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ABSTRACT: Hyperpolarized MRI is emerging as a next-generation =
molecular imaging modality that can detect metabolic transformations in
real time deep inside tissue and organs. "*C-hyperpolarized pyruvate is the
leading hyperpolarized contrast agent that can probe cellular energetics in
real time. Currently, hyperpolarized MRI requires specialized “multinuclear”
MRI scanners that have the ability to excite and detect *C signals. The
objective of this work is the development of an approach that works on
conventional (i.e., proton-only) MRI systems while taking advantage of long-
lived "*C hyperpolarization. The long-lived singlet state of [1,2-*C,]pyruvate
is hyperpolarized with parahydrogen in reversible exchange, and
subsequently, the polarization is transferred from the '*C, spin pair to the
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methyl protons of pyruvate for detection. This polarization transfer is accomplished with spin-lock induced crossing pulses that are
only applied to the methyl protons yet access the hyperpolarization stored in the '>C, singlet state. Theory and first experimental
demonstrations are provided for our method, which obviates I3C excitation and detection for proton sensing of L C-hyperpolarized
pyruvate with an overall experimental-polarization transfer efficiency of ~22% versus a theoretically predicted polarization transfer

efficiency of 25%.
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MR hyperpolarization has been developed to create high

degrees of nuclear spin polarization approaching order
unity compared to a polarization of ~107° at thermal
equilibrium. As a result, the hyperpolarization process increases
magnetic resonance signals by 4—S5 orders of magnitude.
Hyperpolarized (HP) biologically compatible molecules can be
employed as exogenous contrast agents, which enable in vivo
imaging of metabolic activity.'™

BC-labeled pyruvate is the most promising '*C-hyper-
polarized HP contrast agent because it plays a central role in
metabolic pathways of cellular energetics. Aberrant HP '*C-
pyruvate metabolism has been shown as a potent biomarker for
various diseases, such as cancer,'® diabetes,'" cardiovascular
diseases,'”” and neurological diseases."> HP pyruvate is now
under evaluation in nearly 40 clinical trials according to
clinicaltrials.gov. MRI using HP *C-pyruvate has the potential
to become next-generation molecular imaging because it
provides similar metabolic information as '*F-flurodeoxyglu-
cose positron emission tomography (*FDG-PET) scan but
with the added benefit of fast (1 min) scan time and operation
without ionizing radiation.

Currently, MRI of HP "“C-pyruvate requires full *C
capabilities of an MRI scanner for excitation, slice selection,
and detection, which includes specialized RF coils, RF
amplifiers, RF chains, and pulse sequences. Only a very few
specialized research scanners have this capability out of an
estimated 36,000 MRI scanners worldwide. This limitation
represents a substantial roadblock for clinical translation of
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next-generation molecular imaging using HP B3C-pyruvate to
routine clinical use.

To solve this translational challenge, one strategy is to
transfer HP from "*C nuclei to spin—spin coupled protons'*'
by pulse sequences such as reverse INEPT."'°~"® This approach
has been successfully demonstrated in vivo for HP [1-"*C]-
pyruvate.'” The key limitation of all previously developed
approaches is the requirement to apply RF pulses to the '*C
nuclei, which most MRI scanners are not equipped for. Here,
we present a new approach for sensing '*C HP pyruvate using
an MRI scanner equipped with only standard proton ('H)
capabilities. We employ a 'H spin-lock induced crossing
(SLIC) pulse to transfer hyperpolarization from a singlet state
on the carbons of [1,2-"*C,]pyruvate to the methyl protons.
The result of such proton excitation is hyperpolarization on the
methyl protons, which can be detected by standard 'H RF
coils. The presented approach builds on the previous work that
has studied polarization transfer in symmetric model spin
systems such as '*C,-diphenyldiacetyllene using a thermally
polarized 3C, singlet order.”"**
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Since then, it has also been shown that the parahydrogen-
based hyperpolarization method known as signal amplification
by reversible exchange (SABRE) can directly hyperpolarize
long-lived smglet states on a variety of substrates,”’ >
including [1,2-"C,]pyruvate. 2930 SABRE relies on simulta-
neous exchange of parahydrogen (p-H,) and to-be-hyper-
polarized substrate, e.g., [1,2—13C2]pyruvate studied here.

SABRE is a fast (~1-minute buildup time) and inexpensive
(<$15,000 equipment cost) hyperpolarization method that
spontaneously and directly transfers polarization from p-H,-
derived hydrides to nuclear spins of substrate. Here, we
employed SABRE to first create an HP '3C, singlet state on

[1,2-8C,] Zpyruvate, followed by a spin-lock induced crossing
(SLIC)21 #3132 bulse to transform the HP singlet to NMR-
observable proton magnetization on the methyl group. To
preserve the Bc, singlet state in Bc, pyruvate, it is necessary
to remain at low magnetic fields. Sufficiently low fields preserve
the strong coupling regime, where the *C—"3C spin—spin-
coupling ("Ji3c.13¢c & 60 Hz) between the two "*C spins is
greater than their chemical shift difference (i.e., the resonance
frequency of 1-*C and 2-">C pyruvate spins). In this strong-
coupling regime, the singlet state remains close to an eigenstate
of the static nuclear spin Hamiltonian. Of note, low field
magnets are cheap and do not require expensive cryogens
(sometimes in short supply) unlike today’s high-field super-
conducting NMR and MRI scanners. Overall, this work
contributes to our long-term goal of improving access to next-
generation molecular imaging using the combination of low-
field MRI with high-throughput pyruvate hyperpolarization.
This combination may establish an affordable molecular
imaging platform. In this research article, we demonstrate
HP pyruvate sensing using a low-field, 48.5 mT, MRI scanner
only using the proton RF chain and pulse sequence without
any "*C-related hardware and software. In this paper, we first
provide a full theoretical description of polarization transfer
from the *C, pyruvate singlet to methyl protons via a SLIC
pulse applied on the proton channel only. Subsequently, we
provide the experimental results on a 48.5 mT system to
demonstrate the feasibility of this approach even in the
presence of large B, and B field inhomogeneities.

B MATERIALS AND METHODS

Sample Preparation. The catalyst precursor [IrCl(COD)IMes]
[COD = cyclooctadiene, IMes = 1,3-bis(2,4,6-trimethylphenyl)-
imidazole-2-ylidene] was synthesized as described previously™
according to the procedure®*** described in the literature.

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 co-ligand, and 6 mM catalyst precursor dissolved in methanol-d,.
The samples were prepared by filling 0.5 mL of the stock into
standard 5 mm NMR tubes (WG 1000—8, Wilmad), then flushed
with argon for 1—2 min to remove oxygen, and sealed under an argon
atmosphere.

Experiments. Experimental schematic is shown as Figure 1. The
NMR tubes were coupled with a 0.25”-OD Teflon tubing and
connected to the Wye connector to the polarizer setup described
previously.*®

The p-H, generator described elsewhere’” was employed to
produce 98.5% p-H,. A mass-flow controller (SmartTrak S0,
Sierralnstruments) regulated the p-H, gas flow with the flow rate
set to 70 standard cubic centimeters per minute (sccm). The total p-
H, pressure in the NMR tube during SABRE experiments was set to 8
bar. Parahydrogen was bubbled through the solution for catalyst
activation®™*” at 25 °C for 15 min before any experiments. During the
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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 at ~2 MHz.

catalyst activation period, the solution changed the color from yellow
to clear.

Hyperpolarization of the *C, Singlet State of [1,2-°C,]Pyruvate.
SABRE-SHEATH (signal amplification by reversible exchange in
shield enables alignment transfer to heteronuclei) experiments were
conducted in a y-metal shield (three layers, ZG-209, Magnetic Shield
Corp.). The degaussing circuitry employed here was described
previously.® The required magnetic field in the uT regime is
generated by a small coil inside the shield after proper degaussing.*
1/16” OD, 1/32” ID Teflon tubing was submerged in the solution.

We hyperpolarized sodium [1,2-'*C,]pyruvate by pressurizing the
NMR tube to an 8 bar total p-H, pressure, followed by p-H, bubbling
for 60 s with the flow rate set to 150 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—4 s time delay between cessation of p-H,
flow and initiation of polarization transfer sequence).

The low magnetic field was generated by a permanent magnet
configured in a Halbach array with B, 48.5 mT (Magritek,
Wellington, New Zealand).

A RF multiturn solenoid coil was used for the pulse application on
the 'H channel.*” The NMR probe frequency was 2.01905 MHz. The
ramped SLIC pulse was implemented as described previously.*"**

Simulations. The spin evolution was simulated using SPINACH**
simulation library version 2.6.5625 in MATLAB (R202la) as
described below. We explore two different approaches to perform
SLIC experiments, for both the 3-spin system (*C, pair and one
proton) and for the S-spin system (**C, pair and CH,), namely,
square SLIC pulses and adiabatic linear B, ramps. Both cases were
simulated for on-resonance and off-resonance 'H-SLIC irradiation.
The off-resonance case is important to consider because of the
experimental B, inhomogeneities, whereas the adiabatic B; ramps are
implemented to compensate for experimental B; inhomogeneities.
Table 1 lists all the J-coupling and chemical shift parameters that were
used to construct the respective spin Hamiltonians.

Bl RESULTS AND DISCUSSIONS

As displayed in Figure 2a, to hyperpolarize the singlet state of
[1,2-1C,]pyruvate, we use SABRE-SHEATH, where p-H, and
substrate reversibly bind to a Ir-IMes-based polarization

Table 1. Summary of Chemical Shifts and Spin—Spin
Couplings Used in the Simulations

chemicalshift [ppm] 'H 2-13C 1-8C
0 30 0

J-coupling [Hz] 'H-'H 2-°C-'H 1-BC'H "c-"C
15 —4.76 1.62 61

https://doi.org/10.1021/acssensors.2c01608
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Figure 2. (a) The SABRE process enables spontaneous transfer of p-
H,—derived hydride singlet spin order to overpopulate the “C,
nuclear spin singlet of the [1,2-C,]pyruvate substrate through a
spin—spin coupling network of the catalyst-bound state (3b); the
reversible substrate exchange leads to substrate release and formation
of free substrate. The resulting ">C spectrum (9.4 T) reveals the
presence of an HP '3C, pyruvate singlet as two anti-phase resonances;
note the signatures of free and catalyst bound (3b) species. (b) SLIC
pulse applied only on the proton channel drives polarization from the
13C, pyruvate singlet to methyl protons. (c) Pulse sequence for linear
ramp SLIC pulse for polarization transfer and 'H signal detection at
48.5 mT.

transfer complex (PTC).>*** The hyperpolarization is trans-

ferred from p-H,-derived hydrides to the *C, spins, specifically
targeting singlet order by selection of the ideal field. The
substrate is in reversible exchange, and a pool of free HP
pyruvate is created in the solution over time (tens of seconds).
At the appropriate magnetic field, By, 1.7 uT in this case, the
13C, singlet state is overpopulated spontaneously.

As detailed previously,””*”** there are two resonance
conditions for the singlet order creation:

e = Fuw (1)
and
o e
o =
hue ~ hac )

where Jccdenotes spin—spin coupling between 1-*C and
2-BC of [1,2-"*C,]pyruvate, y,, and 7,5, are the 'H and "*C

gyromagnetic ratios, respectively, while ]y, denotes the spin—
spin coupling between hydride spins. In the present case, Joc~
60 Hz in the catalyst bound state and Jyy~ —10.6 Hz.
Therefore, the first resonance has significantly reduced
efficiency, and indeed, we primarily rely on the second to
generate polarization transfer. Experimentally, we obtain the
best hyperpolarization level of the singlet order by adjusting
the magnetic field to 1.7 uT, while the equation above predicts
1.55 uT. The difference between experiment and analytical
solution is likely due to experimental offsets in the residual
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magnetic field inside the magnetic shields. Full details of
hyperpolarizing distinct spin states in the [1,2-'*C,]pyruvate
will be provided elsewhere.

To prove the creation of the the '*C, singlet state, we
transferred the sample to a high field (9.4 T) NMR and
detected a standard 1D NMR spectrum with a 90° excitation
pulse, displayed in Figure 2a. The observed antiphase spectrum
of 1-°C and 2-"*C resonances proves that the two "*C spins
indeed formed a singlet state: the 1-"*C peak appears at 170
ppm, and the 2-'3C peak resonates at 203 ppm pointing in
opposite directions; note the presence of free and bound (3b)
species (the 3b naming convention is based on the original
publication discussing these systems® ).

Once the *C, singlet state is hyperpolarized, the second
step, which we describe in full detail here, is the transfer of
hyperpolarization to the CH; group via SLIC.

Figure 2b illustrates the general effect of an SLIC pulse
applied on the 'H channel at the methyl protons’ frequency
using a 48.5 mT magnet."”" The SLIC pulse drives the
polarization from the overpopulated '*C, singlet to methyl
protons, where it is detected without ever using '*C RF
irradiation.

Figure 2¢ shows the experimental implementation where we
used a SLIC pulse with a linear ramp of B, strength. The linear
ramp was employed to compensate for severe experimental B,
and B, inhomogeneities of the employed 48.5 mT scanner.

Before analysis of the experimental results, we discuss the
underlying theory. For this purpose, we simplify the spin
system by noting that the three pyruvate methyl protons are
magnetically equivalent, and so we first reduce the system to a
three-spin system (consisting of 1-'*C, 2-°C, and 'H) by
replacing the —CHj motif with a single 'H. This analysis yields
8 X 8 matrices instead of 32 X 32 matrices. Further below, we
provide full simulations on the complete five-spin system
(consisting of 1-3C, 2-'*C, and three methyl protons).

The analysis begins with the general Hamiltonian of the
three-spin system at hand, given as

)
CH CH
Hy_ gin = ve(l, + L,) + vgS, + Jeoh' + ———

Je

I
(IS — 1,-S) + %(Il-s + L,-S)

3)
where v¢ is the '*C resonance frequency, vy is the proton
resonance frequency, I; and I, are the spin operators for 1-3C
and 2-"*C, while § is the spin operator representing 'H, I, and
I,, are the z-components of I; and I,, and Joc denotes the
BC-"C spin—spin coupling. Jo py and Joy are spin—spin
coupling between 1-*C and 'H and 2-"*C and 'H, respectively.

For ease of mathematical analysis, it is also useful to
introduce the sum and difference terms of the out-of-pair
couplings as

ANeg = Ve = Jeg! (4)
and
Yo =Jon +en (3)

If we apply an RF pulse along the x-direction on resonance
with the single proton, we can formulate the RF Hamiltonian
as follows.

Hpp = By X S, (6)

https://doi.org/10.1021/acssensors.2c01608
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Figure 3. Simulated '"H magnetization intensity after application of a SLIC pulses to singlet-hyperpolarized [1,2-*C,]pyruvate. In all graphs, z-
magnetization and transverse (xy) magnetization are shown for the three- and five-spin systems. (a) "H magnetization as a function of B, strength
of a square SLIC pulse of 160 (for the three-spin system) and 100 ms (for the five-spin system) applied on resonance (frequency offset Q° = 0 Hz);
(b) 'H magnetization as a function of pulse duration of a square SLIC pulse with B, = 63 Hz on resonance (frequency offset Q° = 0 Hz); (c) 'H
magnetization as a function of B, strength of an off resonance (frequency offset Q° = 45 Hz), square SLIC pulse with 230 (three-spin system) and
150 ms (five-spin system) duration; (d) 'H magnetization as a function of pulse duration of a square, off resonance (Q° = 45 Hz) SLIC pulse with a
B, strength amplitude of 44 Hz; (e) 'H magnetization as a function of B, strength of a linearly ramped pulse with an initial signal amplitude of 150
Hz on resonance (Q° = 0 Hz) and a duration of 2 s; (f) 'H magnetization as a function of B, strength of a linearly ramped pulse linear with an
initial signal amplitude of 150 Hz off resonance (frequency offset Q° = 45 Hz).

where B, is the amplitude of the applied RF pulse. Therefore,
the total nuclear spin Hamiltonian can be expressed as
Hy = ve(l, + L) + 1S, + Jech' L
Ay
2

+ ;/IHBI-Sx

+

ZJ,
(IS — 1,S) + %(11-5 + L,-S)

)

As we will show in the following, in the case of on resonance
RF, efficient hyperpolarization transfer from the '3C, singlet
state to the methyl proton is possible if the B; matches the Jc

To further aid analysis, it is also helpful to employ the
singlet—triplet basis to describe the '*C, spin states, whereas
for the 'H proton, we use quantization along —x and +x
directions, where

e )=—= (1) = 1)), by)=—=(a)+14))

V2 V2 (8)
Combining "*C and proton states results in 4 X 2 = 8 total
spin states (for example, ISyx,)). The matrix representation of
the full spin 8X8 Hamiltonian is given in the Supporting
Information (SI), while here, we focus on the part of the total
Hamiltonian that illustrates population transfer from ISyx, ) to |
Togx_). For physical interpretation, we note that before
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applying the SLIC pulse, there is no "H polarization. Proton
polarization along B, is created by inducing population transfer
between these two states. The relevant subspace in the matrix
representation of the Hamiltonian is

Soy) Toye_)
B, E] Aoy
ISpx,) | 2 47°¢C 4
4 2 4 (9)

This matrix indicates that AJcy can drive population
transfer, when the difference between diagonal elements in
this part of Hamiltonian vanishes. Therefore, if

B Ve _
2 4

B,
2

Jec

4 (10)

then the off-diagonal elements can take full effect and rotate
the population from Syx,) tolTyx_). This analysis establishes
the resonance condition.

By = Jec (11)

https://doi.org/10.1021/acssensors.2c01608
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So, if the B power matches Jo- and if it is applied on
resonance, then polarization can be transferred to the spin—
spin-coupled proton. This analysis is accurate for a three-spin
system and on-resonance RF. The actual experiments are on a
five-spin system with a CH; group and suffer from B, and B,
inhomogeneities. In order to understand the effect of
additional spins as well as RF offsets, we performed spin
dynamics simulations for these more complicated scenarios
detailed in the following.

In the simulations, the initial density matrix was the 3C,-
pyruvate singlet, followed by sample transfer from the uT field
(where the singlet order is generated) to the 48.5 mT field,
where polarization transfer via SLIC and signal detection
occurs. The details of this process are described in the SI. The
resulting density matrix was evolved under the Hamiltonian of
the system including the RF-irradiation at 48.5 mT. Square
SLIC pulses were encoded with x phase on the 'H channel
with specified duration. No additional pulses were simulated
after the SLIC pulse. Simply, the magnetization in the
transverse plane L, = (L, + iLy)/Z on the proton(s) or
magnetization along z is computed at the end of the SLIC
pulses and plotted in Figure 3.

Figure 3 shows the simulations of the most important
features of the three-spin and five-spin systems under SLIC
irradiation. Specifically, effects of B, power, pulse duration,
shape, and off-resonance irradiation are analyzed for the two
different spin systems. Figure 3a examines polarization transfer
from the "*C, singlet state to 'H as a function of B, power at
the on-resonance condition (frequency offset Q° = 0). For
both the three-spin and the five-spin system, maximum transfer
occurs at B, 63 Hz, corresponding to the resonance
condition equation derived from eq 11:

B, = 63 Hz ® Jo = 61 Hz. The reason for the 2 Hz
difference between analytical and simulated outcomes is that
there is a slight frequency difference between the two carbons
at 48.5 mT, which is not taken into account in the analytical
model but is included in the simulations (A5 = 30.1 ppm =
15.6 Hz@ 48.5 mT). Both spin systems show a maximum
transfer efficiency at the same B, strength of 63 Hz.

Figure 3b shows all the magnetization terms as a function of
pulse duration. With on-resonance irradiation with B; = 63 Hz,
no z-magnetization is formed. Interestingly, the five-spin
system, with the CH; group reaches the maximum faster;
after only 100 ms the first maximum is achieved, whereas in the
three-spin system the maximum does not appear until 165 ms.

Also, the three-spin system shows simple sinusoidal
oscillations, whereas the five-spin system displays a more
irregular pattern.

As depicted in Figure 3c, once we take a SLIC pulse
frequency offset into account, magnetization along the z-
direction is formed. We chose an RF-offset of Q = 45 Hz to
illustrate these effects. With this offset, we calculate the
magnetization along z as well as in the transverse plane (xy) as
a function of B; power. As illustrated, all magnetization terms
reach a maximum at a B, power of 44 Hz, where more
magnetization is along z compared to transverse (xy). For this
simulation, the pulse length was chosen at 160 ms because this
value provides the maximum polarization transfers under this
off-resonance condition, as illustrated in Figure 3d. This figure
also shows that off-resonance effects induce much more rapid
oscillations and complicate the control over the polarization
transfer process. In this sense, Figure 3d illustrates the
challenges caused by both B, and B, inhomogeneities. The
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simulated behavior indicates that exact control over B; and B,
is necessary to achieve good polarization transfer; however, this
is experimentally challenging in our nonoptimized setup
employed and detailed below.

Because of the potential experimental limitations, we have
designed linearly ramped B, pulses, which impart robustness
toward B, and B, inhomogeneities. The linear ramp approach
allows for adiabatic sweep through the resonance conditions
that are spread across the sample because of the
inhomogeneities. The slow sweep allows for excitation of the
dispersed resonances as the B, is reduced slowly.

In the simulation, the B; amplitude goes from 150 to 0 Hz
during 2 s. Figure 3e,f displays the various magnetization terms
(z, xy) during the pulse on resonance (2 = 0 Hz) and off-
resonance (Q = 45 Hz), respectively. Figure 3e illustrates that
xy-magnetization appears when the B, pulse amplitude
approaches 80 Hz and reaches a plateau toward the end of
the pulse. At the end of this ramped pulse, xy-magnetizations
were similar to values obtained from square pulses. In analogy
to the effects observed for the square SLIC pulse (Figure 3a,b),
no z-magnetization was formed for the on-resonance case for
the adiabatic (ramped) pulse (Figure 3e). In addition, we
simulated the off-resonance effects (frequency offset Q = 45
Hz) for the adiabatic pulse (Figure 3f). Again, once the B,
pulse amplitude reaches ~80 Hz, the off-resonance effects
transform xy-magnetization to z-magnetizations for both three-
and five-spin systems. Simulated effects of square and adiabatic
pulses allow us to conclude that in experiments with B, and B,
inhomogeneities (off-resonance case), we primarily expect to
observe z-magnetization.

Based on these detailed simulations, we proceeded to
experimental implementation to demonstrate polarization
transfer from the '*C,-pyruvate singlet to the methyl protons
via adiabatic SLIC pulses applied at the 'H channel only.

First, the *C, pyruvate singlet was hyperpolarized in a
magnetic shield by SABRE-SHEATH.***” The maximum
singlet state polarization on the *C, spin pair was achieved
at 1.7 uT. The field dependence is illustrated in the Supporting
Information. As shown in the event sequence, illustrated in
Figure 4a, after hyperpolarizing the *C, singlet state, we
manually transferred the sample from the shield to a low-field
imaging system (B, = 48.5 mT). This 48.5 mT system
employed in these proof-of-concept demonstrations suffers
from significant B, and B, inhomogeneities, which stem from
nonideal arrangements of the permanent magnet arrays and
poor matching of the B coils to our sample size. These
inhomogeneities complicated our experimental efforts because,
as demonstrated in the simulations above, square SLIC pulses
are exquisitely sensitive to B; power, pulse duration, and off-
resonance effects. Therefore, we implemented the adiabatically
ramped shapes that are more immune to these imperfections.

After the optimizations (detailed below), we obtained the
spectrum shown in Figure 4b. As it can be seen, the frequency
range of HP resonance spans over almost 200 Hz, character-
izing the significant nonidealities of this system. Of note, the
intensity “burn-out” in the middle of spectrum has zero
frequency offset. This intensity depression can be rationalized
with the simulations provided in Figure 3e, which shows that
exact on-resonance irradiation only produces xy-magnetization,
which is prone to dephasing and is not detected after the 90°
excitation pulse used in our experiments. In contrast, the off-
resonance components of the SLIC pulse produce z-magnet-
ization as indicated in Figure 3f. The near-zero-offset signal
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Figure 4. (a) Schematic of the experiment with SLIC pulse for
polarization transfer from HP 3C,—'C, singlet to methyl protons of
[1,2-13C,]pyruvate. (b) 'H spectrum acquired after SLIC pulse with
2.0190S MHz frequency and 1 s duration at 12 °C and 48.5 mT; (c)
'"H spectrum of thermally polarized reference pure 17.2 M
[1-*C,Jacetic acid at 48.5 mT; (d) Magnetic field sweep of
[1,2-1*C,]pyruvate polarization at 12 °C. *C polarization was
detected at 1.4 T, whereas 'H polarization was detected at 48.5 mT
after a SLIC pulse; (e) pulse duration sweep acquired using a SLIC
pulse with a 2.0905 MHz frequency and B;(max) = 1953 Hz as the
initial amplitude; (f) frequency sweep acquired after SLIC pulse with
B;(max) = 1953 Hz as the initial pulse amplitude with a 2 s duration.
(g) Power sweep acquired after an SLIC pulse with a 2.01905 MHz
frequency and 1 s duration.

depression supports our theoretical simulations. Spin evolution
with a frequency offset generates z-magnetization that is
converted into detectable signal with the hard 90° pulse and
observed in the spectrum shown in Figure 4b.

We used thermally polarized pure [1-*Clacetic acid as
signal reference to calculate polarization levels achieved in
[1,2-13C2]pyruvate at 48.5 mT (Figure 4c) and at 1.4 T (see
Figure S3, SI). Note that the hyperpolarized signal is 11.8
times larger than the thermal signal, which would constitute 'H
background in an application with highly concentrated protons
in the solvent.

3778

We performed a series of control experiments to confirm
that the observed signal corresponds to the implementation of
SLIC pulses. First, we applied only a hard 90° pulse and we did
not observe 'H signal (see SI). Second, we applied an SLIC
pulse with 0 Hz amplitude followed by a hard 90° pulse and we
did not observe any signal (see Figure S10).

To confirm that the SLIC-induced proton signal originates
from the "C, singlet, we performed magnetic field sweep
experiment for 'H signal (detection at 48.5 mT) and "*C
signals (detection at 1.4 T) of [1,2-°C,]pyruvate displayed in
Figure 4d. Specifically, we varied the microtesla magnetic field,
at which we bubbled p-H, to create an overpopulated C,
singlet. Indeed, the field sweep profile of 'H signal detected at
48.5 mT after SLIC pulse matches remarkably well to the field
profile of '*C signal detected at 1.4 T right after p-H, bubbling,
supporting our claim that the proton signal detected at 48.5
mT indeed originates from the '*C, singlet. For example, the
two 'H maxima seen at 1.0 and 1.7uT coincide with the
maxima observed for the *C, singlet, identified by the largest
amplitude differences between 1-'*C and 2-°C in the 1.4 T
BC spectra.

We experimentally characterized the behavior of the system
as a function of pulse duration (Figure 4e), irradiation
frequency (Figure 4f), and B; SLIC pulse strength (Figure
4g). Specifically, we employed a linearly ramped SLIC pulse
ramping from high B; (above the resonance condition (B, =
Jec & 60 Hz) down to 0 as shown on Figure 4a.

Based on the first optimization, concerning the initial B,
power, we proceeded with the exploration of pulse duration.
Here, we used an initial B, pulse amplitude of ~2 kHz and a
frequency of 2.01905 MHz (optimal parameter set from Figure
4g). The results are depicted in Figure 4e, where we observe
pronounced oscillations of the signals, which are rationalized
by comparing to the simulations in Figure 3d,f. The latter
shows that the spins that are off-resonance due to B,
inhomogeneities will exhibit strong oscillations as a function
of pulse duration.

Finally, a frequency sweep was performed to investigate the
effect of the overall frequency offset on the detected signal
(Figure 4f). The SLIC pulse frequency was swept across a 200
Hz window centered at 2.019100 MHz, i.e., from 2,019,000 to
2,019,200 Hz. We chose a pulse duration of 1 s and an initial
B, amplitude of 2 kHz. As it can be seen, the width of the
observed feature matches the frequency distribution of the
spins in the spectrum. This behavior can be rationalized
because the ideal SLIC performance requires SLIC pulse
irradiation very close to the on-resonance condition, and in
this case, the frequency distributions due to B, inhomogene-
ities dominate.

To explore the effects of the adiabatic pulse slope, we varied
the initial B, strength from 3 kHz to 0 Hz while maintaining a
pulse duration of 1 s and an SLIC RF-frequency of 2.01905
MHz, which is on-resonance for the center of the detected
signal (Figure 4g).

Figure 4g shows no signal when the initial pulse amplitude is
less than 20 Hz or more than 2500 Hz while keeping in mind
that a distribution of B, values exists across the sample. In this
present setup, the signal is maximized by starting the pulse at a
relatively large amplitude, which is well above the resonance
condition ((B; = Joc & 60 Hz) everywhere in the sample and
then reducing the B, power slowly.

We have determined the maximum observed efficiency of
polarization transfer (y) of our procedure by dividing the
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experimentally measured maximum Py of 0.56% (Figure 4g),
measured after polarization transfer by '>C,-singlet polarization
of 2.5% (Figure 4d) measured before polarization transfer (see
SI for analysis). The magnetic field in the shields was 1.7 uT.
The highest value of experimentally observed polarization
transfer efficiency y was 22% (typical y values in our
experiments were ~0.3/2.5 X 100 = 12%), whereas the
theoretical limit of this transfer efficiency is 25% as determined
by our simulations (see SI for details on these calculations;
also, see ref 48).

Optimization of the experimental setup and RF pulses can
be expected to increase the experimental polarization transfer
efficiency closer to the theoretical limit.

In the Supporting Information, we provide a detailed
theoretical analysis that shows how to differentiate pyruvate
from lactate signal as a likely metabolic product of pyruvate. In
brief, conversion to lactate introduces a strongly coupled
proton onto the '*C, spin pair. This interaction can be
suppressed by decoupling until the desired time of detection.
At that time, decoupling is stopped and the singlet state on
lactate can be converted to 'H polarization with a much
shorter and weaker SLIC pulse that does not affect the
pyruvate singlet state. Thereafter, the developed SLIC pulses
shown here can be employed to read out the pyruvate. In this
manner, it becomes feasible to acquire separated lactate and
pyruvate signals. Complete simulations of this envisioned
scheme are provided in the SI

Finally, we note that the hyperpolarized signals at 48.5 mT
typically exceed the thermal polarization of the background
signal by at least 10-fold. Nonetheless, the SI also provides a
SLIC pulse strategy that suppresses the background signal
entirely, which works by placing the background signal along z
at the end of the SLIC pulse such that only hyperpolarized
signal is detected.

B CONCLUSIONS

In summary, we presented an approach that transfers
polarization from the '3C,-singlet state of [1,2-*C,]pyruvate
to methyl pyruvate protons using the proton channel-only of a
low-field MRI scanner. This technique allows the combination
of the benefits of hyperpolarization methods and long "*C-
polarization lifetimes with MRI scanners that only have 'H
channels. The polarization transfer is accomplished with spin-
lock induced crossing (SLIC) pulses that are applied only to
the methyl protons of [1,2-'°C,]pyruvate, even though the
hyperpolarization is stored in the '*C, singlet state. In this
paper, we detailed the theoretical analysis of this polarization
transfer scheme and provided first proof-of-concept exper-
imental evidence. In both simulations and experiments, we
explored effects of SLIC pulse duration, B; power, and
frequency. First, we provided analytical insights for a three-spin
system, followed by numerical solutions for three- and five-spin
systems, which provide insight into the underlying spin
dynamics. The pilot experiments presented employed a
nonoptimized setup with severe B; and B, inhomogeneities
of a 48.5 mT scanner. Despite these limitations, the
experimental results agreed with the theoretical analysis. In
future applications, the 22% experimentally observed polar-
ization transfer efficiency may be improved by using magnet
systems with more homogeneous fields or by advanced design
of other RF pulse sequences that may be less susceptible to
experimental imperfections.””*’ A strategy to differentiate
multiple metabolites, e.g., pyruvate and lactate, as well as a
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strategy to suppress background signal, is detailed in the
Supporting Information. The presented method can likely be
expanded to other metabolically relevant molecules with
similar spin systems such as a-ketoglutarate—experiments in
progress in our laboratories.
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