade begins when pathogen associate molecular patterns (PAMPS) or
damage-associate molecular patterns (DAMPs), derived from the host pathogen or injured
tissue, are recognized by the host immune system.126 Upon ligand recognition, a phenotypic
switch is activated in immune cells. After activation, depending on immune cell lineage,
metabolism changes drastically. Under normal conditions, resting myeloid cells use
glycolysis to generate energy, whereas resting lymphocytes use oxidative phosphorylation of
amino acids, glucose and lipids.127 After activation a metabolic shift is observed where T-
and B-lymphocytes rely on aerobic glycolysis along with glutamine oxidation. A 40-fold
increase in lactate production is observed in mitogen stimulated T cells, making it similar to
the metabolic shift observed in transformed cancer cells (Warburg effect).128

Inflammation is accompanied not only by immune cell infiltration but also by increased
blood supply, vascular permeability and augmented protein transudation in the inflammatory
foci.129: 130 Because of these changes, several molecules have been used to follow changes
in the microenvironment. Scintigraphic detection of inflammation using non-specific tracers
such as 87Gallium citrate, labeled non-specific immunoglobulins and liposomes has been
tested in different pathologies. The main limitation is the high background uptake due to
high permeability in well-perfused organs. To date, direct and indirect labeling of immunes
cells such as [%°™Tc] HMPAO labeled leucocytes are the gold standard for evaluating
inflammation though these are not metabolic probes.130-134 [18F]FDG is the only
radiopharmaceutical used to target metabolic changes in the immune cells for the assessment
of inflammatory processes. An extensive review published on 2013 by Glaudemans et al
describes in depth the advantages and disadvantages of this technique in various clinical
cases. For diagnosis, a low dose CT scan follows the FDG PET scan in order to evaluate
structural alterations, such as calcification, thrombosis and wall thickening. The information
derived from metabolic imaging using FDG and the anatomical information gathered from
CT is taken into account, although lack of specificity may make clinical decision-making
difficult,135-139

Recent strategies targeting bacterial metabolism suggest that the metabolic imaging of
infection may soon be integrated into routine clinical practice, to assess both sites of
infection and proper response to antibiotic therapy. One limitation of using 18F-FDG to
image infection is that it targets host response rather than features of living bacteria, and
thus cannot distinguish infection from sterile inflammation. One recent approach used 18F-
fluorodeoxysorbitol (FDS), which was originally considered for tumor imaging but shows
much more promise in imaging Gram (-) bacteria.240 Other reported methods use either 18F
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labeled versions of maltose and maltohexose, potentially targeting both Gram (-) and Gram
(+) bacteria. 18F maltose is radiolabeled via a simple synthesis similar to that of 18F-FDG,
but may suffer from stability issues due to mammalian metabolism of the a 1,4 glycolytic
linkage. Results in animal models suggest that 18F maltohexose may be more stable in
vivo.141 Metabolic approaches to image bacterial infections are particularly attractive in the
context of increased interest in full-body metabolic scanning via PET-CT or more recently
PET-MR.

6. Conclusions

FDG PET is the most common metabolic imaging method, used to assess hypo and hyper
metabolism in various clinical conditions. It is widely used in routine clinical practice;
however, future improvements are urgently needed to address its specificity. Magnetic
resonance spectroscopy imaging allows detection and resolution of metabolites of interest
utilizing their molecular structure, though it suffers from sensitivity in vivo. The
development of hyperpolarized MRI as a new diagnostic platform has the potential to image
metabolism in real time. 13C pyruvate using hyperpolarized MRI has been most utilized in
cancer metabolism imaging, however applications in different pathological conditions, such
as cardiac imaging have been proven successful. In the future, new probes for both PET and
hyperpolarized MRI will provide researchers and clinicians with an arsenal of tools to better
study metabolism. Moreover, hybrid imaging has the potential to combine sensitivity and
specificity of these different imaging methodologies to create the ideal approach to assess
metabolism in humans.
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Figure 1. Spectroscopic imaging of 2HG
Routine long-echo 1H MRS in brain tumors is frequently used to study glial neoplasms, with

associated alterations in choline, creatine, NAA and lactate. In this case, a spectral editing
technique was used to uncover the oncometabolite 2HG, which is a biomarker for IDH1
mutant status in low-grade glial neoplasms (A) Multivoxel imaging spectra from a subject
with a WHO grade 3 oligodendroglioma are overlaid on the Tow-FLAIR image. The grid
size is 1 x 1 cm, with slice thickness 1.5 cm. The spectra are displayed between 4.1 ppm and
1.8 ppm (left to right). (B,C) Two representative spectra (one from the tumor and another
from the contralateral normal brain) are shown together with LCModel fits and residuals.
Mins, myoinositol. (D) The estimated concentrations of 2HG, choline and NAA in
individual voxels were color coded for comparison. The NAA level in gray matter in normal
brain was assumed to be 12 mM. Scale bars, 1 cm. Adapted from C Choi et al.142
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Figure 2. Schematic representation of [18F]FDG and glucose uptake and metabolisms

[*8F]FDG is a glucose analog with 18F-fluorine replacing the oxygen in the C-2 position.

[18F]FDG is actively transported into the cytosol by the glucose transporters (GLUTS),

which are overexpressed in pathological conditions such as cell transformation and
inflammation. [18F]FDG can then be phosphorylated by hexokinase (HK) to form

[18F]FDG-6-P, but cannot continue further the glycolytic pathway since the 18F substitution

prevents the formation of [18F]Fructose-6-P by phosphoglucose isomerase (PGI).

Specifically the scheme demonstrates the inability of the 18F substituted cis-Enediolate

intermediate to form a ring closure and thus the phosphorylated furanose ring.

Semin Nucl Med. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Di Gialleonardo et al.

B cho D [2HG] map mM

NAA

1 L\pm-d In vive
et VO NS - it
INesrithimy e triyra Mo fempanss\resetul Residuals

- ey r—rr—r—r————
40 35 30 25 20 ppm

MAA

[NAA] map

- = flu
1.8

~ Y \r BTN VA L ) . |

Ammpetip WA At nferheain s Residuals | B

r T T v . |
At s

Invivo

- .'ﬂ' 'I

A R
40 35 30 25 20 ppm.

Figure 3. Hyperpolarized magnetic resonance spectroscopy
(A) General Electric (GE) SpinLab™ hyperpolarizer. Thermal and hyperpolarized spectra

of 13C pyruvate. A greater than 10,000 fold SNR enhancement of HP 13C pyruvate
compared to its thermal status is demonstrated. (B) (Top) Schematic representation of
pyruvate to lactate conversion. (Bottom) Axial To-weighted MRI of a prostate cancer patient
that received the highest dose of [1-13C] pyruvate (0.43ml/kg) with corresponding
metabolite image overlay of [1-13C]lactate/[1-13C] pyruvate ratio grater or equal to 0.6.
(pink). The red arrows indicate a lesion originally observed in the anatomic MRI. Adapted
from SJ. Nelson et al 143
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Figure 4. [18F] FGIn shows uptake in human gliomas undergoing progression
(A) DCE MRI of a patient with a Glioma showing gadolinium enhancement in the tumor

area (red arrows). (B) Fusion [18F]FGIn PET-CT showing [18F]FGIn uptake in areas
overlapping with the tumor. (C) Brain [*8F]JFDG PET from the same patient displays high
background brain and tumor uptake. Adapted from S. Venneti et al.>’
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