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ABSTRACT

Hyperpolarization chemistry based on reversible exchange of parahydrogen, also known as Signal
Amplification By Reversible Exchange (SABRE), is a particularly simple approach to attain high
levels of nuclear spin hyperpolarization, which can enhance NMR and MRI signals by many orders
of magnitude. SABRE has received significant attention in the scientific community since its
inception because of its relative experimental simplicity and its broad applicability to a wide range
of molecules, however in vivo detection of molecular probes hyperpolarized by SABRE has
remained elusive. Here we describe the first demonstration of SABRE-hyperpolarized contrast
detected in vivo, specifically using hyperpolarized [1-*C]pyruvate. A biocompatible formulation
of hyperpolarized [1-'>C]pyruvate was injected into healthy Sprague Dawley and Wistar rats, and
metabolic conversion of pyruvate to lactate, alanine, pyruvate-hydrate, and bicarbonate was
detected. Measurements were performed on the liver and kidney at 4.7 T via time-resolved

spectroscopy and chemical-shift-resolved MRI. In addition, whole-body metabolic measurements



were obtained using a cryogen-free 1.5 T MRI system, illustrating the utility of combining lower-
cost MRI systems with simple, low-cost hyperpolarization chemistry to develop scalable, next-

generation molecular imaging.
INTRODUCTION

Current medical imaging techniques fall in two broad categories, anatomical and functional
imaging.!? Anatomical imaging provides structural information, whereas functional imaging
provides information about the mechanistic underpinnings of biological activity often unfolding
on the molecular level.>~ As illustrated in Fig. 1A, there are many anatomical imaging methods
used in clinical settings including Magnetic Resonance Imaging (MRI), ultrasound, x-ray, and
computed tomography (CT).> MRI uses the large amounts of water and fat protons in the body to
obtain high-resolution images of tissues and organs.®’ Ultrasound applies high-frequency acoustic
waves to visualize the body’s internal organs and is typically associated with lower resolution
compared to MRI, but ultrasound stands out due to its speed and real-time imaging capabilities
and because it is inexpensive and easy to deploy.®® Simple x-rays have outstanding resolution for
visualizing bone but have limited soft-tissue contrast.'®"'?> Computed tomography (CT) uses multi-
plane x-ray images processed via mathematical reconstruction algorithms and can give key
insights to internal injuries and pathologies on its own, or when combined with iodine contrast
agents.!>!* MRI, ultrasound, x-ray, and CT all give high-precision structural contrast, and careful
developments have been added over the years to extract functional information with these
methods. Many existing functional imaging approaches can be thought of as off-shoots of the listed

structural methods.



A) An overview of current imaging modalities, placing hyperpolarization chemistry in context
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Figure 1. A) Illustration of the medical imaging landscape placing hyperpolarized imaging and
specifically parahydrogen-driven SABRE hyperpolarization chemistry in broader context. The
diagram does not exhaustively capture all medical imaging methods. The highlighting of methods
that have “commercial availability” emphasizes the current methods that are used in clinics.
Hyperpolarized MRI and SABRE as relevant to this work are highlighted in orange. B) SABRE
hyperpolarization chemistry: Both parahydrogen and the [1-*C]pyruvate substrate are in reversible
exchange with the polarization transfer catalyst, [IrH,(IMes)(DMSQO)(pyruvate)|. During the lifetime
of the polarization-transfer complex that comprises the catalyst, the substrate, and parahydrogen
(tens to hundreds of milliseconds), the polarization is transferred from the parahydrogen singlet state
on the hydrides to the 1*C nucleus in pyruvate transiently bound on the catalyst. Continuous exchange
leads to hyperpolarization build-up on the free pyruvate in solution. This build-up process requires
roughly 1.5 minutes to reach steady-state hyperpolarization.



These functional imaging methods can be broken down further into molecular and non-molecular
functional imaging modalities. The non-molecular modalities typically employ subtle changes in
the data acquisition and data reconstruction schemes to access functional information. MRI lends
itself particularly well to this approach because MRI signals are strongly dependent on the exact
sample composition and MRI sequences can be modified in a myriad of possible ways. Good
examples include functional Magnetic Resonance Imaging (fMRI), which is sensitive to changes
in blood oxygenation level,!>!® Arterial spin labeling (ASL) that measures tissue perfusion via

1921 and Diffusion Tensor

magnetic labeling of slices in the object that are subject to perfusion,
Imaging (DTI), which measures the three-dimensional diffusion of water as a function of spatial
location.?>?* Non-MRI functional imaging includes CT angiography using CT scans after injection
of a dye to produce images of blood vessels and tissues,>* and ultrasound elastography, which is
sensitive to the stiffness of tissues because acoustic wave propagation depends on material stiffness
and can be used to distinguish healthy from pathological tissue.?> These non-molecular functional
imaging methods are sensitive to blood flow and tissue activity but do not give insights into
fundamental biological processes on the molecular level. Conversely, molecular functional
imaging methods use biomarkers that directly report on biological function. The two predominant
methods are Positron Emission Tomography (PET) and hyperpolarized MRI. PET has been
translated all the way to clinical practice and uses radioactive tracers that are injected and detected
via the emitted radiation.?®?” PET has unrivaled sensitivity to picomolar concentrations of
radiotracers and has revolutionized staging and monitoring response to treatment of many diseases,
most notably various cancers. However, PET also has significant weaknesses, which include the

use of ionizing radiation, limited spatial resolution, a requirement for large and sophisticated

infrastructure, and a lack of sensitivity to chemical transformations. In contrast, Magnetic



Resonance (MR) techniques (exemplified by magnetic resonance spectroscopic imaging MRSI?®
30 or Chemical Exchange Saturation Transfer (CEST)*!*) are highly sensitive to small changes in
molecular structure as reported by the chemical shift frequency of individual molecules but have
relatively poor concentration sensitivity. The poor concentration sensitivity of MR stems from low
thermal nuclear spin polarization generated by typical MRI magnets, which align only about 1 in
100,000 nuclear spins. Accordingly traditional MR approached require high concentrations of

detected molecules.

To address the sensitivity challenge faced by MR approaches, hyperpolarization methods
have been developed to align much larger fractions of nuclear spins and improve the sensitivity
limits of NMR and MRI by several orders of magnitude.>**>° Indeed, the first hyperpolarized (HP)
contrast agent (>°Xe gas)*** has been FDA approved for ventilation lung imaging. Other HP
molecular probes are also emerging for molecular imaging, including [1-'3*CJpyruvate.* HP [1-
BClpyruvate is similar to the ['®F]fluorodeoxyglucose PET***" tracer in that it allows molecular

3336 and many other diseases.*®* Currently in over

sensing of aberrant energy pathways in cancer
30 clinical trials, dissolution Dynamic Nuclear Polarization (d-DNP)*® is the hyperpolarization
method employed for production of HP [1-*C]pyruvate for molecular imaging applications.
Hyperpolarized MRI has the ability to directly track and image metabolic events at any depth
inside tissue at modest sub-mM concentrations and it is relatively safe because HP MRI uses
injectable contrast agents that are endogenous biomolecules, instead of radioactive material. The
disadvantages of d-DNP are that it is also highly infrastructure-intensive and relatively slow to
build up hyperpolarization (~1 hour). A faster and simpler approach to hyperpolarize [1-

BClpyruvate is parahydrogen-induced polarization (PHIP).3®31-5% One possibility is side-arm

hydrogenation PHIP (SAH-PHIP),>*>> which has been successfully used to hyperpolarize [1-



13CJpyruvate,>®>8

the most common hyperpolarized MRI tracer. In SAH-PHIP an unsaturated
side arm of a pyruvate ester is hydrogenated with parahydrogen, the polarization is transferred to
the °C nucleus, and the pyruvate is then cleaved via hydrolysis of the ester. Although SAH-PHIP
is a successful approach for PHIP hyperpolarization of [1-13C]pyruvate, the synthesis of the
unsaturated pyruvate ester precursors is relatively complex and storage is not trivial. Unlike any
existing method, Signal Amplification By Reversible Exchange (SABRE) hyperpolarizes sodium
[1-13C]pyruvate directly and without the need for chemical modifications.’**® As depicted in Fig.
1B, SABRE relies on reversible exchange of parahydrogen and a to-be-hyperpolarized substrate,
[1-13C]pyruvate, on an Ir-catalyst to create a spin network connecting parahydrogen and the target
substrate. Continuous reversible exchange of parahydrogen and the substrate leads to rapid
polarization build-up within the bulk [1-'*C]pyruvate molecules in solution. The resulting HP

agent can be processed to quickly obtain biocompatibility for subsequent injection into the subject

to monitor metabolic changes.

Since its inception,>®' SABRE hyperpolarization chemistry has undergone significant
developments.®>® First, SABRE was primarily optimized to hyperpolarize protons in target
substrates.’*®1% With the invention of the SABRE-SHEATH (SABRE in Shield Enables
Alignment Transfer to Heteronuclei) variant, it became possible to efficiently hyperpolarize "N

67-75

and "°C nuclei that are associated with longer hyperpolarization lifetimes®’">—such as in [1-

BC]pyruvate.”®”” Subsequent developments enabled polarization levels exceeding 10% using

7879 and/or various pulsed-field approaches.’®3 Building on these recent

temperature cycling
advances, here we show the first detection of a SABRE-hyperpolarized substrate, [1-'*C]pyruvate

in vivo. Using a rat model, spectroscopic tracking of metabolic turnover and Chemical Shift

Imaging (CSI) are demonstrated for kidney, liver, and whole body at multiple experimental sites,



pointing towards the development of a truly scalable molecular imaging technique resulting from
the combination of fast, simple SABRE hyperpolarization chemistry with low-cost, cryogen-free

MRL5

METHODS

L. Sample Preparation
Under inert gas conditions, [1-'*C]pyruvate, [Ir(IMes)(COD)CI] (IMes= 1,3 bis(2,4,6-
trimethylphenyl)imidazole-2-ylidene, COD=cyclooctadiene) polarization-transfer pre-catalyst,
and DMSO were mixed to give absolute concentrations of 65 mM [1-'3C]pyruvate, 24 mM DMSO,
and 6 mM Ir-IMes in CD3;OD. Ir-IMes catalyst was synthesized using literature methods.**° Dry
CD30D was used as provided from the supplier (Cambridge Isotopes) and degassed with 5 freeze-

pump-thaw cycles. All other chemicals used were purchased from Millipore Sigma.
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Figure 2. Experimental procedure of MRI in vivo studies. [A] SABRE hyperpolarization
takes place inside of a mu-magnetic shield at a polarization transfer field of 0.3 nT. The
sample is pre-cooled to 0 °C and then parahydrogen is bubbled through the solution for 90
seconds allowing for polarization buildup in the magnetic shields. [B] The sample is
transferred to a 1 T Halbach array (to help slow relaxation of the hyperpolarization) for
depressurization and ejection into a syringe pre-filled saline, taking 10 seconds. [C] After
ejection the sample is moved across the room and attached to the catheter for injection,
requiring ~10 s. [D] After injection a two-minute scan is applied with a 20° pulse and
repetition time of 2 seconds to detect the metabolic products of pyruvate—namely lactate,
alanine, pyruvate-hydrate, and bicarbonate.



. Hyperpolarization and sample processing
[1-13C]pyruvate was hyperpolarized by bubbling parahydrogen through a 500 pL solution
containing 6 mM Iridium-IMes catalyst, 24 mM DMSO, and 65 mM 1-13C Pyruvate at 100 psi
inside a standard NMR tube using a previously described bubbling setup.”” The sample is pre-
cooled to 0 °C and then placed into a Polarization Transfer Field (PTF) of 0.3 uT established in
mu-metal shields provided by MagneticShield Corp. (ZG-203). After 90 s of bubbling
parahydrogen, at room temperature and 0.3 uT field, the sample is manually transferred intoa 1 T
Halbach array, where the parahydrogen pressure is released. The sample is subsequently pulled
into a syringe prefilled with saline solution, creating a saline-methanol mixture. For the
experiments at 4.7 T at Massachusetts General Hospital (MGH), 1.5 mL saline was used creating
at total injectable volume of 2 mL, with a methanol-to-saline ratio of 1:3. These concentrations
correspond to a dosage of 11.3 mg/kg (0.13 mmol/kg) of pyruvate injected into ~250 g Sprague
Dawley rats. For the experiments at 1.5 T (at NC State) using the cryogen-free MRI system, only
1 mL of saline was used, creating a total injectable volume of 1.5 mL with a methanol-to-saline
ratio of 1:2. These concentrations correspond to a dosage of 14.1 mg/kg (0.16 mmol/kg) of
pyruvate injected into ~200 g Wistar rats. These dosages of hyperpolarized and injected pyruvate
are lower than those in typical d-DNP hyperpolarized MRI studies, which are closer to (0.75 to 1
mmol/kg).”* For all animal studies, the rats were sedated with isoflurane before placing them in
the MRI scanner. Isoflurane was continuously provided via a nose cone in the MRI scanner during
experimentation, and the heart and breathing rates were continuously monitored. The vitals
remained stable after injection, and the animals were euthanized before waking from anesthesia
approximately 10 minutes after completion of the experiment. All animal handling procedures

were conducted under the appropriate IACUC protocols at NC State and MGH. At NC State,



hyperpolarized '*C MR data were acquired from the whole body of the animals. The cryogen-free,
variable-field MRI system at NC State used whole body transmit/receive '*C volume coils (5.2 cm
RF window length and 6.5 cm in diameter). At both sites, the spectroscopic data were obtained
using a 20° non-selective 0.314 ms hard pulses, a repetition time (TR) of 2 seconds including a

0.68 s acquisition time, 12 kHz spectral bandwidth, and 8,192 spectral points.

At MGH, the hyperpolarized '*C animal experiment was conducted on a 4.7 T animal MRI scanner
(Bruker Biospin, Billerica, USA) using a commercial transmit/receive proton volume coil (Bruker,
Billerica, USA) for localization and shimming. '3C experiments used a custom-made
transmit/receive 1*C surface coil with a 6 cm inner diameter for '*C acquisitions. In the dynamic
spectroscopy experiments, a pulse-and-acquire sequence was used with a non-selective 0.11 ms
hard pulse, centered at 180 ppm with a 30° nominal flip angle and a repetition time (TR) of 3 s.
For all chemical shift imaging (CSI) experiments, a sinc pulse with 11,000 Hz bandwidth and
0.56 ms length was used to selectively excite a single axial slice of 15 mm thickness. CSI
parameters were, TR 410 ms, echo time (TE) 1.05 ms, 20° nominal flip angle, spectral bandwidth

10,080 Hz, 4,096 spectral points, field of view (FOV) of 80 mm x 40 mm, and matrix size 8 x 8.

RESULTS AND DISCUSSION

A In Vivo Spectroscopy at 4.7 T
Figure 3 shows the data obtained for the first observation of metabolic conversion using dynamic
spectroscopy employing SABRE-hyperpolarized [1-'*CJpyruvate. The surface coil was placed
either on the liver or the kidney of the rat, the hyperpolarization was started, followed by dilution
with saline, injection, and data acquisition. As seen in Fig. 3, the data clearly show peaks for
lactate, alanine, pyruvate-hydrate, and bicarbonate. Figures 3A-C show the data acquired from the

liver, and Figures 3D-F from the kidney. In comparison, the data from the liver clearly shows a



higher metabolic rate as expected,”’ while noting that in the presented pilot studies significant
quantities of methanol were injected, which is known to alter metabolism.’®” Future work will
use ethanol/water or fully aqueous injectables.”® Figs. 3A and D show spectra created by summing
the data across the full time duration for liver and kidney, respectively. Most metabolic turnover
is observed to lactate and alanine, whereas conversion to pyruvate-hydrate and bicarbonate is less
pronounced. Figs. 3B and E show the full time-resolved spectra. Figs. 3C and F show the
corresponding projection of the signals for pyruvate, lactate, and alanine as a function of time,
revealing the time course of pyruvate perfusion convoluted with metabolic conversion and 7
relaxation for the individual metabolites—as expected from previous d-DNP work.”! As can be

seen, metabolic tracking for about one minute was possible in these first proof-of-concept studies.
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Figure 3. In vivo spectra acquired on two (Sprague Dawley, female) rats using a dynamic
spectroscopy sequence and a different field of view on the liver [A-C] and kidney [D-F]. [A,
D] Summed spectra of the complete dynamic spectroscopy acquisition. [B, E] Spectra overlay
of the dynamic spectroscopy acquisition with lactate (red), alanine (green), and pyruvate
(blue) integration regions highlighted. [C, F] Plot of the integrated acquisition for pyruvate,
lactate, and alanine using the spectra shown in B and E. The spectra in this temporal series
are acquired with 30° flip angle and 3 s delay between acquisitions.
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11 In Vivo Spectroscopic Imaging at 4.7 T
In addition to in vivo spectroscopy, we implemented Chemical Shift Imaging (CSI) to visualize
the spatial distribution of the SABRE-hyperpolarized [1-'*C]pyruvate within the kidney and liver
as displayed in Fig. 4. The individual spectra were integrated and turned into a heat map
superimposed on an anatomical proton-MRI slice of the imaged region. Figs. 4A-C show the data
acquired with the surface coil placed on the liver, whereas Figs. 4D-E show the data acquired when
the surface coil was placed on the kidney. Figs. 4A and D show the respective raw CSI data
displaying the spectra acquired in a 8 x 8 grid covering a field of view (FOV) of 8 x 4 cm. Figs.
4B and E each show a heatmap over the corresponding anatomical image, which was then
smoothed by zero-filling the data to assist with visualization—as shown in Figs. 4C and F. In this
work, the excitation pulses were selectively applied on the 1-!°C pyruvate peaks to ensure visibility
and sufficient signal-to-noise. The liver image shows most pyruvate signal primarily centered
around the heptic vein, whereas the kidney image shows most pyruvate signal centered around the
renal vein. To additionally visualize the metabolic products, pulse program modifications would
be necessary that are beyond the scope of this current first demonstration. Accordingly, the current
imaging data does not contain information on the metabolic products and only visualized the
SABRE-hyperpolarized [1-'*C]pyruvate; nevertheless, the CSI approach will be critical in future
studies imaging disease models, where the production of metabolites may be strongly modulated.
For example, the production of lactate is often greatly increased in the presence of tumors because

of the Warburg effect.*%%°-10?

11



47T
[Al] [B] [C]
L1 | 1
1 : 5 _
w3 % 1 -
— [ X
TRER g - ¢
= [T
> E 5 - 5 >
= ([ .
; i R (I e N 7
8 ] 8
T2 3 4 s & 71
x [voxel #] x [voxel #] x [voxel #]
[D] [E] [F]
1[ i 1
2 5 5
= 3 Ll — 10
> |5 . i =
@ % 4 | % 4 Q15
e = : g S
O | > o o i >, -;zn
2], 8 30
8 5 ’ — 5 0 15 20 25 30
. [ ) | #5] e E x [voxel #] x [voxel #]
x [voxe

Figure 4. Chemical Shift Imaging (CSI) experiments performed on two separate animals
(shown in separate rows) with two different fields of view (liver, row 1; kidney, row 2). [A,
D] 8x8 array of the 64 spectra acquired in the respective CSI experiments. [B, E] Integration
of the peaks shown in the spectra to obtain a heat map overlayed on top of the center
anatomical slice of the imaged region. [C, F] Linearly extrapolated heat map (32x32) for

visualization of the CSI results. CSI results are acquired linearly in a 8<8 matrix using a 20°
flip angle and a 0.41 s TR.

111 Cryogen-Free 1.5 T Hyperpolarized In Vivo Spectroscopy

In tandem with the work performed at MGH, experiments were conducted at NC State using a
cryogen-free variable-field MRI scanner. The use of a cryogen-free MRI and lower magnetic fields
circumvents the need for large amounts of helium, reducing installation and maintenance costs.
Even the combination with portable bedside (“point-of-care”) MRI3*# becomes imaginable. The
variable field of our unique MRI (5 mT — 3 T) assists with the broader translation into clinical
settings, as the common clinical fields are between 1.5 — 3 T. Studies closely comparable to those

performed on the preclinical 4.7 T MGH scanner are shown here. Differences reside in the use of

12



a whole body volume coil instead of surface coils, slightly smaller animals (~200 g versus ~250
g), and operation at 1.5 T. The selection of 1.5 T helps to establish direct correlation to more
clinical settings often operating at this field. Figure 5A shows summed spectra of the
hyperpolarized pyruvate, along with its downstream metabolic products lactate and alanine, as
well as the other (minor) byproducts—pyruvate-hydrate and bicarbonate. Since the 1.5 T data is
acquired using a full-body coil, the signal represents an average across the whole rat, showing
lower metabolic activity in comparison to the [1-'*C]pyruvate signal from the liver and kidney
(which are more metabolically active organs). In addition, shimming the magnetic field over a full
body is more challenging than over individual organs, which is reflected in broader spectral
features visible in Figure 5 A, in contrast to those from Figures 3A and C. Despite these challenges
hyperpolarized signal is detectable for over one minute, and time-resolved metabolism could be
observed as illustrated in Figs. 5B and C—presented in analogy to Fig. 3. Overall, the experiments
shown in Figure 5 indicate the successful combination of low-cost hyperpolarization with low-
cost MRI to achieve in vivo detection of metabolic transformations, advancing this technology and

setting the stage for future developments and biomedical applications.
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Figure 5. In vivo spectra acquired on one [Wistar, female] rat using a dynamic spectroscopy
sequence. [A] Summed spectra of the complete dynamic spectroscopy acquisition. [B]
Spectra overlay of the dynamic spectroscopy acquisition with lactate (red), alanine (green),
and pyruvate (blue) integration regions highlighted. [C] Plot of the integrated acquisition for
pyruvate, lactate, and alanine using the spectra shown in B. The spectra in this temporal
series are acquired with a 20-degree flip angle and a 2 s delay between acquisitions.
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CONCLUSION

The first in vivo metabolic hyperpolarized MRI experiments were demonstrated using SABRE
hyperpolarization chemistry and [1-'*C]pyruvate as an exogenous molecular probe.
[1-13C]pyruvate is the leading molecular probe because it is a key metabolite that is often
dysregulated in many disease states. /n vivo studies were performed on two different instruments
at two different sites to provide multi-site validation of the emerging SABRE technology: a 4.7 T
magnet at MGH and a 1.5 T cryogen-free magnet at NC State. Both systems showed good signal-
to-noise for the detection of SABRE-hyperpolarized [1-'>C]pyruvate and enabled real-time
metabolic tracking of the formation of lactate, alanine, pyruvate-hydrate, and bicarbonate. The
presented work is a key milestone in the translation of SABRE hyperpolarization chemistry—
which has been under development for almost 15 years since inception—to pre-clinical
applications focused on biomedical questions. Future work still has to address challenges
associated with full biocompatibility given that in the presented work significant methanol
fractions were in the solutions as well as Iridium based polarization transfer catalyst. Ongoing
work shows clear pathways towards catalyst-free ethanol/water or fully aqueous formulations,”®
which will be used in forthcoming work. Notwithstanding, the facile nature of SABRE
hyperpolarization chemistry makes SABRE based technology a good candidate for broader
dissemination with the potential to become competitive in the landscape of existing molecular
imaging technologies, and medical imaging at large. Specifically, the combination of portable,
low-field MRI approaches that otherwise suffer from significant sensitivity limitations could be
combined with SABRE hyperpolarization chemistry to deliver broadly available molecular

imaging with the ability to track individual metabolic pathways.
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