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Abstract

By using 5.75 and 47.5 mT nuclear magnetic resonance (NMR) spectroscopy, up to 10°-fold
sensitivity enhancement through signal amplification by reversible exchange (SABRE) was
enabled, and subsecond temporal resolution was used to monitor an exchange reaction that
resulted in the buildup and decay of hyperpolarized species after parahydrogen bubbling. We
demonstrated the high-resolution low-field proton magnetic resonance imaging (MRI) of pyridine
in a 47.5 mT magnetic field endowed by SABRE. Molecular imaging (i.e. imaging of dilute
hyperpolarized substances rather than the bulk medium) was conducted in two regimes: in situ
real-time MRI of the reaction mixture (in which pyridine was hyperpolarized), and ex situ MRI (in
which hyperpolarization decays) of the liquid hyperpolarized product. Low-field (milli-Tesla
range, e.g. 5.75 and 47.5 mT used in this study) parahydrogen-enhanced NMR and MRI, which
are free from the limitations of high-field magnetic resonance (including susceptibility-induced
gradients of the static magnetic field at phase interfaces), potentially enables new imaging
applications as well as differentiation of hyperpolarized chemical species on demand by exploiting
spin manipulations with static and alternating magnetic fields.
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1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy and magnetic resonance imaging (MRI)
are among the most powerful analytical tools for noninvasive studies of structure and
dynamics at macroscopic, microscopic, and molecular scales.[!] However, owing to low
nuclear spin polarization (P), defined as the normalized population difference between
Zeeman energy levels, NMR and MRI are collectively known as relatively low-sensitivity
techniques.[2] Whereas P increases linearly with the applied static magnetic field, it remains
at a relatively low level even if powerful magnets are used. For example, P of proton spins is
only 3 x 107> at 9.4 T under ambient conditions. Moreover, high-field NMR and MRI have
several fundamental challenges preventing their widespread in situ use in the chemical
industry. First, high-field NMR and MRI can generally encompass only relatively small- to
medium-sized objects (centimeter to decimeter scale, and most MRI scanners have a
bore/gap size of 60 cm or less) and carry high instrumentation and operational costs.
Second, the magnetic susceptibility differences may be rather significant at phase interfaces
(e.g. gas-liquid, solid-liquid), which makes their imaging at high static (Bg) and alternating
(By) fields extremely challenging due to arising imaging artifacts.[3!

Low-field NMR/MRI obviates the above limitations of high-field NMR/MRI. Less costly
magnets can be constructed for operation below 0.1 T by using permanent and resistive
magnet technologies.[4l Furthermore, low resonance frequencies are significantly less prone
to imaging artifacts at phase interfaces primarily due to decreased magnetic field
susceptibility-induced gradients. The main general drawback of low-field MRI is the
inherently low signal-to-noise ratio (SNR) due to a low nuclear spin polarization at
equilibrium, which scales linearly with the applied magnetic field. For example, the proton
nuclear spin polarization at 6 mT field is only 2 x 1078, [5] However, the sensitivity barrier
of low-field MRI/NMR can be overcome through artificial temporary manipulation of
nuclear spin polarization by using a range of techniques collectively known as
hyperpolarization, which enhance nuclear spin polarization (and the resulting signal and
SNR). Increasing nuclear spin polarization to the order of unity at such low magnetic fields,
therefore, increases NMR sensitivity by more than eight orders of magnitude.[6]
Furthermore, the recent advent of more sophisticated low-field MRI detectors [i.e.
radiofrequency (RF) coils] not only achieves SNRs that are comparable to those of high-
field MRI detectors of hyperpolarized (HP) media/contrast agents but potentially can make
HP MRI more sensitive at low magnetic fields than at high magnetic fields.[”] These
prospects of HP low-field MRI potentially enable new applications including molecular
imaging in vivo and imaging of chemical processes.

Various techniques—for example, spin-exchange optical pumping (SEOP) of noble gases, (€]
dynamic nuclear polarization (DNP),[¥] parahydrogen-induced polarization (PHIP)!1%] and
signal amplification by reversible exchange (SABRE)[11l—can be used to prepare HP
contrast agents. Parahydrogen-based approaches (PHIP and SABRE) relying on chemical
reaction or exchange with parahydrogen (p-Hy) are promising candidates for production of
HP contrast agents, because they are inexpensive, rapidly achieve the hyperpolarized state,
and can be scaled to potentially meet any specific requirements. Because PHIP/SABRE
hyperpolarization is achieved by “unlocking” the p-H, singlet state by reacting or
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exchanging p-Hy, it becomes possible to detect intermediates or low-concentration products
while generating hyperpolarization continuously with replenished p-H, gas.

SABRE hyperpolarization is based on the reversible interaction of a polarizable substrate
molecule with p-H, on a metal complex in solution.[!12 12] The fundamental difference
between SABRE and PHIP is that SABRE does not modify the molecular structure of the
contrast agent during hyperpolarization build-up. Moreover, heterogeneous (HET) SABRE
was recently demonstrated with a metal complex immobilized on the surface of polymer
beads,[13] which enabled the separation of a liquid substrate from a heterogeneous solid
catalyst. Although the demonstrated HET SABRE enhancements are relatively small,
potential future improvements can lead to the preparation of pure HP liquids by SABRE for
biomedical applications. Recent progress in the development of SABRE catalysts in aqueous
media is very encouraging and should facilitate the use of SABRE HP contrast agents in
living organisms.[14]

Originally, the SABRE effect was limited to p-Hy/substrate chemical exchange at low
magnetic field of a few milli-Tesla for which coherent J coupling mediated polarization
transfer should be efficient.[15] However, SABRE was recently shown to be feasible at high
magnetic fields, consistent with an incoherent mechanism of polarization transfer.[16] High-
field in situ SABRE (although relatively inefficient for substrate hyperpolarization if
compared to conventional low-field SABRE) at 9.4 T revealed several additional HP species
including orthohydrogen (o-H,) and a Ir—dihydride complex; the presence of the Ir complex
has to be accounted for in low-field NMR where chemical shift dispersion is limited.

Building on our demonstration of in situ PHIPIL7] spectroscopic detection and ex situ
SABREI!8] MRI detection and the recent work of others,[24b. 191 herein we present high-
resolution MRI imaging and spectroscopy of a SABRE chemical-exchange reaction by using
a combination of in situ and ex situ low-field NMR/MRI approaches. Ex situ NMR spectra
and MRI images of a liquid solution after exchange with p-H, were obtained at 47.5 mT
with sub-millimeter in-plane spatial resolution (pixel size 125 x 125 pm?2) and a large
imaging matrix of up to 512 x 512. Furthermore, in situ low-field NMR at 5.75 mT and in
situ MRI and NMR at 47.5 mT were also employed for detection of the substrate (i.e.
pyridine) and intermediates (i.e. iridium dihydride) of hydrogen exchange during the process
of continuous p-H, bubbling though the solution. The latter would be especially challenging
by high-field MR techniques due to susceptibility-induced magnetic field gradients at the
phase interfaces.

2. Results and Discussion

2.1. In Situ and Ex Situ Studies at 47.5mT

SABRE hyperpolarization was achieved by bubbling p-Hs gas through a solution of pyridine
(Py) in [D4]MeOH inside 5.75 and 47.5 mT magnets (Figure 1). Whereas SABRE at about 6
mT field has been shown to be very efficient for substrates such as Py [more than 1%
nuclear spin polarization achieved corresponding to a sensitivity enhancement (g) of 5 x 10°
and 6 x 10% at 5.75 and 47.5 mT, respectively],[212 12] hyperpolarization at 47.5 mT largely
relies on the high-field SABRE effect, which significantly enhances not only proton
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polarization of Py but also the proton nuclear spin polarization of Ir-dihydride and o-H,.[1¢]
As a result, an in situ proton NMR spectrum acquired during p-H, bubbling at 47.5 mT has
two distinctive NMR resonances detected at 47.5 mT (Figure 2 a). On the basis of the
previous high-field SABRE in situ NMR spectroscopy studies at 9.4 T,[16] these two
resonances are assigned to HP Py and Ir-dihydride due to their chemical shift difference of
31.5 ppm, which corresponds to a frequency separation of 64 Hz at 47.5 mT (2.02 MHz 1H
frequency). Notably, HP signals from the Py protons (8 ~ 8-8.5 ppm) and HP 0-H, (6 ~ 4.5
ppm) cannot be distinguished due to a relatively broad NMR line with a full width at half
height (FWHH) of about 20 Hz and a chemical shift difference of only 9-10 Hz. Therefore,
it is likely that the NMR resonance assigned to Py (Figure 2 a) has some signal contribution
from HP o-H,, but this contribution is expected to be smaller than the signal contribution
from Ir-dihydride.[*6] Figure 2 b provides a signal reference spectrum from neat Py (12.4 w)
that further confirms that the resonance drawn in grayshade in the spectrum of Figure 2 a is
indeed a signature of five HP protons of Py. Remarkably, the spectrum in Figure 2 a was
acquired during p-H, bubbling through the Py solution, that is, in the presence of
susceptibility-induced magnetic field gradients. These gradients significantly broaden NMR
resonances (to hundreds of hertz) at high magnetic field, which makes the detection
experimentally challenging during on-going heterogeneous reactions under continuous
supply of p-H» gas, the source of hyperpolarization. These results clearly demonstrate the
advantage of low-field in situ NMR detection, which can be potentially scaled to large
sample volumes. Notably, the large chemical shift difference between the protons of Ir-
dihydride and Py/o-H, makes direct spectroscopic chemical differentiation at 47.5 mT
possible; indeed, the spectrum comprises a rare example, in that resonances from different
species at low field may be distinguished by chemical shift alone. Moreover, if the
experiment were to be repeated wherein the Py substrate had been deuterated (thereby
suppressing the HP Py signal), it would also become possible to perform NMR detection and
differentiation of Ir—dihydride and o-H,, which are the intermediates/byproducts of
hydrogen exchange.

Although in situ SABRE detection at low magnetic field was already demonstrated by
Hovener et al.,[140. 191 the entire proton NMR resonance line was assigned to HP pyridine, as
the formation of HP o-H, and Ir—dihydride were not reported at that time. Nevertheless, to
perform analytical measurements (i.e. drug screeningf2%l and nanomolar substrate
detection[?1]) by using SABRE the presence of all major HP intermediate species must be
quantitatively determined. For example, Figure 2 a shows two signals with a relative
intensity ratio of (6.2 + 0.3).

The ex situ detection of HP Py was performed when p-H, bubbling was performed and
stopped at 5.75 mT, and then the sample was transferred for NMR detection inside a 47.5
mT magnet (Figure 3 b). The approximately 8 s long transfer time resulted in expected rapid
depolarization of the intermediates/byproducts of Ir-dihydride and o-H, due to their
relatively short spin lattice relaxation time (T1) values of about 3 s.[18] Furthermore, the
hyperpolarization of Py at 5.75 mT was approximately two orders of magnitude greater than
that at 47.5 mT, as seen in Figure 3 a, b, and accounting for the HP Py polarization decay
[Ty = (7.7 £0.1) s] shown in Figure 3 c. This stark difference in HP signal strength is
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expected, because SABRE hyperpolarization mechanisms at low (=6 mT) and high fields
are different.[15-16. 221 Ag 3 result, it is concluded that most of the ex situ signal (Figure 3 b)
originates from HP Py rather than other HP species. The average percent polarization per
proton of HP Py (Figure 3 b) was found to be (1.6 + 0.16) % (see the Experimental Section)
at the time of ex situ detection, which corresponds to an enhancement factor € = (1 + 0.1) x
10°. Actual Py proton hyperpolarization at the time of its creation at 5.75 mT prior to sample
transfer is expected to be greater than the enhancement derived from the signal observed at
47.5 mT due to the following factors: 1) potential overlap between adsorptive—emissive 1H
signals of the ortho, meta, and para protons of Py, and 2) T, relaxation during the time of
sample transfer (~8 s). Thus, whereas the ex situ detection of SABRE at 47.5 mT enables
significantly better hyperpolarized molecules to be generated, in situ detection offers the
advantage of additional chemical information, i.e., reporting on multiple HP species.

In situ 2D MRI (Figure 3 d) enabled the recording of molecular images with 0.75 x 0.75
mm? in-plane spatial and 4.5 min temporal resolution, whereas the higher polarization
achieved for ex situ 2D MRI (Figure 3 e) resulted in a better in-plane spatial resolution of
0.125 x 0.125 mm? and <7.7 s temporal resolution. Despite the fact that the available signals
for the in situ and ex situ experiments differ by more than two orders of magnitude, it was
possible to record MRI images with good spatial resolution (measured as the pixel size) in
both cases. This is in part explained by a larger excitation RF pulse tipping angle used for in
situ MRI and the use of signal averaging, which is made feasible by the presence of
constantly renewable polarization that quickly accumulates.[*®] Note that in situ signal
buildup was measured at 5.75 mT, which yielded a time constant of only (7.4 £ 0.3) s. This
ability to perform multiple identical scans during p-H, delivery is a clear benefit of in situ
imaging, which can be further explored to improve spatial resolution at the expense of
temporal resolution. In situ imaging of the SABRE process is more advantageous than
previously demonstrated field cycling detection of renewable SABRE hyperpolarization,[1°]
for which the field is swept between two modes corresponding to hyperpolarization buildup
at about 6 mT followed by MRI at Earth field in the same setup without sample transfer.
However, this method allowed only one line of the MRI k-space to be recorded every 8 s
[i.e. repetition time (TR)], whereas the in situ method presented herein allowed for a TR of
0.2 s. Moreover, the achieved spatial resolution (0.75 x 0.75 mm? in-plane pixel size) was
significantly better than that demonstrated previously (2 x 2 mm? in-plane pixel size[1°]) by
using samples of approximately the same volume (~ 3 mL), Py concentration, and
dimensions.

In situ 2D MRI can potentially reveal additional dynamic processes. For example, the bright
spot seen in the in situ image (Figure 3 d, top) is clearly missing in the ex situ (Figure 3 ¢,
top) image. This is likely explained by the process of p-H, entering the solution at the
bottom of the 10 mm NMR tube through a tube with an outer diameter (OD) of 1.6 mm
(seen as the hole in the corresponding MRI images). The fresh p-H, that is introduced is
likely rapidly exchanged on the Ir—dihydride complex, which results in greater MRI
intensities in the image pixels of the active reaction zone of the hyperpolarization buildup.
The in situ MRI image recorded along the length of the NMR tube (Figure 3 d, bottom)
supports this hypothesis that the active zone is indeed limited predominantly to the lower
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section of the NMR tube immediately at the exit of the 1.6 mm OD tubing used for p-H,
delivery. Moreover, this observation implies that SABRE hyperpolarization in a 10 mm
NMR tube may have been significantly constrained by availability of p-H, as a source of
hyperpolarization, which leads to a relatively low Py. Indeed, Py = (1.6 + 0.16) % was
observed in a 5 mm medium-walled NMR tube filled with about 0.75 mL of solution
compared to Py = (0.2 £ 0.02) % that was observed in a 10 mm NMR tube filled with about
3 mL of solution; this is in qualitative agreement with the in situ imaging studies. Notably,
whereas our previous study (focusing primarily on enabling instrumentation technologies
and imaging aspects of H and 13C hyperpolarized contrast media)[*8] reported ex situ MRI
images, this work additionally reports on the feasibility of in situ imaging of a real-time
chemical reaction. Unlike our recent work[18] and the work of Hovener et al.,[1% the in situ
MRI shown herein (Figure 3 d) takes snapshots in real time instead of delays of around 8
sl28l or 4 5.[39 This is a clear advantage, because some species (e.g. HP orthohydrogen and
HP Ir—dihydride) are short lived and because of the convenience of data acquisition.

The in situ images presented correspond to the distribution of HP Py as well as to dissolved
HP o-H, gas and the Ir—dihydride complex in the liquid phase during continuous bubbling of
p-H, through the NMR tube containing the reaction mixture. As already discussed above, if
the Py substrate were replaced by deuterated Py, in principle it should be possible to image
only intermediates/byproducts: HP o-H, and Ir—dihydride. Upon performing the
hyperpolarization at 5.75 mT and then transferring the sample to 47.5 mT for ex situ
detection, the signal was mainly from HP Py (see above).

This low-field detection approach—enabled by the use of p-H, as a source of
hyperpolarization and an exchangeable substrate as a molecular contrast agent—can be
potentially extended to visualize industrial-scale processes in chemical reactors involving
gas to liquid transfer, for example, gas purification, oxidation, chlorination, hydrogenation,
and hydroformylation, in which p-Hy can be potentially added to the gas stream (instead of
normal Hy) while the substrate is present in trace quantities in solution.[23] In situ and ex situ
MR molecular images presented in this study were obtained with <2% hyperpolarized agent;
achieving higher levels of hyperpolarization in combination with improved pulse sequences
(including 3D) and compressed sensingl?4l may provide significantly better spatial and
temporal resolution.

The low-field NMR/MRI setup presented is relatively simple, does not require cryogenically
cooled superconducting magnets, and may utilize home-built electromagnets and RF
probes.[7a] Relatively low concentrations of HP compounds such as Py are sufficient for
low-field molecular MRI. SABRE already offers a range of substrates that can be
hyperpolarized, including biocompatible molecules and metabolites,[25] and the list is likely
to expand. Whereas the initially demonstrated signal enhancements with heterogeneous
SABREI13] and SABRE in waterl142 ¢l were relatively low, they can potentially enable
SABRE imaging and spectroscopy in vivo. Moreover, manipulations with alternating
magnetic fields (B) such as RF pulse sequences!?®l and continuous RF irradiation[2”] might
provide efficient means for storage of hyperpolarization in the long-lived nuclear spin states,
and therefore, the lifetime of hyperpolarization of contrast agents could be significantly
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extended. This practice could further increase the range of potential in vivo and industrial
applications, and the processes under study might be tracked on the timescale of minutes.[28]

2.2. In Situ Studies at 5.75 mT

The feasibility of time-resolved spectroscopy was investigated at a significantly lower
magnetic field of 5.75 mT (compared to 47.5 mT), which was readily generated by a home-
built electromagnet and a constant-current power supply. Figure 4 a demonstrates the single-
scan HP NMR spectrum from the same 10 mm NMR tube filled with 3 mL of 100 mu Py
that was hyperpolarized to (0.2 £ 0.02) % [hyperpolarization level and a signal enhancement
of (0.95 + 0.1) x 10° were evaluated by signal referencing to a sample of thermally polarized
water; see Figure 4 b]. An earlier in situ low-field SABRE NMR spectroscopic study at
about 5 mT reported a Py of 0.05 % for approximately 300 mwm Py in a similar volume (~
4.3 mL),[2% and our results compare favorably in terms of the demonstrated polarization
level. The SNR level (Figure 4 a), if compared to that in Figure 3 d, e, is certainly sufficient
to enable in situ molecular imaging of dilute hyperpolarized compounds at such a relatively
low magnetic field. Even lower magnetic fields can in principle be used for HP MRIL7l to
make studies more economical and less hardware demanding. For example, magnet power
supply operating power can be reduced. Due to hardware limitations, imaging capabilities
were not available to us at 5.75 mT. We also demonstrated that this relatively simple 5.75
mT NMR setup can monitor the buildup and decay of hyperpolarization dynamics (Figure 4
c), which was controlled by the initiation and cessation of p-H, bubbling. In this time series
consisting of 128 NMR spectra, a single-scan 1H NMR spectrum was acquired every 1s
with a small tipping angle RF excitation pulse (18° pulse preserving more than 95 % of the
available proton z magnetization) immediately after the start of parahydrogen bubbling. p-
H, bubbling was stopped before the NMR time series ended, which allowed the decay of the
HP species to be monitored. Note that the time-resolved in situ NMR spectra of
hyperpolarization buildup and decay (Figure 4 a, c) were denoised by using singular value
decomposition (see the Experimental Section). Whereas the buildup and decay of SABRE
hyperpolarization was demonstrated previously by Hévener and co-workers,[6d] it was
performed by using 90° excitation pulses. The approach used in this study uses small-angle
excitation RF pulses, which retain more than 95% of the available magnetization. As a
result, the kinetics of the buildup and decay can be measured by using a single experiment of
p-H, introduction and cessation. The determined value of the SABRE exponential buildup
time constant [(7.4 + 0.3) s] is similar to that reported previously (= 5.5 s).[1%] Whereas
time-resolved NMR spectroscopy was performed earlier with identical temporal resolution
(1 5),[29] the use of 90° excitation pulses(t®] did not allow the direct measurement of SABRE
buildup and SABRE decay. Therefore, the data shown in Figure 4 c is the first report of the
direct observation of SABRE buildup and decay detected in real time. Moreover, this time-
resolved in situ spectroscopic study is useful, because it allows one to measure the effective
buildup and decay of gas saturation in a gas-liquid exchange process during bubbling,
which is hardly possible by using conventional high-field NMR due to line-shape distortions
and broadening caused by susceptibility artifacts. Furthermore, this detection was performed
in an approximately 0.7 L RF coil encompassing the entire sample (compared to a ~0.5 mL
RF coil of a conventional high-field NMR spectrometer, which usually records an NMR
signal from a small fraction of the NMR sample). Finally, more advanced electromagnet-
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based NMR systems have been used for NMR detection in a few-milli-Tesla

regime.[6d. 7b. . 191 These setups greatly benefited from more homogeneous magnet designs
and significantly more stable power supplies. These desired advances can enable even more
sensitive spectroscopic low-field NMR detection through NMR line narrowing due to more
homogeneous By. These additional gains in NMR sensitivity can be used to enable high-
resolution MRI and the detection of smaller quantities of hyperpolarized media.

3. Conclusions

To summarize, low-field NMR and MRI of dilute hyperpolarized (HP) compounds prepared
by using the spin order of p-H, and the SABRE approach were demonstrated with high
spatial and temporal resolution. In situ and ex situ modes of NMR and MRI were
demonstrated at a magnetic field as low as 5.75 mT, which was generated by a relatively
simple electromagnet. Ex situ MRI of a liquid solution after exchange with p-H, was
successfully performed at 47.5 mT with sub-millimeter in-plane spatial resolution (pixel size
125 x 125 pm?) in a few seconds; this demonstrated the feasibility of low-field
parahydrogen-based hyperpolarization detection with ultra-high spatial and temporal
resolution. Ultrafast 3D MRI of HP gases was demonstrated,[8?] and ultrafast 3D low-field
MRI[24] can in principle be applied to SABRE hyperpolarized contrast agents leading to 3D
MRI images with sub-millimeter voxel size, because sufficient NMR sensitivity was already
demonstrated, as seen in Figure 3 e with an effective voxel size of <0.5 mm3. Furthermore,
in situ low-field NMR and MRI were also employed for imaging of the product (pyridine)
and intermediates (iridium dihydride) of hydrogen exchange during hydrogen gas bubbling
though the solution. Time-resolved NMR spectra were detected with a high signal-to-noise
ratio by using an approximately 0.7 L NMR coil at relatively low concentrations of HP
compounds and relatively low NMR hyperpolarization levels of < 1%. Nevertheless, 2D
projection MRI with sub-millimeter in-plane resolution (i.e. < 1 mm?2) was achieved even in
the case of sample phase heterogeneity, as demonstrated by imaging of Py solution during p-
H, bubbling.

Low-field NMR and MRI may be useful to visualize the distribution of chemical species
inside industrial reactors based on their different NMR properties: chemical shift difference
(e.g. pyridine and Ir—dihydride) and field-dependent hyperpolarization behavior. Although
the presented results are system specific, there are no fundamental limitations to exploit
SABRE-based hyperpolarization (including other substrates, heterogeneous SABRE and
SABRE in water) for low-field chemical magnetic resonance imaging. Low-field NMR/MRI
setups are simple, inexpensive, and do not demand cryogenically cooled superconducting
magnets and, therefore, are suitable for low-cost and large-scale imaging applications.

Experimental Section

Low-Field Ex Situ and In Situ NMR Spectroscopy at 47.5 mT

Hydrogen gas enriched with the para-spin isomer to the value of = 90% was created by
using a previously described p-H, generator.[2%] p-H, was bubbled through a 1.6 mm OD
[0.8 mm inner diameter (ID) polytetrafluoroethylene (PTFE) tubing (McMaster-Carr,
Atlanta, GA, USA p/n 5239K23) placed inside a 5 mm OD medium-walled NMR tube filled
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with about 0.75 mL of a 100 mm Py and 7 mw [IrCl(cod)(IMes)] catalyst [IMes=1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene; cod=cyclooctadiene] (10 301 solution in
CD30D (Isotec-Sigma—Aldrich). Then, two different experimental protocols were exploited
for NMR acquisition by using a frequency-optimized dual channel RF coil reported earlier
with a 1H-X configuration.[7a] In the first protocol, p-H, bubbling and signal detection were
performed at the same magnetic field of 47.5 mT (Figure 1 a), which corresponded to the
conditions of in situ MR detection. In the second protocol, p-H, bubbling was performed in
a5.75 mT magnet, then stopped, and was followed by rapid transfer of the sample tube
assembly (<8 s) to a 47.5 mT magnet for detection (e.g. Figure 1 b). NMR proton signal
enhancement (g) was calculated by comparing the NMR signal integral values derived from
the NMR spectra of a HP sample and the corresponding thermally polarized sample of Py
with known proton nuclear spin polarization (Py = 1.6 x 1077 at 47.5 mT and 25°C)
according to Equation (1):

o ( Sip > y (C) y (NH) y <sip<aREF>> y (A) "

SR.F)F CHP NHHP Sln<aHP) AHP

in which Syp and Szgr are the integral values over the spectral region for HP and thermally
polarized reference samples, respectively; Cp and Crer are the molar concentrations of HP
and thermally polarized reference samples, respectively; NHyp and NHRgr are the number
of protons per each molecule in HP and thermal reference samples, respectively; ayp and
areg are the RF excitation pulse tipping angles used for NMR detection of signals in HP
and thermal reference samples, respectively; and Argr and Ayp are the effective cross
sections (i.e. inner area) of the NMR tubes for reference and HP samples. Hyperpolarization
of Py was performed in a 3.43 mm ID NMR tube (medium wall) with 1.6 mm OD PTFE
tubing inserted inside for p-H, bubbling. A single-scan reference spectrum for thermally
polarized Py was acquired in a completely filled 4.14 mm (ID) NMR tube. Notably, during
NMR signal detection in the 47.5 mT NMR system the effective sample length that
contributed to the NMR signal was about 80 mm. Concentration of neat Py (12.4 v) in the
thermally polarized sample was around 124 times greater than that in a given HP sample
(0.1 ). The ratio of (Syp/Sger) was roughly 78. The ratio (Arer/Axp), Was about 1.85. A
90° RF pulse angle was used for detection of the thermally polarized reference spectrum
(Figure 2 c), whereas a 10° excitation RF pulse was used for HP detection (Figure 2 a, b),
which resulted in a sin(argg)/sin(app) ratio of about 5.8. Therefore, the ex situ NMR signal

enhancement of Py was found to be € = (1 = 0.1) x 10°, which corresponds to a nuclear spin
polarization of Py = (1.6 = 0.16) %.

Low-Field Ex Situ and In Situ MRl at 47.5 mT

Low-field ex situ and in situ MRI at 47.5 mT were performed by using an approximately 3
mL sample of a separate batch of Py/Ir-catalyst solution in CD30D (as described above)
placed inside a 10 mm OD NMR tube. A 1.6 mm OD capillary was used for p-H, bubbling
through this solution. The following imaging parameters were used for in situ 2D MRI
(Figure 3 d) by using the gradient echo sequence supplied by the equipment manufacturer
(Magritek, Wellington, New Zealand) during p-H» bubbling: acquisition time = 6.4 ms, echo
time (TE) = 7 ms, repetition time (TR) = 200 ms, field of view (FOV) = 96 x 96 mm2,
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spectral width (SW) = 20 kHz, imaging matrix = 128 x 128, RF pulse of 15 ps (a = 15°),
number of averages (NA) = 32, 33 % of k-space sampling (under-sampling did not induce
any visible imaging artifacts but reduced the total imaging time significantly),[*8] which
resulted in effective spatial and temporal resolutions of 0.75 x 0.75 mm? and 4.5 min,
respectively. The following imaging parameters were used for ex situ 2D MRI (Figure 3 ¢,
top) by using the gradient echo sequence after sample transfer into the 47.5 mT MRI system:
acquisition time = 12.8 ms, TE = 13 ms, TR = 60 ms, FOV = 32 x 32 mm2, SW = 20 kHz,
imaging matrix = 256 x 256, RF pulse of 10 ps (a = 9°), NA =1, 50% of k-space sampling
resulting in effective spatial and temporal resolutions of 0.125 x 0.125 mmZ2 and 7.7 s. The
imaging parameters for the image shown in Figure 3 e (bottom) were: acquisition time =
25.6 ms, TE = 26 ms, TR = 60 ms, FOV = 64 x 64 mm?2, SW = 20 kHz, imaging matrix =
512 x 512, RF pulse of 10 s (a = 9°), NA = 1, 20% of k-space sampling resulting in
effective spatial and temporal resolutions of 0.125 x 0.125 mm? and about 6 s, respectively.

Low-Field In Situ NMR Spectroscopy at 5.75 mT

Low-field NMR hyperpolarizers for PHIP have utilized electromagnets with a solenoid
design.31 Although more sophisticated NMR electromagnet designst’¢: 19. 321 were recently
demonstrated, including those for PHIP and SABRE detection, 69 331 this work utilized a
relatively simple NMR electromagnet design described earlier.[281 NMR spectroscopy was
performed by using a dual channel RF PHIP probe by using a previous design[34! with 1) an
inner solenoid that was replaced by a 51 mm ID saddle-shape RF coil, and 2) the probe
channels were tuned to 244 kHz (outer coil) and 62 kHz (inner coil) through modification of
the RF circuit. The overall PHIP hyperpolarizer setup was used previously,[3°1 in which the
high-pressure reactor was removed for access to the 51 mm ID bore of the RF coil. NMR
spectra were recorded at 244 kHz resonance frequency by using an approximately 0.7 L
saddle-shape RF coil. All NMR spectra were recorded by using a 3 mL sample of the Ir-
IMes catalyst and Py described above and placed inside a 10 mm (OD) NMR tube. The
proton NMR signal enhancement (&) was calculated by comparison of the NMR signal
integral values derived from the NMR spectra of the HP sample and the thermally polarized
sample of Py with known proton nuclear spin polarization (P4=2.0 x 108 at 5.75 mT and
25 °C) according to Equation (2):

e ( Shp ) % (XREF) « (NHREF> « (Si?(aREF)) @
SREF XHP NHHP Sln(aHP)

in which Syp and Sggr are the integral values over the spectral region for the HP and the
thermally polarized reference samples, respectively; xyp and yrer are the molar quantities
(in moles) of the HP and the thermally polarized reference samples, respectively; NHyp and
NHRgg are the number of protons per each molecule in the HP and the thermal reference
samples, respectively; and app and argr are the RF excitation pulse angles used for NMR
detection of signals in the HP and the thermal reference samples, respectively. A signal from
a reference sample of water phantom (17.5 mL) was used. Thus, the molar ratio between the
total amount of water and Py was 3.2 x 103. The ratio of (S4p/Sger) Was about 22.7. An RF

pulse with a 90° flip angle was used to record the thermally polarized spectrum (Figure 4 a),
whereas an 18° excitation RF pulse was used for HP detection (Figure 4 b), which resulted
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in a sin(argp)/sin(ayp) ratio of roughly 3.2. The NHgrer/NHyp ratio was 0.4 owing to the
presence of five protons in Py and two protons in H,O. Therefore, the in situ NMR signal
enhancement of Py was calculated to be € = (0.95 + 0.1) x 105, which corresponds to a
nuclear spin polarization of Py = (0.2 £ 0.02) %. Singular value decomposition was used for
de-noising the data obtained in the time-resolved in situ NMR detection of hyperpolarization
buildup and decay (Figure 4 a, ¢) by taking advantage of random noise in all 128 NMR
spectra outside of the NMR peak region. Data matrix M for the set of recorded spectra was
constructed in a manner for which each column was the data for a single experiment with
the length n and the number of columns was the number of experiments, m (in our case m=
128). The singular value decomposition of matrix (M = U 5 V) was performed by using
Matlab software. Therein, U [n x n] was a matrix of left singular vectors, V [m x m] was a
matrix of right singular vectors, and Y [n x m] was a diagonal matrix with positive real
singular values along the diagonal. Small singular values are known to be associated with
random noise; hence, near-zero singular values were removed and a new data matrix was
reconstructed.[36] The presented data was reconstructed by using only the first six maximum
singular values, which improved the SNR by at least a factor of five.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic diagram of the experimental setup for 1H NMR/MRI at low magnetic fields: a) In

situ detection for which preparation (chemical exchange/polarization transfer) and detection
were both performed in the same magnetic field (5.75 or 47.5 mT). b) Ex situ detection for
which preparation (chemical exchange/polarization transfer) was performed at 5.75 mT and
was followed by rapid transfer (=~ 8 s) to a 47.5 mT field for detection. Note that the ex situ
approach primarily detects only one HP product (pyridine), whereas in situ detection allows
“capturing” the HP product (pyridine) and two HP intermediates/byproducts (Ir-dihydride
and orthohydrogen). No additional magnetic field (except that provided by Earth) was used
during transfer of the sample from the 5.75 to 47.5 mT magnet for ex situ experiments. c)
Molecular diagram of the exchange process between gaseous parahydrogen, the Ir complex,
and pyridine to lead to the polarization transfer from parahydrogen (p-H>) to pyridine (Py),
Ir—dihydride, and orthohydrogen (o-Hy).
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Figure 2.

Single-scan proton NMR spectra (magnitude mode spectra) of SABRE hyperpolarization of
a 100 mw pyridine (Py) solution in [D4]MeOH. a) In situ detection of SABRE
hyperpolarization during p-H, bubbling at 47.5 mT (preparation and detection). Note the
characteristic chemical shift difference of 64 Hz corresponding to a difference of 31.5 ppm
between the signals for HP Py (and o-H,) and Ir—dihydride. b) Reference 1H NMR spectrum
of neat (12.4 v) Py at 47.5 mT. The spectra were recorded in medium walled (a) and
standard (b) 5 mm NMR tubes with a FWHH of 19.5 and 17.6 Hz, respectively. Note the
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direction of the resonance frequency axis indicating that Ir—dihydride protons resonate at
lower Larmor frequency.
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a) NMR spectrum of in situ SABRE hyperpolarization during p-H, bubbling at 47.5 mT. b)
NMR spectrum of ex situ SABRE hyperpolarization with preparation at 5.75 mT and
subsequent detection at 47.5 mT after about an 8 s long transfer delay. c) Ex situ T, decay of
HP Py detected with 10° excitation RF pulse at 47.5 mT. The simulation (gray line) used the
mono-exponential decay function y = A x exp(—x/T1). d) Two orthogonal projections of non-
slice-selective MRI of in situ SABRE detection at 47.5 mT with digital resolution (in-plane
pixel size) of 0.75 x 0.75 mm? and effective voxel size (defined as the product of pixel size
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and sample depth) of < 16 mm3. e) Two orthogonal projections of non-slice-selective MRI
of ex situ SABRE of Py with digital resolution (in-plane pixel size) of 0.125 x 0.125 mm?
and effective voxel size (defined as the product of pixel size and sample depth) of < 0.5
mm3. f) Photograph of an approximately 3 mL solution of 100 mw Py with 7 mu Ir catalyst
ina 10 mm NMR tube with 1.6 mm OD PTFE tubing for parahydrogen bubbling at 1 atm.
Note the partial solvent ([D4]MeOH) loss in the image given in e) due to evaporation by p-
H, bubbling. The inner hole in the upper images is due to the 1.6 mm OD PTFE tubing used
for delivery of p-H, gas. For additional details, see the color version of this and all other
figures in Supporting Information.
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Figure4.

In situ NMR spectra at 5.75 mT. a) Magnitude 1H NMR spectrum of SABRE HP Py sample
during p-H, bubbling. b) Magnitude 1H NMR spectrum of the water reference sample
recorded by using 256 averages. ¢) Time-resolved (1 s temporal resolution) in situ
monitoring of SABRE signal buildup and decay by using single-scan NMR detection and a
18° RF excitation pulse. Single monoexponential decay and growth functions were used for
fitting to yield a fitted T, signal decay curve corresponding to the buildup (after p-H,
bubbling was started) time constant of (7.4 £ 0.3) s, and effective T, decay constant of (5.6
+0.1) s (after p-H, bubbling was stopped).
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