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ABSTRACT: Hyperpolarized [1-"*Clpyruvate is the leading
hyperpolarized injectable contrast agent and is currently under
evaluation in clinical trials for molecular imaging of metabolic
diseases, including cardiovascular disease and cancer. One aspect
limiting broad scalability of the technique is that hyperpolarized
3C MRI requires specialized '*C hardware and software that are
not generally available on clinical MRI scanners, which employ
proton-only detection. Here, we present an approach that uses
pulse sequences to transfer *C hyperpolarization to methyl
protons for detection of the *C—"*C pyruvate singlet, employing
proton-only excitation and detection only. The new pulse
sequences are robust to the B, and B, magnetic field
inhomogeneities. The work focuses on singlet-to-magnetization
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(S2M) and rotor-synchronized (R) pulses, both relying on trains of hard pulses with broad spectral width coverage designed to
effectively transform hyperpolarized "*C,-singlet hyperpolarization to 'H polarization on the CHj group of [1,2-"*C,]pyruvate. This
approach may enable a broader adoption of hyperpolarized MRI as a molecular imaging technique.
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Modern hyperpolarization (HP) techniques enhance magnetic
resonance (MR) signals by several orders of rnagnitude.l_6 The
resulting enhancements overcome the inherent sensitivity
limitations of MR technologies including nuclear magnetic
resonance (NMR) spectroscopy and magnetic resonance
imaging (MRI) and have enabled in vivo imaging of metabolic
processes.” '

BC-labeled pyruvate is one of the most promising "*C-
hyperpolarized HP contrast agents because pyruvate plays a
central role in mammalian metabolic cellular energy pathways.
HP “C-pyruvate can be used as biomarker for various diseases,
such as cancer,'® diabetes,'® cardiovascular disease,'” and
neurological diseases.'® The utility of HP *C-pyruvate comes
from the fact that '*C can retain the HP state for ~36 s,"’
therefore allowing for sufficient amount of time to probe
metabolic processes of pyruvate catabolism in vivo. Moreover,
the 3C detection of HP "*C-labeled pyruvate offers a useful
benefit of virtually no "*C background signal. Since clinical MRI
scanners are narrowly focused around proton detection
frequency, their electronics are not capable of '*C scanning.
To circumvent this limitation, HP MRI of *C-pyruvate is
performed using specialized '*C capabilities of the MRI scanner
(often referred to as multinuclear package) that can only be
found on a few specialized research MRI scanners. Since the
multinuclear scanner capability is not broadly available, there
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remains a substantial translational challenge to enable HP '*C-
pyruvate metabolic imaging on a wide range of already installed
clinical scanners equipped with proton-only detection elec-
tronics. Moreover, the signal-to-noise ratio (SNR) is directly
proportional to the Larmor frequency (SNR ;)™ of an
inductive detector. The Larmor frequency (@, ) of 'H is roughly
four times larger than that of 3C. In addition, the magnetic
moment of the detected nucleus ('H) is also four times larger,
boosting the signal by another factor of 4. As a result, the
detected signal on the 'H channel can be up to 16 times larger
under the assumption of 100% efficient polarization transfer.
Losses due to imperfect polarization-transfer efficiency are
considered in this paper accordingly. Previous examples of
polarization transfer to 'H for the detection of "*C hyper-
polarization includes the use of INEPT, which still requires
pulses on both *C and 'H channels.”!
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We have previously reported on a method for proton-only
detection of overpopulated “C—'>C singlet state in '>C,-
pyruvate.”” This method employs a spin-lock-induced crossing
(SLIC) RF excitation pulse applied to methyl to transfer
polarization of the 3C—13C singlet state to methyl protons.”*
The key advantage of this approach is the requirement of
proton-only scanner hardware to read the HP state stored by the
BC—13C singlet state in [1,2-"*C,]pyruvate. The key limitation
of this approach is the requirement to create an overpopulated
3C—"C nuclear singlet state in [1,2-'*C, ]pyruvate. However, it
should be noted that SABRE hyperpolarization technique
readily spontaneously enable creation of such singlet state in
[1,2-1*C, ]pyruvate.””** Moreover, SABRE hyperpolarization
technique has recently enjoyed a remarkable progress—indeed,
the production and the in vivo utility of HP '*C-labeled pyruvate
via the SABRE technique has been recently demonstrated.”> >’

Despite the success of the pilot study, SLIC pulses require
precise pulse calibration and highly homogeneous By and B,
fields. Here, we present a new proton-only detection method
that is highly robust, even in the presence of pulse calibration
errors and significant field inhomogeneities. This new proton-
only detection of the overpopulated *C—"C nuclear singlet
state in [1,2-13C2]pyruvate employs singlet-to-magnetization
(S2M) and rotor-synchronized (R) pulses, both relying on trains
of hard RF pulses with broad spectral width coverage designed
to effectively transform HP *C,-singlet hyperpolarization into
'H polarization on the CH, group of [1,2-°C,]pyruvate. The
result of such proton excitation is the HP state of the methyl
protons, which can be detected by standard 'H RF coils.
Moreover, when hyperpolarization is employed, high magnetic
fields of costly superconducting magnets are no longer critical
and lower-cost, low-field devices become almost equally
sensitive.””'"'>*® Low magnetic fields are also important in
the current demonstrations because the HP '*C,-singlet state is
naturally preserved at magnetic fields below 0.3 T and would
require spin-locking at higher fields. Accordingly, in this article,
we demonstrate robust HP pyruvate sensing using a low-field,
48.5 mT, MRI scanner only using the proton RF chain and pulse
sequences without any '*C-related hardware or software.”” This
approach has the potential to enable broader adoption of HP
MRI as a molecular imaging technique.

In the presented experiments, the *C, singlet state is
hyperpolarized using the parahydrogen-based SABRE (Signal
amplification by reversible exchange) approach,””***" albeit
DNP methods could also be used.” ~**

B MATERIALS AND METHODS

Sample Preparation. The catalyst precursor [IrCI(COD)IMes]
[COD cyclooctadiene, IMes 1,3-bis(2,4,6-trimethylphenyl)-
imidazole-2-ylidene] was synthesized as described previously.>™>’
The sample contained 30 mM sodium [1,2-'*C,]pyruvate (Sigma-
Aldrich-Isotec P/N 493392) as a substrate, 40 mM dimethyl sulfoxide
as a coligand, and 6 mM catalyst precursor dissolved in methanol-d,.
The samples were prepared by filling 0.6 mL of the stock solution into
standard S mm NMR tubes (WG 1000—8, Wilmad), which were then
flushed with argon for 1—2 min to remove oxygen and sealed under an
argon atmosphere.

SABRE Hyperpolarization Setup. A schematic of the experimental
setup is provided in Figure 1. Using this setup, we hyperpolarized
sodium [1,2-13C,]pyruvate by pressurizing the NMR tube to 8 bar total
p-H, pressure for p-H, bubbling for 60 s with a flow rate set to 70 sccm
at 1.7 uT. As soon as the p-H, flow was turned off, the sample was
transferred to 48.5 mT for detection (2—3 s time delay between
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Figure 1. Experimental schematic for performing SABRE-SHEATH
hyperpolarization followed by sample transfer and proton-only sensing
of hyperpolarized [1,2-'*C,]pyruvate.

cessation of
sequence).6’38‘

A p-H, generator, described elsewhere,** was employed to produce
98.5% p-H,. A mass-flow controller (SmartTrak 50, Sierra Instruments)
regulated the p-H, gas flow with the flow rate set to 70 standard cubic
centimeters per minute (sccm). Parahydrogen was bubbled through the
solution for catalyst activation™® at 25 °C for 15 min before any
experiments. During the catalyst activation period, the solution changed
color from yellow to clear.

Hyperpolarization of 3C—'3C Singlet State of [1,2-"3C,]-
Pyruvate. SABRE-SHEATH (signal amplification by reversible
exchange-shield enables alignment transfer to heteronuclei) experi-
ments were conducted in a y-metal shield (3 layers, ZG-209, Magnetic
Shield Corp). The degaussing circuitry employed here was described
previously.*" The required magnetic field in the yT regime is generated
by a small solenoid coil inside the shield.****

For detection at B, of 48.5 mT a permanent magnet-based system
configured in a Halbach array was used (Magritek, Wellington, New
Zealand).*®

For application of the RF excitation pulses, a RF multiturn solenoid
coil was used on the 'H channel.”® The NMR probe frequency was
2.01885 MHz. The S2M, composite S2M, and riffled R4} pulses were
implemented using Magritek software.

Subsequently, as indicated in Figure 2a, three pulse sequences have
been adopted to transfer the singlet hyperpolarization from the *C,
spin pair to the CHj protons of pyruvate. Importantly, these pulse
sequences are applied only to the CH; protons. As illustrated in Figures
2b—d, the employed pulse sequences are $2M,**™*” composite $2M,**
and riffled R4; pulses,*”~>" all applied only on the 'H channel. The S2M
pulse sequence involves two spin—echo trains separated by a 90° pulse
(Figure 2b). Each echo train contains 180° pulses separated by a time
delay of 27. The S2M pulse sequence generates z-magnetization on CH;
protons; therefore, it is necessary to apply a 90° pulse after the S2M
sequence to generate detectable, transverse xy-polarization. To increase
the robustness of S2M against B, and B, inhomogeneities, it is useful to
implement composite pulses within the sequence. Accordingly, the
composite S2M pulse sequence (Figure 2c) uses compensated 180°
rotations to ensure the high accuracy of the inversions required during
the pulse train. The 180 pulses of S2M are replaced by composite [907
— 180y — 907] pulses. An alternative to S2M approaches is rotor-
synchronized (R) pulse trains. A good example is riffled R4} pulses,
which are relatively new pulse sequences originally developed to
implement electron-to-nuclear golarization transfer in diamond
nitrogen-vacancy magnetometry,*” which have recently been used for
nuclear spin manipulations as well.*” The riffled R4} name reflects the
symmetry of the employed pulses, and as shown in Figure 2d, this pulse
sequence consists of four blocks, R*-R®-RA-R®. The R* block consists of
three hard pulses: 90° pulse with 135° phase, 180° pulse with 45° phase,
and 90° pulse with 135° phase. The excitation RF pulses are separated

zP-HZ flow and initiation of polarization transfer
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Figure 2. (a) Scheme of polarization transfer from the HP *C,—"C,
singlet state of [1,2-3C,]pyruvate to CH; group protons applying
proton-only RF excitation pulses such as S2M or R4}. Corresponding
schematic for the (b) S2M pulse scheme, (c) composite S2M pulse
scheme, and (d) riffled R4 pulse scheme.

by the time delay, 7. The R® block also consists of three hard pulses: 90°
pulse with —135° phase, 180° pulse with a —225° phase, and 90° pulse
with —135° phase. Pulses are separated by time delay, 7, and repeated n
times. All the employed sequences can be expected to outperform the
previous SLIC approach®~*>** in terms of tolerating B, and B,
inhomogeneities as experimentally and theoretically explored in this
paper.

Numerical Simulation. Simulations matching the experiments
were performed using SPINACH>* simulation library version 2.6.5625
in MATLAB (R2021a) as detailed in the Supporting Information.

B RESULTS AND DISCUSSION

To explore and test the performance of S2M, composite S2M,
and riffled R4} pulse sequences, we first simulated the effects of
varying pulse sequence parameters within these sequences to
assert their ability to deliver the desired '*C, to "H polarization
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transfer. For all the sequences, the most critical parameters are
the time-delay between pulses 7 and the number of pulses . The
simulations were performed on the S-spin [1,2-°C,]pyruvate
system ("*C,, °C,, and three protons on the CHj; group).

Figure 3a shows a simulated 3D plot on how generated 'H-
magnetization on the CHj; group depends on time delay, 7, and
number of cycles, n, after S2M. All simulations in Figure 3 are
identical for S2M and composite S2M because the simulations
assume perfect 180° pulses for either sequence. In experiments
that suffer from B; and B, inhomogeneities, significant
differences can be expected between S2M and composite S2M
because the [907 — 180y — 907] pulses are designed to
compensate for errors accrued during single 180 pulse used in
S2M. Figure 3b,e shows projections of the simulated 3D plot at
constant n and constant 7, respectively.

Experimentally, complete multidimensional explorations are
not realistic because of the large number of required tests; thus,
guided by the simulations, we first ran a 7 sweep, followed by n
sweep to find the optimal settings. For the 7 sweep, we used a
fixed value of the number of cycles (n = 17) and presented the
results plotted in Figure 3¢ for S2M and in Figure 3d for
composite S2M. Generally, the 7 sweep experimental data is in
good agreement with the simulation shown in Figures 3b. A
relatively sharp dependence on 7 is observed in all cases with a
maximum at 7 = 3.97 ms. Optimal values for 7 obtained in
simulations and experiment is in good agreement with the
theatrically predicted value of 7 of 4.01 ms* according to

1
2 2 2
4T + AT + A
1
4(60 + 638 + 15.57%)
4.01ms

~
~

Comparing the experimental S2M and composite S2M
results, the composite S2M produces significantly higher
polarization (almost 2-fold) and the match with simulation is
better. This result clearly indicates the importance of including
composite pulses when B, and B, inhomogeneities or
miscalibrations are present.

After optimizing 7 to 3.97 ms, we used this value to run the
subsequent n sweep shown in Figures 3e—g. Figure 3e shows the
simulation for the S2M n sweep revealing a periodic behavior
with maxima at n & 17 and n & 48 without polarization losses. In
contrast, the experimental data Figures 3 f,g shows two peaks;
the first at n & 17, in agreement with simulation, however,
followed by a much smaller maximum at n & 58. The mismatch
between simulation and experiment can be explained by T, and
T, relaxation occurring in the experiment, which is not included
in the simulation. Another important factor is that the S2M pulse
sequence is very sensitive to inaccuracies in the pulse
calibrations. This also may explain why the second maximum
is larger for composite S2M that compensates for imperfections
in the pulses.

In addition to S2M, and composite S2M pulse sequences, we
implemented the Riffled rotor-synchronized R4} pulse se-
quence. Figure 4 shows a simulation of the “C, to 'H
polarization transfer as a function of n and 7 for this pulse
sequence. Figure 4b,d shows projections out of the 3D plot for
constant 7, and a constant number of cycles, 1, respectively. As
discussed above, for the experiments, a full 3D exploration is
unreasonable, and we took a slice from the 3D plot to get a 7

~
~
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Figure 3. (a) 3D simulation of '"H magnetization after application of a S2M/composite-S2M pulses to HP [1,2-*C,]pyruvate as a function of time
delay, 7, and number of cycles, n. (b) Simulated = sweep acquired after S2M/composite-S2M pulse with n = 17. (c) Experimental 7 sweep acquired after
S2M pulse with n = 17 and 2.01885 MHz frequency. (d) Experimental 7 sweep acquired after composite-S2M pulse with n = 17 and 2.01885 MHz
frequency. (e) Simulated n sweep acquired after S2M/composite-S2M pulse with 7 = 3.97 ms. (f) Experimetal n sweep acquired after S2M pulse with 7
=3.97 ms and 2.01885 MHz frequency. (g) Experimetal n sweep acquired after composite-S2M pulse with 7 = 3.97 ms and 2.01885 MHz frequency.

sweep with fixed number of the riffled R4; cycle sequence (n =
5). The experimental data (Figure 4c) is in good agreement with
the simulation (Figure 4b). The maximum value of polarization
was reached at 7 = 5.95 ms. We used this value to optimize the
number of cycles n. Figure 4d,e shows simulated and
experimental data for an n sweep of the riffled R4; sequence.
The experimental data follow the simulated trend for the first
peak at n = 5; however, the second simulated peak at n = 12 is
less pronounced for the experimental plot. The mismatch
between simulation and experiment for the second peak likely
arises because we do not take relaxation into account in the
simulations. In addition, as shown in Figure 2d, Riffled R4}
pulses contain four blocks with hard 90 and 180° pulses, making
the duration of the whole pulse sequence almost twice as long as
that of the composite S2M.

In order to gain a deeper understanding of the hyper-
polarization transfer mechanism and the involved quantum
states, we can trace the density matrix as a function of time
during the polarization transfer sequences. For simplicity we
consider three-spin system *C;, *C,, and 'H for [1,2-°C,]-
pyruvate (here, we model the three methyl group protons as one
single proton). Further, we switch to the singlet—triplet based
basis set (STZ) associated with states: S, Ty, T_, and T, for
3C,-singlet and a or f states for "H. There are eight possible
states for this system ISya>, |Toa>, IT_a>, IT a>, 1SyB>, |Tyf>, |
T_p>,and IT,f>. The main goal of the manuscript is to transfer
polarization from the S, state of the carbon singlet to 'H-
magnetization. In computer simulations, we can monitor matrix
overlap between the density matrix of the spin system and state
of the interest (for example, Sy). Analogously, we can monitor
matrix overlap between the current density matrix and 'H
magnetization (I).

Under optimal conditions for $2M/Composite S2M (7 = 3.97
ms and n = 17), we can monitor how the carbon singlet state is
first converted to carbon-T, and subsequently to 'H-magnet-
ization. As shown on Figure Sa—d, the polarization travels from
the ISya> state to |Toa> and eventually to |Tyf> under
application of S2M/compositeS2M pulses as a function of
loop index. Atloop #17, the population of S, reaches its minimal
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values, while the population of T, reaches its maximum; both S,
and T, plateau after loop #17. At the same time, 'H-
magnetization demonstrates a steady rise after loop #17. At
the end of the pulse sequence, 'H-magnetization reaches its
maximum.

Similarly, on Figure Se—h, we can monitor the density matrix
during the riffled R4} pulse sequence under its optimal
conditions (7 = 5.95 ms and n = S). Interestingly, the 'H-
magnetization plot does not have a “threshold”; we can see
polarization transfer from S, to T,; and 'H is created with the
first series of riffled R4} pulses (the first loop). The S, plot
declines quickly, and at the same time, the T, and 'H plot rise
with the same slope. Detailed theory for these pulse sequences is
found in ref 49 for riffled R4} and in refs 46,55 for S2M.

Figure 6 examines the effect of B, inhomogeneities and pulse
miscalibrations. For this study, we varied the pulse angle, ¢, in
both simulations and experiments to examine how robust the
polarization transfer is under varying B, power.

First, for the S2M pulse sequence, the simulations (Figure 6a)
and experiments (Figure 6b) show that the S2M pulse sequence
without composite pulses is very sensitive to pulse miscalibra-
tions and B; inhomogeneities because small variations in the tip
angle make the polarization transfer inefficient. Figure 6a
demonstrates that a change in tip angle by a few degrees quickly
affects the signal level. This is substantiated by the experimental
plot (Figure 6b), showing that deviations from a 90° pulse of
only +3° cause a significant decay in polarization transfer
efficiency. To mitigate the effect of miscalibrations and B,
inhomogeneities, the composite-S2M pulse sequence was
designed and tested. Figure 6¢ shows simulations of the
polarization transfer efficiency for the composite-S2M pulse
sequence. Compared to the S2M sequence, the simulated
composite-S2M sequence demonstrates a higher level of
robustness against miscalibration. There are no oscillations
within the 80—100° range. The experimental plot (Figure 6d)
also demonstrates improved pulse-miscalibration robustness in
comparison to that of S2M. Acceptable values for the tip-angle
for composite-S2M are within an +10° range. Finally, we tested
the riffled R4; pulse sequence for robustness to tip-angle
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Figure 4. (a) 3D simulation of 1H generated magnetization after
application of riffled R4} pulses to HP [1,2-'3C, ]pyruvate as a function
of time delay, 7, and number of cycles, n. (b) Simulated 7 sweep
acquired after riffled R4} pulses with n = 5. (c) Experimental 7 sweep
acquired after riffled R4} pulses with n = S and with 2.01885 MHz
frequency. (d) Simulated 1 sweep acquired after riffled R4; pulses with
=5.95 ms. (e) Experimental n sweep acquired after R4} pulses with 7 =
5.95 ms and 2.01885 MHz frequency.

miscalibrations and B, inhomogeneities in both simulations
(Figure 6e) and experiments (Figure 6f). The riffled R4 pulse
sequence shows robustness over an exceptionally wide range of
pulse angles. Similar, to the composite-S2M, there are no
oscillations for simulated polarization transfer-efficiency under
the riffled R4} pulse sequence (Figure 6e). These simulations
show that it is possible to reach signal values over half of the
maximum within the pulse-angle range from 60 t0120°. The
experimental data for the riffled R4} pulse sequence (Figure 6f)
validate the simulated results, showing that signal values above
the half-maximum are obtained within the pulse angle range
from 65 to 110°.

Since we did not incorporate any relaxation effects and B,
inhomogeneity in our model for simulations, the experimental
and simulated data are not in perfect agreement.

Another important parameter for proton-only sensing is the
response to By inhomogeneity. We explored this issue by varying
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Figure S. (a) S2M/composite S2M pulse scheme. Matrix overlap
between the density matrix of the three-spin system of [1,2-"C,]-
pyruvate and (b) S,, (c) T, and (d) '"H-magnetization (1,) as a function
of loop index for S2M/composite S2M pulses. (e) Riffled R4; pulse
scheme. Matrix overlap between the density matrix of the three-spin
system of [1,2-3C,]pyruvate and (f) S, (g) T, and (h) 'H-
magnetization (I,) for riffled R4} pulses. Optimum conditions applied
for S2M/composite S2M: 7 = 3.97 ms and n = 17; for riffled R4}: 7 =
S9Smsand n=35.

the B, frequency offset (as opposed to the B, power varied
above). By experimentally changing the frequency offset, we can
quantify the robustness to B, inhomogeneity. Here, we did not
perform simulations because in the simulations employed above,
all pulses were simulated as instantaneous events. To examine
frequency offset changes by simulation would require
simulations of effects during pulse application, which is beyond
the scope of this manuscript.

Figure 7a—c examines the sensitivity of S2M, composite S2M,
and riffled R4} pulse sequences to the B, frequency offset, {2, and
compares the results to a ramped SLIC pulse that we reported
recently.”” We find that all our new pulse sequences used in this
paper significantly outperform ramped SLIC. Specifically, S2M
can operate well within a comparatively narrower range of =750
to +300 Hz (Figure 7a), whereas composite S2M can operate
within a very wide range of frequency offset from —1500 to
+1500 Hz (Figure 7b). The riffled R4j is suitable for a —1000 to
1000 Hz frequency rage (Figure 7c). In contrast, Ramped SLIC
pulse is operational within a range of —200 to 200 Hz of Q
(Figure 7d).”
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Figure 6. (a) Simulated 90° angle sweep acquired after S2M pulse with
7=3.97 and n = 17. a is angle of the applied RF pulse. (b) Experimental
900 angle sweep acquired after S2M pulse with 7 = 3.97 and n = 17. (c)
Simulated 900 angle sweep acquired after composite S2M pulse with 7
=3.97 and n = 17. (d) Experimental 90° angle sweep acquired after
composite S2M pulse with 7 = 3.97 and n = 17 (e) Simulated 90° angle
sweep acquired after riffled R4} pulses with 7 = 5.95 ms and n = 5. (f)
Experimental 90° angle sweep acquired after riffled R4} pulses with 7 =
S9Smsand n=35.
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The efficiency of polarization transfer depends on not only the
fundamental symmetry limitations of this problem but also the
relative length of T, compared to the duration of the polarization
transfer sequences. The S2M scheme uses 7 = 3.97 ms and n =
17, such that the total pulse scheme duration for S2M is 3.97 ms
X 17 X 2 X 2 + 3.97 ms = 273.93 ms = 0.274 s. The S2M
composite has almost an identical duration, and the R4; scheme
uses 7 = 5.95 ms and n = 5, such that the total pulse scheme
duration for R43 is 5.95 ms X 2 X 4 X 5 = 238 ms = 0.238 s. We
estimate the T, values to be about 1 order of magnitude larger
than the polarization transfer sequences. Based on the
comparison of our numerical simulations with the experimental
findings, the T, losses during the polarization transfer sequences
are minimal.

After injection of hyperpolarized pyruvate, metabolic
conversion to lactate can often be observed, which is particularly
pronounced in tumors.”' %

So, to illustrate future application and the ability to distinguish
pyruvate from lactate even at low fields using the presented pulse
sequences, first, we need to consider both [1,2-*C,]pyruvate
and [1,2-"*C,]lactate spin systems. Pyruvate has five spins,
which consist of two carbons and three protons on the methyl
group. Since all methyl group protons are equivalent, we may
simplify it to a three-spin system: two carbons and one methyl
group proton. Lactate has six NMR active spins. Similar to
pyruvate, lactate has two carbons and three protons on the
methyl group; however, it also has a proton attached to the 2-'*C
site. Analogously to pyruvate case, we simplify it to a 4-spin
system: two carbons, one proton at 2-'*C site, and one methyl
group proton. All J coupling values are presented in the
Supporting Information.

At a 48.6 mT magnetic field, singlet and triplet states of
pyruvate are eigenstates of the Hamiltonian, which leads to a
long-lived singlet state once formed. The long-lived pyruvate
singlet state (T, = 40 s) can be used to store hyperpolarization
during injections in vivo studies. After injection and conversion
to lactate, the J-couplings between 2-*C and 'H is larger than
the J-coupling between 1-"°C and 2-"*C. J(2-*C—'H) = 140.0
Hz, whereas J(1-'*C-2-"*C) = 43.6 Hz. We can take advantage of
this change in the J-coupling network to distinguish pyruvate
from lactate, and we propose the following scheme of
experiments applied on the "H channel alone as simulated and
displayed in Figure 8.

For the S2M sequences,

~
~

e We first apply the S2M/composite S2M pulse sequence
with n = 2 and 7 = 3.5 ms, which are the optimal
parameters for the detection of lactate. When this
sequence is executed, the singlet state that exists on the
remaining pyruvate pool is unaffected (see Figure 8a).
Thereafter, we can apply the S2M/composite S2M pulse
sequence with n = 17 and 7 = 3.97 ms parameters optimal
for the detection of pyruvate (note that the lactate signal is
almost zero, Figure 8b).

With this procedure, separate detection of pyruvate and its
metabolic product, lactate, can be accomplished.
Analogously, for the riffled R4; pulse sequence,

We first apply the riffled R4} pulse sequence with n = 1
and 7 = 6.3 ms, which are the optimal parameters for
lactate detection. Again, the pyruvate singlet remains
unaffected (see Figure 8c).

Then, we apply the riffled R4} pulse sequence with n = 5
and 7 = 9.91 ms, which are the optimal parameters for
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Figure 8. Computer simulations used to demonstrate the possibility to
separate pyruvate from lactate by applying different sets of optimum
parameters before detection to read our signals from different
molecules. S2M/composite S2M pulse sequence: (a) Lactate detection
regime (optimum parameters: n = 2 and 7 = 3.5 ms). The signal from
lactate is at its maximum, whereas the pyruvate signal is almost zero. (b)
Pyruvate detection regime (optimum parameters: n = 17 and 7 = 3.97
ms). The signal from pyruvate is at its maximum, whereas the lactate
signal is almost zero. Riffled R4} pulse sequence: (c) lactate detection
regime (optimum parameters: # = 1 and 7 = 6.3 ms). The signal from
lactate is at its maximum, whereas the pyruvate signal is almost zero. (d)
Pyruvate detection regime (optimum parameters: n = § and 7 = 9.91
ms). The signal from pyruvate is at its maximum, whereas the lactate
signal is almost zero.

detection of pyruvate (note that the lactate signal is
almost zero, Figure 8d).

B CONCLUSIONS

In summary, we present a robust proton-only low-field MR
method to transfer polarization from the hyperpolarized
BC—1C-singlet state of [1,2-'*C,]pyruvate to methyl group
protons for highly sensitive detection. S2M, composite S2M,
and riffled R4} pulses demonstrated that polarization transfer is
successful even in the presence of significant pulse calibration
errors (B, inhomogeneities) and B, frequency offsets (corre-
sponding to By inhomogeneities). The experimentally estimated
efficiency of polarization transfer by S2M is ~25%, that by
composite S2M is ~38%, and that by riffled R43 is ~31%.

This work was inspired by the shortcomings of the previously
employed SLIC pulses, which use long, soft pulses that are
susceptible to B, and B, inhomogeneities. Here, we explored
more advanced pulse sequences that employ trains of hard
pulses instead. First, we explored the use of S2M sequence and
found it to be highly efficient for proton-only sensing under
optimized conditions; however, we found S2M to be highly
susceptible to pulse-calibration errors. Therefore, we integrated
composite 90°—180°—90° pulses into S2M to generate the
composite S2M pulse sequence to further mitigate artifacts due
to By and B, inhomogeneities. We found that the composite
S2M generally outperforms the regular S2M pulse sequence in
terms of polarization transfer efficiency, in some cases producing
up to twice as much proton signal/polarization. Finally, we
tested a relatively new rotor-synchronized pulse sequence, riffled

4107

R4. The riffled R4} sequence demonstrated great robustness
against pulse calibration errors and stability over a wide range of
pulse angles in both simulation and experiment. In contrast to
SLIC experiments, S2M, composite S2M, and riffled R4; pulses
are highly effective for proton-only sensing, even in the presence
of significant B; inhomogeneities and several kHz in frequency
offsets. Composite S2M works reliably over ~2 kHz frequency
offset (vs riffled R4} over ~1 kHz), whereas the riffled R4}
sequence works reliably over a large ~+25° B, error (vs
composite S2M over +10°).

In addition, computer simulations predicted the possibility to
distinguish [1,2-"*C,]pyruvate and its metabolic product
[1,2-1C, ]lactate in vivo studies by applying broad-band pulses
with various optimal parameters.

Overall, proton-only sensing with these new pulse sequences
allows for the detection of '*C—"3C hyperpolarization with low-
field MRI scanners that only have 'H channels. The novel pulse
sequences address the challenges associated with such systems
residing in B, and B, inhomogeneities.
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