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Abstract

In the past decade, hyperpolarized (HP) contrast agents have been under active development for
MRI applications to address the twin challenges of functional and quantitative imaging. Both HP
helium (3He) and xenon (129Xe) gases have reached the stage where they are under study in
clinical research. HP 129Xe, in particular, is poised for larger scale clinical research to investigate
asthma, chronic obstructive pulmonary disease, and fibrotic lung diseases. With advances in
polarizer technology and unique capabilities for imaging of 129Xe gas exchange into lung tissue
and blood, HP 129Xe MRI is attracting new attention. In parallel, HP 13C and 1N MRI methods
have steadily advanced in a wide range of pre-clinical research applications for imaging
metabolism in various cancers and cardiac disease. The HP [1-13C] pyruvate MRI technique, in
particular, has undergone phase | trials in prostate cancer and is poised for investigational new
drug trials at multiple institutions in cancer and cardiac applications. This review treats the
methodology behind both HP gases and HP 13C and 1°N liquid state agents. Gas and liquid phase
HP agents share similar technologies for achieving non-equilibrium polarization outside the field
of the MRI scanner, strategies for image data acquisition, and translational challenges in moving
from pre-clinical to clinical research. To cover the wide array of methods and applications, this
review is organized by numerical section into 1) a brief introduction, 2) the physical and biological
properties of the most common polarized agents with a brief summary of applications and
methods of polarization, 3) methods for image acquisition and reconstruction specific to
improving data acquisition efficiency for HP MR, 4) the main physical properties that enable
unique measures of physiology or metabolic pathways, followed by a more detailed review of the
literature describing the use of HP agents to study 5) metabolic pathways in cancer and cardiac
disease and 6) lung function in both pre-clinical and clinical research studies, 7) some future
directions and challenges, and 8) an overall summary.

1. Introduction

The field of magnetic resonance imaging (MRI) is experiencing continued expansion of
contrast types and applications. One of the more active areas of research is the development
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of hyperpolarized (HP) agents that include both gases and liquid state metabolites that are
tailored for applications in the study of lung disease and /7 vivo metabolism. It is somewhat
uncommon to have a single review encompass HP gases and HP 13C and 15N liquid state
agents, although a limited number of such reviews do exist [1, 2]. This segregation of
literature is partly because these fields have been historically divided into different research
communities. Nonetheless, the two communities have recently been finding common ground
in their efforts to translate their respective technologies to clinical settings. Both groups face
similar regulatory challenges, employ techniques requiring dedicated broadband amplifier
and receiver hardware, and benefit from advances in polarization technologies.

Section 2 of this review describes the physical and biological properties of the most common
polarized agents with a focus on their utility for pre-clinical and clinical applications. The
main focus is on the primary heteronuclei currently developed for translational applications,
including 3He, 12%Xe, and 13C. The four primary physical techniques for achieving
hyperpolarization are presented in the form of an overview, since excellent focused reviews
of the underlying physics of these technologies already exist [3-6]. The relaxation properties
of the main HP agents are presented, with an emphasis on the primary mechanisms that
govern signal evolution and on acquisition strategies that lead to quantitative measurements
of biological function.

Sections 3 and 4 focus on imaging acquisition and reconstruction approaches specific to HP
MRI, including methods to improve data acquisition efficiency and exploit physical
properties that enable unique measures of physiology or metabolic pathways. While
longitudinal relaxation (T1) properties limit data acquisition times to ~30-90 s for both

HP 13C metabolites and HP gases, transverse relaxation times (T») differ markedly for gas
vs. injectable agents, leading to differing strategies for optimizing data acquisition
efficiency. Non-equilibrium HP signal is irrevocably consumed with each radio-frequency
(RF) excitation, accelerating polarization decay, and motivating the use and development of
rapid k-space trajectories and more RF-efficient imaging techniques. Chemical shift imaging
(CSI) methods are also important for both compartmental modeling of metabolic rates using
HP 13C MRI agents and for estimating gas exchange using HP 129Xe gas MRI.

Sections 5 and 6 review the current literature on preclinical and clinical disease applications.
Functional lung imaging via HP gas MRI is principally used to study lung diseases, both
obstructive (e.g. asthma, chronic obstructive lung disease, and cystic fibrosis (CF)) and
restrictive (e.g. interstitial lung disease (ILD) such as idiopathic pulmonary fibrosis (IPF)
and radiation pneumonitis). HP 13C-labeled agents are central to the study of metabolic
pathway alterations in cancer Jin vivo, primarily sensing [1-13C] pyruvate conversion to
[1-13C] lactate via upregulated glycolysis in breast, liver, and prostate cancer, but also for
measuring oxidative stress due to coronary artery disease and inflammation.

Finally, sections 7 and 8 discuss future work and challenges to the field from the perspective
of the authors. Some of the key remaining technical challenges to translation are improving
overall polarization, improving signal-to-noise ratio (SNR) efficiency, reducing cost, and
increasing Tq time. The translational outlook is also discussed followed by an overall
summary of this review.
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2. Physical and biological properties of polarized agents

The most common applications of HP agents use 3He and 129Xe gases and 13C-labeled
biomolecules. Typically, a 4-5 order of magnitude increase in polarization above thermal
equilibrium is achieved by using physical methods of polarization. Polarization is combined
with isotopic-enrichment of the nuclear magnetic resonance (NMR)-sensitive, non-hydrogen
nuclei to further overcome the low density and natural abundance of these compounds /n
vivo. The advantage of investing effort to prepare such HP agents is that physiologic
processes can be directly visualized /n vivo (e.g. mapping gas distribution in the lungs or
production of lactate from pyruvate in cancer) [7]. The achievable image SNR and spatial
resolution of HP nuclei are governed largely by physical parameters such as the degree of
polarization, gyromagnetic ratio, diffusion coefficient, T1, and T, (Tables 1 & 2).

2.1. Methods of polarization

2.1.1. Spin exchange optical pumping (SEOP) & metastability exchange (ME)
—There are two principal methods for polarizing gas agents: spin exchange optical pumping
(SEOP) and metastability exchange (ME). ME is used only in 3He applications, but SEOP is
used for both 3He and 129Xe. Both methods depend on polarized laser light exciting a
transition state of an electron spin followed by exchange of the resulting electronic
polarization to the gas nucleus via the hyperfine interaction. The main difference between
the two methods is that in SEOP the laser polarization interacts with an outer shell electron
in an alkali metal (usually Rb), whereas in ME it interacts directly with the excited electron
transition from the 233, to 23P state in the 3He. This difference mainly influences the time
required to reach the HP state.

The cross-section for hyperfine interactions between the Rb electron and the 3He nuclei is
small, so SEOP of 3He is relatively inefficient, on the order of 15-20 hours for ~1 L of 40—
50% polarized 3He. The same volume of 3He gas may be polarized to a level of 60-80%
using ME in approximately 30—40 minutes [8].

SEOP of 129Xe gas is more efficient than for 3He, enabling faster polarization but also often
employing active flow of a 129Xe gas mixture during polarization, although this active flow
is not strictly required [9]. Once polarized, the gas is captured via rapid deposition in a cold
finger immersed in liquid nitrogen. Polarization levels may reach 40% at flow rates of 1 L
per hour [10, 11]. Efficiency of polarization scales inversely with flow rate, necessitating
longer collection times to achieve sufficient volumes for MRI studies. SEOP is used more
commonly than ME due to its relative cost-effectiveness, simplicity, and robustness.

2.1.2. Dynamic nuclear polarization (DNP)—The dynamic nuclear polarization (DNP)
technique transfers high spin polarization, usually from unpaired electrons, to NMR-active
nuclei, thereby aligning their nuclear spins [12]. During a DNP experiment, a sample is
doped with a stable, free electron radical [13] and cooled to cryogenic temperatures on the
order of 1 K within a magnetic field where the electrons have a fractional polarization near
unity. Continuous microwave irradiation near the electron paramagnetic resonance (EPR)
frequency (wg) transfers the polarization from electrons to nuclei in the frozen matrix,
increasing the nuclear polarization.
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Four continuous wave DNP mechanisms exist for polarizing liquids and solids: 1) the
Overhauser effect, 2) the solid effect, 3) the cross effect, and 4) thermal mixing [14]. In
frozen solutions or solids, polarization enhancement by microwave irradiation results from
the solid effect and the thermal mixing mechanism. The dominating DNP mechanism
depends on polarization conditions. When the EPR linewidth is narrower than the nuclear
Larmor frequency (wy), the solid effect dominates and when the EPR linewidth is broader
than the nuclear Larmor frequency, thermal mixing dominates [15]. Thermal mixing is the
predominate mechanism at 3.35 T using Trityl radical [16]. Andenkjaer-Larsen and
colleagues first showed that the enhanced solid-state nuclear polarization from DNP can be
preserved after transitioning to the liquid state using a rapid dissolution system [3]. This
development enabled molecular and metabolic processes to be probed in real time due to the
longevity of the liquid state nuclear T4 signal decay. The DNP method is widely used for
polarizing biomolecules and other nuclei (typically 13C, 15N, and 1H) for both imaging
and/or spectroscopy applications.

2.1.3. Parahydrogen-induced polarization (PHIP) & signal amplification by
reversible exchange (SABRE)—Parahydrogen-induced polarization (PHIP) and NMR
signal amplification by reversible exchange (SABRE) are two alternative methods to DNP
for hyperpolarizing liquid-state substrates. Both techniques rely on parahydrogen, the
antisymmetric, highly spin-ordered state of hydrogen. Parahydrogen exhibits an overall spin
angular momentum of zero and has 25% natural abundance at standard temperature and
pressure. The other 75% of H, at standard temperature and pressure consists of
orthohydrogen, the triply degenerate, symmetric spin state with overall spin angular
momentum of one. In PHIP, enrichment of the parahydrogen state is accomplished by the
combination of cooling H, molecules to cryogenic temperatures and using an appropriate
paramagnetic material (e.g. activated carbon or iron oxide) to catalyze the forbidden
transition from orthohydrogen to parahydrogen. At liquid nitrogen and liquid helium
temperatures, this can lead to 50% and 100% parahydrogen enrichment, respectively.
Transfer of this non-equilibrium polarization state to an appropriate heteronuclear spin
system involves first performing a hydrogenation reaction with an appropriate catalyst. The
catalysts used are commonly platinum group metals, which should be removed by filtering
(e.g. by ion exchange) prior to in vivo injection. Spin order transfer to the 13C-enriched
precursor is then facilitated by either cycling the ambient magnetic field or via RF
excitation. Magnetic cycling is most often used with a non-adiabatic decrease in field (~0.1
UT) that brings the spins into strong magnetic Fcoupling to facilitate polarization exchange,
followed by an adiabatic increase back to the Earth’s magnetic field (~50 uT). RF excitation
is designed to facilitate transfer of hyperpolarization to the heteronuclear spin system also
via Fcoupling and the nuclear Overhauser effect in which the spin symmetry of the H,
molecule is broken [17]. An excellent review of the Hy isomers and their role in PHIP is
given by Duckett and Wood [18]. Several molecules have been successfully polarized using
this method, most notably [1-13C] succinate [19, 20]. Polarizations up to 50% have been
achieved with PHIP [4, 19, 21, 22].

Like PHIP, SABRE uses parahydrogen as the source of spin order but, unlike PHIP, it does
not require irreversible modification (i.e. direct hydrogenation) of the substrate. Instead,
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SABRE exploits reversible modification with lower catalyst concentrations (e.g. millimolar)
and has been demonstrated using a pyridine substrate suitable for longer-lived T4 relaxation
times with 1°N-enriched precursors [23]. The newly emerging technique of SABRE-
SHEATH (SABRE in SHield Enables Alignment Transfer to Heteronuclei) has further
extended the potential of SABRE by achieving rapid and direct polarization of 1°N,-
diazirine at low magnetic fields. This development highlights the potential for hour-long
tracking of diazirine-containing molecules /n vitroand in vivo by employing a relatively
inexpensive polarization technique [24].

2.2. Commonly polarized agents

2.2.1. Overview of hyperpolarized gases—HP 3He and 129Xe gases are both used to
investigate patterns of gas distribution, diffusion, and dynamic behavior in the lungs, and
HP 129%e gas has also been used as a marker of brain perfusion.

3He Gas: Low solubility and a high free diffusion coefficient make HP 3He MRI a valuable
method for exploring the lung air spaces using spin density imaging, and measuring
microstructural dimensions via restricted diffusion weighting. However, global quantities
of 3He are limited, leading to high cost [25] and motivating migration to the more widely
available 129Xe nucleus [26].

129%e Gas: HP 129Xe MRI typically uses a Xe gas mixture with the 129Xe isotope enriched
to ~85% from its natural abundance of 26%. The increased concentration of isotopically
enriched 129Xe helps to improve MR signal and compensate for the independent effects of a
lower gyromagnetic ratio and reduced achievable hyperpolarization of 129Xe relative to 3He.
All the major types of contrast-weighting demonstrated using 3He MRI have now been
replicated robustly with enriched 129Xe [27, 28]. Unlike 3He, 129Xe diffuses from the gas
phase into the tissues and blood, where chemical shifts associated with the local spin
environment can be imaged directly to enable quantitative modeling of gas exchange [29-
31]. More recently, the solubility of HP 129Xe gas into the plasma and red blood cells has
also been exploited for brain imaging, enabling characteristic measures of perfusion and Tq
relaxation in different brain compartments [32].

2.2.2. Overview of hyperpolarized metabolites—The physical properties of HP
metabolites vary significantly for different molecular structures and 13C or 1°N label
locations within the molecule (Table 2). The most common 13C-labeled agents include small
molecules that play a central role in the major metabolic cycles in normal and diseased
function. For a given metabolic pathway, the choice of metabolic substrate and the

specific 13C label site dictate the T4 time and chemical shift of the metabolic tracer. 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. The physical properties of different metabolites enable the investigation
of disease-related pathways, several of which are summarized below.
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Pyruvate: The most widely used and studied 13C agent for HP MR is [1-13C] pyruvic acid,
due to a variety of advantageous properties. Pyruvic acid plays a central role in several
metabolic pathways and is rapidly transported across the plasma membrane to the
intracellular space. Its high solubility and self-glassing nature result in high solid-state
polarization levels [33]. Further, [1-13C] pyruvate has an extended T time in the liquid state.
[1-13C] pyruvate undergoes cellular uptake via the monocarboxylate transporters [34] and its
metabolism has been demonstrated /77 vivo as a means to probe the intracellular state of the
tissues [35]. [1-13C] pyruvate has been applied to investigate metabolic disorders, tumor
response to therapy, cancer detection, cerebral dynamics and metabolism, pH, and more.
Recently, the first in-human study using [1-13C] pyruvic acid was conducted at the
University of California San Francisco (NCT01229618) to investigate altered glycolysis in
prostate cancer patients [36]. For a comprehensive list of [1-13C] pyruvate applications,
other existing reviews may be consulted by the reader [37-41].

Fumarate: HP fumarate has been developed as a sensitive marker for detecting cell death /n
vivo through conversion of [1,4-13C,] fumarate to [1,4-13C,] malate by the fumarase
enzyme. Observations /n vitro and in animal tumor models show a correlation between
cellular membrane integrity and HP [1,4-13C,] malate signal [42, 43] originating from dying
or necratic cells with compromised membranes. Fumarate conversion to malate has also
shown to be a sensitive marker of therapeutic response [44, 45] with increased amounts of
malate signal detected prior to histological changes [46]. These results indicate that the
observation of [1,4-13C,] fumarate conversion to [1,4-13C,] malate may provide a means of
early disease response detection in addition to a direct measure of cell death and necrosis.

Dehydroascorbic acid (DHA) — ascorbic acid (AA) balance: Oxidative stress is associated
with many cancers as well as numerous cardiovascular, neurological, and pulmonary
diseases [47]. Vitamin C, also known as ascorbic acid (AA), plays an important role in
regulating intracellular reactive oxygen species concentrations to maintain the reduction/
oxidation (redox) state of a cell. Dehydroascorbic acid (DHA), the oxidized form of AA,
was developed as an investigative probe to measure chemical reduction potential. An
increased amount of [1-13C] DHA reduction to [1-13C] AA /n vivo was found to correlate
with increased intracellular antioxidant concentrations in a diabetic mouse model [48],
indicating HP [1-13C] DHA reduction may assess the altered redox capacity in disease and
may also hold the potential to monitor treatment response. The long T;’s observed for
[1-13C] DHA (56 s) are favorable for clinical field strengths but [1-13C] DHA still suffers
from low overall liquid-state polarization (~6%). Additionally, DHA can rapidly hydrolyze
and dehydrate upon dissolution [49], resulting in a complex 13C NMR spectrum and limiting
its availability. To date, [1-13C] DHA is the only endogenous molecular MRI probe able to
investigate the intracellular redox state.

Bicarbonate: Many disease states, including cancer, infection, inflammation, heart disease,
and arthritis are associated with a pH imbalance [50]. Bicarbonate is the primary
endogenous, extracellular buffer for acid-base regulation within the body through
interconversion with carbon dioxide catalyzed by the carbonic anhydrase enzyme. The
potential to determine HP 13C bicarbonate and 13C carbon dioxide spatial distributions and
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to measure extracellular pH has been demonstrated in murine tumors [51]. However, these
techniques may overestimate pH due to the slow equilibration of the 13C label [52].
Prolonged imaging periods are limited by the short T’s observed with HP 13C bicarbonate
(10.1 s) and 13C carbon dioxide (9.8 s) [51]. Several other DNP probes have been
investigated to measure pH including 13C-labeled a-ketoisocaproate [53], [1-13C] pyruvate
[54], 13C, 15N A~(2-acetamido)-2-aminoethanesulfonic acid [55], 15N pyridine [56], and 89Y
complex [57], among others.

Other agents: Additional 13C MR agents that have been investigated include 13C-enriched
urea, glutamine, glucose, lactate, fructose, and glutamate, among others. These agents and
their applications are well reviewed elsewhere [38, 58].

2.3. Physical properties of polarized agents

2.3.1. Spin-lattice exchange (T1) behavior—Most HP nuclei possess comparatively
long T relaxation times relative to 1H nuclei, due in part to their lower nuclear
gyromagnetic ratio (y), (e.g. ~4x lower for 129Xe and 13C). While long T4 relaxation times
may be problematic for conventional analytical NMR studies, the opposite is true for HP
nuclei. The HP decay back to thermal equilibrium is caused, in part, by T relaxation, which
therefore determines the time window available for imaging. Hence, very high magnetic
field strengths are not advantageous for the study of HP agents due to T4 shortening. An
example of the transient decay of metabolic signals in dynamic HP 13C spectra is displayed
in Figure 1, where the rate of decay for each metabolite is determined by its characteristic Ty
relaxation time, the RF excitation signal consumption, and the rate of metabolic conversion.

The general mechanisms for polarized spin T4 relaxation are the same as for conventional
thermal polarization. Polarized energy is transferred to the “lattice” of the local molecular
environment. This transfer originates from both intrinsic and extrinsic factors such that

R 1 1 n 1
1,0bs— =
o Tl,obs Tl,intrinsic Tl, extrinsic (1)

where Ry gpsis the observed relaxation rate and 73 s is the measured relaxation time.
Typical intrinsic relaxation mechanisms include inter- or intra-molecular interactions such as
dipole-dipole, spin-rotation, and van der Waals interactions. Typical extrinsic factors include
interactions with external paramagnetic nuclei and diffusive motion in the presence of field
inhomogeneity.

2.3.1.1. Paramagnetic effects in HP gas nuclei: Different T, relaxation mechanisms
dominate depending on the chemical nature and mixture of the HP nucleus of interest. 3He
gas is inert with limited solubility such that, in a pure gas mixture, dipole-dipole exchange
with other 3He gas nuclei is the dominant mechanism of relaxation [59, 60]. A T4 time in the
range of 100 h in a small holding field (e.g. ~1 mT) is achievable, making it is feasible to
ship HP 3He gases from a central location to sites without polarizers [61]. The situation is
different for 129Xe gas because both spin-rotation and van der Waals interactions dominate
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over dipole-dipole interactions due to short-lived chemical (electron cloud) associations to
form 129Xe molecules. The dominant contribution from van der Waals interactions reduces
observed T times for pure Xe gas to approximately 4.5 hours in a holding field [60].

When either of the HP gases are mixed with air, the most relevant extrinsic relaxation
mechanism is the interaction with paramagnetic oxygen. SEOP and storage of HP gases
therefore takes place in vessels purged of oxygen. As mentioned above, SEOP is performed
under constant flow resulting in a xenon ice that is sublimated back to a gas prior to delivery
to the patient. For pulmonary MRI, the HP gas is delivered to the subject as an anoxic gas
mixture of 3He or 129Xe and nitrogen. Once inhaled into the lungs, the observed relaxation
rate depends on extrinsic contribution from partial pressure of oxygen (pO5) residual in the
lungs [62, 63]:

—0.388 . 2P Z0R PV 9 61 bar -
102 1.0135 T e ¢ T

here calculated at body temperature (T = 310.15 K). Once the dose mixes with residual
oxygen in the lungs, T+ is reduced to approximately 30 s, but signal is sustained over the
time of a typical breath-hold.

In contrast to lung imaging, HP 129Xe signal in the brain is improved by delivering the gas
mixture (or “dose”) with a non-negligible oxygen concentration. The ideal fraction of
oxygen in the dose balances the expected concentration of paramagnetic oxygen in the lungs
with that of oxyhemoglobin in the blood, which mitigates T shortening of dissolved 129Xe.
Experiments in rats suggest an optimal pulmonary oxygen concentration of 25-35% to
maximize HP 129Xe signal in the brain [64].

2.3.1.2. Paramagnetic effects in spin-labeled molecules: The situation is more
complicated for 13C and 1°N MRI due to the more varied local chemical environment within
the molecular structures of labeled metabolites and compounds. The observed relaxation rate
(R1,0ps) OF the 13C nucleus is a sum of four different rates — dipole-dipole (R1,q0), scalar
(R1,s¢), spin rotation (Ry ), and chemical shift anisotropy (/) csy):

Ry ops=R1 dga+R1 sctR1 s+ csa ©)

The dominant decay mechanism remains dipole-dipole interactions, but the probability for
these interactions varies with location in the molecule. Nearby intramolecular nuclei with
net magnetic moments can induce relaxation in the polarized carbon, destroying the
polarization enhancement. For protonated carbons, the dipole-dipole relaxation rate
dominates, leading to short relaxation times [65]. The relaxation rate is given by [66]:

Ry aa=H"Y202Tay 15"
J 4)
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where 75is the distance between the carbon and the /M hydrogen and zzis the correlation
time. This relaxation rate is proportional to the square of the gyromagnetic ratios of the
bound nuclei, making coupling of 13C nuclei with high y nuclei, such as 1H, undesirable. In
molecules with quaternary carbons, dipole-dipole relaxation is minimal. In these instances,
the three other relaxation mechanisms - scalar relaxation, chemical shift anisotropy, and spin
rotation - can significantly influence the relaxation rate of carbon [67]. Carboxylic acid
carbons, as well as other non-protonated carbons thus exhibit longer T, relaxation times.
This can be attributed to their increased distance from non-zero spin nuclei. The
consequence of the local chemical environment on relaxation rates can be seen when
looking at glucose (Table 2) [58, 68—71] or acetaminophen (Figure 2).

2.3.2. Spin-spin (T, and T,*) behavior—Spin-spin exchange is dominated in both

HP 13C and gas applications by local field inhomogeneities. This is especially true in the
lungs, where anatomic heterogeneity (i.e. air-tissue boundaries) causes an extremely short
To* of 1-2 ms for proton signal in the tissue [72]. HP gases filling the airspaces have
somewhat longer T,* times of 10-20 ms [73]. The very short T,* experienced by proton
spins extends to HP 129Xe MRI dissolved in the tissue and blood, and therefore, measures of
gas exchange using spectroscopic imaging of HP 129Xe are complicated by mismatch in T,*
decay between dissolved and gaseous phases and the large chemical shift between them
(Figure 3) [31].

By contrast in vivo HP 13C metabolites have substantially larger T,* than gases in the lungs,
anecdotally measured to be on the order of 40 ms /in vivo [74], while T, ranges from 0.1-5 s
[75]. As with 129Xe, it is not entirely clear that metabolites within the vascular vs.
intracellular spaces share the same decay rates, with potential consequences for modeling
metabolic rates of conversion such as the conversion of pyruvate to lactate in cancer [76].

2.3.3. Diffusion and solubility properties—The physical diffusion and solubility
properties differ markedly for HP 3He and 129Xe (Table 1) which impacts applications for
the two gases. The high free diffusion coefficient of HP 3He enables measurement of
displacements on the order of alveolar diameters (a few hundred micrometers) or greater
[73, 77]. Equivalent measurements on HP 129Xe [28] are also possible, but more challenging
due to its lower free diffusivity and T,* decay for longer echo times.

Unlike HP 3He, HP 129Xe is also relatively soluble in blood and tissue (Table 1), where it
reflects useful properties of the local spin environment. Thus, image contrast in 129Xe
represents a combination of ventilation, tissue density, blood volume, and perfusion that can
be resolved through CSI, providing opportunities for differentiating between separate
compartments of HP 129Xe gas exchange.

Similar to HP 129Xe, HP metabolites may access different biological compartments, namely
intra- and extra-cellular spaces, where they exhibit unique diffusion properties (Table 2).
[78] As a result, diffusion weighted imaging (DW]1) can be used to differentiate between
intra- and extra-cellular HP metabolites, giving further insight into the metabolic processes
and cellular transporters at play.
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3. Imaging Strategies

3.1. Effect of flip angle on temporal kinetics

In most imaging settings, the global flip angle is known and can be used to correct for RF
consumption of HP signal based on the number and sequence of applied RF pulses.
However, regional variations in RF power transmission can be problematic, often requiring
either estimation or direct measurement of the transmit field. This is most commonly a
factor for HP gas imaging, since the field must be known or at least approximated over a
field of view encompassing the entire lung volume. Even after controlling for known factors,
dynamic processes are further complicated by physiological phenomena, such as local
variations in perfusion or pO,, that can confound observed rates of metabolism or gas flow.
In such cases, independent measurements of local flip angle [79] or perfusion [80] are
required to achieve quantitative measures.

3.2. Improving data acquisition efficiency

3.2.1. Fast imaging trajectories—The most appropriate acquisition for a given study is
determined by balancing tradeoffs between SNR, spatial resolution, temporal resolution, RF
efficiency, and reconstruction efficiency in order to best meet imaging goals and
requirements. Due to the continuous decay of the HP spins back to thermal equilibrium,
imaging of HP gases and HP 13C substrates requires acquisition schemes that rapidly
traverse k-space in an RF-efficient manner [81]. While many of the same imaging
trajectories have been used for both HP gas and HP 13C imaging, short echo time, radial
spoiled gradient echo imaging is particularly well suited to the short To* of HP 3He

and 129Xe, and is often used for HP gas imaging. The short echo time of radial imaging
makes it robust against field heterogeneities in the lung while the inherent oversampling of
the center of k-space results in a sequence that is robust against motion artifacts and well-
suited to dynamic imaging. Moreover, it is possible to perform angular undersampling in
conjunction with radial oversampling to expedite the image acquisition without a significant
loss in spatial resolution or image contrast [82]. Improvements in acquisition time are
particularly important for HP gas imaging because it is performed during a breath-hold. This
physiologic window on acquisition time has spurred interest in compressed sensing
techniques to enable higher resolution or 3D imaging, as well as to facilitate multiple
diffusion-weighted acquisitions [83]. Parallel imaging has also been employed to leverage
the HP gas signal stability that is unique to non-equilibrium HP spins, with higher or similar
image SNR achievable with fewer acquisitions, enabling improvements in both temporal and
spatial resolution. [84]

Two main k-space trajectories have been proposed for fast HP imaging of 13C substrates:
echo planar imaging (EPI) [85-91] and spiral imaging [74, 92-94], although other rapid
imaging techniques such as radial sampling [95] and concentric rings trajectories [96] have
been employed. Additionally, compressed sensing techniques have been employed to
increase image acquisition speed [88-90, 97].

EPI is an RF-efficient gradient echo acquisition that rapidly fills k-space in as little as a
single excitation. [98]. However, the non-centric encoding scheme, inherent to single-shot
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EPI, limits the achievable image contrast, which is undesirable when dealing with limited
HP signal. Multi-shot EPI, can be used to begin encoding at the center of k-space, thereby
boosting image SNR at the cost of reduced RF efficiency [91, 99]. For EPI trajectories,

HP 13C SNR is also improved by matching the readout duration to the long transverse decay
time, with the penalty of increased image blurring from T,* decay. SNR may also be
degraded by non-uniform k-space sampling [81]. To counteract deleterious SNR effects, the
use of balanced steady state free precession EPI has been advocated to preserve transverse
magnetization [100, 101]. If acquisition speed for dynamic metabolic imaging is desired
over maximizing SNR, the field of view can be easily reduced in one or more directions for
EPI readouts, allowing faster data collection [102]. Additionally, EPI readouts have the
advantage over non-Cartesian acquisitions in that they can readily incorporate parallel
imaging and compressed sensing techniques to further increase image SNR or temporal
acquisition efficiency [89, 90, 97, 102, 103].

Spiral imaging is another RF efficient acquisition scheme that can fill k-space with a single
excitation. [98, 102, 104]. Spiral imaging readouts provide improved temporal sampling
efficiency over EPI readouts since the corners of k-space are not acquired, making them
attractive for imaging HP metabolites with short T1 (Table 2) or for rapid, dynamic HP
imaging. Spiral sampling also starts at the center of k-space, unlike EPI, eliminating the
need to perform multi-shot imaging to maximize image contrast. A significant drawback to
spiral imaging is that chemical shift phase errors manifest as image blurring, limiting the
achievable spatial resolution [81, 102]. This is of particular concern for HP 13C imaging
with sparse spectra, where chemical shifts may be up to ~10’s of ppm, and requires
dedicated spectral separation techniques to resolve. Like EPI, SNR can be improved by
matching the spiral readout duration to the expected To* decay time at the cost of image
sharpness. However, spiral readouts do not present the flexibility to increase acquisition
efficiency by adjusting the field of view like EPI because the sampling resolution is limited
by gradient performance and duration. Furthermore, this non-Cartesian acquisition does not
easily lend itself to acceleration techniques such as parallel imaging and compressed sensing
methods that are advantageous for fast, under-sampled imaging with HP agents [102].

3.2.2. Strategies for robust multi-spectral imaging—HP imaging is not only
complicated by its inherent dependence on nuclear spins in thermal non-equilibrium, but
also, in the case of 13C and 129Xe, by the presence of unique spectral components. Such
multi-spectral data induces chemical shift artifacts and hinders accurate quantification of
physiologic processes if left unaccounted for [92]. To date, three major multi-spectral
imaging techniques for chemical species isolation have been translated from

conventional 1H imaging to HP imaging: chemical shift imaging (CSI) [32, 81, 91, 92],
modeling of HP spectra similar to iterative decomposition of water and fat with echo
asymmetry and least-squares estimation (IDEAL) methods [31, 74, 81, 93, 101, 105-108],
and the use of spectral-spatial (SPSP) excitation [86, 109-111].

A fundamental trait of all CSI techniques is acquisition of spectral data in addition to spatial
information. The most basic form of CSI employs multiple RF excitations, followed by a
single phase-encode step and collection of a free induction decay to fill points in k-space.
However, this RF-inefficiency is unsuitable for dynamic HP imaging. Free induction decay
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CSl is also prone to Gibbs ringing artifacts due to non-uniformly distributed HP signal in k-
space. However, the absence of a readout gradient makes this technique robust against both
gradient errors and motion or flow artifacts. Additionally, the acquisition of a full spectrum
renders this technique stable against off-resonance artifacts [81]. Alternative k-space
trajectories that do employ readout gradients can be used to sample k-space more quickly,
and with increased RF efficiency. Echo planar spectroscopic imaging and spiral CSI both
sample a portion of k-space repeatedly to gain spectral information following an RF
excitation. The spectral bandwidth of the acquisition is determined by the time taken to
return to a given point in k-space. Therefore, temporal, spatial, and spectral resolutions are
all limited by the maximum amplitude and slew rates of the gradient hardware [81, 91, 92].

The second method of multi-spectral imaging relies on modeling of the HP spectra,
analogous to the IDEAL reconstruction formalism. This technique involves acquiring data at
multiple, pre-determined echo times that produce different phase offsets between the unique
spectral components. Iterative reconstruction with least-squares minimization is then used to
isolate the different chemical species [74, 81, 105, 107]. A minimum of /#+1 echoes must be
acquired to separate nspecies, which may allow for shorter scan times than other CSI
techniques. This IDEAL concept has been further accelerated by k-t spiral imaging, which
oversamples k-space and uses the phase evolution between spiral turns to extract spectral
data [93]. The downside to these IDEAL-based techniques is that they rely on prior
knowledge of the spectra. As a result, slice-selective free induction decays are often
collected between time points in dynamic studies to guide the IDEAL reconstruction [112].

The third technique for multi-spectral imaging is SPSP excitation, in which a train of RF
subpulses, modulated by a Gaussian-like envelope, are played out in conjunction with an
oscillating slice-select gradient to excite a narrow band of frequencies in a given slice [86,
109, 110, 113, 114]. The subpulse spacing determines the spectral stopband while the
modulating envelope governs the spectral passband. SPSP pulses are especially useful for
HP 13C imaging since each metabolite can be excited independently with different flip
angles [86, 110, 111, 115, 116]. Low concentration metabolites can be excited with high flip
angles to increase their SNR, while higher-SNR injected substrates can be excited with
lower flip angles to preserve HP signal. Alternatively, SPSP pulses can be designed to excite
all desired species simultaneously with different flip angles at the cost of requiring another
form of spectroscopic imaging for species differentiation [90, 111, 116]. A large benefit of
SPSP excitation is the elimination of chemical shift effects when only a single species is
excited. However, SPSP pulses are often long (e.g., ~10’s of ms) in order to excite a narrow
passband, and they rely on prior knowledge of the spectrum being sampled in order to excite
the correct frequency. Another drawback of this technique is that gradient amplitude and
slew rate limitations restrict the achievable slice thickness due to the oscillating gradient
used for slice-selection [110, 113, 114].

4. Deriving functional measures from hyperpolarized agents

4.1. Ventilation weighted imaging of gas distribution in the lungs

Spin density images acquired during a breath-hold represent a snapshot of the distribution of
HP gas within the lungs. The resulting “ventilation defects” (Figure 4) are influenced by
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regional airway obstruction and air trapping. [117, 118] The ventilation defect volume [117,
119, 120], ventilated volume [119, 121], and coefficient of variation [122, 123] derived from
these images have all proven useful for demonstrating regional heterogeneity of ventilation
in a wide range of obstructive lung diseases. Measures of ventilation defects are also
sensitive to subclinical decline in function due to aging in healthy never-smokers [118, 123]
and in smokers [124-126].

The ventilation defect percentage (VDP) is an emerging biomarker defined as the defected
lung volume normalized by the total lung volume [127-130], where total lung volume is
typically acquired from a proton image of the lungs during a separate breath-hold.
Inadequate registration between the two breath-holds may add systematic error to the
ventilation defect measurement. Recently, acquiring both HP gas and proton images of the
total lung volume within the same breath-hold was demonstrated to improve spatial
registration [131]. Multiple groups have demonstrated repeatability [120, 129, 132, 133] and
validity of the VDP measure in comparison to pulmonary function testing [120, 123, 134—
136] and as a biomarker of severity of lung disease [123, 134, 136]. Overall larger values for
VDP are observed after inhalation of 129Xe vs. 3He in the same individual [137], a bias
which is likely attributable to the difference in gas densities (Table 1), although this remains
a matter for speculation and further research [138].

4.2. pO, measurement: modeling T, decay

As discussed in the context of SEOP, the paramagnetic effects of oxygen reduce the T and
T, of HP gases [139] and can be exploited to provide a quantitative estimate of regional pO,
[63, 140, 141]. Typically, the same slice is imaged repeatedly at different delay times
following gas inhalation to isolate signal loss due to local O, concentration from signal
decay due to the excitation flip angle [142]. Each measurement is performed within a single
breath-hold [79, 141], and modified centric and reverse-centric view orders mitigate effects
due to regionally variable flip angle (B1-field variation) [79]. Gas flow effects within the
lungs during a breath-hold have recently been characterized using 3He, underscoring that
this method of pO, measurement reflects both regional pO, and local patterns of ventilation
and flow [143]. Regional pO, measures can potentially be used to calculate the ratio of
ventilation-to-perfusion [142], and pO, measurements have recently been used as a marker
of disease severity in a study of ventilation-to-perfusion ratio heterogeneity in smokers [144,
145].

4.3. Spectroscopic MRI

4.3.1. Modeling of gas exchange using 129Xe MRI—The soluble “dissolved phase”
fraction of 129Xe in blood and tissues is approximately 2% of the total signal. Polarized gas
nuclei diffuse rapidly between gas, blood cells, and plasma/tissue compartments, with
chemical shifts of 0, 222, and 198 ppm respectively (Figure 3) [146]. The chemical-shift
between 129Xe in the differing local chemical environments, associated with the dissolved
tissue and red blood cell (RBC) vs. gas compartments, can be resolved by a combination of
SPSP excitation and Dixon methods that use phase to separately reconstruct dissolved tissue
and RBC compartments [147]. The similarity of this problem to quantitative fat-water
separation in conventional 'H MRI (i.e. IDEAL) led to the introduction of least-square
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modeling of the known spectral shifts using multi-echo acquisitions [31]. However, the short
To* of the dissolved phase components still pose a challenge to quantitative measures.

Compartmental modeling of these components has advanced relatively rapidly [148]. Simple
and robust single voxel MR spectroscopy readily resolves tissue and blood fractions and
enables the calculation of the blood-to-tissue ratio as a possible biomarker of “diffusion
block” [149, 150]. Quantitative measures such as “saturation transfer time” allow the
kinetics of 129Xe recovery to be modeled. These more advanced methods can provide direct
[29-31, 151] or indirect [147, 152] estimates of average septal wall thickness and alveolar
surface area-to-volume ratio [147, 148, 153]. Both single-voxel [153, 154] and spectroscopic
imaging methods [30, 31] are feasible.

4.3.2. Modeling of pyruvate-to-lactate conversion rates—Due to both the
amenability of [1-13C] pyruvate to polarization and its important role in energy metabolism,
several semi-quantitative approaches have been developed to characterize the pyruvate-to-
lactate conversion with HP magnetic resonance spectroscopy (MRS) and magnetic
resonance spectroscopic imaging (MRSI). Simplified ratio methods, such as lactate-to-
pyruvate ratios, have been employed for single or averaged time points to assess relative
metabolite concentrations [155]. More advanced modeling methods were introduced by Day
et al. incorporating a two-compartment exchange maodel for time-resolved data that accounts
for bidirectional rates of conversion from pyruvate to lactate [76]. More recently, area-under-
the-curve ratios were introduced for dynamic acquisitions that simplify measurements while
still utilizing the entire pyruvate and lactate kinetic data [156]. The area-under-the-curve
ratios are proportional to rate constants derived from two-compartment exchange models,
but are thought to be more robust to motion or noise as they do not depend on fitting a model
to the data.

Robust models of physiological rate-limiting steps, such as delivery of the injected substrate
via perfusion, and the impact of vascular and extra-vascular tissue volumes not accessible
for metabolic conversion, are still in development [78, 157-161].

4.4. Diffusion weighted imaging (DWI)

4.4.1. Using high gas diffusion to measure lung microstructure—DWI exploits
the high free diffusion of 3He and 129Xe gases, allowing indirect measurement of the
average dimensions of the lung airspaces and microstructure. When 3He or 129Xe gas is
restricted by tissue boundaries, the diffusivity measurement is referred to as the apparent
diffusion coefficient (ADC). ADC is regarded as a surrogate for localized airway or acinar
dimensions, and can be calculated for each voxel to construct a semi-quantitative ADC map
(Figure 5). Regional ADC changes have been observed in response to increases in lung
volume [162, 163], gravity dependence [162, 164, 165], age [166], and emphysema in
chronic obstructive pulmonary disease (COPD) or a-1-antitrypsin deficiency [121, 164, 167,
168]. ADC values for 129Xe are lower than those of 3He by an order of magnitude due to the
higher density of 129Xe gas (Table 1). Despite this difference in magnitude, 129Xe ADC
values in human subjects are also strongly associated with increased COPD severity and
correlate well with 3He ADC values [27, 138, 165].
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5. Applications of hyperpolarized 13C MRI to pre-clinical and clinical
research

5.1. Pre-clinical studies

5.1.1. Prostate cancer 13C MRI—The prevalence of prostate cancer (over 180,000 new
diagnoses expected in 2016 in the United States alone) has spurred research investigating
non-invasive, molecular imaging techniques that could guide treatment decisions and
improve treatment monitoring [169]. Investigation into HP 13C MRI applications in breast
and prostate cancer, have been largely fueled by the desire to exploit the Warburg effect and
have shown promising results in pre-clinical studies. HP [1-13C] pyruvate is a particularly
compelling candidate to probe upregulation of aerobic glycolysis exhibited in cancerous
tumors [170]. One of the earliest /in vivo applications of HP 13C MRSI was performed in a
transgenic adenocarcinoma of mouse prostate (TRAMP) model. This study highlighted the
promise of HP [1-13C] pyruvate MRSI to differentiate malignant and benign tissues through
the observation of elevated lactate levels in prostate tumors over normal prostate glands
[171]. A correlation between lactate level and tumor histologic grade has since been
demonstrated, as well as increased spatial heterogeneity of lactate with more advanced
tumors [170, 172]. Additionally, HP substrates, including 13C bicarbonate, 13C DHA, and
[2-13C] fructose, have been used to measure tumor pH, redox potential, and metabolism,
respectively, in TRAMP models [173-175].

5.1.2. Breast cancer 13C MRI—HP [1-13C] pyruvate has been used to test the degree of
aerobic glycolysis vs. tumor progression in breast cancer cell xenografts in mice, with higher
conversion rates observed for more indolent xenografts [176, 177]. Several studies have also
looked at biologic factors modulating the observed metabolic signals in breast cancer
studies, including perfusion [178], cellular transport [179], and endogenous lactate and
lactate dehydrogenase (LDH) concentrations [180]. Both perfusion and cellular expression
of monocarboxylate transporters were important factors affecting the observed metabolic
signals. This work has been extended to study the impact of inhibiting key enzymes
implicated in cancer development on the observed HP metabolite levels (e.g.,
phosphatidylinositol-e-kinase (PI3K) which modulates LDH activity). Ward et a/. observed a
significant drop in lactate levels following PI3K inhibition, demonstrating the sensitivity of
HP 13C MRS to LDH activity modulated by PI3K [181]. The possibility of treatment
monitoring of breast cancer using HP [1-13C] pyruvate has also been investigated. Butt et a/.
used an estrogen-dependent, murine breast cancer model, exhibiting an angiogenic switch in
its transition from primary to malignant cancer, to study the effects of tamoxifen on the
apparent conversion rate of pyruvate-to-lactate. They observed a significant increase in the
apparent conversion rate during the malignant transition in untreated mice, while the
tamoxifen treated group saw the same trend but without statistical significance (Figure 6)
[182]. This range of preclinical work lends additional insight into the biochemical and
physiologic processes associated with breast cancer pathogenesis.

5.1.3. Cardiac 13C MRI—Cardiac metabolism exploits diverse mechanisms to maintain
energy balance including metabolism of fatty acids, lactate, glucose, and ketone bodies.
Changes in myocardial metabolism are therefore strongly associated with cardiac disease.
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As a result, MR imaging or spectroscopy of HP 13C-labeled substrates is an attractive means
of noninvasively measuring myocardial health. Observation of enzymatic conversion of
injected HP [1-13C] pyruvate to bicarbonate (Figure 7), lactate, and alanine [183], has been
demonstrated in normal hearts and is sensitive to changes in ischemia-reperfusion models
[184-187].

An alternative pyruvate probe, [2-13C] pyruvate, allows for flux measurements of the
tricarboxylic acid (TCA) cycle by detecting conversion of the secondary carbon to
downstream TCA products such as lactate, acetylcarnitine, citrate, and glutamate [188, 189].
Combined approaches using both [1-13C] and [2-13C] pyruvate [190, 191] or dual-enriched
[1,2-13C,] pyruvate allow for simultaneous investigation of pyruvate dehydrogenase flux,
TCA cycle flux, and pH [192]. Other 13C-labeled substrates applied to cardiac functional or
metabolic imaging include [U-13C] a-ketobutyrate [193], [1-13C] lactic acid [194, 195],
[1-13C] acetate [196-199], 13C urea [200], and [1-13C] butyrate [201, 202]. Recently, co-
polarization of 13C urea and [1-13C] pyruvate was demonstrated to simultaneously assess
myocardial perfusion and metabolism [80].

5.2. Clinical research studies

HP 13C MRSI in prostate cancer has advanced to phase | clinical trials. This transition has
required several technological upgrades. SpinLab (General Electric, Niskayuna, New York,
USA), a DNP system for clinical use, was introduced to support these translational studies
by providing a sterile, disposable fluid path and quality control system, reducing the liquid
helium consumption, and enabling simultaneous polarization of multiple 13C samples [203].
To perform HP 13C MRSI, clinical MRI scanners require dedicated multinuclear software
and hardware including a broadband RF power amplifier, pre-amplifiers, and 13C transmit
and/or receive RF coils. However, the gradient hardware does not require any modifications
to image heteronuclei aside from adjustment of the gradient amplitude to compensate for
different gyromagnetic ratios. Logistically, the workflow for a HP 13C study consists of
hyperpolarizing the desired 13C-labeled substrate in the clinical DNP system, dissoluting to
physiologic pH, temperature, and osmolarity, performing quality control system checks to
ensure sufficient filtration of unwanted gadolinium-chelates and electron paramagnetic
agents, delivering the sample to the magnet room, and injecting the HP sample with
concurrent data acquisition [204].

5.2.1. Prostate cancer phase trial—The first clinical trial for HP 13C MRSI in prostate
cancer was completed in 2013 at the University of California, San Francisco
(NCT01229618) using [1-13C] pyruvic acid as an indicator for altered glycolysis in prostate
cancer patients [36]. This trial aimed to assess the safety and efficacy of injecting and
imaging prostate cancer patients with HP [1-13C] pyruvate. A total of 31 patients with
untreated, biopsy-proven localized prostate cancer were enrolled in the trial. To address
safety, a dose escalation scheme was established in which three ascending doses of [1-13C]
pyruvate were each delivered to 6 patients using a custom 3C volume coil for transmission
combined with a 1H/13C endorectal coil (Figure 8). Only mild adverse events were reported
and no dose limiting toxicities were reached with the highest dose of HP [1-13C] pyruvate
being 0.43 mL/kg. Dynamic 2D and 3D data sets displayed increased lactate signal in
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tumors over normal tissues while single-time-point images were able to identify the
presence, location, and size of cancer relative to surrounding normal prostate tissue [36].
While in most cases, the HP [1-13C] lactate signal detection mimicked the cancer’s location
determined by 1H MRI, some cases showed an interesting discrepancy between the 13C
signal and the H multi-parametric MR imaging data (Figure 9).

5.2.2. New clinical research trials—Encouraged by this success, several other
institutions are preparing for clinical trials utilizing HP [1-13C] pyruvate, including the
University of California, San Francisco (NCT02911467, NCT02526368, NCT02913131,
and NCT02450201) and Sunnybrook Health Sciences Centre (NCT02647983 and
NCT02844647). These trials have also extended beyond prostate cancer to include metabolic
imaging of cardiac hypertension at Sunnybrook Health Sciences Centre (NCT02648009) and
malignant solid tumors at Memorial Sloan Kettering (NCT02421380).

6. Applications of hyperpolarized gas MRI to pre-clinical and clinical

research

6.1. Pre-clinical studies

Animal models of lung disease can provide useful test beds for establishing the feasibility
and mechanism of functional measures derived from HP gas techniques. Several models
have been developed to mimic specific disease processes, including radiation induced lung
injury (RILI), elastase models of emphysema, bleomycin models of fibrotic lung injury, and
allergic inflammation models of asthma. These models are useful as validation of non-
invasive HP gas MRI methods compared to tissue histology. There is also an important role
for assessing how disease patterns progress longitudinally and evaluating the sensitivity of
HP gas MRI methods to such changes in a more controlled setting. Several studies have
exploited these advantages in the disease models that follow.

6.1.1. Radiation induced lung injury (RILI)—RILI has long been a challenge in
radiation therapy treatment for lung cancer with little advance in our understanding of
factors that contribute to severity in some patients but not in others [205]. Devices for
precise, regional delivery of radiation [206] have enabled comparison of irradiated vs.
untreated lung parenchyma. HP 129Xe has shown promise with respect to the lung
inflammation and fibrotic processes underlying RILI because of its solubility in tissues and
blood. For example, several feasibility studies in rat models of RILI have shown increased
tissue signal from dissolved phase 129Xe, suggestive of wall thickening in radiation treated
lung tissues vs. control regions [207, 208]. Consistent with this observation, others have
used DWI on 129Xe MRI to detect reduced ADC values in control vs. irradiated rat lungs
[209].

Both HP 13C and 129Xe MRI may play a role in detecting acute inflammation and injury in
RILI. Hypoxic stress induced by radiation injury may lead to upregulation of glycolytic
metabolism, increasing HP [1-13C] pyruvate-to-lactate conversion on 133C MRI in irradiated
vs. control lungs. Increase in the lactate-to-pyruvate ratio has been observed in the lungs as a
response to whole thorax irradiation compared to control rats, consistent with a

Phys Med Biol. Author manuscript; available in PMC 2018 July 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Adamson et al.

Page 18

corresponding increase in macrophage count in lavage fluid from irradiated vs. control lungs
[210]. As a proof of concept study, both HP 129Xe and HP 13C MRI were used to assess
metabolism via the HP 13C MRI lactate-to-pyruvate ratio in the context of lung parenchymal
tissue thickening measured using HP 129Xe MRI. Both metabolic and microstructural
changes in response to inflammation were observed in a rat model of RILI vs. control rats
[211]. The combination of HP 13C pyruvate MRI and HP 129Xe MRI could potentially allow
the evaluation of metabolic components of inflammatory cell activation in the context of
functional consequences of tissue remodeling. These studies may lead to clinical research
directed at identifying patients most susceptible to RILI as well as to improve understanding
of the timing of inflammation, injury, and corresponding functional changes during radiation
therapy of lung cancer.

6.1.2. Fibrotic lung disease—The complexity of the fibrotic lung disease process is a
particularly challenging problem not well addressed by existing diagnostic tools, including
computed tomography (CT) imaging (the clinical standard for diagnosis and staging of this
disease). An alternative method for identifying tissues at risk for disease progression is
needed in order to better stage and triage patients eligible for emerging new therapies [212].
Initial efforts using HP 3He MRI focused on the feasibility of measuring ventilation changes
[213] to better detect early progression in fibrotic lung disease, but these efforts had limited
success for several reasons. First, ventilation is secondary to the underlying process of
fibrotic injury and therefore an indirect measure of severity; and second, few therapies were
available to treat these patients beyond simply limiting environmental exposure.

In the interim, FDA-approved anti-fibrotic therapies (perfinidone and nitanib [214]) have
become available as possible treatments, making early detection and identification of
progressive disease a high priority. These therapeutic advances have proceeded in parallel
with advances in HP 129Xe MRI images of gas transfer into the tissues and blood (Figure
10). Global and regional measures of RBC-to-tissue ratio using HP 129Xe in ILD and IPF
are extremely promising in both pre-clinical models and clinical research. The hypothesis is
that lower values of RBC-to-tissue ratio are indicative of greater tissue density in the
absence of gas exchange into the blood. This hypothesis is supported by pre-clinical findings
in unilateral bleomycin models where one lung is treated and the other is a control, showing
reduced RBC-to-tissue ratio in treated vs. control lungs in concert with increased fibrotic
injury on histology [149] and in whole lung bleomycin-treated vs. saline controls [215].

6.1.3. Elastase models of emphysema—Emphysema is a prominent component of
COPD, and elastase rodent and rabbit models have served an important role in mimicking
the emphysema process. Both HP 3He and 129Xe diffusion-weighted studies have been used
to validate quantitative measures of lung microstructural dimensions in elastase-treated
animal models. These studies have served a useful role in optimizing 129Xe DWI [216, 217]
via comparison with the more mature 3He DWI. Similar studies have explored the
anisotropy and dependence on delay time of dimensional measures derived from DWI for
both 3He [218] and 129Xe [219].

Pre-clinical studies in mice and rats have been used to validate other changes in lung
function resulting from emphysematous loss of parenchymal tissue. Studies of fractional
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ventilation show expected decreases in ventilation relative to controls in a rat elastase model
[220], for example. More recently, a decrease in HP 129Xe MRI dissolved phase signal was
observed after elastase treatment, presumably due to loss of lung parenchymal tissue
confirmed on histology [221].

6.1.4. Asthma models—Asthma is a complex disease that is difficult to model. The most
common approaches use allergic inflammation rodent models, typically via sensitization and
exposure to ovalbumin to stimulate airway hyperreactivity. Allergic inflammation models
demonstrated ventilation defects and localized inflammation in response to segmental
challenge with allergen insufflation [222] and aerosolized methacholine challenge using 3He
MRI [223]. Similar studies have been duplicated with 129Xe MRI and have gone a step
further by demonstrating resolution of ventilation defects in response to bronchodilator
[224]. However, such models remain limited in their ability to mimic the full complexity of
asthma.

6.1.5. Hyperpolarized 129Xe hyper-CEST—An exciting emerging area of research is
the use of HP 129Xe nuclei as biosensor constituents, enabling highly sensitive detection of a
range of biomarkers using chemical exchange saturation transfer (CEST) techniques,
specifically hyper-CEST. This technique exploits the sensitivity of the nuclear 122Xe spin to
disruption of the 129Xe electron cloud by the local chemical microenvironment, enabling
distinction between dissolved and bound 129Xe nuclei via chemical shift differences. By
introducing both HP 129Xe and a targeted supramolecular host molecule, such as
cryptophane-A, it is possible to use hyper-CEST MRI to differentiate between the 129Xe
nuclei in solution (e.g. blood plasma) and those bound to the targeted host molecules,
enabling visualization of the targeted biomarker and, potentially, targeted therapeutic agents.

The feasibility of imaging with HP 129Xe biosensors using hyper-CEST MRI was first
demonstrated using cryptophane-A host cages targeted to avidin-functionalized agarose
beads [225]. The potential applications of the technique have expanded to include /n vitro
labeling of cells and cell lysates. Klippel et a/. demonstrated the ability to discriminate
between cells labeled with cryptophane-A 129Xe hosts and unlabeled cells [226],
highlighting the potential of HP 129Xe hyper-CEST MRI for cell tracking. The ability to
distinguish specific cell types based on their surface receptors has also been experimentally
tested /n vitro for cells expressing surface proteins such as cluster of differentiation 14
(CD14) [227], cells exhibiting metabolically labeled cell-surface glycans [228], and
lymphoma cells targeted by specific DNA aptamers attached to MS2 viral capsids enclosing
cryptophane-A host molecules [229].

The promise of HP 129Xe hyper-CEST has spurred the development of a range of additional
biosensors for a variety of potential /7 vitro and in vivo applications including, but not
limited to, detection of cancer biomarkers (e.g., protease activity, integrin receptors, and
carbonic anhydrase isoforms) [230], mapping of enzyme activity both through hyper-CEST
and magnetization transfer techniques with HP 129Xe [231], identification of gene
expression using genetically encoded reporter gas vesicles [232], and assessment of blood
brain barrier integrity via detection of human brain microvascular endothelial cells [233].
The development of bifunctional cryptophane-A host molecules with attached fluorophores
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for both HP 129Xe MRI and optical imaging has also created a means for improved contrast
agent characterization and utility through multimodal and multiscale imaging [234].
Furthermore, the range of chemical shifts (~300 ppm) exhibited by HP 129Xe in different
bound states creates the potential for tracking multiple biosensors simultaneously (i.e.,
“multiplexing”) and has been successfully tested /n vitro by Klippel et al. who generated bi-
modal contrast for two differently labeled mammalian cell populations [230, 235].

6.1.6. Hyperpolarized 129Xe brain perfusion methods—Another emerging
technique is HP 129Xe cerebral perfusion imaging. Following inhalation, HP 129Xe diffuses
into the blood and is carried through the circulatory system to various organs, including the
brain [32]. The sufficiently long T of dissolved HP 129Xe allows the use of CSI and MRS
techniques to evaluate the HP 129Xe distribution in the brain, enabling perfusion and
relaxation measurements /7 vivo. This technique has been used in more qualitative
applications, such as by Zhou et a/. who used HP 129Xe to observe the ischemic core in rat
models of stroke [236]. However, much of the preliminary work in HP 122Xe perfusion
imaging has explored the use of different pharmacokinetic models to measure T+ in the brain
[237, 238]. Imai et al. also developed a perfusion model which estimates a rate constant
dependent on the cerebral blood flow, the partition coefficient of 129Xe between tissue and
blood, and the T, relaxation rate. This model was tested by acquiring dynamic data in a
mouse model of epilepsy. Dynamic changes in the estimated time constant were
hypothesized to correspond to physiologic changes in the brain following kainic acid
treatment, inducing epilepsy in the mouse [239].

6.2. Clinical research studies

HP gas MRI has faced many of the same challenges for clinical translation that HP 13C MRI
is currently addressing. While the methods and equipment for polarization differ, both
techniques rely on much of the same multinuclear MRI hardware and software previously
discussed. Like 13C MRI, HP gas imaging requires dedicated RF coils for signal
transmission and reception due to the vastly different 3He and 122Xe gyromagnetic ratios
from conventional 1H imaging (Table 1). Example HP 3He and HP 129Xe coils used for
clinical imaging are displayed in Figure 11. Additionally, dedicated systems for delivery of
HP gas are required that minimize the interaction of the HP gases with O, during delivery,
thereby sustaining a longer T4 time and polarization of the HP gas for improved imaging
results (Figure 12).

6.2.1. Radiation induced lung injury (RILI)—Functional images of ventilation provide
a potential means of image-guided treatment planning and mitigation of damage to healthy
lung while maintaining or increasing dose to the treatment volume [240-243]. Adverse
responses to therapy, including RILI or pneumonitis [244], can also be monitored. The field
is now poised to take advantage of recent feasibility studies in rodent models and translate
these promising approaches to studies of RILI in patients. Identifying patients at risk for
RILI during radiation therapy lung cancer treatment remains a critical unsolved problem
[245].
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6.2.2. Interstitial lung disease (ILD)—Clinical research studies of pulmonary HP 129Xe
gas exchange by Qing et a/. [30, 31] have demonstrated abnormal barrier tissue-to-gas and
RBC-to-gas ratios in COPD and asthma using a multi-echo spectral imaging technique.
Similar work by Kaushik, Marshall and colleagues explored the relation of reduced gas
exchange in IPF and dissolved phase HP 129Xe using gas transfer spectroscopy [150, 246].
Barrier tissue-to-gas and RBC-to-gas ratios are promising new candidates for image
biomarkers of gas exchange, with the potential to act as surrogates for treatment assessment
and outcomes in longitudinal studies. Specifically, gas exchange imaging with 129Xe MRI
shows promise for detection of gas diffusion block in IPF, a disease that is presently
untreatable and for which conventional diagnostic imaging methods such as CT are
insensitive [150].

6.2.3. Asthma and COPD studies—The vast majority of clinical research studies using
HP gas MRI have been performed in asthma [117, 122, 129, 134, 135, 247, 248] and COPD
[123, 167, 249]. Studies of COPD have shown that ADC correlates with pulmonary function
[167, 250, 251], is highly reproducible [162], and is sensitive to subclinical disease [124—
126, 252] and disease progression [164, 249]. A multi-institutional prospective study of
COPD found that ADC was more predictive of COPD severity and more highly correlated to
the diffusing capacity of the lungs for carbon monoxide than quantitative CT [121]. In a
separate 2-year longitudinal study of subjects with mild to moderate COPD, both ADC and
VDP increased in the absence of significant change in the forced expiration volume in one
second, suggesting progression detected by imaging but not by conventional methods [249].
In mild to moderate COPD, the VDP in particular is associated with severe outcomes such
as hospitalizations for exacerbations, an association that is also not observed using
conventional measures, including CT [136]. This work suggests the potential use of HP gas
MRI to identify patients most likely to have severe outcomes at an earlier stage of disease
progression, which in turn could allow more aggressive treatment regime to be utilized in
these higher-risk individuals [253].

The greatest impact of HP gas MRI in asthma has been as a clinical research tool to
characterize asthma phenotypes and to demonstrate treatment outcomes for individual
patients not responsive to conventional anti-inflammatory therapies. Regional ventilation
heterogeneity revealed by HP 3He MRI has changed the way in which clinicians and
researchers view this disease. Relatively large cross-sectional and longitudinal studies [132,
134, 254] have revealed that up to half of ventilation defects persist in the same locations
over time intervals of several days to a year [254]. The persistence of ventilation defects in
these studies was independent of asthma severity and medication use, suggesting that
persistent defects were refractory to therapy. Because defects are observed even in
asymptomatic patients and involve both the central and peripheral airways, conventional
assumptions that asthma is a predominantly small airways disease have been challenged
[255-257]. VDP and ADC-related measures are also associated with differences in lung
microstructure in asthma compared with controls [258] and also with asthma risk factors in
adults [259, 260] and children [256, 261].
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Image guided interventions using HP 3He MRI have also been assessed and show promise
for evaluating the effects of stent placement in COPD [262-264], and smooth muscle
ablation treatments in asthma [265, 266].

6.2.4. Pediatric lung disease—Radiation dose is of increasing concern for longitudinal
studies using CT and is especially problematic in pediatric and young adult populations
[267, 268]. There will be a growing role for HP gas MRI in assessing therapy response and
disease progression in CF [133, 269-271] and pediatric lung diseases in general as this
technology, and MRI as a whole, are actively extended to study childhood [256, 261, 272]
and neonatal [272, 273] lung diseases.

7. Future work

Limitations of HP gas MRI is principally a problem of access to, and cost of, the technology.
Although admired and valued, these HP gas MRI techniques have not been widely
disseminated for these and other reasons. However, there have recently been significant
commercial and research investments in hyperpolarization gas technologies with two
commercial vendors providing high performance polarizers with improved ease of use and
reduced materials costs.

For HP 13C and 15N MR applications, prolonging the relaxation times (T and T5) and
overall polarization of HP agents would greatly enhance the available signal throughout the
duration of the MR experiment. The enhanced HP signal could be utilized for greater image
SNR, improved spatial resolution, and improved/extended temporal resolution, thereby
increasing potential for clinical translation.

7.1. Strategies for prolonging T, and T

Several chemical formulation strategies exist to prolong the relaxation times of DNP-
specific HP agents. Full or partial deuteration of 13C-enriched compounds can greatly
lengthen their T4 times [274]. The Ty of U-13C labeled glucose was improved nearly 10-fold
[71] enabling /n vivoimaging and detection of downstream metabolites [70]. Replacement
of protons with deuterons prevents dipolar relaxations between 13C and *H nuclei, thereby
lengthening T, times.

Careful handling of the HP substrate during sample transfer is another strategy to prolonging
or preserving the T time. The Ty times of many HP 13C substrates quickly decrease at low
ambient magnetic fields in addition to having shortened T, times at higher magnetic fields.
A handheld electromagnetic carrier for collection and transfer of 13C samples improved or
maintained image SNR from HP [13C] urea and [1-13C] pyruvate following dissolution and
sample transfer [275].

Similarly, T, times can also be improved by co-labeling HP agents with multiple polarizable
nuclei, enabling longer acquisition times and more time-intensive encoding schemes within
a single excitation. Longer 13C T, times were observed in dual-enriched [13C, 1°N,] urea
compared to [13C] urea enabling acquisition of high resolution 13C MR images on the order
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of IH MRI resolution (~1 mm) [276]. Similar enrichment schemes, while more costly, may
enhance the available transverse signal.

7.2. Strategies for improving polarization

The limited availability of polarizer and multi-nuclear technology for HP 129Xe and 3He
[277] in addition to high costs from limited global quantities of 3He [25] necessitate
migration to the more widely available 129Xe nucleus [26]. Advances in 129Xe SEOP
polarization and isotope enrichment begin to address the technical challenges with this
migration [10, 278]. Enrichment of the 129Xe isotope has enabled robust replication of the
major types of contrast-weighting demonstrated for 3He MRI [27, 28]. Moreover, improved
polarization methods for 129Xe [10, 279] may make imaging of natural abundance HP 129Xe
feasible [280], thereby significantly reducing cost. Lastly, a recently introduced open

source 129Xe polarizer system offers a means to improve the availability of polarizer
technology via local manufacturing using 3D printing technology [279, 281].

For DNP, increasing the overall maximum polarization of substrates can be achieved by
several improvements in polarization techniques. Lanthanide doping of DNP samples is a
well-established technique using trace amounts of free gadolinium (Gd3*), holmium (Ho3*),
or gadolinium chelates to improve the nuclear polarization [282]. Gadolinium is an efficient
relaxation agent due to its seven unpaired electrons and slow electronic relaxation rate and
can substantially enhance solid-state polarization.

DNP efficiency could possibly be optimized by controlling polarization temperature and
magnetic field strength. Comment and Merritt point out that reducing DNP temperatures
below 1 K, where maximum 13C polarization is predicted to be improved, will become
technically challenging and expensive [40]. However, improvements have been shown at
higher field strengths, with [1-13C] pyruvate polarization increasing from 37% at 3.35 T [3]
to 64% at 4.6 T [33]. At even higher field strengths (7 T), a maximal 13C polarization was
observed using nitroxyl radicals [283]. Furthermore, deuteration of the glassing solvent can
improve maximum polarization by three-fold when used with free radical agents exhibiting
large electron spin resonance linewidths (e.g., galvinoxyl, DPPH, and 4-oxo-TEMPO), at the
expense of prolonged buildup times [284]. This deuteration effect is reversed in radical
agents with small electron line resonance, such as BDPA and trityl OX063. Further, an
excess electron concentration in the DNP polarizing solution can reduce the build-up time,
but at the cost of lower maximum polarization overall [285].

8. Conclusions

The primary utility of functional imaging with HP agents is to visualize phenomena
previously inaccessible or only poorly represented in clinical decision making. Examples of
this range from high resolution patterns of ventilation and gas exchange heretofore only
measured as whole lung averages, to regional dynamic metabolism in cancer and
inflammation, which provide information more specific to metabolic pathways than existing
fluorodeoxyglucose positron emission tomography methods. These approaches also open
new opportunities to study the science of disease mechanisms that govern severity in lung
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disease and metastasis in cancer, with applications in asthma, COPD, CF, ILD, and renal and
cardiac disease, as well as breast and prostate cancer.

Accelerating progress towards translation of these technologies is further supported by the
significant commercial and research investments in hyperpolarization technologies. More
than a dozen major research universities or institutes worldwide are now active in either HP
gas or 13C development. HP gases are more mature in their development than 13C-based
techniques, and are therefore better positioned for short-term clinical success. The
translational potential of pulmonary MRI approaches has important advantages over
established clinical methods such as pulmonary function tests and scintigraphy that could
change the current cost-benefit calculus. Pulmonary function tests cannot easily characterize
different phenotypes of disease. Furthermore, they represent a global assessment of the lungs
that is generally insensitive to clinically important changes in disease severity that might
impact patient management, especially as more therapy options become available and milder
disease is targeted. The spatial resolution of scintigraphy is generally poorer than that
achievable with MRI, and scintigraphy requires ionizing radiation. The use of X-ray based
methods, including CT, diminish the numbers and types of imaging sessions that are
practical for longitudinal assessment of chronic lung disease due to the potentially harmful
effects of accumulated ionizing radiation exposure. The continued development of ultra-low
dose CT [286] may impact this assessment, but it should also be noted that newer functional
lung imaging methods using CT — for example, perfusion [287] and dual energy xenon CT
[288] — require more radiation than standard chest CT. Moreover, recent advances in
gradient performance and image reconstruction have significantly improved image quality
for structural MRI of the lungs, leading to advances in combined structure-function
assessment of disease severity and therapy response in CF that are only possible with
pulmonary MRI [289].

There remain significant challenges to translating HP MRI methods to the clinic.

HP 13C, 15N, and related liquid state agents require more technical development to increase
the fraction and relaxation times of polarized nuclei. Further, all HP MRI methods require
dedicated software, hardware, and trained personnel to conduct these advanced procedures.
Despite these challenges, advances in sensitivity of diagnosis and treatment monitoring
using metabolic imaging with agents such as HP [1-13C] pyruvate have a clear pathway to
translation for improving effectiveness of personalized treatments in cancer. Similarly,
respiratory diseases still have significant unmet needs in terms of pharmaceutical
development, minimally invasive interventions, longitudinal follow-up, and prognosis.
Disorders such as asthma and COPD are widespread and will continue to be a leading cause
of death and disease. The gas agents reviewed here underscore the unique ability of
pulmonary MRI to measure the functional consequences of obstructive and restrictive lung
diseases, while HP 13C and 15N substrates have the potential to offer unique, quantitative
metabolic information for multiple organs and pathologies.
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Figure 1.
Dynamic spectra displaying the transient decay of hyperpolarized metabolites in healthy

normal rat kidneys. Time 20 s is the initiation of injection. The rate of decay for each species
depends on the T, relaxation time, signal consumption by RF excitation, and rate of
metabolic conversion.
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Chemical structures and 13C spin-lattice (T;) relaxation times of acetaminophen (A) and
[1-13C] pyruvic acid (B) at 11.7 T. The placement of the 13C atom in the carboxyl group of
pyruvic acid results in a relatively long T1. Acetaminophen has a variety of potential 13C
sites with T4 values ranging from 3-37 s, with the shortest T, values for sites with increased
dipolar coupling due to direct hydrogen bonds and the longest T, at the site with a carbonyl

bond, reducing dipolar coupling [303].
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Figure 3.
MR spectrum detailing the gas phase and dissolved tissue and RBC phases of HP 129Xe in

the human lung. The ~200 ppm chemical shift between the gas and dissolved phases enables
these different states to be visualized via spectral separation techniques. Note that for this
spectrum, the gas phase peak was excited with a lower flip angle than the dissolved phases,
reducing its magnitude by ~100 times (adapted from [11]).
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Figure 4.
Spin density images of HP 3He gas distribution for a coronal slice in the lungs acquired pre-

exercise (baseline) and at two time points post-exercise for a subject with exercise-induced
bronchoconstriction and treatment with Montelukast. Images covering the lung volume were
acquired for one treatment (Tx) visit and two placebo (Plcb) visits. White arrows indicate
the ventilation defects visualized from these snapshots of the HP 3He gas distribution,
enabling calculation of the VDP. The VDP has the potential to act as a biomarker of
exercise-induced bronchoconstriction as indicated by the higher VDPs in the post-exercise
images (adapted from [11]).
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Figure 5.
Single-slice 129Xe ADC maps and their corresponding whole-lung ADC histograms for a

healthy volunteer (A, D), age matched healthy control (B, E), and COPD subject with
emphysema (C, F). The lower ADC values in the healthy volunteer and age matched healthy
control are indicative of normal alveolar microstructure while the higher ADC values in the
airways indicate nearly free diffusion of the gas. The larger ADC values in parenchyma of
the COPD subject with emphysema indicate alveolar destruction (adapted from [165]).
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Figure 6.
1H anatomical MR images depicting untreated (left) and tamoxifen-treated (right) MMTV-

PymT breast cancer in mice at 8-9 weeks (first row) and 12-13 weeks (second row) of age.
The slices used to acquire HP 13C MRS are indicated by the paired lines on each 1H
anatomical image. The corresponding [1-13C] pyruvate and [1-13C] lactate dynamic time
courses are given adjacent to each 1H anatomical image, along with the calculated apparent
conversion rate of pyruvate-to-lactate (kp) (adapted from [182]).
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pyruvate bicarbonate

Figure 7.
HP [1-13C] pyruvate (a) and 13C bicarbonate (b) chemical shift images (color) in a 10 mm

thick slice through the pig myocardium, overlaid on anatomical 1H MR images (grayscale).
The inset spectrum is the sum of the magnitude spectra from all voxels. The scale bar
indicates 2 cm. This image was adapted from [304].
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13C receive coil

'H receive coil

Figure 8.
13C volume transmit coil (A) and dual-tuned 1H/13C endorectal coil (B) used in phase 1

trials for imaging the prostate cancer following a HP [1-13C] pyruvate injection. The
endorectal coil was 12 inches in length with 4 inches x 1 inch elements. The layered design
of the endorectal coil is seen in (C). This image was adapted from [36].
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Figure 9.
MR images from a patient with bilateral biopsy-proven Gleason grade 3 + 3 prostate cancer.

Both the axial To-weighted image and ADC image indicate decreased signal intensity (red
arrows) in the suspected location of the right-hand (RH) lesion. However, the T,-weighted
and ADC images do not indicate a left-hand (LH) lesion. These results are corroborated by
the RH and LH 1H MRS results in which some spectra displayed reduced citrate and
elevated choline/citrate (pink) on the right gland, but not left. The HP 13C MRS arrays
indicate elevated ratios of [1-13C] lactate to [1-13C] pyruvate (pink) on portions of both the
right and left sides of the gland, indicative of upregulated glycolytic metabolism and
consistent with the presence of prostate cancer. The ratio of lactate-to-pyruvate (color) is
overlaid on the anatomical *H T,-weighted reference image (grayscale) indicating
agreement between the RH lesion identified by 1H MRI and 13C MRS, but not the LH lesion
which was only indicated by 13C MRS (adapted from [36]).

Phys Med Biol. Author manuscript; available in PMC 2018 July 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Adamson et al.

Page 50

IPF Subject
Axial Coronal Sagittal Axial

Healthy Volunteer

Coronal Sagittal

, ‘ - 9 “ Gas

E

-
-Aln-
Figure 10.

Representative images of HP 129Xe in the gas phase (grayscale), dissolved tissue phase
(green) and dissolve RBC phase (red). For all phases, the 129Xe signal was relatively
homogeneously distributed in the healthy volunteer. Homogeneous gas and dissolved tissue
distributions were also nearly homogeneous in the IPF subject. However, the RBC phase
displayed significant heterogeneity indicating gas-transfer defects (adapted from [108]).
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Figure 11.
Representative images of a HP 3He receive birdcage coil (A), HP 3He receive phased-array

coil (B), and HP 129Xe receive phased array coil (C), all used for pulmonary MR imaging.
RF excitation is provided via the broadband capabilities of the MR system.

Phys Med Biol. Author manuscript; available in PMC 2018 July 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Adamson et al. Page 52

Figure 12.
Components of a dedicated system for HP gas delivery to imaging subject (left) and view of

the system in use (right). The bag containing HP gas is attached to the breathing apparatus
just prior to inhalation and imaging. Unidirectional valves ensure inhaled gas is only drawn
from the HP gas bag, while exhaled gas exits through flexible tubing and is vented outside of
the scanner bore. Image adapted from [305].
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Table 1

Physical properties of the most common HP gases [11]

Hyperpolarized 3He  Hyperpolarized 12Xe

Gyromagnetic ratio (MHz/T) 33.434 11.777
Polarization 30-40% 8-40% [10]
T,at15T (s) 32 20
T,at15T(s) 2.00 0.31

T, at 15T (s) 0.020 0.019
Free diffusion coefficient (cm?/s) 2.05 0.062
Apparent diffusion coefficient * (cms) 0.16 0.021
Gas density (g/cm?3) 1.34 x 107 5.75x 1073
Partition coefficient in blood (Ostwald — unitless) 0.0085 0.17

*
within the restricted environment of the lung microstructure
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Table 2

Physical properties of common HP nuclei and substrates in metabolic MRS and MRSI

Page 54

Nucleus Gyromagnetic ratio (MHz/T) Natural abundance (%0)
3¢ 10.705 [98] 1.11 [58]
15N -4.3156 [98] 0.37 [58]
Substrate Reported LS polarizations Apparent Ty (s) Apparent T (s) ADC (x1073 mm?s)
[1-1C] DHA 6-8% [290, 291] 56 (3(2' 721T)(9[548]T) 2a NR NR
[2-13C] fructose 12% [175] 13-15(3 -[)5'8]]'6 (117 NR NR
[1,4-13C,] fumaric acid 25-35% [38, 292] el ([12f§]+)2?5(§]'4 . NR NR
12 (14.1 T) [58]; 14 (14.1T)
[U-2H,U-13C] glucose 13-19% [68-70] [68]; 10-14 (11.7 T) [69]; 9 NR NR
(7T)[70]; 10 (3 ) [71]
[1-13C] glutamate 13-28% [38, 203] 0@ [i?%gﬁﬁ‘?’”' ©4 NR NR
[5-13C] glutamine 5-16% [38, 294] 25(94T) [[5289{;]20 (14.17) NR NR

[1-13C] pyruvic acid

up to 50% at 3.35 T [295]; up
to 64% at 4.64 T [38]

67 (3T), 48 (11.7T), 44
(14.17T) [58]; 63 (7 T) [95]

0.20-3.17 (RK),
0.22-4.71 (DP) [75];
0.11-0.17 (MT)
[160]

1.19-1.20 (EC), 0.10~
0.17 (IC) [78]; 0.60 (RT),
0.71 (RBR) [296]; 1.1—
1.5 (RM) [297]; 1.2-1.7
(MT) [160]

13C bicarbonate

34-50 (Na, 3 T), 49 (Na,
11.7 T) [58]; 76-94 (Cs, 1
T), 53-62 (Cs, 3 T), 37-44

(Cs, 14 T) [298]

15% (Na) [38]; 19% (Cs) [298]

0.53-2.48 (RK),
0.13-1.22 (DP) [75]

NR

[1-13C] sodium lactate

7-31% [38, 195, 299] 45-50.6 (3_|1_')),|:53§]—33.4 (141

0.35-2.80 (RK),
0.11-2.27 (DP) [75];
0.52 (RL) [300];
0.18-0.21 (MT)
[160]

0.57-0.63 (EC), 0.17-
0.19 (IC) [78]; 0.17 (RT),
0.44 (RBR) [296]; 0.4—
0.7 (RM) [297]; 1.4-2.3
(MT) [160]

13C urea

44 (11.77),35 (141 T)

3-37% [38, 100, 276, 301] [58]; 46 (3 T) [276]

0.23 (RK), 0.28
(RBL) [276]

0.99 (ML) [302]

LS = liquid state, ADC = apparent diffusion coefficient, DHA = dehydroascorbic acid, NR = not reported, Na = sodium, Cs = cesium, DP = dog
prostate, ML = murine liver, MT = murine tumor, RBL = rat blood, RBR = rat brain, RK = rat kidney, RL = rat liver, RM = rat muscle, RT = rat
tumor, EC = extracellular, IC = intracellular
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