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Hyperpolarized 13C magnetic resonance (MR) is a promising technique for the noninvasive assessment of the regional
cardiac metabolism since it permits heart physiology studies in pig and mouse models.
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| 1. Introduction

Cardiovascular magnetic resonance (CMR) represents a powerful tool in the noninvasive assessment of cardiac anatomy,
function, and metabolism [, CMR applications cover a broad spectrum of clinical and research areas, such as global and
regional cardiac function, myocardial perfusion, myocardial viability, tissue characterization, and proximal coronary
anatomy.

Magnetic resonance spectroscopy (MRS) represents an accurate, noninvasive, non-ionizing tool for in vivo evaluation of
cardiac metabolism, with applications to various nuclei (*H, 31P, 13C) 28],

In particular, 13C spectroscopy can be used for an investigation of the intermediary metabolism of biomolecules in vivo @4,
13C nuclei generate a natural signal, which is very low and difficult to detect with conventional magnetic resonance (MR)
scanners due to the scarce natural abundance and the low level of nuclear polarization at thermal equilibrium. The low
13C signal is even more critical if the study involves a moving organ such as the heart. Recently, the development of
hyperpolarization techniques for enhancing 13C polarization has led to a significant nuclear magnetization increase. In
particular, the hyperpolarization technology known as dissolution dynamic nuclear polarization (dDNP) enhances the
polarization of 13C by a factor of 100,000 .

However, several technological problems still limit the application of these techniques and require innovative solutions,
especially when a low molar concentration of metabolites reduces the in vivo sensitivity.

Despite the use of hyperpolarized 13C tracers, the design and development of both dedicated radio frequency (RF) coils
and acquisition settings need to be specialized for the region of interest, and potentially for the animal of interest, to
provide the optimal signal-to-noise ratio (SNR). In particular, RF coils have to guarantee a large field of view (FOV) with
high magnetic field homogeneity in transmission (TX) and to achieve high SNR in reception (RX) E. Moreover, 13C
experiments require that the MR system operates at two different frequencies (multinuclear system) to provide 1H imaging
and 13C acquisition with the same experimental setup. Multinuclear acquisitions can be performed by using two separate
RF coils or by using a single dual-tuned coil operating at two different frequencies. The choice of the most suitable coil for
a given application is a necessary constraint. Recently, a quality assurance imaging protocol for 23C coils based on MR
spectroscopic imaging was described in the literature [, in which different coil setups were tested and compared.

| 2. Hyperpolarized 13C Magnetic Resonance

Hyperpolarization increases the measured MR signal strength by many orders of magnitude, thus, overcoming the
intrinsic MR sensitivity limitations [,

Hyperpolarized 13C has been investigated for imaging the metabolism in various cancers and cardiac diseases. The most
common hyperpolarized *3C-labeled agents include small molecules that play a central role in the major metabolic cycles
in normal and diseased functions. In particular, [1-13C]pyruvate is rapidly transported to the intracellular space via the
monocarboxylate transporters, where it is used as a probe to track the intracellular metabolism. [1-13C]pyruvate has been
applied to investigate metabolic disorders, tumor response to therapy, cancer detection, cerebral dynamics and
metabolism, pH, and more.



In addition to pyruvate, other hyperpolarized 3C substrates have been investigated from [1,4-13C,]fumarate to [1,4-
13C,]malate. Moreover, 13C-bicarbonate and 3C-carbon dioxide have been investigated to measure extracellular pH.
Other 13C-labeled substrates applied to cardiac functional or metabolic imaging include [U-'3Clo-ketobutyrate, [1-
13CJlactic acid, [1-13CJacetate, *C-urea, and [1-13C]butyrate [,

The most common 13C-labeled agents include small molecules that play a central role in the major metabolic cycles in
normal and diseased functions. For a given metabolic pathway, the choice of metabolic substrate and the specific 13C
label site dictate the T1 time and the metabolic tracer’s chemical shift. In turn, the T1 time influences the total acquisition
time and SNR for imaging and spectroscopy. The chemical shift may further constrain acquisition parameters (e.g., echo
time or RF excitation bandwidth) depending on the spectral bandwidth required to discriminate between different
metabolic species.

Among the hyperpolarization techniques, currently, dDNP is the most promising from a clinical perspective B9, |n brief,
dDNP is performed at high magnetic field (3.35 to 7 T) and extremely low temperature (=1 K), where the high polarization
of electron spins (unpaired electrons of radical molecules added to the sample at mM concentration) is transferred to
nuclear spins by microwave irradiation. Rapid dissolution of the sample is subsequently performed to produce
hyperpolarized solutions that can be injected for in vivo studies 1. The 3C-pyruvate is the gold-standard molecule for
DNP clinical and preclinical applications due to its optimal chemo-physical properties, long T1 relaxation time, high 13C
concentration, as well as its key role in cell metabolism. To investigate tissue metabolism, an isotopically labeled
compound (usually a 3C-enriched molecule such as *3C-pyruvate) is hyperpolarized and readily injected in vivo, where it
participates in enzyme-mediated metabolic reactions. Using MRS, the injected compound and its metabolic products can
be selectively detected in a noninvasive manner and in real time (1211131,

The hyperpolarized signal rapidly decays once the hyperpolarization process is concluded due to T1 relaxation. For the
most used 3C-labeled compounds, T1 is of the order of a few tens of seconds, and the MR signal decay occurs in a few
minutes. Because of this rapid and irreversible decay, fast signal detection with high SNR, as well as efficient use of the
magnetization, are needed for in vivo hyperpolarization studies.
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