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ABSTRACT: Current metabolic imaging in humans is dominated by positron emission tomography (PET) methods. An
emerging non-ionizing alternative for molecular imaging is hyperpolarized MRI. In particular, imaging of hyperpolarized
13C-pyruvate is a leading candidate because pyruvate is innocuous and has a central role in metabolism. However, similar
to PET, hyperpolarized MRI with dynamic nuclear polarization (DNP) is complex, costly and requires complex infrastruc-
ture. In contrast, signal amplification by reversible exchange (SABRE) is a fast, cheap, and scalable hyperpolarization
technique. In particular, SABRE in SHield Enables Alignment Transfer to Heteronuclei (SABRE-SHEATH) transfers po-
larization from parahydrogen to 3C in pyruvate, however, to date, SABRE-SHEATH of *C-pyruvate was limited in polar-
ization levels relative to DNP (1.7% with SABRE-SHEATH vs. ~60% with DNP). Here we introduce a temperature cycling
method for SABRE-SHEATH that enables >10% polarization on [1-*C]pyruvate, sufficient for successful in vivo experi-
ments. First, at lower temperatures, ~20% polarization is accumulated on SABRE-catalyst bound pyruvate, which is sub-
sequently released into free pyruvate in solution at elevated temperatures. We take advantage of the achieved polariza-
tion to demonstrate first 13C pyruvate images with a cryogen-free MRI system operated at 1 T. This illustrates that inex-
pensive hyperpolarization methods can be combined with low-cost MRI systems to obtain a broadly available, yet highly

sensitive metabolic imaging platform.

Current metabolic imaging is dominated by PET and
SPECT, which require synchrotrons and radiochemistry
to produce radioactive injectables. In contrast, hyperpo-
larized MRI is emerging as a technique that enables track-
ing of biomolecular metabolism without radioactive labels
and ionizing radiation.! Hyperpolarized (HP) MRI can be
used to gain insights and diagnose metabolic disease
states such as cancer?, diabetes?, and cardiovascular dis-
ease®*. HP pyruvate has emerged as a leading candidate
as metabolic marker due to its safety and its central role
in metabolism.! For example, pyruvate to lactate conver-
sion is upregulated in cancer cells, enabling early detec-
tion of cancer cells.>%6 Striking advancements have been
made in applications to prostate®’, breast®, and brain® tis-
sues?®. However, the leading method to hyperpolarize py-
ruvate, dissolution dynamic nuclear polarization (d-DNP),
is limited in broad availability due to its high cost (~$2.5M),
long contrast agent production times (~30 min or more),
and instrument complexity.!*? Specifically, d-DNP trans-
fers electron polarization to nuclei using high power mi-
crowaves at cryogenic temperatures of ~1 K inside super-
conducting magnets, and this process is followed by rapid
dissolution with a superheated solvent.*>® In contrast,
Signal Amplification By Reversible Exchange (SABRE) is
a fast (~20 s), cheap (~$25k), and scalable hyperpolari-
zation technique using parahydrogen (p-H2) as a source
of spin order. SABRE hyperpolarizes small molecules in
solutions that could readily be used for metabolic imaging
of many compounds including pyruvate.4-17

SABRE inits original implementation was optimized to hy-
perpolarized protons at mT magnetic fields4, whereas the
hyperpolarization of heteronuclei, including **N and *3C, is
optimized in magnetic shields that establish uT magnetic

fields. This approach is called SABRE in Shield Enables
Alignment Transfer to Heteronuclei (SABRE-SHEATH).8-
20 previous work has demonstrated the feasibility of *C
pyruvate hyperpolarization with SABRE-SHEATH, but re-
mained limited in polarization relative to the high values of
DNP (1.7% vs. ~60%).15% Here, we present a combina-
tion of advances including the use of temperature cycling
to overcome the in vivo polarization threshold of 10% with
SABRE-SHEATH. The results of this study also indicate
that further optimization of [1-*C]pyruvate SABRE-
SHEATH is possible to maximize the critical molar polari-
zation, defined as the product of concentration and polar-
ization (introduced by Knecht et al.?), which is ultimately
the most important hyperpolarization parameter required
for in vivo translation.”12:22

Previous demonstrations of parahydrogen induced polar-
ization (PHIP) on pyruvate have shown the feasibility of in
vivo studies. Specifically, these experiments have shown
that 10% initial polarization with a 35 mM pyruvate injec-
tion is sufficient for hyperpolarized in vivo MRI%, a thresh-
old that we reach using the SABRE-SHEATH technique
in this study. These early demonstrations relied on the di-
rect incorporation of p-Hz into an unsaturated precursor
through hydrogenation to obtain the target molecule such
as fumarate.?*-2® Similarly, HP pyruvate can be obtained
from the addition of p-H2 to propargy! pyruvate followed
by rapid hydrolysis of vinyl pyruvate to pyruvate.?*?” This
process was called PHIP by side-arm hydrogenation
(PHIP-SAH) but involves synthesis of the propargyl py-
ruvate precursor, hydrogenation, complex spin transfer,
hydrolysis, and phase transfer steps to obtain HP py-
ruvate.?® In contrast, the facile nature of SABRE enables



direct hyperpolarization of the **C spins in pyruvate, ac-
cessing rapid polarization without additional complex
steps.
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Figure 1. Hyperpolarization scheme of [1-*C]pyruvate,
with a gradient representation of temperature cycling.
The full IMes ligand is omitted for diagram clarity, where
IMes = 1,3 - bis(2,4,6 - trimethylphenyl) imidazole-2-yli-
dene.

Rapid polarization of [1-*C]pyruvate using SABRE-
SHEATH is achieved in this study using DMSO as a co-
ligand, accessing a reaction network illustrated in Figure
1. This figure highlights the different active catalytic spe-
cies originally described by Tickner et al., where optimized
hyperpolarization levels of [1,2-13C;]pyruvate reached
1.7%,%® which remained below the 6.2% (~10% nascent)
polarization achieved with the PHIP-SAH approach.?328 In
the present work, we highlight that sufficiently fast p-Hz
exchange still occurs in the complex at low temperatures.
We take advantage of this feature and implement temper-
ature gradients with SABRE-SHEATH on [1-3C]pyruvate
to reach Pisc (*3C polarization) ~10.8% on free pyruvate
in solution, over six times greater than previous optimized
results (Figure 2A). This is enabled by starting with
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P13c ~20 % on catalyst bound pyruvate at lower tempera-
tures. We provide detailed insights regarding exchange
dynamics and relaxation processes during temperature
gradients, which modulate substrate and hydride ex-
change rates. The initial results of this study also indicate
that further optimization of the pyruvate SABRE-SHEATH
process can yield higher molar polarization levels (con-
centration x %P) as needed for in vivo studies.1%-?1:23

The spectrum and results shown in figure 2A are the max-
imum achieved single-shot polarization during this study.
This data shows 14.3% polarization on the bound py-
ruvate species, and 10.8% on the free pyruvate corre-
sponding to a total sample polarization of 11.8% on py-
ruvate. Full details of the polarization calculations are
given in the Sl whereas detailed characterization of the
dynamics are provided at the end of this manuscript. The
central hallmarks that allowed the reported polarization
levels are:

1) Use of [1-3C]pyruvate. Both [2-'3*C]pyruvate and
[1,2-C]pyruvate polarization levels remain below
those found for [1-13C]pyruvate (See SI).

2) Use of high catalyst to substrate ratio (5 eqv. py-
ruvate, 3.3 eqv. DMSO), as reported in previous
work. 1628

3) Pre-cooling the sample to slow exchange (as indi-
cated in Figure 1) followed by bubbling at elevated
temperature causing a temperature gradient over
the course of the build-up time.

Using the high polarization achieved on [1-'*C]pyruvate,
we also acquired a *C image using a fast spin echo se-
quence at 1.0 T of a cryogen-free MRI system that can be
operated at any field between 5 mT and 3 T. At the clini-
cally relevant field of 1 T, we imaged the sample directly
in an NMR tube with sub-mm resolution (Figure 2C). As
shown in these images, the HP signal enables 3D multi-
slice imaging of the 3.47 mm cross-sectional area of the
NMR tube. The images are not optimized due to the rough
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Figure 2. (A) NMR spectrum of hyperpolarized [1-*C]pyruvate in free and catalyst bound forms. This spectrum was
acquired with a sample of 30 mM [1-!3C]pyruvate, 20 mM DMSO, and 6 mM IMes catalyst. (B) Thermal reference
spectrum of [1-*C]ethyl acetate at 9.4 T, used for calculation of the polarization. (C) MRI of HP [1-*C]pyruvate sample.
Three slices of the image are taken in 1-3, with the NMR tube phantom and corresponding slice positioning shown in
4 and 5. The images are acquired with a fast spin echo sequence at 1.0 T with 32x32 voxels, 20x20 mm? FOV, an
echo train length of 16 lines, and an overall acquisition time of 3.3 s. Full details regarding the setup and sequence

are in the SlI.



positioning of the NMR tube in the coil volume giving var-
iable shims when the NMR tube is inserted into the scan-
ner. A corresponding spectrum of HP [1-3C]pyruvate
characterizing the inhomogeneities in the MRI is given in
the SI.

The variable temperature control before and during p-Hz
bubbling is crucial to maximize the observed polarization
levels. First, exchange is slowed with a low initial temper-
ature but increases as the sample is bubbled at the SA-
BRE polarization transfer field (PTF) at an elevated tem-
perature. For the experiments depicted in Figures 3A-E,
we used a previously described pneumatic shuttling sys-
tem,*® where the sample is first cooled in the probe with a
variable temperature unit and subsequently shuttled out
of the cooled atmosphere into magnetic shields at approx-
imately 18 °C and SABRE-SHEATH?**3132 matching field
of 0.4 uT . At a short bubbling time of 15 s, there is only a
small deviation in the sample temperature of less than
4 °C. However, at a longer bubbling time (90 s) the sam-
ples experience larger rise in temperature of about 14 °C.
To characterize the warming process, Figure 3E shows
the change in sample temperature as a function of bub-
bling time when starting at a sample temperature of 0 °C.
The temperature was assessed based on the NMR-fre-
qguency shift of the exchangeable methanol proton. The
full details of these calibrations are explained in the SI.

At low initial temperature, the slower exchange promotes
efficient polarization buildup on the catalyst-bound py-
ruvate. This effect is evidenced by up to 20% polarization
on the catalyst-bound pyruvate achieved by starting at the
lowest temperature of -10 °C (see Fig. 3C). Withonly 15 s
of bubbling (Fig. 3B) the polarization remains almost ex-
clusively on the bound species 3b. We note that in con-
trast to previous work,'® our data suggests that even at
low temperatures, efficient hydrogen exchange still oc-
curs on both the 3b and 3a catalytic species, whereas
bound pyruvate barely exchanges.

As the sample warms during the bubbling period HP [1-
13Clpyruvate can exchange off the catalyst more rapidly
while continued SABRE occurs as the sample warms, ul-
timately leading to high polarization on free pyruvate. As
is evident from Fig. 3B and C, at even further elevated
temperatures the free and bound polarization numbers
equilibrate as expected with efficiently exchanging pools.

The maximum in free pyruvate polarization of 10.8% is
observed with an initial temperature of 5 °C, which in-
creases to 14 °C over 90 s bubbling (Figure 3C). A full
investigation of the kinetics of these temperature cycling
effects will be the subject of future work using either lin-
ewidth3334 or EXSY® analyses.

To unequivocally confirm that experiments with a temper-
ature gradient give higher polarization than experiments
with constant temperatures we conducted a study that al-
lowed for fully comparable experiments with constant
temperature established with a water bath. To perform
such direct comparison, we had to switch to manual sam-
ple transfer experiments with a 1.1 T benchtop NMR spec-
trometer. The results are displayed in Figure 3F. The sam-
ple is either bubbled in a water bath at constant tempera-
ture in a magnetic shield (purple, Figure 3F) or first pre-
cooled in a water bath at a set temperature and then bub-
bled in the shield at ambient temperature (green, Figure
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Figure 3. Variable temperature comparisons in the
hyperpolarization of [1-*C]pyruvate. (A,B) Compari-
son of HP spectra obtained with an initial sample tem-
perature of -10°C and 20°C using (A) 15 s bubbling
and (B) 90 s bubbling. (C,D) Comparison of the tem-
perature dependence of [1-3C]pyruvate hyperpolari-
zation with (C) 15 s bubbling and (D) 90 s bubbling.
(E) Final sample temperature with variable bubbling
time for an initial sample temperature of 0°C in the
pneumatic shuttling setup. (F) Comparison of polari-
zation obtained on free pyruvate with and without a
temperature gradient using manual sample transfer.
All data was acquired with a 0.3 uT PTF and 100 psi
p-Hz at 75 sccm on a sample of 6 mM Ir-IMes catalyst,
20 mM DMSO and 30 mM [1-*3C]pyruvate.

3F). The constant temperature experiments consistently
stay below the experiments with temperature gradients.

The lower relative polarization values in this data, com-
pared to the data acquired with shuttling, are due to in-
consistencies and lack of reproducibility in manually mov-
ing the sample. Manual sample transfer takes longer than
automated shuttling and full adiabaticity could not be
guaranteed. Nonetheless, the experiments with a temper-
ature gradient consistently give higher polarization than
experiments at constant temperature.

Figure 4 details dependence on magnetic field (4A), build-
up time (4B) and T: relaxation delays (4C,D), p-H2 pres-
sure (4E), and pyruvate concentration (4F). In Fig. 4A, we
observe a standard PTF dependence for SABRE-



SHEATH®, with typical maxima observed at ~0.3 to
0.4 pT. Figure 4B shows that the polarization buildup is
fast relative to the 0.3 uT relaxation rate displayed in Fig-
ure 4D. In the build-up curves of Figure 4B the pro-
nounced differences between free and bound pyruvate
polarization buildup stem from the temperature gradient.
At lower temperatures early in the buildup, the bound spe-
cies polarizes quickly and efficiently. As faster exchange
is induced at longer bubbling times during sample warm-
ing, the polarization is transferred to the free pyruvate,
which accordingly displays a slower buildup rate. Based
on the observed behavior, it is expected that the build-up
rates will rates depend on the chosen temperature gradi-
ent.

The exchange between free and bound pyruvate also
plays an important role in the acquired relaxation data
shown in Fig. 4C and D. In Fig. 4C polarization is meas-
ured as a function of a variable delay at 9.4 T. These ex-
periments are conducted by first bubbling for 90 s at the
uT-PTF, raising the sample temperature to ~12 °C. Then
the sample is shuttled back to the bore of the magnet,
where the sample gradually cools back down to the initial
temperature of 0°C. The data in Figure 4C does not fit a
single exponential because two effects play out at the
same time: a) relaxation and b) the equilibration of polari-
zation of free and bound pyruvate as promoted by ex-
change.

Immediately after arriving at high field, the polarization of
the bound pyruvate is ~15%, which is larger than the po-
larization of the free pyruvate of ~10%. At short delay
times, the highly polarized bound pyruvate continues to
exchange into the free pyruvate pool, raising the free po-
larization of the free pyruvate. In contrast, the bound py-
ruvate polarization initially decreases at a faster rate be-
cause of the combined effect of relaxation and the ex-
change with the less polarized free pool. As the polariza-
tion of the pools equilibrates with increasing delays, and

the sample temperature drops suppressing exchange, the
relaxation behavior exhibits typical mono-exponential
character for both free and bound pyruvate.

An analogous effect can be observed in the measurement
of low-field (LF, 0.3 uT) relaxation times displayed in Fig-
ure 4D. At short time delays at LF the free polarization
continues to increase initially, as the two polarization
pools are in exchange and the bound pool transfers its
polarization into the free pool. However, in contrast to the
9.4 T experiments, at 0.3 uT exchange increases with the
variable delay time as the sample is held at the elevated
ambient temperature. The result is that the bound and free
pools mix more efficiently at long delay times and decay
at similar rates after the equilibration of the polarization
pools is complete.

Figure 4E shows an important effect that p-H: is not the
limiting substrate at pressures above ~75 psi for the in-
vestigated sample composition of 6 mM Ir-IMes catalyst,
20 mM DMSO and 30 mM [1-*3C]pyruvate. This graph im-
plies that at higher substrate and catalyst concentrations
the parahydrogen pressure can be increased to maintain
the same polarization levels while boosting the ultimately
important molar polarization.

This insight is further stressed by the results displayed in
Fig. 4F, which demonstrate the scalability of 3C pyruvate
polarization from 30 mM [1-*C]pyruvate (where all the
previously discussed results were obtained) to 60 mM [1-
3C]pyruvate (maintaining the same ratios of catalyst and
DMSO). First, doubling of the concentration leads to an
increase in polarization, therefore more than doubling the
molar polarization. Shifting to an even higher concentra-
tion near the maximum solubility of sodium pyruvate in
methanol (75 mM) yielded a reduced polarization, how-
ever still increased the molar polarization. We believe,
that the 60 mM pyruvate sample may be ideal for future
studies and in vivo investigations. Furthermore, these
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Figure 4. Measurement of *3C hyperpolarization as a function of (A) polarization transfer field, (B) polarization buildup
time, (C) T relaxation delay at 9.4 T, (D) T: relaxation delay at 0.3 uT, (E) p-H2 pressure, and (F) sample concentra-
tion. Catalyst and DMSO concentrations are scaled together with the pyruvate concentration in (F) maintaining the
same ratios. Unless varied, all data is acquired with a 0.3 uT PTF and 100 psi p-Hz at 75 sccm on 6 mM Ir-IMes catalyst,
20 mM DMSO and 30 mM [1-13C]pyruvate.



higher concentrated samples are likely to be parahydro-
gen limited (see Fig. 4E) and higher p-H2 pressures may
return the same polarization levels while boosting molar
polarization.

In conclusion, we demonstrated a high (11.8% weighted
average) total polarization for [1-*C]pyruvate and 10.8%
free polarization paving the way for further optimization
and significantly enhancing the feasibility of in vivo work.
Specifically, the facile and robust nature of SABRE hy-
perpolarization relative to other hyperpolarization meth-
ods make it an easily scalable technology. In these results
we also emphasize the important role the choice of spin
system, sample composition, and temperature gradients
play in achieving high polarization levels. We used the
high polarization levels to acquire multi-slice HP *C im-
ages with a cryogen-free MRI system operated at 1 T.
This achievement indicates that it is possible to combine
low-cost hyperpolarization with low-cost MRI to achieve
high-sensitivity molecular imaging. Future work will focus
on partnering these methods with previous demonstra-
tions of catalyst extraction®® or phase-switching®” to
achieve safely injectable solutions for in vivo demonstra-
tions at the preclinical level, ultimately driving this technol-
ogy from discovery to application.
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