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Abstract

Cardiovascular disease is the leading cause of death world-wide. It is increasingly recognised that
cardiac pathologies show, or may even be caused by, changes in metabolism, leading to impaired
cardiac energetics. The heart turns over 15 times its own weight in ATP every day and thus relies
heavily on the availability of substrates and on efficient oxidation to generate this ATP. A number of
old and emerging drugs that target different aspects of metabolism are showing promising results with
regard to improved cardiac outcomes in patients. A non-invasive imaging technique that could assess
the role of different aspects of metabolism in heart disease, as well as measure changes in cardiac
energetics due to treatment, would be valuable in the routine clinical care of cardiac patients.
Hyperpolarised magnetic resonance spectroscopy and imaging have revolutionised metabolic
imaging, allowing real-time metabolic flux assessment in vivo for the first time. In this review we
summarise metabolism in the healthy and diseased heart, give an introduction to the hyperpolarisation
technique, ‘dynamic nuclear polarisation” (DNP), and review the preclinical studies that have thus far
explored healthy cardiac metabolism and different models of human heart disease. We furthermore
show what advances have been made to translate this technique into the clinic, what technical
challenges still remain and what unmet clinical needs and unexplored metabolic substrates still need

to be assessed by researchers in this exciting and fast-moving field.
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1. Introduction

1.1. Cardiac metabolism in health and disease

The heart supplies the rest of the body with oxygenated blood through its constant contractions. In
order to keep beating, the heart relies on a continuous supply of energy in the form of the high energy
phosphate, ATP. This ATP is generated in metabolic pathways that have evolved to be energetically
efficient [1] and as such are tightly controlled, highly regulated and finely-tuned to meet the heart’s
constant demand for energy. Impressively, the heart turns over 15 times its own weight in ATP every
day [2]. The healthy heart generates 95% of its ATP through oxidative metabolism in the
mitochondria. The foetal heart relies heavily on carbohydrates as a fuel for this oxidative metabolism
[3], while the adult heart preferentially uses fatty acids [4]. In fact, the healthy adult heart generates
approximately 70% of its ATP from the oxidation of fatty acids, while the remainder is produced from

glucose, lactate, ketone bodies and amino acids [5].

Fatty acid and glucose oxidation are reciprocally regulated by the Randle cycle [6], [7] so that the
healthy heart can modulate its fuel choice based on substrate supply and energetic demand. This
ensures constant ATP production regardless of the type of fuel provided by the blood stream. The key
regulatory enzyme of the Randle cycle is the pyruvate dehydrogenase (PDH) complex, the gate-
keeper enzyme for glucose oxidation in the mitochondria. Fatty acids produce more ATP per mole
than glucose, but due to their highly reduced structure require more oxygen for complete oxidation in
the mitochondria compared to glucose. Blood glucose levels increase after a meal and subsequently
glucose is taken up into tissues. The predominant glucose transporter (GLUT) in the adult heart is
GLUT4 [8], which is stored in intracellular vesicles and incorporated into the plasma membrane in
response to feeding (insulin release) and exercise (catecholamine mediated). Around 40% of glucose
transporters are GLUT1, whose expression is increased in hypoxia [9] and in response to prolonged
fasting [10]. Free fatty acid (FFA) levels in the blood are increased after fasting, during stress [11] and
in pathological conditions such as diabetes [12]. FFAs enter cardiomyocytes through fatty acid
transporters (FAT or CD36) in the plasma membrane or via a ‘flip-flop” mechanism [13]. Fatty acids
are then transported into the mitochondria for B-oxidation via the carnitine shuttle [14]. The acetyl-
CoA derived from both pyruvate and fatty acid oxidation enters the tricarboxylic acid (TCA) cycle
where its oxidation leads to the reduction of electron carriers, NAD* and FAD. Those electron carriers
donate their electrons to the electron transport chain which subsequently allows a proton gradient to
be established across the inner mitochondrial membrane. Flow-back of protons into the mitochondrial
matrix powers ATP synthase. An overview of cardiac metabolism and ATP generation and the role of

ATP and Ca?* in myofibril contraction are outlined in Figure 1.

Cardiovascular disease is a leading cause of death globally, according to the World Health

Organisation, accounting for 31% of all deaths world-wide in 2015 [15]. Metabolic flexibility is vital



for cardiac health and is impaired in many different cardiac pathologies. For example, the diabetic
heart relies even more heavily on fatty acid oxidation [16] while hypoxic, hypertrophic and failing
hearts show a more “foetal” metabolism and preferentially oxidise glucose [17]. This shows that the
balance of fatty acid and glucose oxidation in the heart has to be fine-tuned according to demand, and
too much or too little fatty acid oxidation can be detrimental [18]. As such, impaired cardiac
energetics have been suggested as the driving force in the aetiology [19], pathophysiology [20] and
progression [21] of heart failure. Therefore, therapeutically targeting metabolism has gained renewed

scientific and clinical interest in recent years [22].

Metabolic targets are increasingly being suggested for the treatment of heart failure [23], as patients
with heart failure show altered cardiac substrate utilisation [24]. The failing heart switches from
predominantly fatty acid oxidation to increased levels of glucose oxidation, and with disease
progression glucose utilisation becomes inefficient with uncoupling of glycolytic metabolism from
glucose oxidation [20]. Glucose oxidation requires 11-13% less O, for ATP generation than fatty acid
oxidation [25], suggesting that increasing glucose oxidation and inhibiting fatty acid oxidation may
improve cardiac function in heart failure. To this end a number of agents have been trialled in heart
failure [26]. The most promising drugs to target impaired energetics so far have been perhexiline, a
carnitine-palmitoyltransferase (CPT-1) inhibitor [27], trimetazidine, an inhibitor of B-oxidation [28]
and dichloroacetate (DCA), an inhibitor of PDH kinase which leads to activation of PDH and

improved glucose oxidation [29].

The heart can oxidise not only fatty acids and glucose, but also other metabolic fuels such as
branched-chain amino acids (BCAA) and ketone bodies. BCAA supplementation has been shown to
extend life-span in mice and to promote mitochondrial biogenesis in cardiac muscle [30]. However,
BCAA accumulation in the heart leads to impaired glucose oxidation through inhibition of PDH and
sensitises the myocardium to ischaemia-reperfusion injury [31]. Defective BCAA catabolism is also
thought to play a role in the development of heart failure [32]. It therefore seems that BCAAs, just
like fatty acids, can be either a friend or foe of the heart and targeting their metabolism may be one
treatment option for heart failure patients. BCAA supplementation in rats and patients with heart
failure and cardiac cachexia has been shown to lead to improved cardiac function and body
composition [33], [34] and a clinical trial is now under way to assess cardiopulmonary function and

metabolism in cardiac rehabilitation in comparison to classical rehabilitation methods [35].

In recent years, ketone bodies have also gained interest as natural substrates to fuel and support
cardiac function in disease states [36]. Ketones are produced from acetyl-CoA by the liver in times of
starvation or in untreated diabetes and they act as alternative metabolic fuels for the brain and other
organs, such as the heart, if glucose is limiting. Long-chain fatty acid-derived acetyl-CoA is the
primary substrate for ketogenesis. Ketosis can also be achieved without starvation through



carbohydrate-restricted and fat-rich diets as well as through ingestion of ketone salts or ester [37].
Recently ketone-esters have been used to show increased athletic performance in elite athletes [38]
and the same ketone-esters have shown improved cardiac energetics in isolated perfused rat hearts
[39].

In order to allow for efficient oxidative metabolism in the mitochondria, TCA cycle intermediates
need to be replenished, and the process by which net carbon is added to the TCA cycle is called
anaplerosis. Anaplerotic reactions include carboxylation of pyruvate by pyruvate carboxylase (PC),
which forms oxaloacetate, oxidative decarboxylation of malate to pyruvate by malic enzyme,
transamination reactions of the amino acids, aspartate and glutamate, to their ketoacid counterparts,
oxaloacetate and a-ketoglutarate, as well as formation of fumarate through the purine nucleotide cycle
and succinyl-CoA formation from odd-chain fatty acids and BCAAs. Imbalances in cardiac
anaplerotic reactions are thought to play a role in a range of cardiac pathologies [40]; for example, the
myocardial efflux of citrate is increased in several models of cardiomyopathy, and increasing
pyruvate availability as a fuel for anaplerotic flux into the TCA cycle has shown cardioprotective
effects [41].

Notwithstanding our knowledge of cardiac fuel choice in heart failure, treatment options for patients
with heart failure remain poor. In addition, despite our increased knowledge of the role of different
metabolic pathways in cardiac disease, the “chicken and egg” question of whether metabolism is a
cause or consequence of contractile dysfunction remains largely unanswered [42]. Measuring real-
time substrate metabolism in the heart in different disease-states and under different energetic
demands is therefore vital to pin down the contribution of different fuels to energy generation as well
as the accumulation of potentially toxic substrates, such as fatty acids and BCAAs, and to understand
the causal relationship between metabolism and contractile function. It is therefore vital to understand
the role of metabolism in the pathogenesis of different cardiac diseases in order to target heart disease
at its core. Experimental and clinical tools to investigate metabolic fluxes and their role in pathologies

are therefore crucial.

1.2 Clinical imaging modalities to assess cardiac metabolism

Echocardiography and cardiac magnetic resonance (CMR) are the predominant clinical imaging
techniques to assess cardiac structure and function, and they are routinely employed in population-
based studies of cardiac disease [43]. Echocardiography is the cheapest and quickest way to assess
cardiac function. However, it relies heavily on the skills of the sonographer and measurements can
vary significantly between observers [44]; in addition, there is a systematic bias in cardiac volumes

estimated via echocardiography when compared to magnetic resonance [45], [46]. CMR is a powerful



technique that not only allows measurements of cardiac function, but also structure and tissue
characterisation, such as perfusion, fibrosis and oedema [47]. Late gadolinium enhanced (LGE)
magnetic resonance imaging (MRI) and T; mapping can be used to assess tissue viability and they
have prognostic value in myocardial fibrosis [48]. For these reasons, CMR represents the current gold
standard of cardiac imaging [49]-[51]. Imaging techniques to measure cardiac metabolism are,

however, scarce and limiting.

Positron emission tomography (PET) of radiolabelled tracers is one technique that can be used to
assess cardiac metabolism in the clinic [52]. 'C-labelled fatty acids are employed to measure cardiac
metabolism [53] and ®F-fluorodeoxyglucose (FDG), which is almost the exclusively used
radiolabelled probe, can be used to assess myocardial viability, inflammation and atherosclerosis [54],
[55]. The main downside of PET is that it merely measures substrate uptake and retention in the
tissues rather than true metabolic fluxes, as the downstream metabolic products of injected tracers are
indistinguishable from their precursors. PET therefore is limited to answering questions such as
whether glucose avid (FDG) or fatty-acid consuming (}:C-fatty acids) cells are present in the tissue of
interest. Dual exploration of both fatty acid and glucose metabolism is also impossible, as the emitted
photon detected from either radiolabel is essentially 511 keV, independent of the kinetic energy of the
initial emitted positron, and therefore any positron-emitting tracer yields the same signal. Further PET
and single photon emission computed tomography (SPECT) tracers to assess perfusion and new PET
tracers to explore cardiac metabolism, such as C-methionine and fatty acid analogues, exist but are
not routinely used in clinical practice [56]-[58]. Another downside of PET is that it needs an anatomic
imaging technology on which to overlay the PET signal, which is routinely provided by computed
tomography (CT), adding an extra radiation dose to patients. Especially for repeat measures in the
paediatric patient, this poses a major long-term health concern, with a typical dose per scan of ~25
mSv and a ~0.2-0.5% lifetime attributable increased risk of cancer [59]. In order to ameliorate this
radiation hazard and simultaneously provide better soft-tissue contrast, PET scanners are now trialled
in conjunction with MRI (PET/MRI), where both imaging technologies are performed either
simultaneously or sequentially with the patient lying on the same table [60], [61]. This has the added
advantage of being able to run MRI scans that determine anatomic structure and function with a high
contrast-to-noise ratio at the same time as getting metabolic information. However, owing to the non-
zero radial diameter of PET rings and the necessary room for instrumentation, PET-MR scanners
often involve substantial design alterations to gradient and magnet design together with a

corresponding reduction in bore size and RF body coil diameter [62].

In basic research settings, cardiac metabolic fluxes can be measured with either NMR or mass
spectrometry [63] by incubating cells or injecting model organisms with *C-labeled substrates and,
following metabolite extraction, isotopomer analysis of the labelling pattern by either NMR or mass

spectrometry [64], or via NMR performed on samples in NMR-compatible bioreactors [65]. These



methods yield estimates of anaplerotic fluxes, for example, via the ratio of pyruvate carboxylase flux
over citrate synthase flux, which is on the order of 2.5-10% in the myocardium [40]. Cardiac MR
spectroscopy (MRS) can also be employed to measure metabolite levels in vivo and in patients.
However, due to the poor sensitivity and low abundance of metabolites, there are great limitations in
detecting metabolites with MRS and the technique is generally limited to research applications [66].
'H MRS can detect a number of metabolites, including triglycerides, lactate and total creatine
(creatine plus phosphocreatine), and *C can be used to detect metabolic changes in conditions such as
myocardial ischemia, heart failure and genetic cardiomyopathies [66]-[68]. Cardiac energetics can be
measured in vivo with *'P MRS and the ratio of phosphocreatine (PCr), the cellular ATP buffer, to
ATP itself can be obtained. It has been shown that this ratio predicts mortality in patients with dilated
cardiomyopathy [20], [69]. Higher magnetic field strengths and emerging technology may make it
possible in the future to use MRS as a routine clinical technique to assess cardiac metabolism, and one

such emerging technology, dynamic nuclear polarisation, will be discussed in detail in this review.

1.3 Hyperpolarised *C magnetic resonance spectroscopy by dynamic nuclear polarisation

The key limitation of MRS for the assessment of cardiac metabolism in vivo is its limited sensitivity,
leading to the requirement of excessively long scan times together with the comparatively poor spatial
resolution of most chemical shift imaging approaches. This inherent lack of sensitivity is created by
the fact that at thermal equilibrium and physiological temperatures, the nuclear polarisation obtained
at magnetic fields achievable with clinical MRI systems is only on the order of one part in a million.
Hyperpolarisation methods transiently and exogenously increase the polarisation away from
thermodynamic equilibrium, and hence overcome this fundamental limitation of MRS by generating
an initially large magnetisation that exponentially relaxes back towards thermal equilibrium with a
characteristic time, Ti. As a consequence, hyperpolarised MR ‘opens the door’ to experimental
methods that would not be feasible on signal-to-noise ratio (SNR) grounds conventionally, as by
increasing the polarisation to >10%, the SNR can be increased by many orders of magnitude
(>10,000-fold in favourable cases)[70].

Among these hyperpolarisation methods are para-hydrogen induced polarisation (PHIP) (which
exploits spin isomerism in H, often followed by polarisation transfer methods to a molecule of
interest) [71]-[74], chemically induced dynamic nuclear polarisation (CIDNP) [75]-[78], spin
exchange optical pumping [79]-[83], the “brute force” method (obtained by cooling a molecule to mK
temperatures with an appropriate relaxation agent) [84]-[86], and dynamic nuclear polarisation
(DNP). While DNP has been known as a method for generating spin polarised targets since 1957
[871-[89], the more recent development of the dissolution technique enabled frozen hyperpolarised

probes at ~0.8-1.4 K to be rapidly melted and injected into living systems [90].



Briefly, DNP represents an ingenious method for the direct spin-pumping of nuclei of interest into a
given state, under cryogenic conditions in a strong magnetic field. A source of free electrons is
introduced to the sample of interest and irradiated close to its electronic Larmor frequency, which
typically is at microwave frequencies. Under the conditions typically chosen (By = 3.35T;T <
1.4 K, i.e. the lowest temperature that can easily be obtained by pumped liquid helium) the electronic
polarisation is nearly unity owing to the high gyromagnetic ratio of the electron and the comparatively
short electronic T; under cryogenic conditions. A (typically **C labelled) metabolite of interest under
these conditions has a nuclear polarisation that is initially close to zero. By microwave irradiation near
the electronic Larmor frequency, it is possible to drive simultaneous electronic and nuclear spin
transitions, resulting in the initial thermal population difference between electronic spin states being
transferred to an enhanced population difference between nuclear spin states. Continuous irradiation
therefore enables the accumulation of nuclear polarisation, building up a substantial enhancement
over the thermal value [91]. The exact mechanisms behind the hyperpolarisation process depend on
the sample, source of free electrons, the geometry of the experiment and the polarisation conditions

applied, and are reviewed in detail elsewhere [92], [93].

Once sufficient polarisation has built up at low temperature, the hyperpolarised compound is rapidly
dissolved in a dissolution buffer, subjecting the system to a step change in temperature. The enhanced
nuclear polarisation then starts to return to thermal equilibrium exponentially according to the
sample’s liquid-state spin-lattice relaxation time, T1, which is typically on the order of 10-60 seconds
for 13C-labelled metabolites dissolved in aqueous buffers. The longest T values are typically seen in
carboxyl-group carbon nuclei as these are not directly coupled to protons, which are one major
contributor to Ti relaxation via dipole-dipole interactions. As a consequence the sample must be
injected into a living system in a nearby imaging / spectrometer magnet, either manually or via an
automated infusion pump [94]-[96], on a timescale that is fast or at least comparable to T,. This fact
represents a significant and fundamental limitation of the technique, as all observable subsequent
biochemistry has to occur on a timescale that is at least comparable to T1. As Ty is itself a function of
magnetic field strength, the magnetic environment for this transfer should be carefully considered and,
if necessary, controlled to avoid regions in which a short T1 may destroy the enhanced polarisation far
too rapidly. This has lead some groups to propose magnetic tunnels and magnetic carriers for
hyperpolarised liquids that ensure that polarisation is not lost at low field through a variety of
potential relaxation mechanisms that become prevalent when the Larmor frequency of the low-gamma
nuclei typically used in dissolution DNP studies become comparable to that of each other, and of the
proton. [97], [98] Additionally, care has to be taken to ensure that the fluid’s path is free from abrupt
changes in field that would rend 0B/ot comparable to the Larmor frequency, which may limit the

maximum transportation rate of the sample. A dimensionless adiabaticity condition quantifying this
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has been proposed, namely that

B X %| <« 1 [98]. Nevertheless, despite this complexity, the use
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of hyperpolarised *C-labelled substrates of central carbon metabolism allows the revolutionary

detection of metabolic fluxes in vivo, as will be discussed in the following section.

2. Cardiac applications of hyperpolarised magnetic resonance
2.1. Preclinical studies

2.1.1 Normal cardiac metabolism

The first preclinical studies of the heart using hyperpolarised MR have probed normal cardiac
metabolism using hyperpolarised pyruvate, labelled in either the first or second carbon positions
which have T; times of ~60 s and ~40 s respectively (Figure 2). Given the unique position of
pyruvate, bridging glycolysis and oxidative phosphorylation, investigations of its metabolism can give
key insight into metabolic function within cardiomyocytes. Labelling pyruvate in the first carbon
position allows for monitoring of (i) its exchange with endogenous lactate, via lactate dehydrogenase
(LDH); (ii) exchange with alanine via alanine aminotransferase (ALT); and (iii) formation of acetyl-
CoA via PDH, through detection of CO,, which rapidly equilibrates with bicarbonate through
carbonic anhydrase. This final conversion via PDH offers an insight into substrate selection within the
heart, given the key role of PDH as a regulatory enzyme within the Randle cycle [99]. Labelling in the
second carbon position, however, allows monitoring of TCA cycle flux as the labelled carbon is not
lost as CO; in the PDH-mediated reaction but enters the TCA cycle as acetyl-CoA leading to
subsequent detection of citrate, glutamate and acetyl-carnitine. The last of these is thought to
represent a transient storage pool for excess acetyl-CoA [100]. Hyperpolarised [1-*C]pyruvate
competes with endogenous substrates for oxidation in the myocardium, and intracoronary
hyperpolarised [1-*C]pyruvate concentrations of 3-6 mM are thought to be the best target
concentration in order to compete with existing substrates [101].

[1-33C]pyruvate studies have been conducted in both the isolated perfused rat heart [102] and in in
vivo rodent models [103], with the probe being of great biomedical utility and additionally possessing
a comparatively long carboxyl T; lending itself well to the technique. In the in vivo rat heart, PDH

flux was altered both physiologically, by overnight fasting (Figure 3), and pathologically, in type 1
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diabetes. A subsequent study correlated the *C-bicarbonate labelling with PDH activity measured by
enzymatic assay ex vivo in tissue extracts [104]. Furthermore, this pyruvate probe has been used to
investigate the regulation of PDH in vivo, avoiding the limitations of traditional in vitro assays that do
not consider key PDH regulatory parameters such as plasma substrate concentration [105]. Infusion of
glucose, insulin and potassium (GIK) in fasted rats increased glucose oxidation via PDH, showing
how GIK infusions can improve glucose oxidation in the heart [106]. In pigs, GIK infusion increased
13C-label incorporation into bicarbonate, lactate and alanine in the heart while increasing the
variability in those measurements [107]. Figure 4 shows representative *C MR images of the pig
heart after 120 min of GIK infusion and after hyperpolarised [1-**C]pyruvate injection.
Hyperpolarised [1-*C]pyruvate can also enable detection of increased glycogen mobilisation and
lactate production due to adrenergic stimulation, as shown in a perfused rat heart model treated
acutely with isoproterenol [108]. Infusion of hyperpolarised [1-**C]pyruvate in the pig heart can
furthermore reveal increased C-labelling of both lactate and bicarbonate reflecting increased
metabolism due to angiotensin-11 mediated elevated afterload [109]. Studies using [1-*C]pyruvate
have also been conducted in a murine model [110], opening the door to transgenic mice studies which

may aid our understanding of genetic disorders that affect cardiac metabolism [111].

[2-3C]pyruvate has also been utilised in an isolated perfused rat heart model, giving rise to *3C
resonances corresponding to citrate and glutamate. The citrate peak appeared before the glutamate
peak, which may allow for flux calculations of the first part of the TCA cycle [112]. Following this
proof of concept study, [2-*C]pyruvate has been employed to investigate the buffering role played by
acetylcarnitine within the in vivo heart, which ensures sufficient acetyl-CoA to meet metabolic
demand [100]. Transient storage of acetyl-CoA bound to carnitine was shown by magnetisation
transfer experiments. Acetyl-CoA levels were pharmacologically increased using dichloroacetate
(DCA), increasing flux through PDH, which yields higher levels of acetyl-CoA, and decreased using
dobutamine, which increases workload, resulting in a 35% increase and 40% decrease in **C-labelling
of the acetylcarnitine pool, respectively. An understanding of this buffering mechanism as elucidated
in this study may help to investigate the role of carnitine deficiency in the aetiology of heart failure
[113]. [2-*3C]pyruvate can furthermore be used to measure anaplerotic flux as carboxylation to
oxaloacetate and subsequent synthesis with acetyl-CoA leads to citrate labelled in the C3 position,
whereas oxidative decarboxylation of pyruvate to acetyl-CoA vyields citrate labelled in the C1
position. Using C3 citrate detection from hyperpolarised [2-13C]pyruvate, anaplerosis was shown to be

increased in hyperthyroidism-induced cardiac hypertrophy [114].

Doubly-labelled [1,2-**C]pyruvate has also been used in combination with an interleaved acquisition
scheme to assess both PDH and TCA cycle flux simultaneously [115]. This offers obvious advantages
when clinical translation is considered; however, there are some limitations regarding overlapping

resonances that must be addressed. Using [1,2-**C]pyruvate it was possible to determine that the
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malate-aspartate shuttle limits TCA cycle flux when cardiac workload is increased by dobutamine

injection in pigs [116].

In addition to pyruvate, hyperpolarised lactate (T1~45 s) has also been investigated as a potential
tracer [117] and possible alternative to pyruvate [118], [119]. This offers advantages over pyruvate as
the plasma level of lactate is ~10 times higher than that of pyruvate, and therefore there is less risk of
supra-physiological levels of metabolites affecting metabolism. Similarly, hyperpolarised alanine
(T+=40 s) has also been used to assess cardiac metabolism, and it has been shown that this offers
determination of a more meaningful lactate/pyruvate ratio than using hyperpolarised pyruvate as most
injected hyperpolarised pyruvate is extracellular and thus does not accurately depict intracellular
levels, whereas pyruvate and lactate derived from alanine infusion are necessarily intracellular [120].
Hyperpolarised acetate (T1=16 s) has likewise been investigated as another method to detect in vivo
TCA cycle flux into acetylcarnitine [121], [122]. Hyperpolarised butyrate (T1=20 s) has also been
used to assess cardiac metabolism, probing short chain fatty acid oxidation and pseudoketogenesis
[123]. Recently, it has been co-injected with hyperpolarised pyruvate in order to assess substrate
selection within the heart, showing significant changes in substrate utilisation between the fed and
fasted states as expected [124]. This method shows promise in investigating metabolic flexibility
within the heart, which is often compromised in diseased states [20]. The actual ketone bodies, [1-
13C]acetoacetate (T1=28 s) and [1-*C]B-hydroxybutyrate (T1=20 s) have now been successfully used
as hyperpolarised substrates for cardiac metabolism [125]-[127]. In perfused hearts the downstream
metabolites acetylcarnitine, citrate and glutamate were detected and in in vivo rat hearts increased
acetylcarnitine production from hyperpolarised [1-'*Clacetoacetate was observed in the fed state
[127].

2.1.2 Cardiac metabolism in heart disease

Table 1 shows a summary of the different cardiac pathologies studied to date in preclinical models,

using hyperpolarised magnetic resonance spectroscopy.

2.1.2.1 Ischaemic heart disease

Ischaemia within the heart causes metabolic changes characterised by a decrease in oxidative
phosphorylation and TCA cycle flux, and a compensatory increase in anaerobic glycolysis [128]. This
glycolytic switch can be imaged using hyperpolarised [1-1*C]pyruvate as PDH flux is dampened and
lactate production is increased [129], [130]. Metabolic changes upon reperfusion have also been
imaged using this technique, in a closed-chest coronary artery occlusion model in rats. O h-Ici and

colleagues demonstrated that the lactate to pyruvate ratio increased within minutes following
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ischaemia-reperfusion but that metabolic changes normalised within a week following the ischaemic
insult [131]. This study and subsequent investigations may be important in understanding reperfusion
injury and may also offer a method to assess the effectiveness of reperfusion strategies. A decrease in
oxidative pyruvate metabolism was subsequently shown in the same rat model of ischaemia-
reperfusion, and a decreased oxidative pyruvate metabolism post reperfusion modestly correlated with
area at risk [132].

Other studies have utilised [2-1*C]pyruvate to visualise reduced TCA cycle flux as a result of acute
ischaemia/reperfusion [112], as well as longer term changes in TCA cycle flux post myocardial
infarction (MI), representing an ischaemic model of chronic heart failure [133]. Ultimately, this
ability to visualise ischaemia directly, in comparison to current methods which visualise ischaemia
indirectly through Kkinetic changes during stress testing and/or perfusion defects, could aid
revascularisation decision-making within the clinic. This is of particular importance in the wake of the
COURAGE trial, which showed that unless the ischaemic burden of the revascularisation target area

is significant, elective revascularisation does not necessarily improve outcomes [134].

An increase in anaerobic glycolysis also causes a decrease in intracellular pH that is characteristic of
ischaemia. Initially this is beneficial as it conserves ATP by decreasing contractility; however in
chronic ischaemia this sustained acidosis can damage the myocardium [135]. This change in pH can
be imaged using [1-**C]pyruvate (Figure 5), as the **C-labelled CO; produced by PDH equilibrates
with bicarbonate in a pH-dependent manner and thus the bicarbonate/CO- ratio provides an accurate
measure of intracellular pH (pHi) [136]-[138]. If this visualisation of ischaemia from either lactate
production or changes in pHi is coupled with an assessment of myocardial perfusion, as demonstrated
by Lau et al. using non-metabolised hyperpolarised *C-labeled urea (T1=20 s) as a perfusion agent
[139], the functional significance of impaired perfusion can be assessed, potentially allowing

clinicians to make decisions on revascularisation.

Finally, revascularisation will only be successful if the myocardium in question is viable. Currently
the gold standard for viability assessment is CMR with LGE. This method was used as a reference
against which to assess the ability of hyperpolarised [1-**C]pyruvate MR to determine viability. Pigs
were subjected to either 15 or 45 minutes of left circumflex occlusion representing the stunned
myocardium and the infarcted myocardium, respectively. The bicarbonate signal was completely
absent in the infarcted group while in the stunned group the bicarbonate was decreased by 25-44%,
but was not abolished, indicating mitochondrial integrity and thus suggesting that the tissue was
viable [140]. This therefore represents another potential clinical use of hyperpolarised MR in
ischaemic heart disease. Furthermore, hyperpolarised pyruvate and its conversion to lactate can be a
marker of inflammation and inflammatory macrophage infiltration in the heart post MI as shown in a

rat model of cryo-infarction and in a pig model of ischaemia by left anterior descending (LAD) artery
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occlusion (Figure 6) [141]. Finally, hyperpolarised [1,4-13C,]fumarate (T1=60 s) and its conversion to
[1,4-13C,]malate was shown to detect myocardial necrosis in the same rat cryo-MI model (Figure 7)
[142], as the slow transport of fumarate compared with its T: means that fumarase activity is only
prevalent following necrotic cell membrane rupture. Hyperpolarised [1,4-3C,]fumarate has been

validated as a marker of tissue necrosis in murine tumours previously [143].

2.1.2.2 Non-ischaemic heart disease

Hyperpolarised MR has also been used to examine the metabolic changes that occur in non-ischaemic
heart disease. There is a growing consensus that metabolic derangement, often characterised by a
change in substrate preference, may actually be a cause rather than a consequence of functional
abnormalities [20]. Studies thus far have used hyperpolarised [1-*C]pyruvate to interrogate this
substrate utilisation, with a favouring of fatty acid metabolism shown in a hyperthyroid model of
hypertrophy [114], while a favouring of carbohydrate metabolism was observed in a spontaneously
hypertensive rat (SHR) model [144]. These conflicting results may go some way to demonstrate the
complex and heterogeneous phenotypes of hypertrophic heart failure [145]. It may also offer potential
therapeutic opportunities, as pharmacologically enhancing PDH flux using DCA reduced levels of

hypertrophy in the rodent model of hyperthyroidism-induced cardiac hypertrophy [114].

Other models of heart failure, including an abdominal aortic banding model (AAB) [146] and a
pacing-induced dilated cardiomyopathy model (DCM) [147], have been investigated in order to
serially depict the metabolic changes that occur in heart failure progression. In the pacing induced
DCM model, hyperpolarised [2-**C]pyruvate studies showed an early decrease in glutamate
production, and while early on PDH flux was unaltered, decreased flux later on corresponded with the
appearance of clinical features of DCM (Figure 8). It should be noted, however, that this decrease in
the glutamate pool size may simply be an artefact of an elevated workload and thus decreased time
available for the 3C label to be transferred into the glutamate pool. Further work will be necessary to
investigate whether changes in TCA cycle flux can account for the decreased PCr/ATP ratio observed
in the early stages of heart failure [147]. In the AAB model, in contrast to the SHR model, no change
in PDH flux was observed at any time point; however there was an increase in glycolysis, suggesting
that the switch away from fatty acid oxidation may favour glycolytic metabolism rather than oxidative
phosphorylation [146]. Furthermore, [2-*C]pyruvate studies showed a decrease in the acetyl-
carnitine/pyruvate ratio in the group exposed to a Western diet post AAB, suggesting a reduction in
the buffering capacity of the cardiomyocytes [100]. No changes in contractile function were observed,
and this may again suggest that functional changes occur only once this compensated metabolism is

no longer sufficient to match the energy demand.
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Diabetic cardiomyopathy has also been investigated using hyperpolarised MR. While the precise
mechanism of diabetic cardiomyopathy is not fully understood, the metabolic switch to fatty acid
oxidation and the subsequently decreased efficiency of ATP production is widely believed to play a
major role [148]. This hypothesis has been supported in studies using [1-**C]pyruvate which have
shown decreased PDH flux in both type 1 [103] and type 2 [149] diabetes. This knowledge has been
used therapeutically, and DCA treatment not only restored PDH flux, but also reversed diastolic
dysfunction in a rodent model of diabetes [149]. Furthermore, hyperpolarised MR has also been
utilised to investigate the mechanism by which existing drugs, such as metformin, target diabetic
cardiomyopathy. Lewis et al showed a direct effect on cardiac cytosolic redox state as indicated by an
increased lactate/pyruvate ratio from hyperpolarised [1-*3C]pyruvate [150]. In this study no functional
changes were observed, and therefore future studies should investigate the use of metformin in
functional disease models. This may ultimately aid the decision on whether metformin should be used
to treat heart failure both in the presence and absence of diabetes [151]. L-carnitine has been thought
for a long time to have many beneficial effects on cardiac metabolism in diabetes and other cardiac
pathologies [14] and daily carnitine injections into type 1 diabetic rats showed increased PDH flux
using hyperpolarised [1-*C]pyruvate MRS [152]. New preclinical models of heart disease are also
evolving to probe different aspects of metabolism in the diseased heart. For example, hyperpolarised
13C MRS has recently been employed to assess the toxic effects of chemotherapy on the heart [153],
[154].

2.2 Clinical studies

The true goal of developing a non-invasive medical imaging technique, such as hyperpolarised MRI,
lies in its translation to the clinic. The ability to provide real-time metabolic information in human
subjects without delivering any ionising radiation and using naturally occurring metabolites offers
obvious potential for repeat monitoring in the same subject for evaluation of disease progression or
response to therapy. It also increases the potential for better understanding of normal human
physiology through the study of healthy volunteers. The cardiac applications are numerous and have
been reviewed elsewhere [155], [156] but include alterations in myocardial substrate selection in the
failing heart, direct assessment of ischaemia through the detection of the metabolic signature of
anaerobic metabolism and metabolic alterations that contribute to the pathology of a range of
cardiomyopathies. Potential clinical applications also include those pathologies of infectious or other
inflammatory origin. Myocarditis of viral and bacterial (rheumatic fever) origin for example can lead
to sudden death or DCM [157] as well as valvular lesions [158] if not diagnosed and treated quickly.
As hyperpolarised lactate imaging can detect inflammation in the heart [159] it could potentially also

be used to detect myocarditis. The septic myocardium can also develop cardiomyopathy and this is
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thought to be due to mitochondrial dysfunction [160]. Understanding fuel choice and metabolic fluxes
in the septic myocardium may help find a treatment to support cardiac function during sepsis, but it
may also point toward treatment strategies that could benefit patients with heart disease of other

aetiology.

An initial “first-in-man” study using hyperpolarised MRI was undertaken by Nelson and colleagues at
the University of California, San Francisco in 2013 [161]. This study, which explored the safety and
feasibility of hyperpolarised [1-}*C]pyruvate as an imaging agent in patients with prostate cancer,
involved the construction of a prototype hyperpolariser system in a clean room environment adjacent
to the MRI scanner suite. Each dose of hyperpolarised pyruvate was produced, quality controlled and
released by a pharmacist before injection into the subjects. The study demonstrated no dose-limiting
toxicities up to the maximum injected dose (0.43 mi/kg of 230 mM hyperpolarised [1-*C]pyruvate)
and showed the feasibility of imaging the conversion of [1-**C]pyruvate into [1-*3C]lactate in biopsy
proven prostate cancer. A subsequent study from the same group has also shown that the level of
hyperpolarised [1-*C]lactate produced from [1-BC]pyruvate in the setting of prostate cancer is

sensitive to the response to androgen therapy [162].

Subsequent to this work, two groups have demonstrated the feasibility of using hyperpolarised
magnetic resonance imaging for cardiovascular applications. Our group in Oxford has shown that the
conversion of hyperpolarised [1-**C]pyruvate into *3C bicarbonate and *CO,, as a marker of flux
through pyruvate dehydrogenase, is sensitive to the physiological modulation of cardiac metabolism
that occurs in the translation from the fasted to the fed state [163]. The group of Cunningham and
colleagues in Toronto has demonstrated the ability to spatially localise metabolism over the human
heart [164], producing exquisite images of the metabolic conversion of [1-*C]pyruvate into [1-

13C]lactate and **C bicarbonate at spatial resolutions approaching those achieved by PET (Figure 9).

Whilst the initial “first-in-man” study was achieved with the use of a prototype polariser installed in a
custom designed clean room adjacent to the MRI scanner, subsequent trials have been undertaken
using a commercially available polariser system designed by GE Healthcare for sterile use [165]. This
“SPINlab” system provides closed-cycle cryogenics that regenerate the required liquid helium
overnight, a touch screen interface that simplifies operation and the ability to polarise four samples at
one time. The SPINIab operates at 5 T and 0.8 K, generates liquid state polarisations of up to 50% and
provides ~45 ml of hyperpolarised [1-*C]pyruvate for use in approved human studies.
Appropriateness for human studies is assured through the use of disposable “sterile fluid pathways”
that contain the [1-*C]pyruvate, radical and buffer solutions throughout the polarisation and
dissolution processes. These sterile fluid pathways can be filled within pharmacy facilities remote
from the polariser and MRI system and then transported to the MRI facility for use. Following

polarisation, the dissolved hyperpolarised solution undergoes a multi-parameter quality control
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process to check that the pyruvate concentration, electron radical concentration, temperature, volume,
pH and polarisation level are all within agreed ranges before release for human injection. As of
October 2017, 23 SPINIab systems have been installed in research facilities all over the world with 7
sites currently undertaking human studies and a further 6 in the process of establishing human
research programs. Obviously, such studies need to be subjected to appropriate regulatory processes.
Current studies in North America have been classified as clinical trials and undertaken under the
regulatory scrutiny of the Food & Drug Administration (FDA, USA) / Health Canada (Canada) and
studies in the UK have been classified as physiological studies and run under the approval of the
Health Research Authority.

2.3 Acquisition techniques — challenges and strategies

2.3.1 Challenges

Hyperpolarisation techniques represent a new paradigm for CMR and have the promise to enable vast
new areas of study. However, in contrast to “traditional” magnetic resonance experiments performed
at thermal equilibrium, hyperpolarised experiments are not typically straightforward, and, by the out-
of-thermodynamic equilibrium nature of the technique, need to be performed rapidly on a scale

compared to the T of the probe in question.

Undoubtedly the greatest difference from the perspective of the experimenter is that, unlike
conventional magnetic resonance, the total “amount” of signal available is non-renewable and
determined by the hyperpolariser. As T, « Ty, it is necessarily the case that every radiofrequency
pulse played by the experimenter effectively destroys part of Mo in order to sample it, transferring a
portion of the longitudinal magnetisation into the xy plane that will decay more rapidly than if left
along z. As a consequence, any “errant” 90° pulse would effectively end a hyperpolarised experiment
prematurely, sampling the entirety of Mo at one point in time. Should that pulse occur before label
exchange between metabolites of interest, no useful metabolic information would be obtained from

the experiment. The flip angle delivered to a particular metabolite therefore represents one of the
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paramount concerns of all hyperpolarised experiments, and consequently significant effort has been

expended on optimising the “magnetisation efficiency” of hyperpolarised MR acquisitions.

To this end, it is highly desirable to have an accurate knowledge of transmit B; (known as B:*) in all
hyperpolarised experiments, and as ever, high B:* homogeneity is highly desirable. However, as all
RF coils have a finite spatial extent and the Bs field near the edge of the coil is not well characterised,
it is challenging to perform spin echo experiments with hyperpolarised MR unless the experiment is
started after the injection of the contrast agent is complete (due to the potential effect of the ill-defined
RF field on the hyperpolarised agent in the injection line). As a result, schemes involving spin echo
experiments that would aim to exploit the fact that T, > T, for most typical hyperpolarised
compounds have to take into account the possibility that any deviation in delivered flip angle in any
region containing the hyperpolarised probe, i.e. not necessarily in the region of the coil used for
reception, could have significantly deleterious effects on the experiment. Consequently, the majority
of pulse sequences proposed for hyperpolarised experiments are of the gradient echo, rather than spin
echo, variety. For cardiac perfusion imaging, this fact represents a significant limitation, and may
preclude exploiting the benefits that a very long T, could provide for single-shot imaging in
compounds such as [**N,*3C]Jurea [96]. Owing to the depletion of the longitudinal magnetisation by
each individual excitation, experiments are usually performed with low flip angles per TR, typically
3-15° with repeated acquisitions covering the temporal window that is of metabolic interest. As
derived rate constants fundamentally depend on sin 6, accurate knowledge of the delivered flip angle
would be required for quantitative imaging. Unfortunately, this is not straightforward owing to
varying coil geometry, dielectric coupling and the inability to perform reference scans on carbon to
directly measure transmit Bi1. This has led to a variety of different approaches for correcting for flip
angle inhomogeneity, such as integrated Bloch-Siegert based reference maps acquired after a
conventional imaging readout [166] to image-domain intensity normalisation techniques [167] that
ameliorate some of the deleterious effects of inhomogeneity. Likewise, the desire for optimum B;*
and yet high sensitivity has resulted in a drive towards further optimisation of coil technology, with
volume transmit/surface receive setups becoming more common and preferable to transmit/receive
surface coils [168], [169], with cryo-cooling proposed for preclinical studies where the experiment is

coil noise, and not sample noise, dominated [170].

Additionally, as the T, of most agents is shortened in blood compared to water, saline or other
dissolution buffers, the optimum profile for the injection of the agent into the blood stream is not
known. Under most circumstances, there is a maximum practical limit on the rate of probe injection,
and moreover it is desirable to retain some sort of “reservoir” of magnetisation outside of the blood
pool in the initial stage of the scan. It has been shown analytically that this optimum profile is

naturally itself a function of the unknown metabolic rate constants of interest, but that the commonly-
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used “boxcar” (square pulse) injection profile achieves at least 98.7% of the global optimum that a

nonlinear injection scheme could achieve [171], [172].

These challenges to sequence design are further magnified by the usual problems of cardiac imaging:
the heart beats continuously, and it pumps paramagnetic blood at a significant velocity. Moreover, it
is anatomically located near a large number of air-tissue interfaces that cause significant susceptibility
artefacts, and it contains both tissue and significant quantities of oxygenated and deoxygenated blood.
In the context of working with hyperpolarisation, these susceptibility differences manifest as static Bo
inhomogeneity which limits the achievable T," and, because of the preference to perform gradient
echo-based acquisitions, as outlined above, reduces the time available for the imaging readout. Good
shimming and excellent cardiac gating are therefore essential, and both are typically difficult to

achieve.

The ideal hyperpolarised experiment therefore has to start with a clear, biologically framed question
that defines the SNR envelope in which the pulse sequence has to work: for example, the desire to
image the production of bicarbonate and lactate in the human or animal myocardium following
injection of a given quantity of [1-3C]pyruvate possessing an initial spin polarisation of ~40% on a
particular imaging system. A decision about the necessary compromise between spectral, temporal
and spatial resolution next has to be reached: one of the key advantages of hyperpolarised MR is that
the expected behaviour of the label can be reasonably known a priori, and therefore it is possible to
dramatically undersample the spectral domain based on the known chemical shift of all possible
downstream metabolites for a given injected probe. Then, under these constraints, it is sensible to
define a particular sequence; for example, simple slice-localised spectroscopy with a constant or
variable flip angle scheme if the spectral behaviour of a novel probe is not known or spatial
information is not required. An appropriate sequence can therefore be determined, and an
experimental protocol planned. In other words, hyperpolarisation produces a certain amount of “cake”

and it is up to the experimenter to decide how to “eat it”.

2.3.2 Strategies

A direct consequence of these diverse and varied requirements is that a large number of pulse
sequences have been proposed to interrogate the behaviour of hyperpolarised probes in vivo. It should
be stressed that the majority of sequences are highly application specific and are typically optimised
for the hardware that they were developed on, often in the context of relatively exotic devices such as

computer-controllable infusion pumps and prototype RF coils.

2.3.2.1 Spectroscopic acquisitions
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The most straightforward approach to any MR experiment is simply to obtain a pulse/acquire FID.
“All” that is required for a successful acquisition is the preparation of the probe of interest, its
subsequent injection into a living system, and a low flip angle (c. 10°) hard pulse followed by a, long
readout acquisition with a reasonable bandwidth. Spectra are acquired with a typical TR of ~1 s, for at
least 5 x T;. Whilst pulse/acquire spectroscopy may seem a simplistic technique, it remains a robust
one, requiring only approximate knowledge of the central transmitter frequency a priori, and its use
lies behind a large number of important discoveries (e.g. [112], [173], [174]), with spatial localisation

in these cases provided entirely through the RF coil profile.

A slight refinement is the use of variable flip angle (VFA) schemes, which progressively increase the
flip angle delivered to all metabolites as time goes on, with the idea of progressively utilising
remaining longitudinal magnetisation to obtain metabolite information at approximately constant SNR
throughout the experiment, when otherwise their SNR would peak early and subsequently approach
the noise floor. Typically, the flip angle increases monotonically from ~5° to 90° on the final pulse,
although the design of such schemes requires the solution of coupled differential equations assuming
some prior information about metabolic rate constants, and is therefore not straightforward [175],
[176]. Whilst such approaches can indeed bring an SNR benefit, they are highly susceptible to B:
inhomogeneity and additionally to errors in timing between the initiation of the VFA scheme and the
arrival of the hyperpolarised agent. As myocardial perfusion is itself frequently one quantity that
hyperpolarised studies aim to infer, the use of a VFA scheme should be considered carefully for any

planned study, and the VFA delivered must be considered in any subsequent kinetic analysis.

Moving up in complexity, the use of slice selection to localise spectroscopic acquisitions represents a
straightforward extension to the technique. Again, pulse lengths can be kept short, and acquisition of
1D-localised spectra (e.g. to the heart) is relatively routine. Such approaches are simple and rapid,
likely to be present as “stock” sequences on given hardware, and permit the acquisition of spectra
from discontinuous locations (such as heart and liver) easily, although 1D-localisation may be
insufficient to avoid multi-organ spectral contamination [177], [178]. If 3D localisation is required,
single volume spectroscopic methods such as PRESS or STEAM are more challenging to apply in a
hyperpolarised context due to the risk of errant high-power pulses that are nominally 180°
“accidentally” causing a significant reduction of signal in regions where the actual pulse length differs
substantially. A modified form of LASER, localisation via adiabatic selective refocussing, has been
successfully utilised in the brain, where flow is minimal and the spatial region of the coil used is well
characterised [179]. Similarly, Cunningham et al. demonstrate clearly that the use of adiabatic

refocussing permits 3D acquisition, but imperfectly so in regions of high flow [180], [181].

2.3.2.2 Imaging acquisitions
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Traditional chemical shift imaging (CSI), in which frequency encoding is replaced by phase encoding,
represents the “gold standard” tool for obtaining both spatial and spectral information about
compounds present in MR experiments. However, conventional Cartesian phase encoding schemes
are very slow, requiring a phase encoding step per voxel of the imaging matrix, and this effectively
precludes the acquisition of high spatio-temporal resolution images. Echo planar spectroscopic
imaging (EPSI), an accelerated form, is able to acquire a metabolite map following slab excitation in a
period of seconds at the cost of a slightly worse point spread function, and is widely available. Both
techniques are again relatively robust to centre frequency errors, and it is frequently the case that the
only modification required to stock protocols is a reduction in flip angle. Consequently, owing to their
wide availability and relative simplicity, CSI and EPSI sequences have been the workhorses of the
early period of hyperpolarised metabolic imaging using a variety of hyperpolarised compounds,
typically with a resolution on the order of 1 cm?® in small animals [182]-[185], and in prostate cancer
in man [161].

While straightforward, the main disadvantage of such CSI sequences, however, is that their long
acquisition time effectively limits the observation of temporal processes. Additionally, should
variation exist in the injection profile of the hyperpolarised agent, the image acquired may be
substantially altered. For example, if a centric-ordered CSI acquisition was planned to acquire the
origin of k-space in the first shot, an unexpected delay in injection timing would lead to this important
part of k-space not being acquired. As a consequence, several novel schemes have been proposed to
maintain the ability to spectrally resolve different hyperpolarised metabolites, but without the long
period of time that CSI techniques traditionally require. Whilst novel reconstruction methods may
offer the ability to directly truncate the acquisition of spectral data from the EPSI sequence [186],
[187], more conventional ways to accelerate CSl include using rapid imaging readouts, such as spiral,
together with undersampling techniques such as compressed sensing [188]-[190], which effectively
exploit the sparsity of MR datasets in the wavelet domain to infer data not acquired. Note that
accelerating the trajectory of CSI acquisitions can come at a cost in either SNR or the ultimate point

spread function of the acquired data [191].

An alternative approach exploits the a priori knowledge the experimenter has about which metabolic
pathways a given injected hyperpolarised probe is likely to traverse. The location of resonances of
interest is therefore easily determined ahead of the experiment, and the spectral domain can be
dramatically under sampled. A popular technique for exploiting this sparsity is IDEAL CSl, in which
a conventional spatially selective excitation with a spectral bandwidth sufficient to excite each of the
n expected metabolites is applied, and an ‘ordinary’ rapid imaging readout sequence (EPI, spiral)
applied with n different echo times. A Fourier operator is then constructed based on the known
chemical shift of each metabolite, and the data deconvolved to produce a set of n images each of an

individual metabolite [192]. As the excitation is rapid, this technique can achieve high spatial
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resolution in-plane, and has enjoyed success in the anaesthetised rodent heart with humerous probes,
such as [1-*C]pyruvate, [1-*C]acetate and *C-acetylcarnitine [193]-[195].

Another profitable area for metabolic imaging is the use of spectrally and spatially selective
excitation, followed by a conventional rapid imaging readout. Spectral-Spatial RF pulses were
originally developed in the context of fat/water imaging, and have found considerable utility in
hyperpolarised studies [196]-[202]. Such pulses consist of a rapidly oscillating slice-select gradient
train with a “comb” of radiofrequency pulses played out under a shaped envelope. An exact excitation
k-space formalism exists for the development of such pulses, and they are typically designed to excite
a single resonance lying within a particular frequency band within a given slice thickness [203]. The
finite length of the excitation causes periodicity in the resulting excitation profile, leading to the
concept of a “stopband” and “passband” between each excited “island” of magnetisation. By
judiciously lining up the spectral location of these “islands” with those of the injected compound, it is
possible to independently deliver different flip angles to different metabolites. This can be highly
magnetisation efficient: the magnetisation of the injected probe can be left barely perturbed, and uni-
directionally produced downstream metabolites can be imaged with a high flip angle, and thus high
SNR, assuming that they are replenished within the timescale of the experiment. In practice, spectral-
spatial excitation enables high resolution bicarbonate imaging following the injection of
hyperpolarised pyruvate in the human myocardium [204]. It should be noted that spiral-out and
centric-ordered trajectories are well suited to spectral-spatial excitation, as one reads “out” into the

available k-space, obtaining resolution for as long as the achievable T," permits.

Spectral-spatial approaches are, however, highly reliant upon accurate knowledge a priori of the
centre frequency of the metabolite of interest. Therefore, independent of the imaging readout used,
they require high Bo homogeneity; a mis-registration between the transmitter frequency and the actual
frequency of the labelled hyperpolarised probe of interest would be sufficient to preclude its
excitation, or that of its downstream metabolic products. Moreover, the small imaging bandwidth and
demanding acquisition environment of the heart often makes single-shot imaging challenging and,
unlike other spectroscopic means of imaging, these problems often appear as a discrepancy between
the k-space trajectory intended and that actually taken. Numerous algorithms have been proposed to
ameliorate these errors, which necessarily depend on the underlying trajectory — e.g. susceptibility
effects cause translations and shearing artefacts in EPI which can be ameliorated by alternating the
direction in which k-space is traversed [205]-[207]; but they cause blurring and nonlinear distortions
with spiral trajectories [208], [209]. Likewise, spectral-spatial pulses are typically designed for high-
resolution imaging of a particular metabolic probe on a particular individual MR system. As the
achievable slice thickness is limited by gradient duty cycle, maximum strength, and fidelity, non-
linear distortions readily become apparent in the excitation profile of the spectral-spatial pulse. As

first pointed out by Sigfridsson, such limitations effectively place an upper limit on using the
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technique in a multiple-slice approach [210]. As a consequence, 3D selective excitation has been
proposed with phase encoding through the z-direction to trade temporal for spatial resolution,
optionally with the use of compressed sensing to reduce the effective number of (time-consuming)
phase encodes required, with both EPI and spiral trajectories [211]-[213]. Moreover, the 3D approach
can be shown analytically to be SNR optimal compared to multi-slice approaches under certain
conditions, although the non-renewable magnetisation causes a trade-off between through-slice
blurring and SNR [214], [215].

One further, novel approach taken is the use of multiband excitation schemes, whereby multiple
resonances are excited simultaneously, but with differing flip angles [142], [210], [216], [217].
Standard CSI techniques can then subsequently be used as imaging readouts, and images obtained
with approximately equal SNR between the observed metabolites. Likewise, owing to the Fourier
relationships inherent in MR, such schemes typically require a short RF excitation to hit different
metabolites with appropriate flip angles. Such short RF pulses (and associated gradient trains) place
substantially lower demands on gradient hardware than the majority of spectral-spatial pulses. A
multi-echo readout can therefore reconstruct an image of each excited metabolite, and is particularly
well suited for moieties with a short T, where minimising the echo time is important [142]. This
approach, however, is susceptible to frequency errors, which again would correspond to errors in the
delivered flip angle, potentially utilising the entirety of the magnetisation in the injected probe
prematurely by errantly playing a high-flip angle pulse. Another ‘unconventional’ approach to RF
pulse design for hyperpolarised imaging is the use of simultaneous multi-slice techniques to excite up
to three slices simultaneously, reading out aliased images that can be reconstructed through the use of

differing coil sensitivities, provided that the hardware used permits such approaches [218].

An alternative approach, designed to be more tolerant of field inhomogeneities that might cause
variation in flip angle, is the use of spatiotemporal encoding (SPEN) techniques that rely upon the
selective excitation of particular hyperpolarised moieties via a technically distinct class of
multidimensional excitation. SPEN excitation requires a frequency-swept pulse applied in the
presence of an encoding gradient, followed by its later removal using an acquisition gradient; this
technique is therefore not necessarily subject to the same ultimate hardware limitations in slice
thickness and spectral separation as spectral-spatial excitation [219]-[221]. One can likewise relegate
the requirement for spatial localisation to the RF coil, and design a short, spectrally selective RF pulse
with the aim of then performing a 3D readout across different metabolites sampled individually. This
approach has been used to reconstruct maps of myocardial pH in the rodent heart, by measuring the
production of hyperpolarised carbon dioxide and bicarbonate following the injection of [1-
13C]pyruvate [222].
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Finally, it is worth noting that hyperpolarised perfusion agents do not require the separation of both
chemical and spatial information to be of utility [223], [224]. Consequently, traditional gradient echo
single-shot imaging techniques, such as spiral or echo-planar acquisitions may be applied, with a low
flip angle. In addition, approaches have been reported using balanced “steady-state” free procession
type approaches, whereby successive flip angles are chosen to routinely keep the magnetisation vector
close to M,, and a variable flip angle scheme utilised to maximise the effective SNR whilst

simultaneously obtaining endogenous T contrast with the hyperpolarised probe [225]-[228].

It is worth stressing the value of simplicity in experiments involving hyperpolarisation: more
sophisticated experiments can offer the promise of more information, but often the Bo, B;, timing and
frequency requirements that they necessarily set are challenging to routinely realise in practice and are
highly optimised for the specific purposes for which they were developed. As a consequence, these
diverse sequences often require a significant amount of preparation to enable their correct function,
for example per-subject *3C transmit power calibrations, and the use of reference phantoms together
with cardiac-gated B, maps to enable accurate calculation of the central transmitter frequency
required [213].

However, even given these caveats, hyperpolarised pulse sequences have the promise to image and
potentially quantify a vast number of parameters of interest: including myocardial perfusion, pH and
metabolic rate constants following the injection of a given probe, as summarised in Table 2. As ever,
the pulse sequence chosen should be constructed solely in the context of a well-posed and relevant

biological question.

3. Future applications of cardiac hyperpolarised magnetic resonance spectroscopy

3.1 Hyperpolarised substrates for potential use in cardiac applications

Many more substrates have been used for hyperpolarised MRS in preclinical models and in proof-of-
concept studies than those employed in applications for cardiology [229]. Hyperpolarised [U-?H, U-
13C]glucose for example is a marker of glycolysis [230] and the pentose phosphate pathway (PPP)
[231] in tumours. Hyperpolarised glucose is a more direct marker of glycolytic flux than pyruvate;
however, its short T1 relaxation time (T1=9 s) and low downstream metabolite signals due to peak-
splitting by *C-13C J-coupling currently prohibit its use in the heart as well as its translation into the
clinic. However, recent synthesis of deuterated glucose selectively carbon-13 labelled in the C3 and

C4 positions now allows detection as singlets of downstream metabolites (in which the C3-C4 bond
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has been cleaved), which improves signal-to-noise ratio in 3C spectra and may make hyperpolarised
glucose measurements in the heart possible [232]. Similarly, hyperpolarised [1-**C]glycerate (T1=30
s) has been proposed as a new marker of glycolysis [233], 5-[1-2*C]gluconolactone (T:=20 s) as a
substrate for the PPP [234] and hyperpolarised [2-*C]dihydroxyacetone (T1=30 s) as a marker of both
glycolysis and gluconeogenesis in the liver and kidney [235], [236]. PPP flux is increased in oxidative
stress as it produces NADPH, which keeps the major cytosolic antioxidant, glutathione, in the reduced
state [237]. Measuring PPP flux in the heart could therefore be of utility in cardiac pathologies
associated with oxidative stress, such as chemotherapy-induced cardiotoxicity [238], ischemia and
heart failure [239]. Hyperpolarised [1-**C]dehydroascorbic acid (T1=20 s) is a marker of redox state
and could be an interesting substrate with which to assess myocardial redox capacity in oxidative
stress [240]-[242]. Hyperpolarised [1-13C]glutamate (T1=34 s) has been used to detect anaplerotic flux
into the TCA cycle by labelling a-ketoglutarate [243]. BCAA metabolism can be imaged in tumours
with hyperpolarised **C ketoisocaproate [244] (T1=55 s). The medium chain fatty acid octanoate was
employed in one study to assess myocardial $-oxidation and the injection into a rat led to myocardial
production of acetate and acetyl-carnitine [245]. However, to this day no long-chain fatty acid probe
has been used for hyperpolarisation. Long chain-fatty acids as hyperpolarised substrates would be a
valuable tool to truly measure fatty acid oxidation in different disease states. However, the very short
T relaxation times (~1-5 s) of fatty acid carbon nuclei prevent their use in hyperpolarised MRS at this
stage. Extracellular pH can be measured with hyperpolarised bicarbonate [246] and recently a few
new markers of intracellular pH have been developed [247], [248]. Substrates can also be co-polarised
to assess different aspects of biology, such as lactate export and necrosis with co-polarised pyruvate
and fumarate [249]. Lastly, silicon nanoparticles have recently been hyperpolarised to image
perfusion [250]. As 2°Si-particles are biocompatible, biodegradable, show flexible surface chemistry
that allow tagging and have very long spin-lattice relaxation times that are a function of their radius,

they could potentially be useful markers for hyperpolarised imaging.

3.2 Improving and extending substrates for hyperpolarised MRI

The major limitations of hyperpolarised MRI are the polarisation levels with a given molecule,
delivery and uptake of substrates, T1, metabolite turn-over and reproducibility of the obtained results.
Higher field strength hyperpolarisers could lead to higher polarisation levels [251], which may push
some substrates to polarisation levels sufficient for in vivo applications. Automated injection systems
can reduce the dissolution-to-injection time and standardise injection volume [94]. Direct arterial
injections of hyperpolarised substrates into rat tumours have also been trialled to image metabolism
after injection more rapidly [252]. Alterations in substrate chemistry can make the use of otherwise
cell-impermeable substrates possible or allow the delivery of substrates to the brain that are normally

retained by the blood brain barrier [253]. Derivatisation of hyperpolarised substrates to their ethyl- or
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methyl-esters, for example, can make substrates cell permeable and intracellular esterases rapidly
cleave the ester group off to liberate the active metabolite. Likewise, T1 can be increased by
deuteration of the metabolite, which prevents relaxation of *3C nuclei by neighbouring protons [254].
Preservation of the nuclear polarisation by exploiting singlet-triplet splitting and trapping
magnetisation in a singlet state can also significantly increase T; [255], [256]. Low levels of
hyperpolarisation have now also been achieved without the addition of an organic free radical, by
inducing transient radical formation from pyruvic acid itself through UV-mediated photochemistry.
[257]. Sample preparation in this way circumvents subsequent filtration of free radicals for human
injections, which could reduce the dissolution-to-injection time in man. Substrates hyperpolarised by
UV irradiation have been successfully injected into rats and their metabolism assessed in the
myocardium [258]. This technique has now been extended to thermally annihilate the radicals and
store the frozen polarised pellets for hours before dissolving and injecting substrates into living
systems [259]. Most hyperpolarised substrates take several hours to polarise, limiting the number of
experiments that can be performed in a day. The clinical SPINIlab system can hyperpolarise four
samples at the same time [165] and preclinical equivalents for small animal sample polarisation have
now also been built [260], [261]. A further point of consideration is reproducibility of the obtained
hyperpolarised data. Maintaining the depth of anaesthesia is, for example, a vital requirement, as
isoflurane concentration has been shown to affect cardiac metabolism in healthy rats [262]. Lastly,
more metabolic information can be obtained by interfacing an MRI scanner capable of *C
hyperpolarised MR detection with a PET scanner (hyperPET) [263]-[265].

4. Conclusions

Hyperpolarised 3C MRS is unique in its function to measure metabolic fluxes in real-time in vivo.
Numerous preclinical studies have shown its benefit in delineating fuel choices and assessing the
efficacy of drugs in models of human disease. It will be exciting to see over the next few years how
those findings translate into clinical trials with hyperpolarised MRI and how this fascinating technique

may change and improve patient care.
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Glossary

13C: carbon-13

H: proton, hydrogen-1

31P: phosphorus-31

29Si: silicon-29

AAB: abdominal aortic banding

ALT: alanine aminotransferase

ATP: adenosine triphosphate

CMR: cardiac magnetic resonance
CPT-1: carnitine-palmitoyltransferase 1
CSI: chemical shift imaging

CT: computed tomography

DCA: dichloroacetate

DCM: dilated cardiomyopathy

DE: differential equation

DHA: dehydroascorbic acid

DNP: dynamic nuclear polarisation
EPSI: echo planar spectroscopic imaging
FAT: fatty acid transporter

FFA: free fatty acid

GLUT: glucose transporter

ISIS: image selected in vivo spectroscopy
LASER: localisation via adiabatic spin echo refocussing
LDH: lactate dehydrogenase

LGE: late gadolinium enhancement

MI: myocardial infarction

MR: magnetic resonance

MRI: magnetic resonance imaging
MRS: magnetic resonance spectroscopy
NMR: nuclear magnetic resonance

PCr: phosphocreatine

PDH: pyruvate dehydrogenase
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PET: positron emission tomography

pHi: intracellular pH

PPP: pentose phosphate pathway

PRESS: point resolved spectroscopy

SHR: spontaneously hypertensive rats

SNR: signal-to-noise ratio

SPECT: single photon emission computed tomography
STEAM: stimulated echo acquisition mode

TCA: tricarboxylic acid
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Tables

PATHOLOGY Setting Model Substrate Reference
Global Ischaemia Isolated,hgg::‘used rat [2-13C]Pyruvate [100]
. Isolated, perfused rat | [1-*C]Pyruvate [130]
[ARE heart [2-C]Pyruvate [112]
. . [1-13C]Pyruvate&
Infarction In vivo rat [2-°C]Pyruvate [133]
ISCHAEMIC | 'Mfarction " roleof |\ vivoratand pig | [1-2CJPyruvate [159]
HEART n?a;:roqt hages

nfarction - . 13
DISEASE Necrosis In vivo rat [1,4-C;]Fumarate [142]
Reperfusion Isolated,hgggused rat [1-*C]Pyruvate [129]
. . 13 [131],
Reperfusion In vivo rat [1-%C]Pyruvate [137]

Myocardial . . 13
viability In vivo pig [1-*C]Pyruvate [140]

In vivo rat, [1-13C]Pyruvate

Hypertrophy Hyperthyroidism & [2-13C]Pyruvate [114]

Spontaneously e

. . [1-*C]Pyruvate

Hypertrophy Hyperte\r;is\ll\(/)e Rat, in & [2-ECJPyruvate [144]

NON- In vivo rat, 13
ISCHAEMIC | Hypertrophy | Abdominal Aortic gfl[z_gé?gr%f‘;e [146]

HEART Banding y
DISEASE Dilated In vivo pig, pacing- [1-BC]Pyruvate [147]
Cardiomyopathy induced DCM & [2-1BC]Pyruvate

. In vivo rat, type 1 13
Diabetes diabetes [1-*C]Pyruvate [103]
. In vivo rat, type 2 13 [150],
Diabetes diabetes [1-*C]Pyruvate [266]

Table 1 List of preclinical models of heart disease explored by hyperpolarised magnetic

resonance
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Sequence
Name
Unlocalised
spectroscopy

Brief Description

Hard or adiabatic
pulse/acquire
spectroscopy,

localised only by
coil placement

1D
Spectroscopy

Slice selective
spectroscopy,
additionally
localised by coil
placement

LASER Localisation by
adiabatic spin echo

refocussing

FID CSI “Conventional”
chemical shift
imaging, with

localisation
obtained through

phase encoding

Strengths

e Straightforward and

robust
o “Gold standard” for
spectroscopy
e Spectral
quantification
algorithms are well
established
e High temporal and
spectral resolution
o Wide compound
applicability

e Straightforward and
robust
e Provides 1D
localisation
o Enables detection of
spectra from spatially
discontinuous regions
¢ Wide compound
applicability
e High temporal and
spectral resolution
(depending on
bandwidth)

e Voxel of interest
defined in 3D
e Quick

o High spectral
resolution

o Better spatial
resolution than
localised
spectroscopic
techniques
e Potentially higher
SNR than single
voxel spectroscopy
o Fully sampled spectra

Limitations Refs.
¢ No spatial
information provided
beyond coil
localisation
e If volume coils are
used for reception,
low SNR. If surface
coils are used for
reception, uncertain
spatial localisation.
e The necessary use of
low flip angles at
early times may
preclude the detection
of small metabolite
peaks
¢ Highly limited spatial
resolution
e Slice selection may
alter spectral
lineshapes
e Depending on the
exact protocol and
coil used, spatial
aliasing may be
problematic
e Unknown spatial
weighting by coil
sensitivity

[110],
[112],
[274],
[275],
[156],
[267]-
[273]

[266],
[276]

e Potentially lower
SNR than other
techniques

[202],
[275],
[277]

e Very sensitive to flow

and coil geometry
e Potential for errant
high FA pulses to end
the experiment
prematurely
e Compromised
spectral, spatial and
temporal resolution
e Slow, usually only
yields a single
timepoint
e Large number of RF
pulses required
degrades

[278]-
[280]
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are acquired
¢ Benign and calculable
image-domain point
spread function
e “Gold standard”
method of performing
chemical shift
imaging

Accelerated As for CSI, but with a

CSI with a non- °

forms of CSI Cartesian readout reduced number of
(e.g. EPSI or spiral RF excitations and
CSl) increased temporal
(or hence spatial)
resolution
IDEAL CSI Broadband e Owing to the reduced
excitation followed echo time, higher
by a rapid imaging resolution images can
readout with be obtained
iterated echo times e If the echo time
(typically echo spacing is chosen
times are acquired appropriately, the
for n peaks, with an effective number of
additional FID signal averages is
acquisition). almost equal to (but
less than) the number
of excitations.
o Higher spatiotemporal
resolution than CSI
approaches
e Simple to implement
Multiband Multiband e AsIDEAL CSI, but
IDEAL CSI  excitation followed with different flip
by echo time angle excitation on
shifting rapid different metabolites
imaging readout e Potentially more
magnetisation
efficient
e Potential ability to
acquire equal-SNR
images
Spectral- Spectrally and e Different compounds
Spatial spatially selective can be excited with
excitation RF excitation

different flip angles
Believed to be highly
magnetisation
efficient
e Stock rapid imaging

followed by a rapid = e
imaging readout

magnetisation
e Large number of RF
pulses degrades slice
profile and applies
filter to k-space data
¢ Highly limited matrix
size

e As for CSlI, but with
potentially inferior
PSF, improved
temporal resolution,
and rapid imaging
related artefacts. For a
quantitative
comparison with CSl,
see [281].
e Spectral resolution is
limited and has to be
decided a priori
o All peaks are excited
with the same flip
angle
o “Bleed through
ringing” can occur
when one peak is
much larger than
others
e Rapid imaging
readout can introduce
artefacts which,
owing to the presence
of multiple peaks, can
be difficult to
ameliorate
e Complex
reconstruction

e As IDEAL, but more

sensitive to ABO and
initial transmitter
frequency
Limited compatibility
with different probes
depending on their
spectrum

e Pulse design is
complex, and specific
for a particular
combination of field
strength, compound,
and available T".
o Rapidly oscillating

[277]

[282],
[283]

[142],
[210],
[217],
[284],
[285]

[202],
[210],
[215],
[286]-
[291]
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readouts can be used slice select gradient

(EPI, spiral, etc) waveform places
e Reconstruction more limits on minimum
straightforward than achievable slice
multiecho approaches thickness

e Narrow spectral
excitation bandwidth
necessitates
comparatively long
RF

Table 2: Pulse sequences for hyperpolarised magnetic resonance imaging of metabolism and
their properties
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Figure 1 Cardiac metabolism

The heart uses predominantly free fatty acids (FFAs) and glucose for energy generation. FFAs are
transported into the mitochondria via the carnitine shuttle and then oxidised to acetyl-CoA in
successive rounds of B-oxidation. Glucose is oxidised in glycolysis to acetyl-CoA by the gate-keeper
enzyme pyruvate dehydrogenase (PDH), yielding carbon dioxide (CO,) that is in rapid exchange with
bicarbonate (HCO3), or alternatively it is anaerobically broken down to lactate in the cytosol. Acetyl-
CoA is further oxidised in the tricarboxylic acid (TCA) cycle to yield the electron carriers NADH and
FADH,. The TCA cycle can also accept alternative substrates such as ketone bodies and branched-
chain amino acids (BCAAs) as shown in the inset. The electron carriers then donate electrons to the
electron transport chain (ETC) which yields free energy to pump protons into the mitochondrial
intermembrane space. The electrochemical gradient so generated leads to the proton motive force,
where protons flow back into the mitochondrial matrix through ATP synthase (ATP syn), which
generates ATP. The ATP is then transported into the cytosol in exchange for ADP by the adenine
nucleotide translocase (ANT). ATP then binds myosin to detach the latter from actin filaments
allowing for a new power stroke to be initiated. Action potentials arriving at the cardiomyocytes allow
entry of Ca?* ions into the cells through t-tubular Ca?* channels. These Ca?* ions bind onto ryanodine
receptors (RyR) on the sarcoplasmic reticulum (SR) mediating Ca?*-induced Ca?* release. Ca?" ions
then bind troponin, initiating another power stroke at the sarcomere through ATP hydrolysis at the
myosin head. Other abbreviations used in this figure: aKG, alpha-ketoglutarate; ALT, alanine
aminotransferase; CA, carbonic anhydrase; CAT, carnitine acyltransferase; CACT, carnitine-
acylcarnitine translocase; CPT, carnitine palmitoyltransferase; FAT, fatty acid transporter; GLUT,
glucose transporter; LDH, lactate dehydrogenase; MCT, monocarboxylate transporter; OAA,
oxaloacetate; PDH, pyruvate dehydrogenase.
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Figure 2 Measuring TCA cycle flux with hyperpolarised [1-*C]- and [2-*C]pyruvate

Cartoon showing the metabolic fate of hyperpolarised [1-**C]- and [2-*C]pyruvate in the
cardiomyocyte (top) and MR spectra of a representative hyperpolarised [2-*C]pyruvate (bottom left)
and [1-*C]pyruvate (bottom right) scan in rat hearts. Hyperpolarised [1-**C]- and [2-**C]pyruvate
enter the cardiomyocyte through monocarboxylate transporters (MCT). The *C label in [1-
13C]pyruvate can be exchanged into the existing lactate pool through lactate dehydrogenase (LDH), or
alternatively [1-**C]pyruvate can be oxidatively decarboxylated to acetyl-CoA yielding carbon
dioxide (CO,) in the reaction catalysed by pyruvate dehydrogenase (PDH). The CO; is in rapid
exchange with tissue bicarbonate (HCOg3") through carbonic anhydrase (CA). [1-3C]pyruvate can also
be transaminated to alanine in the reaction catalysed by alanine aminotransferase (ALT). [2-
13C]pyruvate can also yield *3C-labelled lactate and alanine. However, the *C-label is retained in
acetyl-CoA after oxidative decarboxylation by PDH and enters the tricarboxylic acid (TCA) cycle.
Acetyl-CoA binds with oxaloacetate (OAA) in the reaction catalysed by citrate synthase to form
citrate. The *C-label in citrate can be transferred into the glutamate pool via several enzymatic steps.
The 3C-label in acetyl-CoA can furthermore end up in the acetyl-carnitine pool through synthesis of
carnitine and acetyl-CoA, catalysed by reversible carnitine-acetyltransferase (CAT). Green and blue
dots represent metabolites that can be detected by MR spectroscopy in the heart following injection of
hyperpolarised [1-3C]- and [2-'*C]pyruvate, respectively. [1-*C]pyruvate hydrate is a non-
metabolically active contaminant arising through the (reversible) heat-induced hydration of
hyperpolarised [1-**C]pyruvate during the dissolution. The peak labelled *C-urea phantom in the left
spectrum is from an 8M 3C-urea-containing phantom attached to the carbon-13 coil next to the rat to
allow for pulse calibration. Other abbreviations used in this figure: aKG, alpha-ketoglutarate; CACT,
carnitine-acylcarnitine translocase; CPT, carnitine palmitoyltransferase; FAT, fatty acid transporter;
FFAs, fatty acids; GLUT, glucose transporter.
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Figure 3 Hyperpolarised [1-1*C]pyruvate MR spectroscopy in healthy rat hearts

Bicarbonate:pyruvate ratio in fed male Wistar rats compared with overnight fasted rats (n=6; *,
p<0.001). Representative single spectra, acquired at t=10 s after hyperpolarised [1-*C]pyruvate
injection into the tail vein, illustrate the difference in bicarbonate production. Copyright (2008)
National Academy of Sciences, figure taken and legend adapted with permission from [292].
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Figure 4 Hyperpolarised [1-*C]pyruvate imaging in a healthy pig heart after GIK infusion

Top left: CINE left ventricular function (CINE-LVF) showing the mid-ventricular short axis of a
healthy female Danish domestic pig heart with a region of interest (ROI) drawn to outline the
endocardium and epicardium for the hyperpolarised images. Top right: a representative spectrum 120
min after glucose-insulin-potassium (GIK) infusion with the signal from a 50 mm image slice.
Bottom: lactate, alanine, pyruvate and bicarbonate hyperpolarised images are overlaid on the CINE-
LVF image. Figure taken and legend adapted from [107] with permission of John Wiley and Sons,
Inc.
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Figure 5 Intracellular pH imaging with hyperpolarised [1-*C]pyruvate in rat hearts at rest and

under dobutamine stress

a) Intracellular pH measurements obtained using the ratio between HCO;z; and CO;, from a mid-
ventricular slice of a male Wistar rat heart. Images are cropped to a 30x80 mm? FOV. The scale bar
indicates 1 cm. The 3C images are taken from a single time point, 20 seconds after the start of
injection of hyperpolarised [1-3C]pyruvate. b) Increased cardiac workload through dobutamine
infusion results in decreased apparent pH; in the healthy heart. *=p<0.05. Figure taken and legend
adapted from [138] with permission of John Wiley and Sons, Inc.
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Figure 6 Imaging hyperpolarised [1-BC]pyruvate metabolism in a rat model of myocardial
infarction

Panel a) and b): MRI following injection of hyperpolarised [1-*C]pyruvate demonstrates intense [1-
13C]lactate signal at both day 3 and day 7 post experimental myocardial infarction in female Wistar rat
hearts. The [1-*C]lactate signal was normalised in rats undergoing pharmacological macrophage
depletion. Macrophage depletion was performed in n=6 rats assigned per timepoint per group (total
n=36) to give 4-6 evaluable datasets per timepoint per group, meantSEM, statistical comparison by
one-way ANOVA with the Holm-Sidak correction for multiple comparisons. *p<0.05, **p<0.01.
Adapted from [159] with permission of Wolters Kluwer Health, Inc.
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Figure 7 Imaging tissue necrosis with hyperpolarised [1,4-*C,]fumarate in a rat model of
myocardial infarction

[1,4-13C,]Malate production was only visible in hearts of infarcted female Wistar rats, and was
localised to the anterior region of the chest wall, consistent with the location of the insult. The colour
axis is linear for the 4 hyperpolarised datasets, with the maximum level scaled down by the factor
shown. Copyright (2017) Journal of the American College of Cardiology: Cardiovascular Imaging,
licensed CC-BY and adapted with permission from [142].
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Figure 8 Hyperpolarised [2-BC]pyruvate MR spectroscopy in a pig model of dilated
cardiomyopathy

Hyperpolarised *C magnetic resonance spectroscopy (MRS) showing altered [5-**C]glutamate
production during development of dilated cardiomyopathy (DCM), following infusion of
hyperpolarised [2-*C]pyruvate. (A) Representative spectra taken from a healthy pig (left), and from
the same pig after 3 weeks of pacemaker-induced right-ventricular pacing, when it had moderate
cardiac dysfunction. (B) Representative time course of the infused [2-**C]pyruvate and its conversion
into [5-BC]glutamate, following quantification of the spectra shown in A. (C) The [5-
13C]glutamate/[2-C]pyruvate ratio, measured for all pigs during the development of DCM. *p<0.05.
Taken from [293] with permission of John Wiley and Sons, Inc.
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Figure 9 First in-man hyperpolarised [1-*C]pyruvate MR spectroscopy of the heart

Representative *C image displayed as colour overlays on top of grayscale anatomic images in a
midleft ventricle LV) slice from two different subjects (A-C and D-F). The [1-**C]pyruvate substrate
was seen mainly in the blood pool within the cardiac chambers (A and D). Flux of pyruvate through
the pyruvate dehydrogenase complex is reflected in the **C-bicarbonate images (B and E), with signal
predominantly in the wall of the LV. The [1-**C]lactate signal (C and F) appears with a diffuse
distribution covering the muscle and chambers. Taken from [164] with permission of Wolters Kluwer
Health, Inc.
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