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ABSTRACT: Low-field (LF) MRI promises soft-tissue imaging
without the expensive, immobile magnets of clinical scanners but
generally suffers from limited detection sensitivity and contrast.
The sensitivity boost provided by hyperpolarization can thus be
highly synergistic with LF MRI. Initial efforts to integrate a
continuous-bubbling SABRE (signal amplification by reversible
exchange) hyperpolarization setup with a portable, point-of-care 64
mT clinical MRI scanner are reported. Results from 1H SABRE
MRI of pyrazine and nicotinamide are compared with those of
benchtop NMR spectroscopy. Comparison with MRI signals from
samples with known H2O/D2O ratios allowed quantification of the
SABRE enhancements of imaged samples with various substrate
concentrations (down to 3 mM). Respective limits of detection and
quantification of 3.3 and 10.1 mM were determined with pyrazine 1H polarization (PH) enhancements of ∼1900 (PH ∼0.04%),
supporting ongoing and envisioned efforts to realize SABRE-enabled MRI-based molecular imaging.

■ INTRODUCTION
MRI provides high-resolution images of anatomical features,
function, and pathology of soft tissues in the body�without
the need for ionizing radiation. However, the strong magnets
used in most clinical scanners (∼1−7 T) are expensive, bulky,
and immobile, and scans can be time-consuming and
confining. Moreover, these strong magnetic fields can present
safety concerns in some circumstances, as well as contra-
indications for a number of health conditions. Low-field (LF)
MRI1−10 has gained renewed interest because it can obviate
these limitations. However, insufficient signal strength,
detection sensitivity, and contrast present ongoing challenges
to many LF MRI technologies.
One approach to mitigate these shortcomings is hyper-

polarization. Hyperpolarization involves the preparation of
nuclear spin polarization levels that are far above their
equilibrium values11,12�thereby increasing the detection
sensitivity by orders of magnitude. Hyperpolarization can
enable faster acquisition, greater signal, improved resolution,
and the imaging of substances with lower concentrations.
Moreover, because the nuclear spin magnetization is endowed
by the hyperpolarization method and not by the magnet, the
detection sensitivity of hyperpolarized (HP) LF MRI9,13−16

can approach�and in some cases, even surpass�that of high-
field MRI.13 Thus, hyperpolarization can be highly synergistic

with LF MRI, particularly if the hyperpolarization technique is
itself low-cost, rapid, and portable.14−16 One such approach is
signal amplification by reversible exchange (SABRE).17 In
SABRE, parahydrogen (p-H2) and a substrate are transiently
bound to an organometallic complex, allowing spin order to
transfer spontaneously from p-H2 to the substrate when placed
within an appropriate magnetic field. Indeed, the high speed
and low instrumentation demands of SABRE make it well-
suited for LF NMR and MRI.14−16,18−21

Here, we report on recent efforts to integrate SABRE with a
portable, “point-of-care” 64 mT clinical MRI scanner (Figure
1). This type of scanner has already been demonstrated in
clinical investigations for bedside imaging, including for brain
injury and cerebral hemorrhage;22,23 indeed, it has now
received FDA approval for clinical use. Such scanners have
also been used in fundamental studies to measure LF T1/T2
relaxation in human brain tissues24 and to investigate using
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superparamagnetic iron-oxide nanoparticles to generate
positive contrast in LF MRI.25 Here, target molecules of
interest include pyrazine,26 a prototypical nitrogen heterocycle
with four magnetically equivalent 1H sites, and nicotinamide
(a.k.a. vitamin B3-amide), a potential agent for hyperpolarized
1H (and 15N) biomedical MRI27−31 with a low incidence of
side effects and toxicity. SABRE-enhanced LF MR images were
successfully acquired with both substrates under continuous p-
H2 bubbling or static conditions and compared with those of
benchtop NMR spectroscopy. Comparison with MRI signals
from water samples with known H2O/D2O ratios allowed the
SABRE enhancements in the images to be quantified. Variation
of the pyrazine substrate concentration (down to 3 mM)
allowed the limit of detection (LOD) and limit of
quantification (LOQ) of 3.3 and 10.1 mM to be respectively
determined, with pyrazine 1H polarization (PH) enhancements
of ∼1900 (PH ∼0.04%). Taken together, these results comprise
an important first step toward the development of sensitive and
ultrafast point-of-care MRI with hyperpolarized agents.

■ MATERIALS AND METHODS
Pyrazine (Py), nicotinamide (nico), deuterated methanol, and
deuterated water (99%) were purchased from Sigma-Aldrich
and used without further purification (18 MΩ water was
sourced in-house). An IrIMes(COD)Cl [IMes = 1,3-bis(2,4,6-
trimethylphenyl), imidazole-2-ylidene; COD = cyclo-octa-
diene] precatalyst32−34 was used in all SABRE experiments
and was synthesized and purified according to previous
procedures.35

Seven 15 mL falcon tubes containing 10.00 mL of “0%”,
10%, 25%, 50%, 75%, 90%, and 100% H2O by volume

(backfilled with D2O) were used as the MR signal calibration
standards. p-H2 gas was provided by an ∼86% p-H2
generator.36 All SABRE experiments were performed at room
temperature and conducted by connecting the p-H2 source to a
bubbling SABRE setup via PTFE tubing, with p-H2 flow
controlled by a mass-flow controller. For MRI experiments
(unless stated otherwise), p-H2 was bubbled through a 0.6 mL
solution composed of 100 mM substrate (Py or nico) dissolved
in CD3OD with 5.7 mM Ir(IMes)(COD)Cl precatalyst
(reaction scheme depicted in Figure 2), located in a 5 mm

NMR tube (length = 103.5 mm). The reduced height allowed
the NMR tube to be placed vertically within the MRI scanner’s
head coil while connected to the PTFE umbilical tubing.
Benchtop NMR required that the sample be placed in a
standard-length 5 mm NMR tube.
Prior to SABRE experiments with a given sample, the

precatalyst was activated by continuously bubbling p-H2 for 20
min at 90 sccm. Next, initial 1H SABRE was performed by
bubbling for 30 s (90 sccm, ∼75 PSI overpressure) at ∼6 mT
in the fringe field of the MRI magnet (or within the head coil
at 64 mT), followed by rapid manual sample transfer to a
benchtop NMR spectrometer (Nanalysis 60Pro). This
spectrometer was used both to confirm catalyst activation
and SABRE activity and to perform SABRE quantification at
1.4 T. For imaging experiments, the sample was then
transferred to the shortened NMR tube, reconnected to the
umbilical, repressurized, and placed in the MRI scanner where
SABRE was imaged in situ14,15,28 at 64 mT (Hyperfine Inc.,
Guilford, “Swoop” Mk1.6 (software versions 8.5−8.7); Figure

Figure 1. Portable point-of-care 64 mT clinical MRI scanner
(Hyperfine “Swoop”) used in this work.

Figure 2. Structures and reaction schemes for SABRE using the
IrIMes catalyst to transfer nuclear spin order from p-H2-sourced
hydrides (green) to transiently bound substrates (purple): (a)
pyrazine (“Py”) and (b) nicotinamide (“nico”), resulting in free HP
substrates (red). Dissolved H2 gas is shown in light blue; red arrows
represent the nuclear spins�spin-paired for p-H2 [upper-left of
(a,b)]�whereas slanting of arrows represents the partial mixing of
spin states during exchange, ultimately yielding “spent” H2 gas.
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1) with low-flow continuous p-H2 bubbling (20 sccm, unless
stated otherwise). LF scanners suffer much less from
susceptibility distortion, enabling imaging during continuous
gentle bubbling. 3D imaging was performed either with (1) a
preloaded fast spin echo (FSE; i.e., “T2 contrast”) sequence
[digital resolution (DR): 1.5 × 1.5 × 5 mm3; field of view
(FOV): 20 × 18 × 20 cm3; acquisition time (AT): 5 min, 26
s]; or (2) a preloaded modified spin-density map (DR: 1 × 1 ×
5 mm3; FOV: 14 cm isotropic; AT: 15 s). For (2), images were
not obtained with continuous p-H2 bubbling (see below). Both
RF broadcast and MRI detection were performed with the
scanner’s installed head coil (see Supporting Information for
image processing and additional methods details).

■ RESULTS AND DISCUSSION
Py was chosen as the first molecule to be studied owing to its
high molecular symmetry, which provides a simplified
spectrum and a common SABRE efficiency for its four 1H
spins at a given magnetic field. Following 30 s of p-H2 bubbling
at ∼6 mT with a 100 mM Py sample, strong, inverted
(emissive) signals were clearly observed from the aromatic
region of the 1H NMR spectra (e.g., Figure 3c�as expected
for 1H SABRE when performed near the ideal magnetic
field17). Comparison with a corresponding reference spectrum
obtained from a thermally polarized sample (e.g., Figure 3a)
indicated enhancements of ∼450-fold for the Py 1H resonance
detected at 1.4 T.
Transfer of an identically prepared sample to a shortened 5

mm tube and connection to the p-H2 line allowed placement in

Figure 3. 1H SABRE imaging of pyrazine using a 64 mT MRI scanner compared with NMR detection using a 1.4 T benchtop spectrometer. (a)
Reference spectrum from a thermally polarized sample (100 mM Py, 5.7 mM catalyst in CD3OD); the bubbling capillary tube was removed (to
improve shim). (b,c) SABRE spectra with p-H2 bubbling performed at 64 (b) or ∼6 mT (c) prior to sample transfer to 1.4 T for detection. Spectra
in (a,b) are vertically scaled by 9.5- and 12-fold, respectively, compared to that in (c), where the Py SABRE enhancement was ∼450-fold at 1.4 T.
(d) Selected 2D coronal “slice” from a 3D image of the seven water-filled falcon tubes and a NMR tube (position marked by the red circle)
containing the same substances and concentrations as those in (a) within the head coil of the 64 mT MRI scanner�in the absence of p-H2
bubbling. The image was obtained using a FSE sequence (AT: 5 min, 26 s; DR: 1.5 × 1.5 × 5 mm3). The H2O (versus D2O) percentage is
provided for each sample. The position of a “0%” H2O/100% D2O sample is indicated by the dashed purple circle. (e) Same as (d), but with
continuous bubbling of p-H2 (20 sccm), yielding strongly enhanced signals from the NMR tube. Image SNR for the SABRE-enhanced region was
110 (see Supporting Information for details).

Figure 4. Same as Figure 3, except that the substrate was 100 mM nico. Note the mixed signs of the SABRE enhancements. Spectra in (a,b) are
scaled by 32- and 4.4-fold, respectively, compared to that in (c), where the SABRE enhancements were ∼ (−)320-fold (Ha−Hc, red) and ∼(+)210-
fold (Hd, blue), respectively, at 1.4 T. No signal is observed in the central NMR tube without p-H2 bubbling (d). A SABRE-enhanced signal is
observed with p-H2 bubbling (e). Image SNR for the SABRE-enhanced region was 45.
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the MRI scanner for SABRE imaging, along with the H2O/
D2O calibration tubes. Using the FSE sequence, clear images

are obtained for the H2O/D2O samples�with signal
intensities corresponding to the 1H concentration in each
sample (Figure 3d). However, in the absence of p-H2 bubbling,
no signal is observed from the NMR tube.
Given that the T1 of 1H Py spins is much shorter than the

FSE image acquisition time, it was necessary to attempt
SABRE within the imaging field (64 mT)�an order of
magnitude higher than the field at which most-efficient 1H
SABRE is expected.17 Moreover, the p-H2 flow rate was
reduced to 20 sccm to mitigate disturbance of the liquid level
within the tube. Nevertheless, despite such nonoptimal
conditions, a strong signal is observed from the NMR tube
with p-H2 bubbling (Figure 3e)�roughly similar to that
obtained with pure water. Given that SABRE was performed in
a nonideal magnetic field and that there is almost no chemical-
shift difference between the resonances in the sample at 64
mT, the image alone is insufficient to determine its chemical
origin. For example, one might be concerned that the 64 mT
MRI signal instead was originating from free HP orthohy-
drogen (o-H2) or HP (bound) hydride spins.15

To investigate such possibilities further, SABRE was
performed with p-H2 bubbling at 64 mT but with rapid
transfer to the benchtop NMR for detection (Figure 3b).
Albeit significantly reduced in size compared to that in Figure

Figure 5. Selected 2D coronal “pseudoslice” from a 3D modified spin
density MR image obtained from three of the water tubes
(respectively containing 100%, 50%, and “0%” H2O, backfilled with
D2O) and a NMR tube (outlined by the red circle) containing a 100
mM pyrazine sample, acquired following 30 s p-H2 bubbling (90
sccm) near the optimal SABRE field (∼6 mT) and rapid manual
transfer of the sample to the scanner’s head coil. Image SNR for the
SABRE-enhanced region was 17. Digital resolution: 1 × 1 × 5 mm3;
acquisition time: 15 s.

Figure 6. (a−i) Images obtained the same as in Figure 3, except with varying [Py] and a 10:1 substrate/catalyst ratio (performed in triplicate).
Regions depicted show the positions of the SABRE NMR tube (outlined by red circles); the average signal and standard deviation from the tube
region are reported in each image. (a) 0 mM Py; (b) 3 mM; (c) 5 mM; (d) 10 mM; (e) 20 mM; (f) 30 mM; (g) 50 mM; (h) 70 mM; (i) 100 mM.
(j) Plots of average MRI signal (white circles) and PH enhancement (blue squares) versus [Py], derived from the images in (a−i). Signal values
from the lower concentrations were linearly fit (red line) to obtain LOD/LOQ values (see Supporting Information).
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3c, the resulting 1H NMR showed SABRE enhancement of the
Py resonance (∼20-fold at 1.4 T). Moreover, no strong signals
were observed for HP o-H2 (∼4.6 ppm) or the hydride region
[∼(−)23 ppm, see Supporting Information]. Thus, we
conclude that the signal from the 5 mm sample (Figure 3e)
is from SABRE-enhanced Py. This conclusion is also supported
by the lack of signal in a control image using deuterated Py
(not shown).
As mentioned, nico was chosen as the other molecule for

this study because of its biological relevance, high tolerability,
and potential use as a HP MRI contrast agent.27−31 As was
done with Py, the SABRE response with nico was first
evaluated via benchtop NMR. Following bubbling at ∼6 mT,
an average enhancement of up to (−)320-fold was observed in
the resonances of free nico (100 mM) at 1.4 T (Figure 4c)�
calculated via comparison with a thermally polarized sample
(Figure 4a).
Placement of an identically prepared sample in the MRI

scanner allowed imaging with nico in the same manner as that
performed with Py (Figure 4d,e). As expected, no signal is
observed from the nico sample in the absence of p-H2 bubbling
(Figure 4d). However, p-H2 bubbling and reimaging allowed a
signal to be observed from the central NMR tube�ostensibly
from SABRE-hyperpolarized nico (Figure 4e). This p-H2-
enhanced MRI signal was clearly weaker than that from HP Py
(Figure 3e).
Although this observation of a weaker HP MRI signal can be

partially explained by the intrinsically lower enhancement
observed for nico versus Py (cf. Figures 3c and 4c), there is
likely an additional contribution. Nico, unlike Py, has several
nonequivalent 1H resonances. The small residual frequency
dispersion among these resonances, even at such LFs, can yield
qualitative differences in SABRE behavior�particularly when
the mixing field is changed. For example, the spectrum in
Figure 4c shows a significant positively phased SABRE
enhancement (∼210-fold) for the Hd resonance at 1.4 T
following SABRE at ∼6 mT, likely reflecting a nonoptimal
SABRE mixing field. However, this absorptive component is
dwarfed by the emissive resonances assigned collectively to
Ha−Hc. But when SABRE is performed at the MRI scanner
field of 64 mT (Figure 4b), not only is the overall total signal
detected at 1.4 T greatly reduced but the absorptive and
emissive components are now much closer in size (cf. Figure
3b,c). Thus, when a nico sample is imaged at 64 mT, the
collapse in chemical shift dispersion at the lower field should
cause the positively and negatively enhanced resonances to
overlap, resulting in partial cancellation of the SABRE effect in
the nico image (Figure 4e; note that the scanner’s imaging data
is not phase-sensitive).
Figures 3 and 4 clearly show successful SABRE-enhanced

imaging with the 64 mT scanner using both substrates. We
next investigated to see if a calibration protocol could be
developed using H2O/D2O reference samples of varying ratios
that could be used to reliably quantify the SABRE MRI
enhancement. Toward that end, the average signal from each
H2O/D2O falcon tube was determined for each image and
plotted against the 1H concentrations (see Supporting
Information for details and graphs). As examples, the signals
from the images in Figures 3e and 4e were well-reproduced by
linear fits. These well-behaved responses and knowledge of the
relevant 1H concentrations in all samples allowed facile
quantification of the SABRE enhancements, yielding values

of ∼310-fold and ∼160-fold for Py and nico, respectively (see
Supporting Information).
One should remember that the NMR/MRI signal enhance-

ment provided by hyperpolarization is inversely proportional
to the magnetic field, here differing by a factor of 1.4 T/0.064
T = 21.9-fold for the two fields used. Thus, to directly compare
the enhancements for Py obtained at these two fields, one
needs to divide the 0.064 T enhancement by 21.9. In other
words, the nuclear spin polarization values achieved in the
MRI scanner are much lower than those reported for the
benchtop NMR spectrometer when SABRE was performed at
the optimal field of ∼6 mT (as expected). The field-normalized
enhancement measured for the 64 mT image is much closer,
∼1.4-fold lower than that obtained at 1.4 T with the same 64
mT mixing field. The field-normalized enhancement for nico is
likely further reduced by the frequency overlap of positively
and negatively enhanced resonances, as explained above.
Particularly given the long scan times (relative to T1) of the

3D pulse sequences utilized above, achieving quantifiable
SABRE enhancement on this scanner benefited from
continuous p-H2 bubbling and SABRE hyperpolarization
throughout each scan. Indeed, while both SABRE and its
sister technique, hydrogenative parahydrogen-induced polar-
ization (PHIP),11,12,37 have been used for LF NMR and MRI
studies (e.g., refs 9 and 13−16), SABRE does not involve the
irreversible chemical change of the substrate. Thus, SABRE can
be performed continuously on the same sample for extended
periods of time. This feature is useful for many LF applications
(e.g., ref 20) and greatly facilitates MR technique development.
However, if bolus production of a SABRE-hyperpolarized
agent is to be used (e.g., to benefit from more-efficient
hyperpolarization conditions), then much faster scanning must
be achieved in order to compete with rapid hyperpolarization
decay from T1 relaxation. On the other hand, the enormous
signal enhancement provided by hyperpolarization can enable
ultrafast (even subsecond 3D) MRI,14,15,38−40 limited only by
the technical capabilities of the scanner.
Thus, we also investigated the potential for using “fast” 3D

scanning for obtaining improved SABRE imaging on this
device. For these experiments, SABRE was first performed by
bubbling p-H2 at 90 sccm in the scanner’s fringe field at ∼6
mT for 30 s, followed by rapid transfer to the head coil prior to
scanning with a modified spin density map sequence. Using a
smaller FOV (0.14 × 0.14 × 0.14 m3) allowed full 3D read-out
in 15 s�within ∼2T1 of the Py 1H spins�but also with
improved digital resolution (1.0 × 1.0 × 5 mm3). Although the
signals from the water tubes were weak, a bright signal was
observed from hyperpolarized Py (Figure 5). The signals from
each tube were plotted against the 1H concentration (see
Supporting Information), and the resulting linear fit indicated
an enhancement of ∼590-fold at 64 mT. This ∼2-fold
improvement in the SABRE enhancement compared to that
in Figure 3e (∼310-fold) showed that the use of the improved
SABRE conditions more than compensated for the polarization
losses suffered by relaxation and the lack of continuously
generated 1H magnetization.
Finally, although the above technique-development experi-

ments used 100 mM substrates, imaging with much lower
concentrations is also possible. We performed a series of
SABRE imaging experiments with varying Py concentrations
and a fixed 10:1 substrate/catalyst ratio, allowing LOD and
LOQ to be determined. Otherwise, using the same conditions
as those in Figure 3, we found we could readily image SABRE
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down to 3−5 mM substrates (Figure 6). Initially, the signal is
not reduced linearly with decreasing concentration because the
SABRE efficiency (and hence polarization) tends to increase
with a lower substrate concentration until ultimately reaching a
quasi-linear dependence (Figure 6j�see also Supporting
Information). Thus, the lower concentration points were fit
linearly to determine LOD and LOQ: 3.3 and 10.1 mM,
respectively (see Supporting Information). Moreover, given
that the average 1H enhancement for these lower concen-
trations was ∼1900-fold [with 1H polarization (PH) of “only”
∼0.04%], a PH of 1% should yield a corresponding >20-fold
improvement in LOD/LOQ. Such a PH value is routinely
achievable under more favorable conditions.34

Our studies clearly demonstrate the feasibility of molecular
imaging using 1H detection of HP media at relatively low
product of polarization and concentration (0.13%·mM). A
wide range of HP contrast agents readily surpass this limit
under biomedically relevant conditions. For example, the
corresponding metric is over 10%·mM for 1H-hyperpolarized
propane and diethyl ether gases (e.g., ref 41), indicating that
ventilation imaging using these types of inhalable contrast
agents is certainly feasible using such a bed-side MRI scanner
platform. Moreover, injectable hyperpolarized [1-13C]pyruvate
and its metabolic product [1-13C]lactate are estimated to
exceed 1%·mM for Pc in tumors (where the lactate
concentration reaches up to 30 mM42) and other tissues
metabolically altered by disease. A number of 1H-detection
schemes of HP [1-13C]pyruvate and [1-13C]lactate have been
demonstrated in vivo,43 indicating that molecular imaging of
pyruvate is well within reach of the sensitivity of this LF MRI
scanner. Indeed, more recent development of 1H-only
approaches for sensing of pyruvate and its metabolic product
lactate44,45 raises an intriguing possibility of efficient molecular
imaging of HP pyruvate metabolism in this scanner. We
envision the near-future utility of such approaches for imaging
of brain function and applications related to brain cancer and
neurodegeneration.

■ CONCLUSIONS
We have reported on initial efforts to integrate SABRE
hyperpolarization and imaging with a portable, point-of-care
clinical MRI scanner. Enhanced MRI with two substrates,
pyrazine and nicotinamide, was demonstrated and compared
with benchtop NMR. The use of phantoms containing varying
quantities of H versus D spins enabled the development of a
simple approach to quantify SABRE enhancements. Although
maximizing SABRE was not the primary point of the present
work, enhancements up to ∼590-fold were observed in the
resulting images with 100 mM substrates. Up to ∼2600-fold
enhancements were obtained at lower concentrations, allowing
few-mM substrate concentrations to be imaged and pointing
the way to future gains. Ongoing efforts to improve on these
results include the following: optimization of the MRI
sequences for faster SABRE imaging; integration with a
continuous recirculation setup (e.g., refs 20, 26, and 46−48)
to enable SABRE at optimal fields and continuous resupply of
HP liquids to the scanner; and scaling up HP agent production
to allow SABRE imaging of larger objects. The present work,
along with recent efforts toward the preparation of
biocompatible solutions with SABRE-hyperpolarized
agents49−51 and the first demonstrations of in vivo SABRE
imaging,52,53 bode well for future preclinical and clinical
SABRE-enhanced MRI with LF point-of-care scanners for

envisioned biomedical applications. Indeed, although the
present scanner can only detect protons, the recent realization
of proton-only detection of HP heteronuclei44,45,54 opens the
possibility of point-of-care molecular imaging of HP 13C-based
metabolic agents like HP pyruvate, the subject of 30-plus
clinical trials to date.
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Wessling, M.; Blümich, B. J. Magn. Reson. 2018, 291, 8−13.
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