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Dissolution Dynamic Nuclear Polarization (ADNP) polarizers have achieved high field strengths and large sample
volumes. These advancements necessitate new formulations of hyperpolarized metabolic contrast agents
(HMCASs) to enable large animal studies. While several metabolic substrates have been investigated at lower field
dDNP and tested as HMCAs in rodents, 13C-labeled pyruvate remains the most studied HMCA and is currently the
only one actively used in clinical trials due to its favorable biological and physical properties. Effective human
and large animal dDNP formulations require high molar substrate concentrations, low DNP sample viscosity for
efficient dissolution, and adequate dilution of the DNP sample to minimize signal decay and maximize HMCA
concentration.

We present substrate formulations optimized for high-field polarization and large-volume dissolution. Spe-
cifically, we validate the upscaling of [1—13C]pyruvate under high-field conditions and demonstrate that [1—13C]
2-keto-isocaproate and [1,4-'3Cy]fumarate, which have been proven successful in rodent studies, can be
formulated to yield high polarization at suitable concentrations and volumes for large animal metabolic MR

imaging.

Introduction

With the advent of 13C hyperpolarization, dynamic metabolic mag-
netic resonance imaging (MRI) has evolved into a powerful modality for
non-invasive detection and analysis of both normal and abnormal
cellular metabolism [1]. The ability to dynamically track metabolic
changes allows insights into various physiological and pathological
states, offering value for diagnosing diseases [2], monitoring treatment
efficacy [3] and conducting mechanistic metabolic research [4].

The strengths of '3C-hyperpolarized metabolic MRI lie in its use of
endogenous compounds with well-documented biochemistry, toxi-
cology, and pharmacokinetics, ensuring safety and reliability in clinical
applications. Additionally, the technique excels in differentiating enzy-
matically generated metabolic products spatially and temporally from
their substrates. This capability allows for precise mapping of metabolic
processes and real-time tracking of biochemical transformations within
the body.

Comprehensive studies have optimized DNP sample formulations for
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a broad selection of hyperpolarized metabolic contrast agents (HMCAs)
for polarization at 3.35 T [5]. While several HMCAs have proven
effective in rodent models [6], only hyperpolarized 13C-pyruvate (PYR)
has been studied in pig models [7,8] and is currently the only HMCA
actively used in human clinical research [9].

Meeting the demands for viable HMCAs for large animal and human
use involves ensuring fast and effective MR imaging of metabolite sig-
nals well separated in chemical shift from the signals of their HMCA
origin. To allow sufficient HMCA signal following dilution in circulation,
10-50 mL highly polarized HMCAs in 80-250 mM concentrations with
suitable pH, temperature and tonicity are needed. Therefore, high molar
concentrations in vitrifying solutions are necessary to produce suffi-
ciently concentrated liquid-state DNP samples for injection. A notable
advantage of pyruvate as an HMCA for large animal and human clinical
research is that its acid form, pyruvic acid, is a highly concentrated
liquid at room temperature (14M), and an excellent vitrifying liquid that
allows for the preparation of PYR for hyperpolarization without addi-
tional solvents.

2666-4410/© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Due to the many physical and biological demands, only few HMCAs
are likely candidates for translation into large animal and human clinical
research. Notable HMCAs such as [1—136]2-ketoisocaproate (KIC) and
[1,4—13C2]fumarate (FUM), previously studied pre-clinically in rodents
[10,11,12], are promising candidates for large animal and human
research owing to their critical involvement in central metabolic path-
ways. For instance, KIC plays a pivotal role as an intermediate in
branched-chain amino acid metabolism, linking energy production with
protein turnover, while fumarate is a key component of the tricarboxylic
acid (TCA) cycle, which is essential for cellular energy production and
metabolic homeostasis. These intrinsic biological functions, combined
with their fast metabolic kinetics, make KIC and FUM particularly
attractive for clinical translation.

To hyperpolarize the DNP sample and produce an injectable hyper-
polarized liquid - the HMCA, a dissolution Dynamic Nuclear Polarization
(dDNP) polarizer is required. Direct 3C hyperpolarization is achieved
by microwave-mediated transfer of polarization from stable radicals
mixed with 13C labeled compounds at high field (typically 3-7 T) and
low temperature (typically below 1.5 K) conditions. This process,
though slow with tens of minutes-long polarization build-up time,
typically yields more than 10 % 3C polarization. The polarization build-
up time (Tp) depends on DNP sample composition, particularly the
concentration of radicals and the concentration of °C spins [5].

Commercially available clinical and pre-clinical dDNP polarizers are
cryogen-free and operate at increased field strengths (5-7T) and/or
lowered temperatures (0.8-1.3K) [13,14]. This facilitates higher 3¢
polarization than the original prototype polarizers, achieved mainly due
to a field strength dependent decrease in the T; of the unpaired electron
of the stable radicals that are used as electron polarizing agent (EPAs)
[15]. Optimizing DNP sample compositions to achieve fast and high
polarization is an experimental task.

A limiting condition for dDNP polarizers is the available sample
space, which, dependent on the specific design, allows for polarizing up
to 2 ml DNP sample [16,17,14,18]. Dissolution of the frozen DNP sample
with a heated dissolution medium is needed to produce the HMCA.
Producing an injectable solution by reproducibly bringing a large DNP
sample volume from approximately 1.3K to 310 K requires a suitable
volume of dissolution medium. Optimizing sample dissolution condi-
tions to yield full sample recovery, retaining polarization, and mini-
mizing unfavorable relaxation effects is an experimental task. Given the
technical challenges of achieving both high polarization levels and short
polarization build-up times for large-volume, high-concentration sam-
ples suitable for large-animal and human studies, this work focuses on
optimizing Trityl radical concentration as a practical and scalable
solution.

In this work, we demonstrate how KIC and FUM can be hyper-
polarized at 6.7T to levels comparable to PYR and formulated in con-
centrations and volumes suitable for large animal studies.

We investigate the benefits of hyperpolarizing PYR using direct 3C
polarization at 6.7T compared to lower field, and we study the depen-
dence of polarization level on EPA concentration and on '3C spin con-
centration. We use these insights to optimize polarization at 6.7T for KIC
and FUM and to scale up the sample sizes for these HMCAs to target
large animal studies. Lastly, we test the formulation of KIC by using it as
an HMCA injected intravenously in a pig and measuring 3C dynamic
spectra over the pigs head.

Results and discussion
Fast High-Field Polarization of [1-13C]JPYR

Direct carbon polarization with dDNP hyperpolarized [1-'*C]JPYR
was initially developed at 3.35T and approximately 1.3K, achieving
about 20 % polarization at an optimized EPA concentration [19]. Using
an EPA enhancer, typically a paramagnetic compound containing Gd,
reduces the electron T; (T;e) of the EPA [20] enabling a polarization of
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3545 % for [1-13C]pyruvic acid at 3.35T and approximately 1.3K [5].
Increasing the magnetic field strength also reduces the T e, allowing for
even higher polarization levels (60.4+4.7 % at 7 T and 1 K), but at the
cost of a higher build up constant (T,). While T, can be reduced by
increasing the EPA concentration, at 7T, adding EPA enhancer does not
significantly affect the polarization of [1—13C]PYR [21].

We have compared polarization obtained for [1-'3C]PYR as a func-
tion of trityl EPA concentration at 3.35 T and 6.7 T and approximately
1.3 K, Fig. 1. The given polarization measurements are liquid state po-
larization measured 10s after dissolution.

At both field strengths the time it takes to build up polarization is
inversely and strongly dependent on the EPA concentration. At 6.7T the
polarization optimum is flat over a 20 mM EPA concentration interval.
In this interval the corresponding T}, decreases from approximately 60 to
20 minutes. Although our commonly used EPA concentration at high
field is 30 mM, we also investigated very high EPA concentrations (58
mM) where 35 % polarization could be obtained in 25 min (T}, of 942
min). Increasing the EPA concentration is clearly a good strategy to
reduce polarization time at 6.7T, if the EPA concentration after disso-
lution does not affect the liquid state T;. With a dilution factor of 180, no
effect was measured on a 80 mM [1—13C] PYR T; (60+3s at 9.4T, 38+2
C) in DNP samples with solid state trityl EPA concentrations in the in-
terval 20-60 mM.

The effect of adding an EPA enhancer in the form of the clinically
used Gd contrast agent Prohance was highly significant (35+3 % versus
2042 %) at 3.35 T with 15 mM EPA, whereas no effect was observed on
the polarization at 6.7T with 30 mM EPA (47+4 % versus 48+2 %).

At 6.7T, lowering the percentage of '°C isotopic enrichment pro-
longed T, and resulted in lower end-polarization. However, this could be
compensated for with higher EPA concentrations, Fig. 2.

A mixture of 10 % isotope labeled [1—13C]PYR in non-isotope labeled
PYR with 58 mM EPA could be polarized to 37 % in one hour. This is
similar to the end-polarization for a 99 % isotope-labeled DNP sample,
though with a doubled T,. Adding EPA enhancer increased the polari-
zation of this sample with a factor of 1.2, though at the expense of a
longer T,,. Non-isotope enriched [1-'3CIPYR was highly polarized at this
EPA concentration (32 % after 1.5 hours), approximately a factor of 0.85
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Fig 1. Hyperpolarization of [1-'>C]PYR. Polarization (Y1 axis, blue) was
measured in liquid state (9.4T, 37C) 10s after dissolution. Solid squares
represent polarization measurements at 3.35T and 1.3K. Solid circles represent
measurements at 6.7T and 1.3 K. The time it takes to build the hyperpolar-
ization in the solid state is given by the polarization time constant (T}, Y2 axis,
red), at 3.35T (open squares) and at 6.7T (open circles). The DNP samples have
been polarized for three time-constants to achieve 95 % of the available po-
larization (3x Tp). Dashed lines are included to enhance visibility.



D.B. Christensen et al.

@ Pol6TT <& Tp,6.7T
60 A Pol,6.7T,+Gd N Tp,6.7T, +Gd 35

5

5 50 L A /<> 430

a A %

1923
S 40| /! 12 3
@ TS * / E)
= ,/ o {120 5
é 30 | /@ 3
. , {15 &
€ 2 ‘ &

- [N
< . {10 3
= 7 ~
5 15
[e]
o
0 1 1 1 0
99%  10%  1.1%
3¢ Labeling

Fig 2. Hyperpolarization of [1-'3C]PYR at different degrees of '>C labeling.
Polarization (Y1 axis, blue) was measured in liquid state (9.4T, 37C) 10s after
dissolution. Solid diamonds represent polarization measurements at 6.7T and
1.3 K of [1-'3C]PYR prepared with 58 mM EPA. The time it takes to build the
hyperpolarization in the solid state is given by the polarization time constant
(Tp, Y2 axis, red) at 6.7T (open diamonds). Effect of EPA enhancer for a [1-3c]
PYR sample with 10 % isotope labeling is shown as a solid triangle (polariza-
tion) and as an open triangle (Tp). 95 % of the available polarization is reached
within 3x Tp. The dashed line is included to enhance visibility.

compared to the 99 % isotope enriched [1—13C]PYR but with a 4 times
longer T),.

Overall, it is favorable to polarize pyruvic acid at high field (6.7T)
and at higher EPA concentration where about 40 % polarization can be
reached in approximately 25 min. Under these conditions, the high
concentration (14M) allows for efficient polarization of non-isotope-
enriched pyruvic acid.

High-Field Polarization of [1-*CJKIC and [1,4-"°C,]JFUM
Polarization of [1-'3CJKIC and [1,4-!3C,]FUM, like [1-!3C]PYR,

was initially developed at 3.35T and approximately 1.3K [5]. KIC is a
liquid at room temperature with a concentration of 8M. Conversely,
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FUM is a solid compound with low solubility in most solvents, but can
dissolve to 3.5 M in DMSO when mixed in a 2:1 ratio. Both compounds
can form a stable glass and can be highly polarized at 3.35T [5]. Po-
larization levels using EPA enhancers were notable reaching 32+3 %
polarization for [1-'3C]KIC with 11 mM EPA, [10] and 3145 % for [1,
4-13C,]FUM with 13 mM EPA, [12].

We have compared the hyperpolarization obtained for [1-'3C]JKIC
and [1,4—13C2]FUM as a function of EPA concentration at 3.35T and
6.7T and approximately 1.3 K, as shown in Figs. 3A and 3B.

At 6.7T and 1.3K, [1-'3C]KIC achieved an optimum polarization of
52+2 % at an EPA concentration of 25 mM, without the use of EPA
enhancers. High polarization 40+2 % could be achieved faster within 25
minutes, at an EPA concentration of 40 mM. The addition of an EPA
enhancer further improved the polarization; at 40 mM EPA, the polar-
ization increased to 50 %=4, although T}, was extended from 8+2 mi-
nutes to 1943 minutes. With a dilution factor of 100, no effect was
measured on the liquid state T; (56+1s at 9.4T, 38+2 C) for [1-'3CIKIC
(80 mM) in samples with solid state trityl EPA concentrations ranging
from 20-40 mM.

In contrast, hyperpolarization of [1,4-'3C2]FUM showed no opti-
mum with EPA concentration, unlike [1—13C]KIC and [1—13C]PYR. The
polarization performance of [1,4-'3C,]JFUM was generally more sensi-
tive to EPA concentration. Increasing the EPA concentration beyond 35
mM significantly reduced polarization, while reducing the EPA con-
centration resulted in a linear increase in maximum polarization. For
example, at 25 mM EPA, the polarization reached 3942 %, but the T,
was significantly prolonged to 50+2 minutes. The addition of an EPA
enhancer further improved the polarization; at 30 mM EPA, the polar-
ization increased from 33+3 % to 43+3 %, although T, was extended
from 17+2 minutes to 45+5 minutes. These findings suggest that opti-
mizing EPA concentration for [1,4-13C,]FUM is more challenging than
for [1-'3CIKIC, and its performance may vary based on experimental
requirements.

Large Volume, High Concentration HMCA

The available signal in a metabolic MR exam is a composite of the
amount (concentration and volume) of metabolic substrate and polari-
zation. High polarization achieved within a practical time frame is thus
only one of two requirements when producing HMCAs for large animal
and human metabolic studies. For the substrate amount, highly
concentrated liquids are ideal, because the sample space in a polarizer is
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Fig 3. Hyperpolarization of [1-'3CIKIC (A) and [1,4-'3C,]FUM (B). Polarization (Y1 axis, blue) was measured in liquid state (9.4T, 37C) 10s after dissolution. Solid
squares represent measurements at 3.35T and 1.3K. Solid circles represent measurements at 6.7T and 1.3 K. The time to build the hyperpolarization in the solid state
is given by the polarization time constant (Tp, Y2 axis, red), at 3.35T (open squares) and at 6.7T (open circles). The DNP samples have been polarized for three time-
constants to achieve 95 % of the available polarization (3x Tp). Dashed lines are included to enhance visibility.
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limited. All documented dDNP polarizers use the same dissolution me-
chanic: sample dilution with hot solvent [22]. A large dilution of the
sample is beneficial to maximize the available liquid state signal by
reducing the EPA concentration and minimizing its paramagnetic
relaxation effect as well as to control sample temperature, pH and
tonicity.

To study DNP sample amounts of [1-'3C]KIC and [1,4—13C2]FUM
relevant for large animal studies in an affordable setup, we investigated
the use of 10 % isotope labeled compound mixtures. As seen for [1-3¢c]
PYR, in Fig. 2, the achieved end-polarization in DNP samples with 10 %
isotope labeling was identical to samples with 99 % isotope-labeled
compounds, though with a longer T}, Table 1.

The maximum volume available in our polarizer sample space was
800 pL. This allowed a maximum [1,4-'3C,]FUM preparation of 960 mg
(corresponding to 5.5 mmol 13C) and 800 mg preparation of [1-'3C]KIC
(corresponding to 6.2 mmol 3C). A target volume of 30 ml was chosen
to allow sufficient volume and concentration to be injected into a large
animal and to dilute the DNP samples sufficiently for minimal EPA
relaxation effects, good control of sample temperature and pH as well as
a well-matched tonicity in the injected sample. The dissolution was
performed in two steps. In the first step, the sample was dissolved in
approximately 10 ml, and in the second step, the dissolved substrate was
mixed with an additional 20 ml solvent to produce the final HMCA. The
total dilution factors along with accounts of achieved polarizations and
Ty can be seen in Table 2.

All DNP samples were fully dissolved with 10 ml solvent. Using 30
mM EPA, it was needed to further dilute the large [1-'3C]KIC to avoid
reduction of T; due to the high concentration of EPA. The T; of [1-13C]
KIC dissolved in 10 ml containing approximately 2.3mM radical was
27s, by removing EPA from the sample, the T; was prolonged to 36s. By
diluting the KIC-concentration to 175mM, the T; was further prolonged
to 41s.

At high field the T of [1-'3C]JKIC and [1,4-'3C,]JFUM was strongly
dependent on concentration with a Ty reduction for [1-13C]KIC from 56
+1s at about 80 mM to 45-+2s at about 150 mM and for [1,4-13C,]FUM
from 44+2s at about 40 mM to 32+2s at about 90 mM. This substrate
concentration dependent T likely contributes to the significantly lower
liquid-state polarization in the larger concentration samples: [1-'3C]KIC
larger DNP sample (33+2 %) compared to the smaller DNP samples (47
+3 %), [1,4-'3C,]FUM larger DNP sample (25+2 %) compared to the
smaller DNP samples (32+3 %). It may be preferable to dissolve the
samples directly in 30 ml to increase dissolution temperature and avoid
sample transitions with shorter T;.

Flux of Hyperpolarized KIC through BCAT Catalyzed Reaction in the Pig
Head

The feasibility of using [1-'>C]KIC as an HMCA for large-animal
spectroscopic imaging was demonstrated, achieving sufficient polari-
zation level, T; and dose to enable dynamic in vivo spectroscopy in pigs.
Hyperpolarized [1-'3C]KIC is metabolized to [1-'3C]leucine by the
branched-chain amino acid aminotransferase (BCAT). This reaction was
dynamically monitored in the head of a pig after intravenous adminis-
tration of 30 mL hyperpolarized 140 mM [1-'3C]KIC (P=31 %, T;=67s

Table 1

Effect of Decreased Isotope Labeling in Samples Prepared with 30 mM EPA. P (
%): Polarization 10s after dissolution; T, (min): Polarization build-up constant;
Measurements at 6.7T and 1.3+0.05K.

MCA 100 % labeled, small sample 10 % labeled, small sample
size size
P (%) T, (min) P (%) T, (min)
[1-3CIPYR 46+4  25+4 4742 57 £2
[1-"3CIKIC 47+3  16+1 46+4  77+4

[1,4-'3C,]JFUM 3243  17+2 2541 8544

Journal of Magnetic Resonance Open 22 (2025) 100184

Table 2

Large Samples Prepared with 30 mM EPA. P (%): Polarization 12s after disso-
lution; T; (s): at 9.4T and approximately 38+2 C; Substrate Conc.(mM): MCA
concentration in 30 ml; pH: at 37 C; mOsm: calculated tonicity; DF=sample
dilution factor. Polarization at 6.7 T and 1.3+0.05K.*99 % isotope labeled
compounds. **10 % isotope labeled compound.

MCA P (%) Ty (s) Conc. (mM) pH mOsm DF
[1-'3C]PYR* 46+2  60+1 14446 8.240.3 500 100
[1-13C]KIC** 33+2 4542 14545 8.3+0.2 500 40

[1,4-3C]FUM** 2542 3212 88+4 8.4+0.4 560 40

at 1.4T), pH 8 with a calculated tonicity of 480 mOsm, Figs. 4A and 4B.
The signal amounts were comparable to those obtained for [1-'3C]PYR
in the same animal, (supporting materials, Figure S1). In a summed
spectrum (sum of 15 spectra over 30s), Fig. 4C, it can be seen that the
signal separation at 3T between [1-'3C]leucine and [1-'3C]KIC is suf-
ficient for a future development of fast imaging sequences for this
metabolic reaction [23]. The dynamics show the build-up of [1-13c]
leucine, with a time-to-peak of 20s after the beginning of the injection
(Supporting materials, Figure S2).

BCAT reversibly catalyzes a transfer of the branched-chain amino
acid amino group to 2-ketoglutarate, forming glutamate and the
respective branched-chain 2-keto acid. Specifically in the brain, KIC
metabolism supports brain nitrogen homeostasis [24]. KIC has previ-
ously shown potential as an HMCA in rodent studies for cancer appli-
cations [10] and for probing neuro metabolism [11]. While [1-'3CIKIC
is effectively metabolized in the anesthetized rodent brain, the amount
of KIC metabolism across the blood-brain barrier in the
propofol-anesthetized pig was limited. The detected [1-!3C]leucine
signal was seen with MRSI to originate from the big cheek muscle in the
pigs head (data not shown). A second injection with [1-'3C]PYR showed
similarly limited uptake of this HMCA in the anesthetized pig brain.

Time domain fitted metabolite amplitude signals from the FIDs
showed comparable in vivo signal amounts and an apparent in vivo T; of
approximately 10s and 15s for [1-'3C]IKIC and [1-3C] PYR, respectively
(supporting material, Figure S3). A lower injected concentration (about
100 mM) of both [1-'3CIKIC and [1-!'3C]PYR was also tested in the
same pig, resulting in similar substrate signal amounts and dynamics
(Supporting material, Figure S4). Based on these findings it could be
important to include a dose-response study in pigs in future large animal
studies with [1-'3C]KIC.

Conclusion

This work present recipes for highly polarized formulations of
[1—13C]2-ketoisocaproate and [1,4—13C2]fumarate that can be useful for
large animal experiments. Both HMCAs were hyperpolarized in less than
1 hour to more than 25 % polarization in large volume (30 ml) and
concentration (90 mM [1,4-'3C,]FUM and 150 mM [1-'3C]KIC).

For [1—13C]KIC, the dissolution process requires a dilution of the
DNP sample of more than 35 times. This dilution is necessary to prevent
negative impact on the liquid state T; due to high EPA concentration,
high metabolic substrate concentration and low sample temperature.
This formulation could also be suitable for clinical research, where it
would be beneficial and straightforward to remove the EPA during the
dissolution process. Due to the very low solubility of fumaric acid in
water, removing EPA remains a research challenge before the [1,4-3C,]
FUM formulation can be applied in clinical settings.

Optimization of hyperpolarization at 6.7T was found to be depen-
dent on the formulation of the DNP sample. For [1,4-'3C,]FUM, hy-
perpolarization is almost linearly dependent on EPA concentration. In
contrast [1-'3CJKIC and [1-'3C]PYR exhibit a DNP optimum: for
[1—13C] KIC, this optimum is stable over a range of about 20 mM, while
for [1-3C] PYR, it is stable over about 40 mM. The broad DNP optimum
for [1-'3C]KIC and [1-'3C]PYR makes it preferable to hyperpolarize
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Fig 4. Flux of Hyperpolarized [1-'*CJKIC through the BCAT Catalyzed Reaction to [1-'*C]Leucine in vivo in the Pig Head. Reaction scheme for the metabolic
production of [1-'3C]Leucine from [1-'3C]KIC (A) Time course of [1-'3C]KIC metabolic MRS in the head of a pig (B) Sum of spectra over 30s (C). MR spectra were

recorded over the entire pig head every 2s with a 10 degree flip angle.

these compounds at higher EPA concentrations where polarization times
are shorter.

Materials and methods

Pyruvic acid (1-'3C, 99 %), fumaric acid (1,4-'3C, 99 %) and DMSO
(99 %) was purchased from Sigma-Aldrich. Trityl EPA AH111501 were
obtained from GE Healthcare and Gadoteridol Gd chelate was obtained
from Bracco Imaging.

[1—13C]2-Ketoisocaproate, sodium salt (1—13C, 99 %) was purchased
from Cambridge Isotope Laboratories.

DNP sample (DS) formulations:

Definitions

DS1 (99 % isotope labeled, small sample at 3.35T or at 6.7T), DS2 (10
% isotope labeled, small sample at 6.7T), DS3 (10 % isotope labeled,
large sample at 6.7T), DS4 (99 % isotope labeled, large sample at 6.7T)

EPA, AH111501: Tris(8-carboxy-2,2,6,6-(tetra(methoxyethyl)benzo-
[1,2-4,5"]bis-(1,3)dithiole-4-yl)methyl sodium salt, molecular weight:
1529.1 g/mol

EPA enhancer, Gadoteridol. Where applied the EPA enhancer was
added to a concentration of 1.5 mM from diluted solutions of Gadoter-
idol in water or in DMSO.

[1-3q pyruvic acid

An example preparation of pyruvic acid with 30 mM EPA

To [1-13C] PYR, 89 g/mol (100 pL, 128 mg) was added EPA (4.6 mg,
3.0 pmol AH111501). Resulting in an EPA concentration of 30 mM.

Amount for small DNP sample: approximately 18 pL, 23 mg

Amount for large DNP sample: approximately 300 pL, 384 mg

100 % isotope labeled small DNP sample for 3.35T

To [1-'3C]PYR (100 pL, 128 mg) was added EPA to a final concen-
tration of either 5 mM, 10 mM, 15 mM or 20 mM. Sample amounts
corresponding to small DNP samples were transferred to sample cup and
inserted into the polarizer.

100 % isotope labeled small DNP sample for 6.7T

To [1-'C]PYR (100 pL, 128 mg) was added EPA to a final concen-
tration of either 20 mM, 26 mM, 30 mM, 40 mM or 58 mM. Sample
amounts corresponding to small DNP samples were transferred to sam-
ple cup and inserted into the polarizer.

10 % isotope labeled small DNP sample for 6.7T

[1-'3C]PYR (10 pl, 12.8 mg) was mixed with PYR (90 ul, 114.3 mg).
To this mixture was added EPA (4.8 mg, 3.0 umoDresulting in an EPA

concentration of 30 mM) or EPA (9.25 mg, 5.8 umol) resulting in an EPA
concentration of 58 mM. Sample amounts corresponding to small DNP
samples were transferred to sample cup and inserted into the polarizer.

Non-isotope labeled small DNP sample for 6.7T

To PYR (18.5 pL, 23.7 mg) was added EPA (1.7 mg, 1.06 pmol).
Resulting in an EPA concentration of 58 mM.

10 % isotope labeled large DNP sample for 6.7T

[1-'3CIPYR (30 pL, 38.4 mg) was mixed with PYR (270 pL, 343 mg).
To this mixture was added EPA (14.4 mg, 9.0 pmol) resulting in an EPA
concentration of 30 mM.

100 % isotope labeled large DNP sample for 6.7T

To [1-'3CIPYR(300 pL, 384 mg) was added EPA (14.4 mg, 9.0 pmol
AH111501)resulting in an EPA concentration of 30 mM.

[1-13C] 2-keto isocaproic acid:

[1-13CJKIC is not readily commercially available in its carboxylic
acid form but is sold as its sodium salt. This salt is not suitable for
making dDNP sample preparations. We converted the sodium salt form
to the carboxylic acid form by a simple extraction from an acidified
aqueous solution of the salt. In this procedure, it is inevitable that some
water will be extracted together with the KIC, in part due to the for-
mation of the hydrate form of KIC in low pH aqueous solutions. For use
in preparations for dDNP this residual water is not a problem per se, and
it can be easily quantified by simple 'H NMR spectroscopy. We
commonly reach approximately 1 molecules of water per molecule KIC.
The residual water has no effect on the dDNP sample properties.

Procedure

Sodium [1—13C]KIC (500 mg, 3.26 mmol) was dissolved in diluted
hydrochloric acid (10 ml, 2M). The solution was extracted with diethyl
ether (25 ml) four times. The combined ether phases were dried over
anhydrous sodium sulfate. After decanting from the solids, the solvent
was evaporated on a rotavapor at 11 mbar. The recovered yield of
[1-'3cIKIC (acid form) exceeded 90 %.

An example preparation of [1-13C]KIC with 30 mM EPA

To [1-'3CIKIC, 131 g/mol (100 pL, 100 mg) was added EPA (4.8 mg,
3.0 pmol)resulting in an EPA concentration of 30 mM.

Amount for small DNP sample: approximately 47 pL, 47 mg

Amount for large DNP sample: approximately 700 pL, 700 mg

100 % isotope labeled small DNP sample for 3.35T

To [1-'3C]KIC (100 pL, 100 mg) was added EPA to a final concen-
tration of either 5 mM, 7.5 mM, 10 mM, 12.5 mM or 15 mM. Sample
amounts corresponding to small DNP samples were transferred to
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sample cup and inserted into the polarizer.

100 % isotope labeled small DNP sample for 6.7T

To [1-'3CJKIC (100 pL, 100 mg) was added EPA to a final concen-
tration of either 18 mM, 24 mM, 30 mM or 40 mM. Sample amounts
corresponding to small DNP samples were transferred to sample cup and
inserted into the polarizer.

10 % isotope labeled small DNP sample for 6.7T

[1-'3C]KIC (4.8 L, 4.8 mg) was mixed withKIC (43.2 L, 43.2 mg).
To this mixture was added EPA (2.3 mg, 1.44 pmol AH111501).
Resulting in an EPA concentration of 30 mM. Sample amount corre-
sponding to small DNP samples was transferred to sample cup and
inserted into the polarizer.

10 % isotope labeled large DNP sample for 6.7T

[1-'3C]IKIC (70 pL, 70 mg) was mixed with KIC (630 pL, 630 mg). To
this mixture was added EPA (33.5 mg, 21 pmol AH111501)resulting in
an EPA concentration of 30 mM.

100 % isotope labeled large DNP sample for 6.7T

To [l—lsc]KIC (700 pL, 700 mg) was added EPA (33.5 mg, 21 pmol
AH111501)resulting in an EPA concentration of 30 mM.

[1,4—13C2] fumaric acid

An example preparation of [1,4-3C,]FUM with 30 mM EPA

[1,4-'3C,]FUM, 118 g/mol (110.5 mg, 0.936 mmol) was dissolved in
DMSO (181 pl, 199 mg). This solution had a density of 1.20 and con-
tained 3.0 mmol fumaric acid / g solution.

To 50 pL of this solution was added EPA (2.4 mg, 1.5 pmol)resulting
in an EPA concentration of 30 mM.

Amount for small DNP sample: approximately 50 pL, 60 mg

Amount for large DNP sample: approximately 790 pL, 950 mg

100 % isotope labeled small DNP sample for 3.35T

[1,4-'3C,]FUM (110.5 mg, 0.936 mmol) was dissolved in DMSO
(181 pl, 199 mg). To aliquots of 50 pL of this solution was added EPA to a
final concentration of either 5 mM, 8 mM, 11 mM, 13 mM or 16 mM.
Sample amounts corresponding to small DNP samples were transferred
to sample cup and inserted into the polarizer.

100 % isotope labeled small DNP sample for 6.7T

[1,4—13C2] FUM (110.5 mg, 0.936 mmol) was dissolved in DMSO
(181 pl, 199 mg). To aliquots of 50 pL of this solution was added EPA to a
final concentration of either 25 mM, 30 mM or 35 mM. Sample amounts
corresponding to small DNP samples were transferred to sample cup and
inserted into the polarizer.

10 % isotope labeled small DNP sample for 6.7T

[1,4-13C,]FUM (11 mg, 93 pmol) + FUM (99 mg, 0.853 mmol) was
dissolved in DMSO (181 pl, 199 mg). To 50 pL of this solution was added
EPA (2.4 mg, 1.5 pmol, AH111501) resulting in an EPA concentration of
30 mM.

10 % isotope labeled large DNP sample for 6.7T

[1,4-'3C2]FUM (95 mg, 0.805 mmol) + FUM (855 mg, 7.37 mmol)
was dissolved in DMSO (1562 pl, 1718 mg). To 790 pL of this solution
was added EPA (37.8 mg, 23.7 pmol, AH111501) resulting in an EPA
concentration of 30 mM.

For the [1,4-'3C,]FUM formulation, quick sample loading into the
polarizer cold space is essential to prevent sample crystallization. The
equipment used in this study allows for this procedure as a routine
practice.

Hyperpolarization using direct 3C dDNP

All samples were hyperpolarized to equilibrium (3x Tp) at 3.35T and
1.3+0.05K in an original prototype polarizer [22] or at 6.7T and 1.3
+0.05K in a SpinAligner [13]

At 6.7T microwave optimization was performed before hyperpolar-
ization for each new type of sample formulation (DS1-DS4 and for each
new MCA). See supporting information, Figure S5, for further informa-
tion on Optimizing the microwave frequency for DNP.

All small samples were dissolved in phosphate buffer (50 mM, pH
7.4) with addition of adequate amounts of NaOH (10M) for pH
neutralization.
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All large samples were dissolved in Tris base (200 mM) with addition
of adequate amounts of NaOH for pH neutralization and EDTA (to
approximately 0.3 mM) for chelation of paramagnetic metal ions.

NMR analyses of polarization and T; were performed either on a
Bruker Avance Il 9.4 T spectrometer or on Magritek Spinsolve 1T or 1.4
T spectrometers

In vivo experiments

One healthy female Danish landrace pig (~40kg, 12 weeks) was
anesthetized with propofol and fentanyl

(4-8, and 0.035 mg/kg/h IV) and ventilated with 40 % oxygen. A
catheter was placed in the femoral artery and jugular vein under ultra-
sound guidance for invasive blood pressure monitoring, blood sampling
and injections. All experiments were performed in accordance with
relevant laws and ethics under permission from the Animal Experiment
Inspectorate in Denmark.

[1-'3C]KIC and [1-'3C]PYR polarization protocol:

High concentration: 700 mg (5.3 mmol) [1—13C]KIC and 420 mg
(4.7mmol) [1-'3C]PYR with 30mM trityl EPA (AH111501)

Low concentration: 500 mg (3.8 mmol) [1-'3CIKIC and 300 mg
(3.4mmol) [1-'3C]PYR with 30mM trityl EPA (AH111501)

Samples were polarized for ~1.5h and dissolved in 10mL dissolution
medium with added NaOH for neutralization. Dissolution medium: Tris-
buffer (200mM, pH 8.2), 0.27mM EDTA.

Directly after dissolution the samples were mixed with additional
20mL dissolution medium to a final HMCA volume of 30mL.

[1-'3C]KIC and [1-'3C]PYR signals were measured in the individual
samples at 1.4T (Spinsolve, Magritek) and sample concentrations were
measured with NMR on the individual HMCA adding '3C-Urea as an
internal standard.

HMCA injection:

30mL HMCA was injected intravenously in the femoral vein, fol-
lowed by a 20mL flush with saline to empty the injection line. Four
injections were made in the pig, in the following sequence: high con-
centration [1—13C]KIC, low concentration [1—13C]KIC, high concentra-
tion [1—13C]PYR, low concentration [1—13C]PYR.

MRS protocol:

3¢ Acquisition

MR750 3T scanner (GE Healthcare, Waukesha, WI)

Carbon MRS was performed using an 8-channel flexible 3¢ (/8ch
Na) Rx coil [25] and a Clamshell Tx (RAPID Biomedical). Slice-selective
MRS was performed starting at beginning of injection from an axial slice
placed over the pig-head, including the whole brain. MR parameters for
carbon spectroscopy were:

ST = 10cm, TR = 2s, FA = 10 deg, SBW = 5000Hz, spectral points =
2048, 60 spectra (TA = 2 min)

Proton MRI was obtained using standard, commercial coils. Routine
T;-weighted and Tp-weighted imaging was performed for planning of
the '3C-MRS.

Data analysis

NMR solid state Tj, and liquid state polarizations were analyzed from
metabolite integrals measured using MestreNova software (MestreLab
Research).

MRS metabolite peaks were fitted with an AMARES-based algorithm
[26] using OXSA Matlab code, as previously described [27].

Apparent Ty was calculated by fitting the [1-'3CIKIC and [1-'3C]
PYR maximum amplitudes from timepoint 20s to a single term expo-
nential model using MATLAB (version R2022b).
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